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Abstract
Often the fields of tissue engineering and cancer research are studied in isolation,
inhibiting cross-talk and collaboration between cancer researchers and tissue engineers.
This work has aimed at bridging these fields in a way that provides insight into the
clinical problems of breast cancer and bone metastasis. The research discussed herein
focuses on how host cells contribute to the growth and progression of breast cancer
during bone metastasis.

Preliminary studies used the chick CAM, chorioallantoic

membrane, to investigate angiogenesis and bone metastasis (Chapter 2). Then mouse
models and tissue-engineered bone were utilized to study mesenchymal stem cell (MSC)
tumor homing and the effects of MSCs on cancer progression (Chapter 3). Results
suggested that tumor-derived TGF-β1 (transforming growth factor-beta1) is likely to play
a large role in attracting MSCs to breast tumors in patients. MSC-derived IL-17B
(interleukin 17B) was found to stimulate breast cancer cells to metastasize to bone
through its receptor, IL-17BR.

Building off these findings, an implant system was

developed to deliver therapeutic or diagnostic MSCs to tumors. TRAIL-MSCs (MSCs
that express TRAIL, an anti-cancer peptide) were investigated for their potential to
inhibit tumor cell growth and current studies are investigating the effectiveness of the
TRAIL-hMSC seeded implants mice (Chapter 4).
This work has also investigated a number of different research areas including
fluorescent labeling of stem cells for better tracking of tumor homing, fibrin
microchannel development to study cancer and stem cell migration, spider silk-based
tumor-specific gene delivery, high-throughput screening of cancer drugs in 3-D, stroma-

ii

containing systems, and the use of tissue-engineered bone as a target for breast cancer
metastasis (Chapter 5). Lastly, in chapter 6, studies investigating macrophage-breast
cancer cell interactions and findings regarding the relationship between macrophage
polarization and breast cancer cell proliferation are presented.
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Chapter 1: Introduction

1.1

Breast Cancer

1.1.1

Introduction

Breast cancer is one of the most devastating diseases in the developed world.
Though success rates for treatment are high after early detection when primary tumors
are contained, the prognosis quickly worsens once lymph node and other metastases are
detected.

Many factors contribute to the likelihood that a woman will develop, be

diagnosed with, or die from breast cancer and these factors should be taken into account
when developing diagnosis and treatment plans. Current therapies include radiation,
chemotherapy, hormone therapy, and surgery.

Approximately 200,000 new cases of breast cancer and 40,000 breast cancer
deaths occur annually in the U.S., making this the most common malignancy and second
leading cause of cancer death in women1. It is also the second most fatal cancer for
women, the first being lung cancer, and 1 in 8 women who reach the age of 95 will have
the disease2. Breast cancer prognosis and survival rates vary greatly depending on the
type and stage of the disease2. Breast cancer, or a cancer arising from mammary tissue, is
most often a carcinoma, a cancer developing from mammary epithelial cells. Neoplasms
arising from epithelial cells in milk ducts are known as ductal neoplasms and those
arising from epithelial cells within lobules are known as lobular neoplasms (Figure 1-1).
There are many other types of breast neoplasms, such as sarcomas, those arising from
breast stroma (fatty tissue, ligaments, and blood and lymphatic vessels surrounding the
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ducts and lobules), and other rare breast cancers, but the most common type of breast
cancer is ―invasive ductal carcinoma‖3. The risk for breast cancer is much higher for
women over the age of 40, though ~5% of breast cancer patients are under 40 and these
younger patients typically have a more aggressive disease than older women4. Known
risk factors for breast cancer include delayed first childbirth (first child after age 30),
sedentary lifestyle, and a family history of breast cancer5. Lower breast self-examination
and routine mammography rates can cause early breast cancer to be missed and develop
into late stage, invasive breast cancer5. Other breast cancer risk factors include mutations
within with BRCA1 and BRCA2 genes, a personal history of breast cancer, previous
radiation therapy, early menarche, late menopause, obesity6 (though not high fat diets),
atypical ductal or lobular hyperplasia2, and being exposed to light at night7. The use of
oral contraceptives may cause a slight increase in breast cancer risk, as may
postmenopausal hormonal therapy2. One study found a decrease in breast cancer
incidence in women with a high ―healthy lifestyle index‖ score, defined by high physical
activity levels, low consumption of fat, processed foods, refined cereals, complex sugars,
and the avoidance of tobacco smoking and alcohol consumption8.

1.1.2

Breast Cancer Epidemiology

Treating breast cancer, just as treating any disease, should be studied not only in
terms of its biological causes and progression, but also in terms of the broader context of
the society, times, and culture in which we live. The racial/ethnic, socioeconomic,
geographic, and age-dependent disparities in breast cancer incidence cannot be
overlooked as they may provide valuable insight into the disease and how to diagnosis,
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prevent, treat, or cure it. Monitoring high risk groups allows for better prevention
planning and a more holistic diagnostic and treatment plan.
Studies have found that age-adjusted incidence rates of breast cancer increased in
all racial and ethnic groups during the 1980s and 1990s9. From 2000-2007, studies
showed that age-adjusted incidence rates decreased in white women, decreased slightly
for black women, remained unchanged for Hispanic women, and continued to rise
significantly in all Asian subgroups9. The rapid increase for Asian-American women was
contributed to behavioral and lifestyle changes as a result of acculturation and suggest the
need for targeted breast cancer control programs for different populations9. Other studies
have found no differences in 3-year survival rates based on race/ethnicity but have found
favorable survival associated with higher socioeconomic status10. Moreover, studies have
found advanced stage breast cancer to be more likely for residents in high-poverty areas,
relative to low-poverty areas, likely due to a number of complex, interrelated reasons11.
Socio-ecological studies have also found social/geographical predictors for late-stage
breast cancer diagnosis, suggesting different interventions may be necessary to reduce
disparities in breast cancer outcomes12,13.

1.1.3

Current Therapies

Current therapies for breast cancer include pharmaceuticals (chemotherapy/
hormone therapy/other drugs), radiation, and surgery, as summarized in Figure 1-2.
Those cancer cells which have lost their dependence on hormones are able to grow more
rapidly and are unaffected by hormonal therapies2. Hence, tumors that are estrogen
receptor (ER), progesterone receptor (PR) and (Human Epidermal growth factor Receptor
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2) HER2/neu negative (termed ―triple negative‖) often predict a worse prognosis and
make up 15-20% of breast cancer cases14. Recently, however, it has been demonstrated
that combinatorial inhibition of multiple tyrosine kinases may be the key to limiting the
growth of triple negative breast cancers15. Cancers that are ER+ can be treated with
tamoxifen to block estrogen signaling or aromatase inhibitors to block estrogen
biosynthesis, but these can have detrimental consequences on patient bone16. HER2+
breast cancers can be treated with the monoclonal anti-HER2 antibody, (Trastuzumab), or
a HER2 kinase inhibitor (Trikerb). One way breast cancer is classified is by stage: Stage
0 is pre-malignanent, sometimes termed DCIS (Ductal carcinoma in situ) or LCIS
(Lobular carcinoma in situ). Stages 1 and 2 represent early stage cancer, where surgery
and radiation therapy are common and chemo- or hormonal therapies are used after
surgery.

Stage 3, or locally advanced cancer, necessitates preoperative systemic

chemotherapy, often mastectomy, and post-operative radiation and/or other therapies.
Stage 4, metastatic cancer, often includes multifocal tumors and requires a more intensive
regimen including mastectomy, and bisphosphonate treatment for bone pain and bone
loss. This stage can result in locally recurrent breast cancer and distant metastases 2.
Grade (Bloom-Richardson Grade) also indicates disease progression. In general, tumors
can be identified as well differentiated (low grade) tumors, moderately differentiated
(intermediate) and poorly differentiated (more mesenchymal, high grade). A higher
tumor grade indicates a more invasive cancer and worse disease prognosis17.

1.1.4

Conclusions and Future Directions
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There remains a need for better diagnostics for breast cancer and better
understanding of the mechanisms that promote breast cancer. Specifically, understanding
the progression of breast cancer to the metastatic stages and better ways to inhibit cancer
growth would greatly benefit cancer patients and our society. Findings in breast cancer
research can be extrapolated to other cancers, particularly those that show similar
metastastic patterns such as prostate and renal cancer, which also show bone preference
in metastasis.

1.2

Bone Metastasis

1.2.1

Introduction

Metastasis (distant spreading) of breast cancer cells from the primary neoplasm
to the bone marrow can occur in up to 70% of breast cancer cases and signals an
incurable progression18. In fact, 80% of breast cancer patients do not survive longer than
five years after the discovery of bone metastasis19. Osseous metastases disrupt normal
bone homeostasis and can lead to osteoblastic or osteolytic bone lesions, life-threatening
hypercalcemia, nerve compression, bone fractures, compromised immune system
function, weakness, pain and death, and similarly destructive results derive from lung,
liver, and brain metastases20. More inventive, translational research discoveries are
needed to stop or slow bone metastasis progression, including novel drug screening
processes that are more relevant to the clinic and novel drug delivery systems able to
distribute therapeutic agents specifically to tumors and microsatellites. Of course, the
discovery of new therapeutics continues to be of great importance as well.
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Bone metastasis is becoming an even greater problem as our abilities to identify
and treat primary tumors advance21. Metastasis to bone is associated with many
interrelated phenomena, including the ―seed and soil‖ theory22, the RANKL (Receptor
activator of nuclear factor kappa-B ligand) ―vicious cycle‖23, MSC (mesenchymal stem
cell)-primed metastasis24, and others.

Many bone elements with great influence on

metastatic outcome likely remain undefined and potential novel targets for bone
metastasis treatment remain to be discovered.

Below is discussed the current

understanding of how host cells and microenvironment contribute to tumor growth and
the methods in which tumor cells home to and colonize bone.

1.2.2

Tumor-Host Cell Interactions that Drive Metastasis

Tumor invasion into the bone is associated with the increased recruitment,
differentiation or stimulation of many cells including osteoclasts (OCs), osteoblasts
(OBs), endothelial cells, myeloid cells, nerve cells, platelets, immune cells and other host
stromal cells.

Increased osteolytic (bone-degrading) or osteoblastic (bone-forming)

lesions are caused by increased osteoclast or osteoblast function, respectively, and are
commonly found concurrently within bone metastases.
OCs are multinucleated cells differentiated from myeloid progenitor cells that are
responsible for bone resorption in the healthy bone-turnover process. They adhere to the
bone matrix using integrins such as αvβ3, form a sealed-off resorptive pit and create an
acidic environment filled with proteinases that demineralize and degrade bone
constituents. Although tumor cells also appear to release hydrolytic enzymes that
contribute to bone degradation25, the majority of osteolysis is driven by OCs.
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Osteoclastogenesis is induced by tumor cell secretion (or tumor-stimulated OB cell
secretion) of PTHrP (parathyroid hormone-related protein), PGE2 (prostaglandin E2), IL1α (interleukin 1α), M-CSF (macrophage colony-stimulating factor), and RANKL
(receptor activator of nuclear factor κ-B ligand)26. RANKL binds to its receptor, RANK
(receptor activator of nuclear factor κ-B), expressed on pre-osteoclasts27 and signals
through NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells), NFATc1
(Nuclear factor of activated T-cells, cytoplasmic 1) and JNK (Jun N-terminal kinase)
signaling pathways to induce osteoclast activation and differentiation28,29. Byproducts
released from bone resorption provide feedback to increase tumor cell proliferation,
invasion, and vessel recruitment, creating the infamous ―vicious cycle‖ (Figure 1-3).
Some of the factors that are stored and released within bone during the vicious cycle
include TGF-β1 (transforming growth factor-β1)30, IGFs (insulin-like growth factors)31,
bFGF-2 (or FGF-2, basic fibroblast growth factor)32, and BMPs (bone morphogenic
proteins)33. Calcium is also a key mineral released upon osteolysis that is abundant in the
bone and stimulates tumor cells that have calcium sensing receptors, such as breast and
prostate tumor cells. This stimulation causes increased PTHrP secretion34. TGF-β1 can
further augment calcium-receptor-mediated PTHrP secretion, which further enhances
lesion progression34. These growth factors create a ―fertile soil‖ in which cancer growth
in favored, described first as the

―seed-and-soil hypothesis‖ of bone metastasis by

Stephan Paget over a century ago22.
OBs also contribute to tumor growth through a related, yet distinct, vicious cycle.
Normally, mesenchymal stem cells (MSCs) differentiate into OBs through stimulation by
BMP, TGF-β1, and Wnt family proteins, or combinations of other chemicals, as
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demonstrated in bone tissue engineering35.

The key transcriptional regulators of

osteogenesis are RUNX2 (runt-related transcription factor 2) and its downstream
mediators, Osterix, ATF (activating transcription factor 2), and β-catenin36. Tumor cells
stimulate these pathways to increase bone production in osteoblastic metastatic lesions.
Though much remains unclear in the progression of osteoblastic metastasis, it is evident
that tumor-derived PDGF (platelet-derived growth factor), TGF-β1, and Endothelin-1
may stimulate osteoblasts to produce more bone matrix filled with growth factors for
tumor cells to usurp27. Osteoblastic lesions are characterized by immature, weak, woven
bone with haphazard collagen fiber organization37 that may be easier to degrade and
hence may release bone factors more readily than normal bone. In addition, osteoblastic
lesions can be formed in the tumor stroma, unattached from the adjacent bone surface37,
categorizing it as abnormal and not structurally sound. A codependency appears to be
established between tumor cells and osteoblasts or bone fibroblasts within osteoblastic
lesions that encourages growth and survival for both cell types based at least in part on
TGF-β signaling38,39,40.
Many other types of host cells, such as hematopoietic cells, endothelial cells41,
cells42,43,

stem/progenitor

myeloid-derived

suppressor

cells44,

monocytes,

macrophages45,46, immune cells47 and platelets, also contribute to metastasis.
Hematopoietic cells release angiogenic factors to attract endothelial cells and cause
angiogenesis or vasculogenesis48. Bone marrow progenitor cells can contribute to
metastasis

in

a

number

of

ways47

including

supporting

angiogenesis49,

lymphangiogenesis, progenitor cell recruitment and immune system evasion while
stimulating cancer cell proliferation and migration24,50. MSCs can also differentiate into
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supportive stroma cells/cancer associated fibroblasts (CAFs) and create an activated
supportive stroma for tumors43. Platelet adhesion, likely mediated by P-selectin/CD24
interactions, protects cancer cells from sheer stress and immunosurveillance during their
journey through circulation51. This phenomenon, known as tumor cell-induced platelet
aggregation, correlates with the metastatic potential of cancer cells 52. These cancer cellhost cells interactions provide possible targets for anti-cancer therapy.

1.2.3

Bone Homing and Adhesion

Organ-specific metastasis is a poorly understood phenomenon. However, it is
clear that different types of cancers home specifically to different secondary organs
(Figure 1-4 A) in a manner independent of blood flow patterns and reshape the target
microenvironment upon arrival. Bone is a very common location for metastasis in
prostate, breast, renal, and multiple myeloma cancers (Figure 1-4 B). This is due to
bone’s abundance of growth factors, fenestrated vasculature, high blood flow, high
tortuosity and, perhaps, high concentration of MSCs, allowing for immune evasion53 and
local immunosuppression. Bone endothelium is also specifically attractive for tumor
cells, as it is for hematopoietic cells, due to expression of certain endothelial markers
such as galectin-3 and LFA-1 (lymphocyte function-associated antigen 1)54.
Hematopoietic cells and tumor cells are attracted to bone specificly through ligandreceptor pairs such as SDF1 (stromal cell-derived factor-1)-CXCR4 (C-X-C chemokine
receptor type 4), CD44-hyaluronan, and α4β1-VCAM1 (vascular cell adhesion molecule
1)55-58. Circulating sialyl Lewis(x) and/or sialyl Lewis(a)-expressing breast carcinoma
cells may also be prone to extravasate at sites of bone marrow endothelium that highly
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express E- and P-selectin59. Though metastatic cell arrest in target organ microvessels
appears to be more than a mechanical consequence, mechanical trapping likely still plays
a role in metastasis. Whether chemoattractants have influence only at the local level or
systemically remains a debatable subject.

1.2.4

Bone Colonization
Contrasting the tumor cell inhibiting properties of TGF-β observed in earlier

stages of tumor development, during later stages of disease progression TGF-β stimulates
bone colonization60. Jagged-Notch pathway activation in cancer cells, stimulated in part
by bone TGF-β1, plays a large role in breast cancer cell growth within bone during
metastasis61. Similarly, HIFα (hypoxia-inducible factor alpha) and TGF-β1 were found
to work in parallel to regulate a common set of tumor genes connected to bone metastasis
in breast cancer cells62. Numerous sources have shown TGF-β1 to be important in
pathogenesis due to elevated TGF-β1 and Smad signaling.

A blockade of TGF-β

receptor II or SMAD4 signaling can suppress bone metastasis and expression of
downstream osteolytic factors (ex: interleukin-11, IL-11), while overexpression of
SMAD7, an inhibitory SMAD-signaling protein, can reduce osteolytic lesions63-65.
Still, the general attractiveness of the bone environment does not explain why
certain tumor types demonstrate a tendency to migrate towards the bone while others do
not. Currently, research has focused on understanding the specific chemokine milieu of
the bone that makes it specifically attractive to breast and prostate cancers and has
identified RANKL66, IL-6 and TNF-α [tumor necrosis factor alpha])67, and many
osteoclast related factors (IL-11, PTHrP, OPG (osteoprotegerin, the soluble RANK
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decoy) as key chemoattractants within bone.

The receptors CXCR4, CCR7 (C-C

chemokine receptor type 7), and RANK are highly expressed on bone-tropic cancers and
may explain their bone-homing tendencies68. Many integrins on tumor and normal
stromal cells have also been implicated in invasion, migration, and colonization of the
bone environment69. Metastatic tumor cells show different integrin heterodimerization
and activation compared to non-metastatic tumor cells69. This may allow cancer cells to
resist anoikis and proliferate without ECM (extracellular matrix) adhesion through
disregulated adhesion integrin signaling. Aberrant integrin interactions may also signal
for survival, proliferation, or migration via FAK (focal adhesion kinase), EGFR
(epidermal growth factor receptor), Src, and other anti-apoptotic pathways69. Specifically,
integrin αvβ3 was vital for bone colonization by some breast cancer cells70. The β3
integrin is necessary for osteoclast differentiation and adhesion to bone and knockout
models of β3-/ β3- mice show decreased osteoclast differentiation and osteolysis,
suggesting β3 as a target in bone metastases71,72. Tumor cell integrin expression may also
increase tumor cell drug resistance within the bone environment73.
Bone metastasis is also heavily dependent on matricellular proteins. Matricellular
proteins are extracellular proteins that do not play structural roles in the ECM but rather
modulate cell–matrix interactions and cell function. Many of these and other bonespecific proteins are also produced by tumor cells in a phenomenon termed
osteomimicry, where tumor cells act like bone cells, allowing them to flourish within the
bone environment and stimulate osteoclasts74. Osteopontin (OPN), produced by bone and
tumor cells, can increase bone homing75, bone metastasis, and osteoclastogenesis and
decrease mineral deposition in bone osteoid76,77. Blocking OPN and bone sialoprotein
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using anti-sense loaded nanoparticles can decrease bone metastasis incidence and volume
in a rat breast cancer model76. Periostin, a protein highly expressed in bone periosteum,
signals through PI3-K (phosphatidylinositol 3-kinases)/Akt78 and other pathways to
promote cancer cell survival, epithelial-mesenchymal transition (EMT), invasion, and
metastasis and is often highly expressed by bone stromal cells in the presence of breast
cancer cells79. Among many other roles, tumor-, macrophage- and bone-marrow-derived
SPARC (secreted protein, acidic and rich in cysteine; also known as osteonectin), provide
cancer cells with an slightly-adherent matrix that allows cancer cells to migrate rather
than remain tightly bound to their original docking location, using the integrin αvβ5 80-82.
As an aside, a second type of osteomimicry occurs when tumor and bone cells
fuse to create cells with increased destructive ability: tumor and macrophage fusions
produce cells with two genomes and higher metastatic potential83,84. The consequences
and frequency of such a merging are still controversial, but could contribute to the
formation of tumor stem cells or tumor-initiating cells, which are essential for the
development of bone metastases.
Bone resorption and formation are essential for bone colonization and metastatic
growth and the pathways used in these processes are diverse. Cancer cells use an arsenal
of tools to facilitate osteolysis, degrade surrounding matrix and recruit supportive cells to
enable their establishment in bone. MMPs (matrix metalloproteinases) such as
ADAMTS1 (A Disintegrin And Metalloproteinase with Thrombospondin Motifs 1),
MMP1, and MMP1385 are overexpressed in many bone metastases and help cancer cells
colonize bone through bone matrix degradation and induction of the angiogenic switch
and paracrine signaling that supports osteoclastogenesis86,87. TGF-β1 also promotes Gli2-
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induced expression of PTHrP, which is an important factor in osteolytic bone metastasis,
through a Hedgehog (Hh) signaling pathway independent mechanism88.

Osteoclast

recruitment, differentiation and activity exacerbates tumor burden and disease
progression, and can be amplified by many factors including androgen deprivation
(which unfortunately is a common therapy for androgen-dependent tumors), G-CSF
(Granulocyte colony-stimulating factor)89, GM-CSF (Granulocyte-macrophage colonystimulating factor)90, PTHrP and TNF-α91, all of which can be tumor-derived.

1.2.5

Tumor Cell Quiescence

Many of the cancer cells that metastasize to bone marrow remain dormant as
micrometastases for years due to an inability to recruit a sustaining vasculature,
proliferate, or evade the immune system. Evidence suggests that the two main causes of
metastatic inefficiency, are the failure of ―solitary cells to initiate growth and failure of
early micrometastases to continue growth into macroscopic tumors‖92. Perhaps only 0.010.02% of cancer cells introduced into circulation are able to produce metastatic foci 92.
The transition from the dormant state into a proliferating state, resulting in detectable
macrometastases is not fully understood. It is clear, however, that cancer cells are able to
survive within the bone marrow for years, and that the bone marrow acts as a safe-harbor
that protects the cells from chemotherapy and other drugs and treatments through a
number of mechanisms including holding cells in the G0 stage93,94. Clinically, there is a
strong correlation between number of disseminated cells within bone and occurrence of
detectable bone and visceral metastases, so G0 micrometastatic foci are not to be
ignored93. One of the ways in which dormant cancer cells resist chemotherapy is through
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their adherence to bone marrow stromal cells via CXCR4, CXCR5 and VLA-4.
Mobilizing cancer cells back into the blood stream using anti-VLA-4 neutralizing
antibodies (ex: natalizumab) and CXCR4 antagonists (ex: Plerixafor/AMD3100) shows
great potential for increasing the effects of chemotherapy95.

1.2.6

Current Treatments

Besides general cancer therapies such as radiation and chemotherapy, the current
standard of care for bone metastasis includes anti-absorptive therapies, such as
bisphosphonates20 and denosumab, a humanized neutralizing RANKL antibody, to target
osteoclastogenesis and slow metastatic development. Bisphosphonates affect cancer cells
by killing the osteoclasts responsible for bone resorption and may also have effects on
angiogenesis and tumor cells directly69,96. Bisphosphonates such as clondronate,
ibandronate, pamidronate, and zoledronic acid decrease SREs (skeletal related events)
and reduce pain for many bone metastasis patients97,

98, 99,100,96

, but have a common,

painful side effect termed ONJ, osteonecrosis of the jaw.
Recent evidence suggests that breast cancer cells may promote osteoclast
survival by blocking apoptotic effects from bisphosphonates in an MCSF (macrophage
colony-stimulating

factor)

and

a

PLC

(phospholipase

C)-dependent

manner,

demonstrating a further challenge for drug use within bone with established tumor 101.
Denosumab also inhibits osteoclastic differentiation and reduces bone pain and SREs102.
Other anti-osteoclast factors have demonstrated potential in decreasing tumor burden,
including OPG103, RANKL antagonists104, and β3 integrin and VEGF (vascular
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endothelial growth factor) antagonists105-107. Unfortunately, these treatments often
become ineffectual in many patients100.
There have been many attempts at blocking TGF-β signaling within metastases,
including monoclonal neutralizing antibodies108, and small molecule receptor kinase
inhibitors such as SD-208109 and halofuginone110. BMP7, a TGF-β-signaling inhibitor,
has also been successful at blocking osteolysis and the EMT. BMP7 expression is
inversely related to tumorigenicity and invasive behavior of human breast cancer cell
lines and may be a novel therapeutic for bone metastasis111. Scientists continue to
develop new strategies to interfere with TGF-β signaling and are exploring large
molecule ligand traps, antisense technology, and small molecule antagonists of TGF-β
receptors I and II108. Due to the wide-range of TGF-β effects throughout the body, one
would expect that targeting TGF-β would be dangerous. In fact, the small molecule TGFβ inhibitor LY2157299 is accepted well by many patients with advanced cancers,
demonstrating its great potential for development, though ideal dosing is still under
investigation112.
Endothelin-1 can stimulate osteoblast growth and differentiation and tumor cell
proliferation. Its receptor is often overexpressed in human cancer cell lines, suggesting
that a blockade of Endothelin-1 signaling may reduce osteoblastic metastases in prostate
cancer. ZD4054, Zibotentan, is an orally bioavailable Endothelin-1 A antagonist that has
shown success in model and clinical trials, and is now being examined in Phase III
studies113,114. Other endothelin receptor antagonists, namely atrasentan, have not reached
clinical phase III trial goals, but, with further treatment regimen refinement, may still
hold potential for prostate cancer patients with bone metastases115.
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Ever since Judah Folkman proposed inhibiting tumor vasculature as a means of
stopping tumor growth, anti-angiogenesis therapies have been explored with mixed
success116, including bevacizumab, a humanized anti-VEGF antibody, and Sunitinib, a
multitargeted tyrosine kinase inhibitor117. Perhaps many of these attempts have been
unsuccessful clinically due to the recently uncovered fact that tumors not only recruit
vasculature from surrounding stroma, but create their own blood vessels directly from
tumor cells118,119.
Bone pain, which can be extremely intense due to the dense innervation of bone,
is caused by TRPV1 (transient receptor potential vanilloid type 1) neuron detection of the
strongly acidic environment created as osteoclasts degrade bone, and formaldehyde,
which is found at high levels in cancer tissue120.

Hence, TRPV1 inhibitors and

formaldehyde scavengers show potential for bone pain inhibition. Pain is also treated
with bisphosphonates, androgen blockade, and external beam radiation23,102 and has been
treated with other pain reducers such as THC (tetrahydrocannabinol), found in
marijuana121. THC is one of many ligands for the cannabinoid receptors, which have been
found to produce an analgesic effect when activated in bone-cancer pain122, 123.

1.2.7

Conclusions and Future Directions
The unique metastatic cascade within bone relies on the rich ―soil‖ of the bone,

composed of many components. The cellular component plays a large role in making the
bone so attractive; the ability for growth-factor heavy bone to be formed and degraded by
these cells makes bone a special environment, and the high concentration of bone marrow
stromal cells may make this environment ideal for immune evasion. The unique bone
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marrow endothelium also allows cancer cells to preferentially adhere, yet still migrate.
Secondly, the bone matrix itself is dense with growth factors, cytokines, angiogenic
agents, and minerals that support tumor growth within the bone. Third, bone has a
unique ECM filled with matricellular proteins that support tumor growth. Lastly, the
overall organization of bone with its fenestrated, tortuous vasculature makes physical
lodging, extravasation, and longitudinal dormancy within the bone easy. Today,
treatments are targeted to nearly all possible supports for tumor growth including
osteoclastogenesis, angiogenesis, and TGF-β signaling. Also, direct anti-cancer therapy
via chemotherapy and radiation are used extensively and many treatments are being
explored to decrease the pain of bone metastases.

1.3

Mouse Model Systems of Bone Metastasis

1.3.1

Challenges: Mouse vs. Human Models

The homology between many mouse and human proteins and pathways allows
much to be ascertained from mouse models and applied to humans. However, the
physiologic, anatomic, metabolic, and, most fundamentally, genetic differences between
mice and humans can give false hope to many anti-cancer strategies that prove successful
in mice. Still, animal, specifically mouse, models in cancer research remains one of the
strongest tools in disease research. Designing the optimal mouse model for metastasis
involves the optimization of many variables within the model and understanding its
assumptions and limitations.
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The first model of spontaneous breast cancer was caused by mutations in the
BALB/c mouse and produced the 4T1 mouse breast cancer cell line, which metastasizes
to lung and liver. When injected into the mammary fat pad of BALB/c mice, 4T1 cells
can metastasize to bone, but their highly metastatic sublines (4T1.2 and 4T1.13) are more
invasive and colonize the femur and spine124. These sublines have given insight into
roles of caveolin-1 and POEM in breast cancer bone metastasis125,126. Since then, many
human breast cancer cell lines have been generated that represent many stages of breast
cancer differentiation and development ranging from luminal (more differentiated, less
capable of tumor initiation) to basal (less differentiated, more capable of tumor
initiation)127. Human cell lines have also provided us with data on human cancer stem
cells, which are considered to be a CD44+/CD24-/ESA+ (epithelial surface antigen)127
subpopulation.

Xenograft models, or models using human cancer cells within mouse models, can
represent accurate tumor-host interactions and result in metastases histologically similar
to human bone metastases. The models can involve direct bone, orthotopic, intracardiac
or tail vein injections and provide insight into tumor growth, metastasis, host-tumor
interactions50,128, and therapeutic outcomes129. Still, the models do not represent any of
the immune responses driving or inhibiting cancer, as these models necessitate
immunocompromised mice for the transplant of human cells. Moreover, interspecies
signaling incompatibilities may conceal some key aspects of bone metastasis, but the
benefit of using human cancer cells often outweighs this risk. One method to slightly
alleviate this problem is the injection of human mammary stromal cells into the mouse
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mammary fat pad before cancer cell injection to make a more human-like (―humanized‖)
mammary environment, which may help represent tumor-host interactions more
accurately130 .

To generate a model of metastasis to a humanized bone microenvironment,
human bone cores have been implanted into mice and examined for their ability to attract
cancer cells131. The benefit to this model is the inclusion of human-specific factors found
within bone, but a significant drawback is the necessary lack of an immune system within
these mice to avoid host rejection. Moreover, human bone cores placed subcutaneously
do not have the same anatomical structure, vasculature network, or function as mouse
bone or real bone within patients. Cores are often taken from the hip joint of patients of
hip replacement surgeries, and are hence diseased, unhealthy or otherwise abnormal, and
different from normal bone, and not reproducible. Bone cores from a single patient also
vary greatly in terms of density and composition (ex, yellow and red bone marrow).
Lastly, human bone cores may contain many immune cells that could attack cancer cells
based on HLA (human leukocyte antigen) mismatch, which does not occur in cancer
patients. Some of the challenges found with human bone core implant models can be
eliminated by using highly controllable and reproducible humanized tissue-engineered
bone instead of bone cores132.

1.3.2

Challenges: Cancer Cell Introduction

In models of bone metastasis, cancer cells are injected into a non-orthotopic
primary site, often the tail-vein133,134. However, intravenous injection results in a large
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number of cancer lung nodules as cells become stuck in lung capillaries, rather than bone
metastases.

One resolution is the use of direct intracardiac135,136 or intratibial137

injections, which represent the late stages of bone colonization. Breast cancer bone
metastasis models where cancer cells are introduced into the mouse mammary fat pad
provide much more realistic systems since primary tumor-stromal interactions and the
early steps of invasion and intravasation are included within the models. For other cancer
types orthotopic injection may prove challenging; for example, the mouse prostate is
extremely small, making orthotopic injections difficult. The major weakness of
intravenous or intratibial injections is that many stages are omitted from the model
including primary tumor growth, EMT, intravasation and survival within circulation, and
hence the systems do not represent the cell selection processes of early stages of
dissemination. Most models of metastasis rely on xenotransplantation of human cells into
immunodeficient mice, as spontaneous cancer models in mice rarely metastasize to bone
and mouse cancer cell lines are not as relevant as human cells138.

1.3.3

Challenges: Cells Lines

Almost all cancer models utilize cell lines rather than spontaneous tumor
systems, but most cell lines are generated from metastases or pleural effusions of
metastatic patients rather than from primary tumors. Hence, the essential steps of early
transformation and cellular selection that allow invasion and metastasis to occur are
omitted and the model primary tumor is often much more invasive and faster growing
than a typical primary tumor. Moreover, breast cancer, like other cancers, is not one
disease but rather many diseases depending on genetic mutations involved, epigenetic
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status, and cell type of origin, as well as microenvironmental cues, including drug
selection139. Cell lines might not accurately depict this heterogeneity, though cell lines
have recently been shown to contain some heterogeneity140. Lastly, cell lines propagated
for years in vitro are not likely to have the same dependencies on, or interactions with,
other cells, hormones or other proteins. Our simplified models of such a complex set of
diseases may explain why we have yet to fully understand and successfully treat bone
metastasis. The heterogeneity and changing phenotypes of breast cancer cell lines make it
further difficult to discern events involved in metastasis140.

1.3.4

Conclusions and Future Directions

Developing better models of bone metastasis means incorporating more realistic
cancer cells, more relevant injection/introduction techniques, and more accurate tumorhost interactions into model systems. Hopefully the cancer community will continue to
build on the important models already utilized so that greater insight into cancer
diagnosis, prevention, and treatment can be acquired and rapidly translated into the clinic.
It is likely that an array of different types of models will be the most useful in providing
insight into the full metastatic process, as no one model system will be able to accurately
portray all mechanisms of this diverse disease. Knowing the limitations to each model
system used may be as important as any discovery illuminated by the model.

1.4

Tissue Engineering as Relevant to Cancer Modeling

1.4.1

Introduction
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Cells respond differently in 3-D (three-dimensional) compared to 2-D (twodimensional) environments and react to extracellular matrices, soluble and non-soluble
proteins, mineralization, and cell-cell contacts. Hence, investigating responses of cancer
cells to drugs or other factors in a 2-D mono-culture is long-gone in the world of cancer
research. Today, researchers build complex in vitro systems that more accurately
represent what is found in mouse models or in patients using a variety of techniques.
Models of primary tumors and bone metastases are discussed here.

The tissue engineering of today is a revolutionary field with limitless potential,
but it is not a new concept. Researchers have tried replacing broken, diseased, or missing
body parts with prostheses since the days of the ancient Egyptians (Figure 1-5)141. Today
we repair biochemical, structural, and functional problems by using the body’s own
biology and chemistry and our knowledge about scaffolds, cell types, bioreactors and cell
signals. We now know the dangers of contamination, rejection and infection and we are
beginning to understand mechanisms and designs that stimulate an immune response
beneficial to tissue regeneration. Since tissue-engineered constructs are reproducible,
modifiable, easily imaged and assayed, and tightly controlled, they also provide a useful
platform on which to study cancer progression. An overview of the current uses and
practices of tissue engineering applied to cancer modeling is discussed here.

1.4.2

Tissue engineering models of primary tumors

Primary breast tumors modeled with tissue-engineered platforms have
demonstrated that the matrix used plays a large role in governing cell phenotype (Figure
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1-6 A-H). Our lab is currently adapting a 3-D breast tissue model (made with human
mammary epithelial cells (MCF10A), fibroblasts and adipocytes) for breast cancer
studies142. The model’s matrix is made of one component for structural integrity (a
porous silk protein scaffold) and a second component to increase cell adhesion (a
MatrigelTM/collagen matrix). We and others have synthesized primary tumors in vivo
using Matrigel50, injectable in situ-cross-linkable synthetic extracellular matrix-derived
hyaluronan (HA)143, or a gelatin-PEG (polyethylene glycol) diacrylate-based polymer143
known as ExtracelTM (Figure 1-6 I-K). ExtracelTM increased the rate of tumor take,
increased vasculature, and decreased tumor necrosis, showing its support of tumor
development in vivo. An array of in vitro tumor models have also been generated,
including a model of tumor cells and fibroblasts in a type I collagen matrix144, and a
devitalized human acellular dermis scaffold seeded with stromal fibroblasts and epithelial
cells onto separate sides of a dual chamber bioreactor145. Another model uses MCF7
human breast cancer cells alone or in co-culture with primary breast fibroblasts and
embedded in matrices of collagen I with or without a combination of basement
membrane proteins146. In this model, MCF7 cells were polarized and formed lumens
within both matrices and fibroblasts helped to elongate the lumen of some of the cancer
cell structures. Others have compared different types of silk and MatrigelTM matrices to
determine which is most appropriate for breast cancer cells147 and PEG-based hydrogels
are being explored in ovarian primary tumor models148. Using a model of oral squamous
cell carcinoma, OSCC-3 cells seeded in porous poly(lactide-co-glycolide) (PLG)
scaffolds, showed drastic differences in angiogenic characteristics in 3-D vs 2-D, with 3D results corresponding much more closely to in vivo results149.
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1.4.3

Tissue engineering models of cancer within bone

One prostate cancer bone model includes prostate cancer cells, osteoblasts, and
an OsteoporeTM matrix made of mPCL-TCP (medical grade polycaprolcatone-tricalcium
phosphate)150.

Another model uses LNCaP and PC3 prostate cancer cells and

decellularized matrix secreted from primary human osteoblasts151 (Figure 1-6 C,G). Our
lab is using the 3-D matrix produced by MSCs to assess ECM-prostate cancer cell effects
on androgen dependency (Lescarbeau et al., submitted). Our lab has also used tissueengineered bone to study how breast cancer cells metastasize from the breast to the
bone132. Lastly, breast cancer-bone interactions have been modeled using a bioreactor that
produces a multiple-cell-layer osteogenic tissue from osteoblasts that can be seeded with
breast cancer cells for 3-D in vito studies152. There are many methods to modeling tumor
cell growth in the bone microenvironment, and those that include the 3-D, complex
cellular and protein milue of the bone will likely be the most accurate models.

1.4.4

Conclusions and Future Directions

Tissue engineering provides researchers with more realistic disease models both
in vitro and in vivo. The 3-D, complex, controllable environment can better recapitulate
the true disease state and give better insight into causes and therapies than more
simplistic, 2-D models. However, these systems can be simple enough that researchers
can tease out independent factors and causal relationships in diseases that would
otherwise be masked in more chaotic in vivo models. Models can include specific cell
types, ECM proteins, growth factors, cytokines, and bioreactor systems that allow for a
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simplified reproduction of any stage of cancer metastasis. These models are useful for
elucidating tumorigenic agents, metastasis processes, and better diagnostics, markers, and
therapeutics. They are invaluable for testing hypotheses, and, as they become more and
more developed, will continue to be used to answer many questions in cancer research.
Next steps with tissue-engineered cancer models are to increase their throughput and
reproducibility.

1.5
1.5.1

MSC Tumor Homing: Detection in Disease Model Systems
Abstract

Despite the decline in U.S. cancer incidence and mortality rates, cancer remains
the number one cause of death for people under the age of 85 and one in four people in
the US will die of cancer, mainly due to metastasis1. Recently, interest in MSC tumorhoming has led to inquires into: 1) why MSCs home to tumors, 2) what the inherent proand anti-tumor consequences are, and 3) how to best capitalize on MSC tumor-homing
for cell-based diagnostics and therapy. Here these questions are reviewed and method for
addressing them using animal models and tracking methodologies (or, synonymously,
detection methodologies) are discussed. First, MSCs in a regenerative and tumor-homing
context are reviewed, followed by MSC delivery and genetic labeling methods for tissue
model systems. Lastly, the use of the non-optical methods MRI (magnetic resonance
imaging), PET (positron emission tomography) and SPECT (single photon emission
computed tomography), along with optical methods, fluorescence imaging and BLI
(bioluminescent imaging), are reviewed related to tracking MSCs within disease model
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settings. The benefits and drawbacks of each detection method in animal models are
reviewed along with the utility of each for therapeutic use.

1.5.2

Introduction

Over the last decade, non-invasive imaging and cell detection technologies have
undergone a revolution. This has allowed for a better grasp of the roles of stroma in
cancer progression and improved designs of therapeutic and diagnostic methods based on
tumor-host interactions. Tumors hijack normal, healthy cells in a multitude of ways
including the recruitment of endothelial cells, utilization of tumor-associated
macrophages (TAMs) and osteoclasts to degrade ECM and bone matrix, and, most
important to this review, the multifaceted exploitation of MSCs. Understanding and
capitalizing on MSC tumor-homing requires accurate tracking methods in model systems
and clinical settings where stem cell therapies are increasingly utilized. The accuracy of
delivering therapeutic or diagnostic cells, or both (―theragnostic‖) cells, to target tumors
and the technological ability to assess this accuracy will determine the success of basic
science model systems and clinical cell-based anti-cancer therapies. Tumor-homing is a
complex, multistep process used by many cells to travel from a distant location to a
tumor. Similar to tumor cells in the metastatic cascade, homing cells may become
activated, intravasate, travel through circulation, extravasate, migrate and undergo
phenotypic changes. Importantly, much of this process is still unknown in terms of MSC
tumor-homing. We have chosen to define ―tumor-homing‖ as any action where cells
travel from a distant location to a tumor and reserve the term ―migration‖ to define only
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active, filopodia-based motion through tumor or surrounding local microenvironment
based on local chemoattractants.

1.5.3

MSCs: Definition and Potential in Regenerative Medicine

MSCs are a heterogeneous population of fibroblast-like cells found surrounding
blood vessels, similar to pericytes, and are concentrated in the bone marrow and adipose
tissue, from where they are often isolated. They can also be isolated from cord blood and
placental tissues including umbilical cord153,154. Their heterogeneity may be the key to
their diverse therapeutic effects, but the lack of consistent isolation methods for
multipotent MSCs often complicates comparisons between studies. The following three
criteria are agreed upon to identify MSCs: 1) plastic adherence; 2) expression of CD105,
CD90, and CD73 and lack of expression of CD45, CD34, CD14 or CD11b, CD79α or
CD19 and HLA-DR surface markers; and 3) ability to differentiate into osteoblasts,
adipocytes and chondrocytes in vitro155. MSCs can also differentiate into ectodermal
cells (i.e. neurons), cardiomyocytes, and hepatocytes156. They have potential for repair of
diseased or damaged tissues and the regeneration of native tissues due to their
differentiation potential, wound-tropism, and production of soluble factors that stimulate
healing, angiogenesis, growth, and cell recruitment, and inhibit inflammation 156. These
stem cell sources are also less prone to ethical debate than other sources, suggesting a
more realistic path to therapeutic impact in the shorter term.

MSCs may be predisposed to home to different locations and express different
marker profiles depending on their source tissue (e.x.: bone marrow, adipose, umbilical
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cord)156. However, practically all types of MSCs are successful in animal and clinical
trials156 and MSCs have been utilized in regeneration or treatment of damaged heart
tissue, vascular disease, spinal cord injury, bone injury, cartilage injury, osteogenesis
imperfecta (OI), lung injury, kidney disease, diabetes, neurological disorders, and
autoimmune-diseases, among others156.

1.5.4

MSCs: Potential in Tumor-Homing and Cancer Treatment

MSCs are inherently tumor-homing and immunosuppressive and can be isolated,
cultured, expanded, and transduced, making them viable candidates for cell therapy157.
MSCs can also act as universal donor cells due to their immunocompatibility, making
them useful for allogeneic transplantation158.

MSCs can home specifically to tumors

including gliomas159, and breast24,160 50, colon161, ovarian162, and lung carcinomas, among
many other primary and metastatic tumors163,164. In these models, MSCs have
successfully homed to tumors from a large variety of administration routes including the
carotid artery, femur, tail vein, tibia, and trachea.

MSC tumor migration is motivated by many factors including tumor-cell specific
receptors and soluble tumor-derived factors such as SDF-1, TNF-α, and interleukins
(ILs), among other identified and unidentified inflammatory mediators162,165,167. Upon
arrival in the tumor, MSCs display many pro-tumor, or tumor-supporting, roles including
immune response suppression168, inhibition of tumor apoptosis169, and stimulation of an
EMT170, angiogenesis161 proliferation160, extravasation171, migration171, and metastasis24.
MSCs can also differentiate into supportive stromal cells such as pericytes172 and cancer-
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associated fibroblasts (CAFs)165 and specifically support cancer stem cell populations160.
Some reports find that paracrine signaling from MSCs may affect tumors even without
MSC tumor-engraftment168.

In contrast to their pro-tumor effects, MSCs also display a range of anti-tumor
properties in sarcomas173 and leukemias169 and can decrease breast cancer cell growth and
lung metastasis in vivo174. Certain immortalized MSCs can also inhibit primary tumor
growth175 and colony formation176. Fundamentally, MSCs have potential for anti-cancer
gene delivery, but innate pro-tumor effects present significant barriers for clinical
therapies. The accurate tracking of transplanted stem cells is essential for understanding
homing and differentiation patterns and cell clearance and designing effective treatments
in terms of cell types used, administration timing and location, co-administered drugs,
and side-effects to monitor. Better understanding of cell fate is especially crucial now that
stem cell therapy is being used increasingly to treat other diseases, often in patients who
may have undetectable micrometastases.

1.5.5

MSC Genetic Modifications

MSCs have been modified into anti-cancer vectors through transduction with
genes such as TRAIL (TNF-related apoptosis-inducing ligand)177, IFN-gamma (IFN-γ)178,
interferon-beta (IFN-β), and CX3CL1164, and soluble decoy receptors such as the type I
insulin-like growth factor receptor179. MSCs are commonly transduced with viral vectors
including adenoviruses159, lentiviruses and other retroviruses177,179, or adeno-associated
viruses (AAVs) for therapeutic and tracking purposes. Transfection allows cells to
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produce high concentrations of proteins in a spatially and temporally controllable manner
using inherent tumor-homing properties and inducible promoters, respectively180. MSC
tumor-homing can also be augmented by increasing the cells’ expression of tumorspecific receptors181.

In contrast to lentiviruses or AAVs, which insert genes into the host genome,
adenoviruses insert genes that remain epichromosomal (meaning they are not inserted
within the host’s genome) and hence are not replicated upon cell division182. Still,
adenovirally-transfected MSCs expressing IFN- β have been effective at killing glioma
cells in vitro and in vivo using intra-arterial injections159. Adenoviruses cause a large
immune response, but they have the largest cloning capacity, up to 7.5 kb, compared 3 kb
in adeno-associated virus, and infect all cell types with close to 100% efficiency while
other transfection viruses may show cell-type specific infection efficiency183. AAVs,
unlike adenoviruses, show low immunogenicity and pathogenicity, and have integration
competence into a known site, decreasing the chance for mutagenesis found in retrovirus
infections. Counter to lentiviruses, AAVs are not replicated and their genes do not
remain within target cells upon cell division, but studies have found MSCs capable of
stable gene expression using AAV transfection from as little as 8 days up to 1 month 184.
Lentivirus infection produces MSCs that continually express a gene of interest that is
incorporated within the genome, replicated and passed to all daughter cells. Lentiviruses
have a cloning capacity intermediate between adenovirus and adeno-associated virus and
only have a transfection efficiency of ~30%. Though lentivirus vectors provide long-term
stable expression, they can accidentally insert transgenes into genomic locations that
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cause destabilization, reversion of the virus to the wild type, or proto-oncogene
activation. However, newer generations of lentivectors are comparatively stable and less
likely to generate wild type virus or proto-oncogenes. Oncogenic risks depend on several
variables including ―the vector copy number, the target cell type, the proliferation and/or
activation status of the target cells, the nature of the transgene itself, the vector design,
the underlying disease and the possible selective advantage of rapidly growing cells,
protocol-specific cofactors, and finally the intrinsic genotypic variation of the model
animals and the treated patients‖, as reviewed recently by Mátrai et al185.

1.5.6

MSC Delivery Methods in Tumor-Homing Animal Models

Tracking MSCs in animal models is crucial to understanding how normal or
transplanted MSCs migrate. Clinically, most intravenously administered MSCs become
trapped within capillary beds, often in the lungs, or are cleared from circulation by the
liver and spleen such that only a few percentage remain after several days or weeks186.
Despite this, MSC transfusions for disease achieve success by using high doses of MSCs,
but more efficient MSC delivery remains a challenge187. In animal models, tumorhoming is typically assessed by injecting MSCs into circulation using intravenous (i.v.),
usually tail vein, injections188,167, but can also be assessed with intratracheal164, internal
carotid artery159, intraperitoneal162, and subcutaneous injections179. Some glioma studies
have been unable to detect MSC tumor-homing or effects from i.v. injections, but
extensive MSC migration within glioma tumors upon intratumoral injection has been
observed.

These observations suggest different MSC homing patterns and hence

different treatments for glioma patients172. Our group has produced a tissue model
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demonstrating MSC breast tumor-homing from a bone-like environment, rather than from
circulation, that may capture more steps of inherent bone marrow-derived MSC tumorhoming50.

1.5.7

In Vivo Imaging of MSC Tumor-homing

Personalized treatment using autologous and allogeneic stem cells is a reality and
the need for non-invasive tracking methods is escalating. Tracking MSC fate in animal
models is performed most often using optical techniques due to the non-invasiveness of
light detection, the ability to section explants and retain optical signals, and the ease and
simplicity of in vivo imaging. Non-optical methods such as MRI (magnetic resonance
imaging), PET (positron emission tomography) and SPECT (single photon emission
computed tomography), which are already clinically used for cell tracking, may be
developed for clinical stem cell tracking before optical methods 190. A summary of these
detection methods, which are often used in combination, and their associated benefits and
limitations are found in

Table 1. The following sections discuss advantages and disadvantages of non-

optical and optical methods for tracking MSCs within animal models and clinical
settings.

Non-Optical Methods for Tracking MSCs

MRI in Animal Models
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MRI is useful for tracking spatial and temporal homing of cells due to its high
spatial resolution and three-dimensional, whole-body imaging191. This non-invasive
detection method uses magnetic fields and radio frequency waves to perturb these fields
and detect labeled cells. Current model systems use MSCs pre-labeled in vitro, but if a
procedure for in vivo labeling was designed, it would probably be widely implemented.
In direct labeling MRI model systems, MSCs are labeled with magnetic nanoparticles
such as superparamagnetic iron oxides (SPIOs), Mn, Eu or Gd chelates, and
perfluorocarbon nanoparticles192,193. Contrast agents can enter cells using polycationic
transfection agents, liposomes, ―gene-guns‖, microinjection, electroporation, or receptormediated endocytosis (as reviewed in194).

MSCs may also be indirectly labeled for MRI tracking by stable transduction to
express enzymes or proteins such as intracellular metalloproteins (ex: transferrin, ferritin)
that will produce unique MRI signatures from internal iron accumulation. Overexpressing ferritin in mouse myoblasts increased iron internalization and made them
identifiable via MRI, and this technique could potentially be translated to human
MSCs195. Another study found that swine stem cells can be transduced with human
ferritin heavy chain (hFTH) and used as a reporter gene in a myocardial infarction model.
They were able to identify this MRI signal for 4 weeks in vivo using a 1.5 Tesla MRI
scanner and a multiecho T2* gradient echo sequence (clinical standards) and found no
effects on cardioreparative or differentiation potential196. The toxicity of high iron
concentrations, production of reactive oxygen species and dilution of signal upon cell
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division may impede the clinical development of ferritin-based MRI imaging and large
animal studies are needed before clinical utility of this technique can be determined197

This indirect method may be better than direct labeling because of its dependence
on gene expression, which is correlated much more tightly with cell viability and can
provide more functional information. Indirect labeling, or using reporter gene expression
to produce contrast, can be used in both non-optical and optical labeling and is very
versatile; this allows MSCs to be detected at any time, or only upon differentiation, if the
enzyme is controlled by a transcription factor or promoter of interest197. The possibilities
are nearly endless; reporter proteins could be driven by doxycycline-inducible promoters,
controlling temporal expression, or by pathway-specific promoters to examine biological
action after MSC tumor-homing.

Though very high concentrations of certain contrast agents, such as ultrasmall
SPIOs ((U)SPIOs) can be toxic to cells and released iron can damage metabolic
pathways, most reports find that MRI contrast agents do not damage cell differentiation
potential, proliferation, or function197,194. MRI is sensitive enough to detect as few as
1,000 labeled MSCs in co-injection with breast cancer cells in subcutaneous tumors163
and its resolution, 100-200 μm, allows for visualization of small cell clusters. Imaging
single cells is difficult due to blurring from intrinsic movements (ex: breathing, muscle
twitching) but a solution to this problem, called ―white marker tracking‖, has been
developed198,194. MRI can be combined with other modalities such as PET and SPECT to
give greater insight into cell localization and function199,200. Drawbacks of MRI include
mislabeling of cells due to labeled-cell uptake by phagocytic cells, decreased signal-to-
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noise ratios as particles are diluted when cells divide, lack of information regarding cell
survival or activity, and short physical and biological half-life of labels (by physical
breakdown or natural exit from cells, respectively)197. Consequently, MRI is primarily a
short-term monitoring technique. MSCs have been detected using MRI in many rat,
mouse, rabbit and swine models of damaged tissue and within glioma models192. MRI has
also been used to detect human MSC homing to pulmonary metastases using
biocompatible SPIOs in mouse models of human metastatic breast cancer163 (Figure 1-7
E).

MRI in Clinical Settings

The sensitivity, specificity, and current clinical use of MRI, along with its full
tissue penetration, and high in vivo resolution may make MRI imaging the favorite for
clinically tracking MSCs. MRI is currently used clinically to detect malignancies, and
many other diseases and injuries201. In terms of tumor-homing, clinical studies have
revealed that autologous, immature dendritic cells can be labeled with

111

In-oxine and

SPIO and imaged using MRI during homing to lymph nodes in stage-III melanoma
patients191. The study found MRI cell tracking using iron oxides to be clinically safe and
well suited to monitor cellular therapy in humans. SPIOs are FDA-approved, but
transfection agents pose a problem in translating many animal model systems into
human, until better methods of introducing SPIOs into non-phagocytic cells are
developed191. The review by Budde, et al. details MRI methods used to track cells and
the potential and challenges for each in clinical translation193. Detection of MSCs using
MRI in humans is likely to develop once the health risks of MSCs are fully elucidated
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and standards for treatment and imaging are developed. To date, only four human clinical
trials using SPIOs for cell tracking have been performed, all outside the United States, as
reviewed by Bulte et al202. Most FDA approved SPIOs that were previously used in
animal studies have now been discontinued from the market, so moving to clinics with
SPIO-labeled cells will be difficult in the foreseeable future. Still, once stem cell therapy
becomes mainstream and better MRI cellular imaging tools are developed, MRI cell
tracking may become a vital tool in cell tracking.

PET in Animal Models

PET is arguably more sensitive than MRI in animal models, but has a lower
resolution (on the order of mm203, compared to μm resolution in MRI204). Direct labeling
of rat adipose-derived stem cells (ASCs)200 and leukocytes205 with copper and cobalt
isotopes can provide longer term imaging capabilities than found with MRI. For indirect
labeling, MSCs can be transduced with a gene for mutant herpes simplex virus type 1
thymidine kinase (HSV1-tk), which increase their uptake of an injected radioactive
substrate (18F-labeled 9-(4-fluoro-3-hydroxymethylbutyl)-guanine ([18F]-FHBG)) and
causes increased PET signal157.
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However, the short half-life of

considerably limits its use in clinical and model systems.

Still,

F (110 min)

18

F- labeled MSC

migration to subcutaneously-implanted colon adenocarcinoma and self-renewal abilities
were assessed over one month using PET in a mouse model161. MSCs can also be labeled
with mutant dopamine receptors or transmembrane proteins such as the sodium iodide
symporter (NIS), which can be used for PET or SPECT imaging when using tracers
(for PET) or 123I or 99Tc-pertechnetate197.
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I

PET in Clinical Settings

Novel dual-modality (PET/MRI) contrast agent nanoparticles are currently being
developed to label cells without transfection reagents; these may prove to be paramount
in animal models and in the clinic based on their high cell-labeling efficiency and low
cytotoxicity200. PET and PET/CT (computed tomography) scans are commonly used
clinically to detect human malignancies and have been used to detect cytolytic T cells
(CTLs), or other therapeutic cells, labeled with HSV1-tk or mutant HSV1-sr39tk reporter
genes. Reporter gene expression, detected by
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F–FHBG injection, and can be used to

image cell migration towards glioblastomas or other tumors201,157. The clinical utility of
PET scans makes them easily translatable to short-term or long-term MSC tracking
applications in patients, depending on the contrast reagent used.

SPECT in Animal Models and Clinical Settings

SPECT utilizes the radioactive decay of radionuclides and gamma rays to
provide 3-D information on cell location using tomographic reconstruction. Most usable
and FDA-approved SPECT isotopes are short-lived (e.x.: Tc-99m (360 minutes), Ga-67
(4320 minutes), In-111 (4020 minutes) and I-123 (780 minutes))206. SPECT can also be
combined with PET and CT imaging and has been successful at imaging labeled
leukocytes, human MSCs (hMSCs), and progenitor cells in rat, mice and pig models,
though the effects of SPECT contrast reagents on hMSC function remain
debated205,207,208,209,199. Although SPECT has not been used to track MSCs or other
therapeutic cells during tumor-homing in patients, it is clinically used for tracking
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leukocyte migration and could easily be expanded to track MSCs in tumor-homing
applications. Table 1 summarizes the strengths and limitations of SPECT, specifically in
comparison to PET. Notably, PET depends on active uptake by glucose transporters for
cell labeling while SPECT contrast reagents such as [In-111]oxine can passively
diffusive into cells due to their lipophilic nature210.

Optical Methods for Tracking MSCs

End-point tracking of MSC engraftment is done in models using histology,
immuno-histochemistry, immunofluorescence (IF), fluorescent in situ hybridization
(FISH) and even flow cytometry, but these techniques are not translatable to the clinic
because of the lack of inherent MSC specific markers and FDA approval for geneticallymodified MSCs or agents for optical labeling. Real-time tracking of MSCs using optical
techniques is also unrealistic in clinical settings due low light penetration through the
body. Non-invasive fluorescence-based approaches, which may prove to be relatively
inexpensive, are being developed for clinical applications by redesigning FDA-approved
fluorescent dyes and adapting quantum dots, antibody-conjugated labels, activatable
fluorescent imaging probes, surface-enhanced Raman scattering (SERS) nanoparticles,
and target peptides as reviewed elsewhere211.

In model systems, end-point techniques are essential for validation of MSC
engraftment and evaluation of spatial orientation, morphology, differentiation, and
function within tumors. Histology can detect MSCs using anti-GFP24 (green fluorescent
protein), anti-firefly-luciferase167, or anti-human antibodies178 and can identify MSC
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differentiation into pericytes161, endothelial cells, adipocytes, and osteoblasts188,161,159
(Figure 1-7B).

FISH has been used to identify male MSCs within gliomas of female

mice utilizing the y-chromosome (Figure 1-7C)172.

Flow cytometry allows for

quantification of MSCs within a tumor after digesting the tumor into a single cell
suspension (Figure 1-7A).

Real-time MSC tracking is often done in models using fluorescent dyes and
proteins as cell labels. Reporter genes, such as the GFP24,172 are considered indirect
labels and produce a signal undiminished by proliferation, which can be detected using in
vivo optical imaging179, though the signal will diminish as it travels through tissue.
Transgene expression may cause faster MSC clearance and immune response in
immunocompetent animals179, but recent data suggests that reporter genes do not
significantly alter the biological properties and differentiation capacity of stem cells 197.
Still, untagged-MSCs are more likely to be accepted clinically, necessitating other
methods for MSC tracking in patients.
Similarly, fluorescent dyes, such as CellTrackerTM dyes

(Molecular Probes,

Eugene, Oregon) , span a range of spectral properties and can directly label cells for
weeks or longer for live in vivo imaging159,50. However, dyes can be transferred to
surrounding cells and are not preserved with formalin fixation.

In vivo confocal

microscopy (intravital microscopy) and two-photon video imaging have also been used to
image individual progenitor cells using lipophilic dyes, but have not been applied to MSC
homing to tumors likely because these are still relatively new techniques and are only
capable of examining a small, superficial area within an animal212.
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BLI (bioluminescent imaging) is non-invasive, non-destructive, quantitative and
commonly used in models of cell migration (Figure 1-7 D)167,181. Different cell types
may be distinguished by indirect labeling with different reporter gene luciferase enzymes
that utilize unique substrates and whole animals. Single luciferase-transduced cells can be
imaged using BLI technology, demonstrating its high sensitivity213, and organ removal
improves detection results and reduces noise in endpoint analysis. BLI is ideal for
longitudinal studies and only improving in terms of resolution, sensitivity and 3-D
imaging capacity160,188.

Optical and Non-Optical Labeling Challenges

Recent findings have demonstrated that many stem cells labeled with
intracellular labels such as dextran coated SPIOs, bromodeoxyuridine (BrdU) or GFP,
can be taken up by resident tissue macrophages, complicating the interpretation of
intracellular labels especially during direct implantation of cells, which can result in more
than 70% cell death214. The study suggests that histology should be used in combination
with MRI, fluorescence microscopy or flow cytometry, since up to 15% of macrophages
may be positive for the marker due to phagocytosis of labeled stem cells.

1.5.8

Conclusions and Future Directions

Evaluation of cellular therapy and the design of patient-specific care rely on realtime and end-point assessment of cellular migration, proliferation, and overall function.
Sophisticated animal models give researchers the ability to determine how therapeutic or
diagnostic cells, such as MSCs, migrate to and engraft and differentiate within tumors.
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Regardless of model systems and components used, it is clear that the best clinical and
basic research results derive from multi-modal imaging systems which provide functional
and anatomical data. This section outlined the characteristics of optical and non-optical
imaging using direct and indirect (gene expression) labeling techniques. It discussed
benefits and drawbacks of each in model and clinical settings. Though optical methods
will likely remain at the forefront of MSC tracking in animal models, MRI, PET, and
SPECT may become more prevalent as the technologies become less expensive and more
widespread, due to their clinical utility. Still, these techniques will have to compete with
novel fluorophores, bioluminescent enzymes, photon detection devices and cell-labeling
technologies that will continue to develop for optical model systems.

Patients and clinicians are demanding better MSC tracking technologies
clinically, and the potential use of MSCs in many diseases supports the need for better
MSC tracking technologies within animal models. The future of therapeutic MSCs will
be the expression and delivery of novel proteins, normally expressed proteins, and small
hairpin RNAs to help regenerate tissues and kill tumors.

As we remain ignorant

regarding many of the possible off-target effects inflicted by genetic or non-genetic
modifications, we may want to incorporate suicide genes into MSCs driven by inducible
promoters as a safety precaution against teratoma formation or other deleterious,
unpredicted effects. We will continue to rely on model systems to elucidate the role of
MSCs within diseased and healthy tissues and experimental designs that optimally
combine real-time, endpoint, and multimodal tracking technologies to gain the greatest
insight into cell homing, engraftment, and tumor-host interactions.
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1.6

Figures

Figure 1-1: Breast Anatomy215. Neoplasms arising from epithelial cells in milk ducts (6) are known as
ductal neoplasms and those arising from epithelial cells within lobules (3) are known as lobular
neoplasms. Other types of breast neoplasms arise from other breast stroma (fatty tissue, ligaments, and
blood and lymphatic vessels surrounding the ducts and lobules).
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Figure 1-2: Summary of Common Breast Cancer Therapies. A) Chemotherapy drugs to kill tumor cells
directly. B) Radiation to kill tumor cells directly/shrink tumors before surgery. C) Surgery to remove
primary or metastatic tumors. D) Hormone therapy to inhibit estrogen/progesterone signaling and slow
tumor growth. Images from 216 (A-C) and 217 (D).
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Figure 1-3: The cancer-bone vicious cycle218. Metastatic tumor cells within the bone environment
release osteoblastic factors that favor bone growth and osteoblastic lesion development, which can in
turn induce osteoclast differentiation and lead to osteolytic lesions. Tumor cells also release osteolytic
factors directly to induce osteoclast maturation. The degradation or growth of bone then feeds tumor
cells with growth factors stored within the bone and with other physical factors that induce tumor
growth.
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Figure 1-4: Organotropism (organ specific metastasis) of cancer cells219. A) Breast, colorectal, prostate
and kidney primary tumors show distinct metastatic organ preferences. Breast cancers and prostate
cancers show strong osteotropism (bone specific metastasis), while kidney and colorectal show strong
lung and liver attraction respectively. B) In advanced stage breast cancer, axillary lymph nodes (Ax
LN) and bones are strongly involved in metastasis. (Abd Cav, abdominal cavity; Sc LN,
sternoclavicular lymph nodes)
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Figure 1-5: Egyptian mummy’s toe made from wood and leather, 1000-600 B.C. This is the first know
functional prosthesis. The prosthetic’s wear shows its use by the 50-60 year old woman and the
amputation seems to have healed successfully.
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Figure 1-6: Tissue Engineering Strategies for Primary Tumors and Tumor-Bone Metastases. A-H
demonstrate phenotypic differences of PC3 and LNCaP prostate cancer cells when grown on different
substrates after 48 hours of culture (TC. Tissue culture plastic. Col 1, collagen 1; OBM, osteoblast
matrix). Fluorescein diacetate (FDA) and propidium iodide (PI) staining showed a viability for
LNCaPs of >95%151. (I) H&E stained sections of subcutaneous MDA-MB-468 tumors in ExtracelTM
matrix. Green arrow indicates tumor vascularization. Immunohistochemical staining of (I) is shown
using anti-PI(3,4,5)P3 (IgG) antibody (J) and anti-PI 3-K antibody (K). Brown indicates positive
staining and shows increased apoptosis within tumor necrotic core compared to healthy tissue outside
tumor143.
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Figure 1-7: Imaging modalities for MSC-tumor tropism. A) FACS plot of cells from a primary human
tumor in the mammary fat pad of a NOD/SCID mouse. Cells were digested into a single-cell
suspension. GFP+ breast cancer cells (SUM1315) show high signal in detector plotted on X-axis.
CellTrackerTM dye (Di-I) fluorescently- labeled MSCs show high intensity in detector plotted on Yaxis. Example gating shows ability to quantify labeled cells. Unlabeled cells represent auto-fluorescent
mouse stromal cells explanted with tumor. B) eGFP fluorescent bone marrow-derived MSCs (green)
and glioma tumor cells (red) identified using epifluorescence microscopy of tumor sections show colocalization within tumor and in outgrowths (asterisks and arrow) adjacent to tumor upon intra-tumoral
MSC injection. Scale bar = 100 µm. C) Whole-chromosome FISH painting differentiates Y
chromosomes (red) from male rat MSCs within N29 female-derived glioma tumors. Nuclei are stained
with by 4′,6-diamidino-2-phenylindole staining (blue). Scale bar = 15 µm. D) Xenogen images
demonstrate the use of BLI to track fLuc-expressing MSC homing from tail-vein specifically to
primary orthotopic 4T1 breast tumors (below) compared to non-cancerous mammary fat pads (above)
1 day after MSC injection. E) Intravenously-delivered SPIO-loaded MSCs localize to lung metastases
and can be visualized by MRI. 1, Normal lung. 2,5) Lung with MDA-MB-231 metastases. 3,6) Same
lung 1 hr after SPIO-loaded MSC injection shows decreased MRI signal in metastases signal. 4) H&E
histologic sections (bar, 100 μm). See references for more details. Figure 1A (unpublished data from
our lab). Sources: A, unpublished data from our lab; B172; C172; D167, E163.
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1.7

Tables

Summary Table of Methods for Tracking MSC Tumor Migration . References:
MRI187,193,220, SPECT193,204, PET155,160,196, Fluorescent genes158,170,177, Fluorescent dyes24,157,
BLI50,159,183
.
Table 1:
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2

Chapter 2: Chick Chorioallantoic Membrane Studies

2.1

Models for Angiogenesis in Breast Cancer Bone Metastases

2.1.1

Introduction

It is well established that tumors depend heavily upon angiogenesis for local
tumor growth and distant metastasis, as blood vessels that penetrate tumors provide an
escape route for cancer cell dissemination. Bone metastases, like all tumors, cannot grow
larger than ~2 mm in diameter without vascularization116, and hence one method to
inhibit bone metastases is to inhibit angiogenesis within the bone tumor. Therefore, the
aim of this section is to create a relevant model of angiogenesis within breast cancer bone
metastases.

As cancer researchers have long acknowledged, pharmaceuticals for antiangiogenic therapy, i.e. the inhibition of blood vessel growth, hold great potential as anticancer agents. However, models of angiogenesis within mammary tumors in the bone
remain to be investigated and the effects of anti-angiogenic agents on bone metastatic
tumors are not well characterized. Angiogenesis depends on a balance between many of
pro- and anti-angiogenic factors221 and has been studied with a variety of models
including the rabbit cornea model, the subcutaneous sponge, MatrigelTM, or xenogenic
tumor implantation models221,222, the hamster cheek pouch model223, the rabbit ear
chamber model224 , the rabbit eye model225, and the chick embryo chorioallantoic

membrane (CAM) ex vivo model. The CAM model utilizes a highly vascularized
extraembryonic membrane that surrounds the chick (gallus gallus) embryo. Benefits of
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this model are the lack of a mature immune system in early chick embryos and the
relatively inexpensive cost226.

Tumor explants from humans or animals have been implanted on the chick CAM
to study tumor angiogenesis in 3-D227. However, there is much variability in angiogenic
response within these tumors based on tumor structure, genotype, phenotype, tumor
section implanted, and current vascularization status of the tumor228. Cell-seeded gelatin
sponges have also been used for angiogenesis models, but, these are unrealistically soft
and not useful as bone models. Moreover, no models of angiogenesis within breast cancer
bone metastases have been developed to our knowledge. The hypothesis of this work is
that osteogenic differentiation of hMSCs on silk scaffolds creates tissue-engineered bone
that can be seeded with breast cancer cells and used to model angiogenesis within
metastatic cancer when cultured on the CAM. Bone tissue engineering has already been
demonstrated by our lab using silk scaffolds132, and adding other types of cells, such as
cancer cells, to this model is not challenging since they grow well on silk scaffolds, based
on our preliminary studies. The aim of the present research is to improve understanding
of cancer angiogenesis by implanting tissue-engineered tumors grown within a bony
environment onto the CAM to model tumor vascularization in a 3-D, bone tumor
environment. As a first step, silk scaffolds seeded with cells were examined for their
ability to model angiogenesis in a quantitative manner. TE-bone, made of hMSCs, and
cancer cell-seeded scaffolds were investigated for their ability to elicit vascularization to
test this system.
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Improvements in CAM modeling through the use of our tissue-engineered tumors
(TE-tumors) include: (a) increased control and reproducibility of tumor composition and
design, (b) ease in evaluation of angiogenesis due to lack of prior vessels, (c) ability to
couple growth factors or peptides to scaffolds, (d) a mechanically strong and adjustable
3D structure and e) the ability to pre-differentiate bone, seed cancer cells, and then study
angiogenesis in this tumor. TE-tumors grown on the CAM can be used to elucidate
angiogenic effects of growth factors, scaffold geometry, scaffold mechanical properties,
and the presence of other cells. Improved modeling of tumor growth and angiogenesis
will provide insight into methods to slow or block angiogenesis within bone metastases,
or to better target and deliver anti-angiogenic drugs or antibodies.

2.1.2

Materials and Methods

Silk Processing and Scaffold Formation

Scaffolds were formed from 6% w/w aqueous silk solutions using a salt leeching method
and contained pores of 500-600 µm diameter as previously described229,132. Briefly,
Bombyx mori silkworms were removed from silk cocoons and cocoons were cut into 3-6
pieces. 5 grams of cocoons were added to 2 liters of boiling water containing 2.42 grams
sodium carbonate. Silk was boiled for 30 minutes and then rinsed thrice in 1 liter of cold
water for 20 minutes per rinse. The silk was then squeezed to remove excess water and
dried in a hood overnight. Dry silk was then placed in a 9.3 M lithium bromide solution
to make a 20% w/v silk in LiBr solution. This was placed in a 60OC oven until the silk
dissolved (~4 hours). The silk solution was then injected into 10,000 MWCO dialysis
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cassettes (ThermoScientific, Waltham, MA) and dialyzed against distilled water until the
conductivity of the surrounding water was ≤ 10 µS at equilibrium. Silk was then collected
and centrifuged for 20 minutes at 5-10OC at 9731 RCF twice. For the formation of water
based silk scaffolds, 2 mL of 6% w/w silk solutions were placed into plastic containers
and 4 grams of NaCl (pre-sifted to 500-600 um) was slowly poured into the silk solution.
Scaffolds were then left covered for 2 days, or until scaffolds became hard, and then
placed in deionized water for 3 days to remove salt, with 2-3 water changes per day.
Scaffolds were then cut to dimensions of 6 mm diameter x 4 mm height using biopsy
punches and razor blades and then dried, autoclaved, and soaked 1 day before seeding.
HFIP-based scaffolds were made as previously described132. Briefly, these were made
following the same steps as the water-based scaffolds until immediately after
centrifugation of silk solution. At that point, silk was frozen overnight at -20o and then
lyophilized

until

fully

dry.

Silk

solution

was

then

dissolved

in

HFIP

(hexafluoroisopropanol) to generate a 17% (w/v) silk solution. Two grams of NaCl and
1.4 mL of silk solution was poured into glass vials (12 mm diameter X 35 mm height,
Fisher Scientific, Pittsburgh, PA.) and covered with vial lids for 2 days. Scaffolds were
then submerged in methanol for 12 hours and then allowed to dry. NaCl was then leeched
from scaffolds by soaking scaffolds in distilled water over a period of days. Scaffolds
were then cut to dimensions of 6 mm diameter x 4 mm height using biopsy punches and
razor blades and then dried, autoclaved, and soaked 1 day before seeding.

Cell Isolation, Culture and Seeding onto Scaffolds
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TE-tumors, TE-bone, and VEGF-hMSC-implants were formed on silk fibroin scaffolds
seeded with SUM1315 human breast cancer cells, human bone marrow-derived stem
cells (hBMSCs), also known as human Mesenchymal Stem Cells (hMSCs), or VEGFAexpressing hBMSCs (VEGF-hMSCs) respectively.

Cell culture materials were from

Invitrogen/Gibco (Carlsbad, CA) unless otherwise noted. SUM1315 breast cancer cells
were grown in F12-Hams media supplemented with 5% FBS (fetal bovine serum), 1%
antibiotic-antimycotic, 5μg/mL insulin and 10ng/mL EGF (Sigma-Aldrich, St. Louis,
MO). SUM1315 cells were donated from the lab of Steve Ethier to our collaborators at
the Rosenblatt lab and showed low-level GFP expression. hMSC media contained a base
of DMEM (Dulbecco’s Modified Eagle Medium) supplemented with 10% FBS, 100
U/ml penicillin, 100 ug/ml streptomycin, 0.25 ug/ml fungizone, 0.1 mM nonessential
amino acids, and 1 ng/ml bFGF (basic fibroblast growth factor). hMSCs were isolated as
previously described3. Briefly, 25 mL of bone marrow aspirate from a non-smoking male
aged 25 or under was purchased from Lonza/Cambrex (Gaithersburg, MD). It was
centrifuged at 800 RCF, 4oC for 5-6 minutes and accumulated fat on top of the marrow
was aspirated off. All remaining bone marrow cells were then plated in 14 T-185cm2
flasks and rocked daily for 10 days, and 20 mL of new media was added twice a week. At
day 10, blood and non-adherent marrow cells were washed from the plate and fresh
media was added to the cells. Cells were frozen in 10% DMSO in media upon reaching
95% confluency, labeled as P0, and stored in liquid nitrogen for long-term use. VEGFhMSCs were made by a Dr. Hyeon Joo Kim using a lentivirus system for stable
overexpression of VEGFA (vascular endothelial growth factor A). Cell seeding was done
by aspirating soaked scaffolds until moist and then applying 10-20 µL of each cell
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suspension onto the scaffolds with 1x106 cells per scaffold. Media was then reintroduced
to scaffolds 1 hour later. SUM1315 cells and VEGF-hMSCs were pre-grown on scaffolds
for 24 hours before being placed on the CAM and hMSCs were seeded onto scaffolds for
1 day, and then differentiated using osteogenic media for 1 day before being placed on
the CAM. All cell culture was done in standard incubators at 37oC, 5% CO2.

Osteogenic Differentiation
hMSCs seeded onto scaffolds were differentiated for 1 day in αMEM media
supplemented with 10% FBS, 1% antibiotic-antimycotic, 0.1 mM nonessential amino
acids, 0.05 mM ascorbic acid-2-phosphate (Sigma-Aldrich, St. Louis, MO), 100 nM
dexamethasone (Sigma-Aldrich, St. Louis, MO), and 10mM β-glycerophosphate (SigmaAldrich, St. Louis, MO).

Chick Experiments

The Tufts University Division of Laboratory Animal Medicine (DLAM) and Institutional
Animal Care and Use Committee (IACUC) approved all animal procedures. Chick
experiment procedures used white gallus gallus domesticus eggs (Hy-Line W-36, West
Des Moines, Iowa) incubated at 99.5oF with a humidity of 55-60% in a Lyon rotating
chick incubator (Chula Vista, CA). The eggs were windowed on day 2 by laying them on
their broad side (yolk on the top, air pocket on the side of the egg, see Figure 2-1). The
air pocket position was checked by candling the egg (placing a bright light adjacent to the
egg in a dark room). A 26 gauge needle was used to puncture the air hole by going 1-2
mm through the shell into the air pocket, which allows for the yolk and embryo to ―drop‖
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and moves the air hole on top of the yolk. The shell above the yolk was removed by
cutting the shell, but not the membrane directly below the shell, using a dremel tool and
removing a square of the shell with forceps. A drop of Hank’s buffered saline solution
(Invitrogen, Carlsbad, CA) or mineral oil (Sigma-Aldrich, St. Louis, MO) was placed on
the membrane to ―wet the CAM‖ for 5-10 minutes to allow the CAM to separate from the
membrane and drop down while being displaced by air. The shell membrane was then
removed and the yolk was directly visualized. The hole was covered with parafilm to
prevent evaporation and eggs were again placed into the incubator. Scaffolds were placed
on the CAM at day 7 and imaged at day 9 using white light reflectance microscopy. On
day 11 or 12, scaffolds were cut from the CAM, formalin fixed, paraffin embedded,
sectioned and stained with H&E (hematoxylin and eosin) or otherwise imaged. Figure
2-2 summarizes the steps taken in using the CAM as a vascularization model.

Live-Dead Imaging
Scaffold seeded with 1x106 hMSCs were placed on the CAM at day 7 and removed at
day 11 for this assay Live-dead imaging was done using the live-dead imaging kit
(Invitrogen, Carlsbad, CA # L-3224) as directed by the manufacturer. Briefly, 5 µM
ethidium homodimer-1 (EthD-1) and 2 µM calcein AM solutions were prepared in PBS
and vortexed. Scaffolds were incubated in this solution for 40 minutes at 37oC and
imaged on a confocal microscope using appropriate excitations/emissions of 488/517nm
for calcein (live cell stain) and 543/617nm for EthD-1 (dead cell stain). Channels were
imaged using Leica DMIRE2 confocal microscope and image merging was done using
Leica Confocal Software Lite (Wetzlar, Germany).
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Whole Mount Immunohistochemistry

Scaffolds seeded with hMSCs placed on the CAM from day 7 to day 12 were removed
and stained using whole mount immunohistochemistry (IHC) following a protocol
adapted from Hashizume et al230. Briefly, scaffolds removed from the CAM or CAM
alone were fixed in paraformaldehyde (4%) for 2 hours at 22oC, then rinsed 3 times with
PBS for 30 mins and blocked for 2 hours in PBS/2% rabbit serum/2% milk and .1% triton
at 4oC on a rotator overnight. Samples were then incubated with a primary antibody
(anti-chicken collagen IV, made and provided by the laboratory of Dr. Thomas
Linsenmayer) in a 1:100 dilution in PBS + 2% BSA overnight at 4oC. Samples were then
rinsed again and incubated with a secondary rabbit anti-mouse IgG (H+L) (Piercenet,
Thermo/Fisher Scientific, Rockford, IL) antibody with Texas Red or FITC conjugation,
and Hoechst (Invitrogen, Carlsbad, CA) as a nuclei counterstain. Confocal and multiphoton microscopy were used to image samples.

Histology and Immunohistochemistry

Formalin-fixed scaffold were paraffin-embedded at the Histology Laboratory Research
Service in the Pathology Department of Tufts Medical Center. There they were then
serially sectioned (5 um sections) and stained using antibodies for CD31 and H&E
(hematoxylin and eosin stain) according to their protocols. Slides were imaged on a Leica
DM IL (Wetzlar, Germany) optical microscope equipped with a 5 megapixel camera.

VEGFA Enzyme-Linked Immunosorbent Assay (ELISA)
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ELISA was performed by culturing SUM1315 cells, VEGF-MSCs and hMSCs in 50%
SUM1315 and 50% hMSC media for 2 days. Cells were seeded at equal densities and
VEGF-A production was normalized based on cell number counted by hemocytometer
immediately after media removal for ELISA. ELISA kit (R&D, Minneapolis, MN) was
used according to manufacturer’s instructions and read on a plate reader (VersaMAX,
Molecular Devices, Sunnyvale, CA).

Scanning Electron Microscopy (SEM)

SEM imaging was done on dry, cell-free scaffolds using a JEOL SEM (JSM-840A,
Tokyo, Japan) in the Department of Chemistry, Tufts University after 30 second
gold/palladium sputter coating.

Design of Experiments

Water-based scaffolds seeded with hMSCs, SUM1315 cells, or unseeded were placed on
the CAM at day 7, imaged using reflectance microscopy, and removed on day 12 and
then placed into formalin for histological processing. In a separate study, scaffolds were
seeded with VEGF-hMSCs, SUM1315 cells or unseeded and again placed on CAM at
day 7 and removed at day 12. Samples were formalin fixed and imaged using H&E and
CD31 immunohistochemistry. For live-dead imaging, 1x106 hMSCs were placed in HFIP
scaffolds and these were implanted onto the CAM at day 7 and removed at day 11.

2.1.3

Results
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The highly porous, mechanically robust silk scaffolds
Figure 2-3) were able to hold cancer cells and healthy cells in a 3-D structure and allow for
vascularization within the scaffold over a 5 day period. CAM vasculature was detected
surrounding and penetrating non-seeded, hMSC-seeded, and SUM1315-seeded water-based
scaffolds using reflectance imaging and corresponding histology slides. (Figure 2-4 and
Figure 2-5). In histology sections, vessels are most evident closer to the CAM-scaffold
intersection and on the outer edges of the implanted water-based scaffolds (Figure 2-5).
VEGF-hMSCs were obtained and characterized for VEGFA overexpression using an ELISA
(Figure 2-6). Blood vessels were also observed in scaffolds seeded with SUM1315, VEGFhMSCs and control scaffolds without cells using H&E and in scaffolds with VEGF-hMSCs
and no cells using anti-CD31 immunohistochemistry (Figure 2-7). Quantification of blood
vessel number or surface area coverage proved difficult due to the challenge of sectioning
and imaging each sample at the same z-axis location (height above the CAM).

To investigate the viability of cells within the scaffolds on the CAM, a live-dead
assay was performed. This demonstrated many more live cells in the scaffold at the
bottom edge, closest to the CAM, as compared to the top of the scaffold, further from the
CAM (Figure 2-8). Whole mount IHC demonstrated again blood vessel growth in CAMs
alone and within scaffolds, but was not accurate for trying to quantify or determine the
location of the vessels within the scaffolds (Figure 2-9). Blood vessel ingrowth was
detected using H&E in SUM1315- and hMSC-seeded water-based and HFIP-based
scaffolds up to 30 ± 5μm from the CAM-scaffold interface.
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2.1.4

Discussion

The results presented here demonstrate that silk scaffolds can be vascularized by
CAM blood vessels when seeded with bone marrow-derived cells and breast cancer cells.
Hence, using silk scaffolds seeded with cancer and bone cells would make a
physiologically relevant model to study angiogenesis in bone metastases. However, the
lack of quantification makes this system currently impractical, but the system could be
quantitative if the accuracy of the histological slices within scaffolds could be controlled
more tightly. Next steps are to determine a more quantitative method for assessing
angiogenesis and then seeding scaffolds with combined cancer and bone marrow cells to
study the effects of angiogenic inhibitors, antibodies, drugs, or other cells. The system
has the potential to determine the best method for inhibiting angiogenesis within bone
tumors.

2.1.5

Conclusion

This work demonstrates biocompatibility and vascularization of many constructs
including TE-tumors, TE-bone, hMSCs over-expressing VEGFA and regular hMSCs.
We observed much variation in the vasculature seen in slides of scaffolds depending on
differences in height and the plane angle used for sectioning. This makes the system
unreliable for vasculature quantification and suggests that a better method for
visualization and quantification may be necessary. We could not validate that VEGFhMSCs elicit a stronger vascular response than normal hMSCs, which was to be our
positive control. Therefore, we were unable to quantify vascularization within samples or
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compare between different types of breast tumors. Still, we were able to see
vascularization of TE-bone scaffolds, suggesting that TE-bone placed on the CAM could
serve as a target for metastasis in the chick model. It was evident that the bottom of the
scaffolds contained many live cells, suggesting this was a very habitable environment for
mammalian cells, though the origin (chick or human) of these live cells was not
addressed. The top side of the scaffold also contained live cells suggesting that nutrients
from the CAM were able to diffuse through the scaffold into the top section. The system
described here holds potential for modeling the angiogenic process within tumors or
developing tissue, but the issue of angiogenesis quantification must be addressed.

2.1.6
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2.1.7

Figures

Figure 2-1: Windowing and Dropping Procedure with the CAM. Procedure performed on chick eggs at
day 2.
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Figure 2-2: CAM Modeling Research Design Timeline.
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Figure 2-3: Scanning electron microscope image of unseeded scaffold. The porosity and
interconnectedness of pores in water-based silk scaffolds is evident. Scale bar = 500 μm.
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Figure 2-4: Reflectance microscopy image of scaffold on CAM. Scaffold was seeded with
SUM1315 cells, implanted on day 7, imaged at day 9, and can be seen on top of the CAM.
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Figure 2-5: CAM Vascularization Imaging. Reflectance images (top side of scaffold) and H&E
histologies (bottom side of scaffolds) of hMSC-seeded or non-seeded scaffolds on CAM. Scaffold,
vessels, and CAM are labeled. Scale bars = 500 µm and 0.4 mm left.
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Figure 2-6: ELISA results of VEGF-A expression by hMSCs, SUM-1315 and VEGF-MSCs. **
indicates p<.001 in 2-tailed t-test.
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Figure 2-7: H&E histology 5 μm up from egg membrane/bottom of scaffold. (A) SUM1315 cells
grown on silk scaffolds (B) VEGFA-expressing hMSCs grown on scaffolds and (C) Control scaffolds
without cells. D) CD31 immunohistochemistry staining for endothelial cells on scaffolds seeded with
VEGF-hMSCs E) CD31 immunohistochemistry staining for endothelial cells on control scaffolds
without cells. Black arrows indicate positive CD31 staining and white arrows indicate scaffold in D
and E. All Scale bars = 100 μm.
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Figure 2-8: Live-Dead Confocal Fluorescence Imaging. Analysis of viability of cells seeded on
scaffolds grown on CAM. (A) Bottom side of scaffold (touching CAM) shows many live (green cells)
within scaffold (red) and no dead cells (red). (B) Top of scaffold (far from CAM) shows fewer live
cells (green cells) and more that also contain red, indicating dead cells. Scale bar = 300 µm.
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Figure 2-9: Whole mount IHC of scaffolds. Images show vascular growth within scaffold pores
using anti-collagen IV antibodies. A,C) Confocal images of anti-collagen IV IHC stained blood
vessel growth within pores of scaffolds removed from CAM. B,D) Brightfield images of CAM
blood vessels within scaffolds. E) Confocal image of CAM showing fluorescence of blood vessels
stained with anti-collagen IV IHC. F) Color-coded stack of CAM vessels showing 3-dimensional
nature of vessels within CAM. G) CAM stained with anti-collagen IV IHC and counter-stained
with Hoechst to identify nuclei. Scale bars = 83.35 µm (A, B), 150 µm (C, D, G), 299.7 µm (E).
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2.2

Models for Bone Metastasis

2.2.1

Introduction

Researchers have implanted cancer cells on the CAM or injected these into the
CAM to study metastasis to several organs and CAM locations, but not to bone116. In
mouse models, the process of metastasis can take a long time (typically months) and in
vivo imaging of bone metastasis is limited due to the lack of light transmission through
dense tissues. The temporal and spatial tracking of malignant breast cancer cells during
primary tumor generation, angiogenesis, dissemination, and formation of micro- and
macro-metastases, would be a significant advance, particularly if this could be achieved
over the course of days, rather than months. Such a model would improve understanding
of cell-cell and cell-ECM interactions, homing to distant locations, and vasculo- or osteotropism, which all contribute to metastasis. Hence, the goal of this project is to develop a
tissue disease model of breast cancer metastasis to chick bone using a chicken
embryo/CAM ex vivo platform. Our hypothesis was that, using the CAM and chick
embryo, we could develop a more realistic, rapid and inexpensive model of bone
metastasis.

2.2.2

Materials and Methods

Chick Experiments and Administration of Cancer Cells

Chick experimental procedures and methods for candling, windowing and
―dropping‖ the yolk are discussed above in section 2.1.2. However, in these experiments
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chicks were sacrificed at day 18 and femurs were removed and analyzed for metastases.
One of two methods of cancer cell administration was used per experiment. In option 1,
at day 7, cancer cells were dropped onto the CAM. Alternatively, the chick was carefully
windowed at days 11-13 without the ―dropping‖ of the chick. In this case, the CAM
remained close to the shell at the top of the egg and cancer cells were injected directly
into the chick veins with a 30 gauge needle.

Cell Culture

Cell culture protocols for hMSCs and SUM1315 are described in section 2.1.2.
MDA-MB-231 cells were grown in a base of DMEM supplemented with 10% FBS and
1% antibiotic-antimycotic. MCF7 cells were grown in a base of DMEM supplemented
with 10% FBS, 1% antibiotic-antimycotic, and 0.01 mg/mL bovine insulin. All cell
culture was done in standard incubators at 37oC, 5% CO2.

DNA isolation

DNA was isolated using a QIAamp DNA Mini Kit (Qiagen, Valencia, CA)
according to manufacturer’s instructions.

Quantitative Polymerase Chain Reaction (qPCR)

qPCR experiments were performed following the procedure of van der Horst
(2004)231,

using

the

oligonucleotide

primers

YB8-ALU-S68

(5′-

GTCAGGAGATCGAGACCATCCT-3′) (position 68–90) and YB8-ALU-AS244 (5′-
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AGTGGCGCAATCTCGGC-3′) (position 244–227). The TaqMan® probe used was
YB8-ALU-167

(Applied

Biosystems,

Carlsbad,

California),

5′-6-FAM-

AGCTACTCGGGAGGCTGAGGCAGGA-TAMRA-3′ (position 167–192).

Electrophoresis

DNA samples and ladders (New England Biolabs, Ipswich, MA) were run
through a gel of 0.8% agarose for 30 minutes under 200 volts using an electrophoretic gel
system (Thermo Primo EC320, ThermoScientific Waltham, MA) and a Consort EV265
electrophoresis power supply. Gels were imaged using a ChemiGenius2 (BioImaging
Systems, Upland CA) and GeneSnap Software (SynGene, Frederick, MD) to validate
DNA isolation. Gels were covered with TAE buffer (Invitrogen, Carlsbad, CA) + .001%
ethidium bromide (Invitrogen, Carlsbad, CA) and gel loading dye was used at 1x
concentration (New England Biolabs, Ipswich, MA). TrackIT ladders were used
(Invitrogen, Carlsbad, CA).

Design of Experiments

Standard curves of four different breast cancer cell lines were generated by
diluting breast cancer cell DNA within 560 ng chick DNA and running a quantitative
polymerase chain reaction (qPCR) experiment as described above.

To identify SUM1315 metastasis to chick embryo bones, chicks were windowed
at day 2 and SUM1315 breast cancer cells were seeded onto the CAM membrane at day
11. SUM1315 cells were seeded in four groups (n=10-12) at a concentration of 1 million
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cells/10 µL media on day 7. Chicks had the following number of SUM1315 cells dropped
on their CAM at day 7: A) 2 million cells, B) 1 million cells, C) 0.5 million cells, or D)
No cells. qPCR was then used to identify human DNA within the isolated total DNA
from chick femurs from these four groups.

2.2.3

Results

Standard curve results (Figure 2-10) show a linear correlation between the log of the DNA
content and the qPCR Ct value with R2 values close to 1. These standard curves were then
used to identify human cells within chick bones. Agarose gels of chick DNA demonstrated
that genomic DNA had been properly isolated from chick femurs after being inoculated with
cancer cells (Figure 2-11). qPCR Ct values for samples of DNA from chick femurs at day 18
and control SUM1315 cell culture pellets are shown in Figure 2-12. The Ct values were
converted to ng DNA using the standard curves from above, and results are shown in Figure
2-13 A and B (B shows results without SUM1315 positive control to better represent samples
values). The results do not show significant evidence of migration of SUM1315 to chick
bone from the four different cell numbers used.

The second method of cancer cell administration, direct injection into CAM
veins, was very technically challenging and often led to bleeding out, blood clots, and
chick death. Hence this was not a reliable method for cancer cell injection and was not
used to study cancer cell metastasis.

2.2.4

Discussion
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The potential for using chick bones as targets for human breast cancer metastasis
is still strong. Though it may be possible to increase the total seeding number of breast
cancer cells into the chick system to enable identification of bone metastases, bone
metastasis was not evident in experiments herein. Since breast cancer cells were dropped
onto the CAM and spread out over the CAM, no primary tumor was represented in this
model. Other studies could investigate implanting SUM1315 cells in Matrigel or other
hydrogel mixtures to form more realistic primary sites and perhaps increase cancer cell
metastasis.

The benefit to the described ALU-qPCR method for the detection of human cells
within non-human cells is the high specificity and ability to quantify cell number, as seen
from the standard curve data.

However, this technique does not allow for the

visualization of cancer cells within the bone, and no histological, immunohistochemical
or other visual images can be generated from the samples as this is a destructive
technique. In contrast, bioluminescent imaging (BLI), as is done later in this thesis, is
non-destructive and samples can be used for histology as well. Also, the whole animal
can be scanned for metastases and images at many time points can be taken. However,
BLI does not have the spatial resolution that ALU-qPCR has; ALU-qPCR allows for the
detection of cancer cells specifically within chick bone marrow, as done here, while BLI
has much lower spatial resolution and relies on histology to validate that metastases are
truly in the bone and not in surrounding stroma. The qPCR technique is also expensive
and limited by the volume of sample that can be tested for the presence of metastases, as
compared to BLI where whole mice and all explanted organs can be immediately
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screened for cancer cells. Also, BLI requires cellular genetic engineering, specifically
the transduction of cancer cells with a luciferase gene, which adds another modification
to the model and may modulate the action of cancer cells. For chick embryo bones, qPCR
may be the better technique to identify cancer cells, but in mice, BLI and histology or
other imaging (ex: confocal imaging) may be better tools to identify metastases. As a
model system to study bone metastasis, the chick embryo may present the extra challenge
of a developing skeletal system, rather than a developed skeleton as found in adult mice.

2.2.5

Conclusion

In conclusion, this work demonstrates the potential utility of qPCR based
techniques to identify human breast cancer cells within other species’ DNA samples,
using the human specific ALU repeat structure. The work demonstrates the ability to
isolate DNA from chick embryo bones and with increased breast cancer cell metastasis,
metastatic cells should be easily identified within the bones.

Future studies could

investigate seeding a larger number of cells or different types of breast cancer cells to the
CAM to increase the ability to detect metastasis using this method.

2.2.6

Acknowledgements
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2.2.7

Figures

Figure 2-10: Standard Curves of breast cancer cell lines diluted in chick embryo DNA. Linearity
of relationship between Ct values and log (DNA ng) is evident from correlation coefficients (R
values) close to 1 and R2 values at least .98.
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Figure 2-11: Agarose gel of whole genomic DNA from chick embryo femurs. Gel validates DNA
isolation procedure. The ladder on the left is a 1 kb ladder (ranging from 10kb, top band, to 0.5 kb
bottom band) and in the middle and right are 100 bp ladders ranging from 1.5 to 100 base pairs.
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Figure 2-12: Ct values from qPCR for chick femur samples. Chicks were inoculated with different
numbers of cancer cells (groups A-D). Graph show SUM1315 cells isolated from cell culture
alone as positive control (SUM). Groups represent different numbers of cells seeded onto the
CAM as follows: Sample A) 2 million cells, Sample B) 1 million cells, Sample C) 0.5 million
cells, and Sample D) No cells. Groups plotted as the Mean ± Standard Deviation (S.D.).
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Figure 2-13: Human metastasis to chick bones. A) Human DNA (ng) from groups A-D and
positive control (SUM). B) Human DNA (ng) from groups A-D plotted without SUM1315
positive control to allow comparison between groups A-D. Values calculated from Ct values for
each group using previously generated standard curves. Groups represent different numbers of
cells seeded onto the CAM as follows: Sample A) 2 million cells, Sample B) 1 million cells,
Sample C) 0.5 million cells, and Sample D) No cells. Data plotted as the Mean ± S.D.
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3

Chapter 3: Stem Cell Effects on Breast Cancer Metastasis

3.1

Introduction
Many mechanisms behind the metastatic process still remain unclear, particularly the

roles of supportive tissue, but evidence continues to build for the central role of stromal
cells.

Tumor-stroma cell interactions are pivotal in tumorigenesis, intravasation,

breaking down basement membrane, survival in circulation, extravasation, and
colonization of the final metastatic site. Stroma cells include human bone marrowderived mesenchymal stem cells (hBMSCs), which are known to home to tumors, likely
due to the tumor’s chronic inflammation, and promote metastasis in a number of
ways24,167,232. Though in vivo models show that exogenously supplied hBMSCs migrate to
breast cancer tumors, no reports have shown endogenous hBMSC migration from the
bone to primary tumors. Here we present a model of in vivo hBMSC migration from a
physiologic human bone environment to orthotopically implanted human breast cancer
tumors. To our knowledge, ours is the first in vivo breast cancer model used to study the
contribution of hBMSCs from a human bone microenvironment or the effects of
hBMSCs on breast cancer skeletal metastasis232. The first part of our hypothesis was that
we could develop and utilize an in vivo model of hMSC homing from a bone-like
environment to primary breast tumors to determine how hMSCs home to tumors and
what their effects are within the tumors. The second part of our hypothesis was that we
could elucidate novel mechanisms of metastasis by comparing parental and bonepassaged cell lines in terms of gene expression and response to MSCs.
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3.2

Materials and Methods

Cell Culture

Cells were isolated and cultured as described previously or as recommended by the
ATCC (American Type Culture Collection, Manassas, VA)24,131,167,232,233,234 and hBMSCs
were validated for pluripotency (Figure 3-1). Breast cancer cells (BCCs) were obtained
from ATCC, donated from the lab of Steve Ethier (University of Michigan), or isolated in
our lab (SUM1315-BP2) and were validated for correct morphology using phase contrast
microscopy throughout the full experiment by comparing to ATCC images or the parental
cell line (SUM1315-BP2). BCCs expressed the firefly-luciferase reporter gene. hBMSCs
were fluorescently labeled using Vybrant DiI or DiD according to manufacturer’s
directions (Molecular Probes, Carlsbad, CA).

hBMSC differentiation

Osteogenic and adipogenic differentiation media and Oil Red-O (Sigma-Aldrich, St.
Louis, MO) and Alizarin Red (Sigma-Aldrich, St. Louis, MO) staining for validation of
hBMSC pluripotency have been previously described132,235.

Conditioned media, proliferation and migration assays

Conditioned media (CM) were derived by applying serum free medium to cells at 80%
confluence for 24 hours. Cell proliferation was measured using an MTT-based assay
(Roche Diagnostics, Indianapolis, IN) according to the manufacturer’s instructions.
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Migration was assessed according to the manufacturer’s instructions (Neuroprobe plate,
Neuro Probe, Gaithersburg, MD. or Cultrex Invasion Assay, Trevigen Inc, Gaithersburg,
MD) and fixing, dying, (Diff Stain Kit, IMEB Inc., San Marcos, CA) and counting
(ImageJ, U. S. National Institutes of Health, Bethesda, MD) cells, manually or with
fluorescence emission.

For IL-17B migration assays, 20 ng/mL rhIL-17B (R&D

Systems, Minneapolis, MN) was added to BCCs before seeding.

Engineered bone for tumor tropism

Silk scaffolds were created and differentiated into tissue-engineered bone (TEB) as
previously reported132.

Specifically, scaffolds seeded with 1x106 P2 hBMSCs were

differentiated in vitro for 2 weeks and re-seeded with 1x106 fluorescently labeled P3
hBMSCs one day before implantation, which were tracked for tumor tropism.

Animal experiments

The Tufts University DLAM and IACUC approved all animal procedures. Metastasis
and hBMSC-tumor homing procedures, including imaging, TEB implantation, tumor
formation, and histology were described previously131,132.

Two weeks after TEB

implantation, mice were sacrificed and tumors and TEB were removed for analysis.

Primary tumor digestion and FACS analysis
Primary tumors were removed and digested as described previously236.

FACS was

performed on a Moflo Cell Sorter (Beckman-Coulter, Brea, CA) and analyzed using
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FloJo Software v. 7.5.4 (Ashland, OR).

SUM1315-BP2 creation and isolation
1x106 SUM1315 BCCs were injected into human trabecular bone fragments (isolated as
described131 from human patients of total hip replacement surgeries at New England
Baptist Hospital, Boston, MA) implanted subcutaneously into NOD/Scid mice using a
22-gauge needle and Hamilton syringe (Figure 3-2). Fragments were harvested at 3-4
months, BCCs were isolated and 1x106 ―SUM1315-BP1‖ cells were again directly
injected into subcutaneous bone implants, which were harvested at 3-4 months for
SUM1315-BP2 BCC line isolation.

RNA isolation and qRT-PCR

Total RNA was extracted in TRIzol reagent (Invitrogen, Carlsbad, CA) and qRT-PCR
was performed according to manufacturer’s instructions (Bio-Rad, Hercules, CA).
Primers were designed using PrimerBank (http://pga.mgh.harvard.edu/primerbank/).

il-17br overexpression

A

plasmid

containing

the

IL-17BR

cDNA

(http://plasmid.med.harvard.edu/PLASMID/).

was

obtained

from

PlasmID

cDNA was cloned into pLenti6.2/V5-

DEST (Invitrogen, Carlsbad, CA), used to create lentivirus particles and infect BCCs
according to the manufacturer’s directions.
TGF-1 expression
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For TGF-1 stimulation, 32 ng/ml of recombinant human TGF-1 (R&D, Minneapolis,
MN Systems) was added to the bottom well to stimulate migration.

For TGF-1

inhibition, 60 µg/ml of polyclonal -TGF-1 (R&D Systems, Minneapolis, MN) was
incubated at room temperature with samples for 30 minutes before samples were added to
bottom wells and migration was initiated. Total TGF-1 levels in BCC conditioned
medium were measured by ELISA (eBioscience, San Diego, CA) according to the
manufacturer’s instructions.

Confocal imaging

Primary tumor and engineered bones used for confocal imaging were frozen and
embedded in OCT (optimum cutting temperature) compound (Tissue-Tek®, Sakura,
Torrance, CA). Confocal imaging and multiphoton imaging of DiI, DiD and DAPI was
done using a Leica DMIRE2 confocal microscope and image merging was done using
Leica Confocal Software Lite (Wetzlar, Germany).

Microarray analysis

Total RNA was extracted in TRIzol reagent (Invitrogen, Carlsbad, CA) according to
manufacturer’s instructions.

Complementary DNA (cDNA) was synthesized and

hybridized at the Tufts Medical Center Microarray Core to an Operon 70-mer 2.1 with
2.1 upgrade human genome set array chip. Transcriptional profiles were analyzed using
GeneSpring (Agilent Technologies, Santa Clara, CA). ANOVA was run using a
parametric test with the p-value cutoff 0.05 to select for genes that were significantly up-
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or down-regulated by greater than 1.4-fold. mmp13, hunk, il-17b and il-17br gene
expression was confirmed using qRT-PCR analysis.
PrimerBank

(Harvard

Medical

Primers were designed using

School,

Boston

MA.

http://pga.mgh.harvard.edu/primerbank/).
Western blots
Western blot for IL-17BR overexpression was performed using membrane, cytoplasmic
or whole cell proteins extracts obtained from cell pellets (PierceNet, Rockford, IL)
according to the manufacturer’s directions. Western blots were performed using antihuman IL-17BR (sc-52925; Santa Cruz Biotechnology Inc, Santa Cruz, CA.) according
to the manufacturer’s instructions.
Statistics
Data is represented as mean ± SEM and significance was determined using a two-sided
Student’s T-test, unless otherwise noted. *, p<0.05; **, p<0.01; ***, p<0.001.
Histology and Breast Cancer Cell Characterization
Formalin-fixed SUM1315 tumors were paraffin-embedded at the Histology Laboratory
Research Service in the Pathology Department of Tufts Medical Center, Boston MA.
There they were then serially sectioned (10 um sections) and stained using antibodies for
vimentin, cytokeratin 5/6, panycytokeratin, and GFP (Biovision, Mountain View,
California) using immunohistochemistry and H&E (hematoxylin and eosin stain)
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according to their protocols. Slides were imaged on a Leica DM IL (Wetzlar, Germany)
optical microscope equipped with a Leica DFC340 FX camera (Wetzlar, Germany).
Scanning Electron Microscopy (SEM)
Samples were used whole or cut in half and fixed with 10% neutral formalin. They were
then dehydrated in a gradient of ethanol concentrations: 50%, 70%, 80%, 90%, 95%, and
100%, for at least 10 minutes each, for each concentration. Scaffolds were then allowed
to dry. SEM imaging was done on an SEM (JEOL JSM-840A, Tokyo, Japan) in the
Department of Chemistry, Tufts University, Medford MA after 30 second gold/palladium
sputter coating.
Design of Experiments
To analyze the ability of hBMSCs to home from the bone environment to mammary fat
pad (MFP) tumors in vivo, we incorporated previously developed tissue-engineered bone
(TEB) into a novel hBMSC-tumor homing model9. We injected BCCs into the mammary
fat pad 2 weeks after the implantation of TE-bone seeded with labeled hMSCs into the
backs of Nod/SCID mice (2 scaffolds per mouse). We then gave 2 weeks for the hMSCs
to migrate to the primary tumors before we removed these and analyzed them for hMSCs.
We used n=3 mice for FACS analysis and kept 1 of the 2 primary tumors from each
mouse for histology. For in vivo tumor proliferation assays, we used injections of BCCs
alone or co-injections of BCCs and hBMSCs into mice mammary fat pads (n=5) and
measured tumor proliferation with bioluminescence.
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To assess metastasis in vivo, specifically to bone, we utilized a humanized model of
breast cancer metastasis to bone developed in our lab where bone cores were implanted
subcutaneously in mice and 4 weeks later, breast cancer cells were injected into the
mammary fat pad. (n=5-7). Tumors were made with 500,000 BCCs injected alone or
with 1.5x106 hBMSCs in 10-week-old NOD/Scid female mice harboring implanted
human bone cores. After 10 weeks mice were sacrificed and human bone cores, lungs
and livers were analyzed for metastases using bioluminescence. Metastases were counted
and frequency was calculated by dividing number of metastatic samples by total number
of samples.
To determine the bone-tropism of BCCs, 500,000 BCCs were injected into the right and
left fourth mammary fat pads of NOD/Scid mice harboring human bone fragments. After
10 weeks of growth in vivo, mice were sacrificed, and the frequencies of metastasis to the
implanted human bone fragments and mouse femurs were calculated. Metastasis was
analyzed using bioluminescent imaging of human bone fragments and mouse hind limbs.
Metastatic samples were counted and frequency was calculated by dividing number of
metastatic samples by total samples analyzed. N=10 bone fragments for all cell lines.
Expression of il-17br was analyzed using qRT-PCR in human and bone metastases and
metastatic cells were compared with matched primary tumors.

N=3 except for the

SUM1315-BP2 mouse bone data point where too few metastases inhibited significance.
Bioluminescent imaging of human bone fragments, lungs, and livers was used to assess
metastasis frequency of IL-17BR overexpressing BCCs and mock-transfected BCCs.
N=5 mice per BCC type.

89

3.3

Results
The SUM1315 human BCC line is a highly aggressive, particularly

osteotropic131,132, cell line derived from a metastatic nodule from a patient with invasive
ductal carcinoma. Images of SUM1315 primary tumors show its invasive phenotype
(vimentin expression) and GFP-labeling (Figure 3-3). Histology also found SUM1315 to
be cytokeratin 5/6 and pan-cytokeratin negative (images not shown). H&E histology
images of SUM1315 within human bone core from experiments by Dr. Ellen Scepansky
using orthotopic SUM1315 tumors demonstrate the ability of SUM1315 cells to colonize
human bone and recruit vasculature (Figure 3-4).

By passaging SUM1315 BCCs through human bone, Dr. Kristen Anderson
created the SUM1315-BP2 cell line with a unique gene expression signature that
represents a ―bone-educated‖ cell line (Figure 3-2). The MDA-MB-231 and MCF7 BCC
lines represent a widely metastatic and non-invasive cell line, respectively. Similar to
previous reports24, hBMSCs migrated towards BCC-CM in vitro with an increased
affinity for highly aggressive and bone-metastatic BCCs (MDA-MB-231 and SUM1315)
as compared to less aggressive BCCs (MCF7) (

Figure 3-5).

To analyze the ability of hBMSCs to home from the bone

environment to mammary fat pad (MFP) tumors in vivo, we incorporated previously
developed tissue-engineered bone (TEB) into a novel hBMSC-tumor homing model.
After 2 weeks of differentiation, the pores of tissue-engineered bone were mostly filled
with cells and mineralization, while inner pores showed less dense cell infiltration in
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scanning electron microscopy (Figure 3-6). In the model, TEB delivers fluorescentlylabeled hBMSCs, which migrate to breast cancer tumors as assessed by confocal imaging
and fluorescence-activated cell sorting (FACS) (Figure 3-7 and Figure 3-8a). Similar to
in vitro results, SUM1315 and MDA-MB-231 were statistically able to attract hBMSCs
in vivo. No significant difference from background signals was observed for the MCF7
and SUM1315-BP2 tumors. (Figure 3-8b). Implanted TEB retained a bone phenotype
and fluorescent hBMSCs for the duration of the experiment (2.5 weeks) (Figure 3-9).

Clinically, TGF-β1 is elevated in the plasma of breast cancer patients and is linked to
increased cancer progression and metastasis.

Additionally, TGF-β1 is produced by

aggressive BCCs and can attract hBMSCs in in vitro assays and physiologic bone
development237,236 (Figure 3-10). We hypothesized that hBMSCs migrate towards BCCs
in response to elevated TGF-β1 levels and confirmed this in vitro (Figure 3-10).
Additionally, blockade of TGF-β1 in BCC-CM using a neutralizing antibody
significantly reduced hBMSC migration (Figure 3-10). TGF-β1 blockade did not inhibit
hBMSC migration towards MDA-MB-231-CM, perhaps due to the abundance of other
cytokines in the supernatant. These results further support the theory that inflammation
attracts hBMSCs to tumors and suggest that TGF-β1 may play a large role in attracting
hBMSCs.

Consistent with published reports, hBMSCs showed tumor-type dependent effects on
BCC proliferation in vitro and in vivo24,232 (Figure 3-11 and Figure 3-12).

When

cultured with CM from bone-derived cell types, SUM1315 cells showed increased
proliferation. In contrast, MDA-MB-231 cells showed no proliferative response (Figure
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3-12). The weakly metastatic MCF7 cell line demonstrates yet a third response to
hBMSC-CM, i.e., decreased proliferation (Figure 3-12). Following 72-hours of coculture with hBMSC-CM, no morphologic changes were observed in the 3 BCC types
analyzed, although we cannot rule out that longer culture may promote epithelial-tomesenchymal morphologic changes as observed previously170 (data not shown). We next
utilized orthotopic (MFP) implantation to assess in vivo proliferative changes of BCCs
with or without hBMSCs, as local tumor microenvironment strongly influences cancer
growth and progression238. Consistent with our in vitro findings, SUM1315 BCCs coinjected with hBMSCs in a ratio consistent with previous reports24 (1:3, BCCs: hBMSCs),
showed increased tumor growth compared to BCCs injected alone, whereas no effect or a
negative effect was seen for MDA-MB-231 and MCF7 tumors, respectively (Figure
3-11).

When co-cultured with hBMSCs, SUM1315-BP2 BCCs demonstrate similar

proliferative changes to parental SUM1315 BCCs in vitro (data not shown) and in vivo
(Figure 3-11). These in vitro and in vivo data suggest a unique response of BCCs to
hBMSCs depending on their metastatic propensity and tissue tropisms.
Since tumor growth does not necessarily correlate with metastatic outcome24, we
next investigated if hBMSCs co-cultured with BCCs could increase BCC migration in
vitro or metastasis in vivo. Similar to previously published data, we observed that
indirect co-culture of hBMSCs with MDA-MB-231 BCCs resulted in increased migration
of BCCs in vitro (Figure 3-13a, Figure 3-14)239. Conversely, hBMSC co-culture
decreased migration of SUM1315 BCCs in a trans-well migration assay (Figure 3-13a).
Interestingly, hBMSC-CM stimulation increased SUM1315-BP2 migration, suggesting

92

that bone pre-conditioning adapts BCCs to utilize bone-derived signals to increase their
migration. No significant in vitro migration was observed for MCF7 BCCs with or
without indirect hBMSC co-culture (data not shown). To assess metastasis after 10
weeks in vivo, specifically to bone, we utilized a humanized model of breast cancer
metastasis to bone developed in our lab131,132. Co-injection of MDA-MB-231 BCCs and
hBMSCs into the MFP increased the frequency of metastasis to human bone, lung and
liver (Figure 3-13b). Similar to our in vitro results, no increase in metastasis frequency
was observed for SUM1315 BCCs (Figure 3-13b and Figure 3-15). SUM1315-BP2
BCCs co-injected with hBMSCs exhibited an increased skeletal metastasis frequency
(Figure 3-13 and Figure 3-16), mimicking effects found in vitro.

The gene expression signature of SUM1315-BP2 BCCs is enriched for genes that
may promote metastasis (Table 2), four of which were confirmed to be overexpressed
using qRT-PCR240,241 (Figure 3-2). One of these genes, interleukin-17b receptor (il17br), is a prognostic indicator of breast cancer progression and metastasis and, along
with its ligand, interleukin-17b (il-17b), is linked to bone turnover and tumor
progression240,242,243.

Additionally, hBMSCs secrete IL-17B, which may act through IL-17BR to stimulate
metastasis244,245. To see if il-17br was consistently overexpressed in skeletal metastases, we
utilized our in vivo bone metastasis model to assess gene expression levels of skeletal
metastases from three metastatic BCC lines (SUM1315, SUM1315-BP2, and MDA-MB231). MCF7 BCCs do not metastasize to the human bone fragment in our in vivo bone
metastasis model and, thus, could not be used in this analysis. All three metastatic BCC lines
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metastasized to human bone fragments and mouse hind limbs (Figure 3-18). qRT-PCR
analysis of the resulting metastases demonstrated that il-17br was overexpressed in most
metastases to human bone cores when compared to their matched primary tumors, and was
overexpressed greater than 30-fold in bone core metastases from the SUM1315-BP2 BCC
samples (Figure 3-19 a). The lack of overexpression in MDA-MB-231 bone metastases may
represent that this highly invasive BCC line does not rely as heavily on IL-17BR for
metastasis.

We hypothesized that hBMSC-derived IL-17B may stimulate migration of

metastatic BCCs. Indeed, stimulation of BCCs with IL-17B resulted in increased migration
of the metastatic SUM1315, SUM1315-BP2 and MDA-MB-231 cells in vitro, with no
observed increase in migration of non-metastatic MCF7 BCCs (Figure 3-19 b). Additionally,
lentiviral overexpression of il-17br in MDA-MB-231 and SUM1315 BCCs increased
migration in vitro and increased frequency of lung and liver metastases in vivo (Figure 3-20,
Figure 3-21,
Figure 3-19 c,d). Together, these results suggest a possible mechanism by which recruited
hBMSCs may stimulate different BCCs to metastasize; IL-17B secretion from hBMSCs may
stimulate migration of BCCs through IL-17BR (Figure 3-22).

3.4

Discussion

IL-17B

IL-17B is a member of the IL-17 family expressed in several immune tissues and
peripheral tissues and is a secreted 20 kD protein consisting of 180 amino acids. Reports
on IL-17B, earlier known as IL-20, are very limited but the work presented here suggests
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a novel role for this recently identified protein in cancer metastasis.

Our work

demonstrates that IL-17B may stimulate breast cancer cells to metastasize through
interaction with its receptor IL-17BR. IL-17B is a pro-inflammatory mediator that
induces production of TNF-α and IL-1β and is able to recruit monocytes and neutophils
to sites of inflammation246. Additionally, IL-17B has been shown to play a role in the
pathogenesis of inflammatory arthritis246. IL-17B may stimulate migration of cancer cells
through similar pathways used to stimulate immune cells and its pro-inflammatory nature
suggests that by decreasing inflammatory signaling within tumors, one may inhibit tumor
growth and/or metastasis.

Since IL-17B is expressed by many cells other than hMSCs, including
neurons247, it is possible that these cells also contribute to the stimulation of cancer cells
via their production of IL-17B. As IL-17B mRNA is normally found within adult
pancreas, small intestine, and stomach248, we suggest that it may play a role in the
progression of metastases or primary tumors within these locations. It has also recently
been shown to be very highly expressed in spinal cord247, which could suggest a role for
this cytokine in neurological cancers or metastases within the vertebrates of the spine.

IL-17B is also expressed in mouse embryonic limb buds, most strongly in the
bone collar in the primary ossification center, and in juvenile calf cartilage and is
proposed to play a role in chondrogenesis and osteogenesis in the early stages of
development245, 249. The remodeling of bone that occurs during osteolytic and osteoblastic
bone colonization by cancer cells may reproduce the environment found in maturing
bone, causing increased IL-17B concentrations. This may then further feed bone
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colonization and spur metastases from metastases, a key step of the metastatic cascade.
Specifically, studies found that il-17b mRNA expression in two mouse preosteoblast cell
lines is stimulated by BMP7 in a time- and dose-dependent manner245. Therefore, we
propose that IL-17B and BMP7 may be key, previously unrecognized players in the
vicious cycle of bone metastasis.

As studies have demonstrated that the BMP7 can increase IL-17B production, we
suggest that a novel target to inhibit stimulation of cancer cells, besides the inhibition of
IL-17B or IL-17BR, could be the inhibition of BMP7 signaling. Also, the stimulation of
the ERK pathway by bFGF has been shown to decrease IL-17B in bone-like cells and
hence activation of this pathway in bone metastasis may inhibit IL-17B production and
subsequent disease progression in bone neoplasms. Future work should investigate the
concentration of IL-17B within the tumors, especially tumors within bone or the spinal
cord, to determine if blocking IL-17B would be beneficial to patients. Lastly, IL-17BR
also binds IL-17E248, though this ligand was not found to be upregulated in our
microarray comparing SUM1315 and SUM1315-BP2 cells.

Still, IL-17E may also

stimulate metastasis in a manner similar to IL-17B and remains to be examined in this
respect.

TGF-β

Since the publication of this work, more evidence has emerged supporting the
theory that tumor-derived TGF-β plays a role in eliciting MSCs250. The ability for TGF-β
to recruit other cells to tumors, such as hematopoetic stem cells251, supports our findings
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and complicates the use of TGF-β for modulating cellular tumor-homing. Moreover, as
the effects of TGF-β are so diverse within tumors, and the effects of MSCs are also both
tumor-suppressive and tumor-supportive, it is unclear if suppression of TGF-β and hMSC
recruitment within tumors would be beneficial or detrimental to patients. Likely this will
have to be determined on a patient to patient basis after better predictors of the effects of
each have been elucidated. Perhaps the ability for TGF-β to recruit MSCs to tumors, as
demonstrated here, will help explain the temporal and context-dependent of TGF-β
effects252.

3.5

Conclusion
hBMSCs are a pluripotent source of growth and stimulatory factors that have been

explored for their ability to home to tumor cells for drug delivery applications 233.
However, as shown here, the roles of hBMSCs are diverse and tumor-type dependent and
their therapeutic potential should not be exploited until more is understood about their
inherent pro- and anti-tumor properties. Here, we have shown for the first time that
human BMSCs from a physiologic bone environment can home to an orthotopically
implanted primary human breast tumor. The addition of hBMSCs to the primary tumor
environment influences tumor proliferation and metastasis. While many have observed
that different breast carcinomas have different proliferative and metastatic capacities
based on genetic differences, our data suggest that these variations may also be a result of
different abilities to attract, and be stimulated by, hBMSCs that arrive at the primary
tumor environment. Additionally, not all primary tumors attract hBMSCs and their
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effects may not be universal. Further work will confirm whether a blockade of hBMSC
migration to, or stimulation of, cancer cells is able to abrogate breast cancer metastasis.
Nonetheless, the results presented above are promising and suggest that these ―healthy‖
cells are playing a larger role in cancer metastasis than previously thought.

3.6
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3.7

Figures
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Figure 3-1: hBMSC differentiation capability. hBMSCs derived from healthy bone marrow are
pluripotent and retain the ability to differentiate into adipocytes and osteoblasts. Staining was done in
2D on in vitro samples differentiated for 4 weeks. (A) Adipogenic differentiation was done in
differentiation medium and imaged with Oil Red O staining. (B) Osteogenic differentiation was done
in osteogenic medium and assessed with Alizarin Red staining. Undifferentiated controls were grown
to confluence, stained and imaged at the same time as differentiated samples. Scale bar = 500 μm.
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Figure 3-2: Creation of the SUM1315-BP2 human bone-passaged BCC line. (A) SUM1315 cells were
directly injected into human bone cores implanted subcutaneously into the flanks of NOD/Scid female
mice in 50 uL of growth media using a 22 gauge needle and Hamilton syringe. The cells were allowed
to grow for 12 weeks, isolated, cultured in vitro and expanded. This ―SUM1315-BP1‖ line was again
directly injected into human bone, implanted into the flanks of NOD/Scid female mice and allowed to
grow for 12 weeks. The resulting cells were named SUM1315-BP2. (B) i. Xenogen imaging of
luciferase-expressing bone-residing tumor from direct-injection of SUM1315 human BCCs into human
bone implant; ii. 40x, iii. 100x H&E stains of SUM1315-BP2 cells within the human bone cores.
Tumors outgrowing bone implant area were used for microarray analysis. (C) Four genes were
confirmed for overexpression from the RNA used for gene array analysis between mammary fat pad
residing SUM1315 BCCs and bone residing SUM1315-BP2 cells. Inset table references foldinduction found on microarray analysis comparing SUM1315-BP2 and SUM1315 cells.
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Figure 3-3: Immunohistochemistry of primary SUM1315 tumor on adjacent tumor sections. A) 4x
(top row), 10x (middle row) and 32x (bottom row) objectives were used to image slides (scale bars are
1,000 μm, 100μm, and 100μm respectively). Slides show H&E (left column), anti-vimentin (middle
column) and anti-GFP staining (right column). Of note is the cross-reactivity of anti-GFP antibody
with mouse blood vessels and other mouse stromal cells, making it ineffective in identifying
metastases.
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Figure 3-4: Histological Images of MDA-MB-231 within human bone cores. Images with labeled
magnification show demonstrate the ability of MDA-MB-231 cells to migrate from orthotopic primary
breast tumor and colonize human bone and recruit vasculature 14 weeks after bone implantation and
10 weeks after tumor cell injection. Bone, tumor, and surrounding stroma are labeled.
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Figure 3-5: hBMSCs migrate towards conditioned medium from breast cancer cells (BCCs).
SUM1315, MDA-MB-231, and MCF7 BCCs were grown in serum free medium for 48-hours.
Medium was collected, spun to pellet to remove extraneous cells, and plated in the receiving side of a
96-well transwell plate. 30,000 hBMSCs were seeded above the conditioned medium and allowed to
migrate for 3-hours. After migration, calcein AM was used to quantify cell migration following the
manufacturer’s instructions. Values represent average number of cells, normalized to MCF7
migration. N=10 for all groups.

103

Figure 3-6: SEM images of TE-bone after 2 week in vitro osteogenic differentiation. A, C, E) Images
from inner section of TE-bone. B,D,F) Images taken on outer part of TE-bone. Magnifications as
marked and scale bars = 1 mm (A,B), 100 μm (C,D) and 50 μm (E,F).
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Figure 3-7: hBMSCs can home to primary BCC tumors in vivo. Confocal imaging of hBMSCs within
primary tumors. DAPI (nuclear; blue) staining and DiD (hBMSC; red) visualization of frozen
sectioned MDA-MB-231 primary tumor containing a DiD positive hBMSC.
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Figure 3-8: hBMSCs from the human TE-bone migrate to orthotopic BCC tumors in vivo. (A) A
schematic of the in vivo model of hBMSC migration from the bone environment to primary BCC
tumors. (B) FACS analysis of tumors explanted and digested from mice. The ratio of counts within
both gates (hBMSC and BCC gates) for tumors from mice implanted with (―w/TEB‖) and without
TEB (― no TEB‖) were compared for each tumor type No TEB mice were implanted with unseeded
scaffolds. Mice were analyzed with primary tumors of SUM1315 (i), SUM1313-BP2 (ii), MDA-MB231 (iii) and MCF7 (iv) BCCs. Gating of fluorescence from hBMSCs and BCCs was based on labeled
(positive) and unlabelled (negative) single cell controls. The y-axis (hBMSC gate counts: BCC gate
counts) represents the ratio of counts within the fluorescent gates for each tumor type. Statistics
utilized a one-sided Student’s t-test.
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Figure 3-9: hBMSCs survive in TEB after 10 days in vivo. These can be used to monitor homing
towards BCC primary tumors. (A) hBMSCs are seeded on silk scaffolds and differentiated towards the
osteoblast lineage for 2 weeks and then implanted in mice for 10 days. Bone characteristics were
confirmed using H&E (left) and Mason’s Trichrome (right) staining on scaffolds at the end of the
experiment. 20x (top) and 40x (bottom) views are shown. Scale bar is equivalent to 500 µm for 20x
images and 50 µm for 40x images. H&E images demonstrate initial stages of bone development and
presence of preliminary bone matrix. Mason’s Trichrome images show collagen deposition, mostly
towards the edge of the scaffold. (B) After 2 weeks in vivo, hBMSCs retain cell-tracker dye
fluorescent label (red). Confocal image of OCT-embedded engineered bone constructs with DiD (red)
positive hBMSCs (arrow heads), surrounded by DiD-negative mouse stromal cells (arrows). DAPI
(blue) counterstaining for cell nuclei and silk pores. Scale bars = 300 μm (left) and 111.33 μm (right).
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Figure 3-10: TGFβ1 secretion from BCCs may attract hBMSCs to the primary site. (A) In vitro
Conditioned medium samples from more aggressive BCCs, i.e. SUM1315 and MDA-MB-231 contain
increased levels of TGFβ1, when compared with weakly metastatic BCCs (MCF7). Conditioned
medium was collected in serum free medium for 48-hours from cells grown to 80% confluence (N=3
independent plates). Medium was concentrated 10X and TGFβ1 expression was quantified using
ELISA (eBioscience). TGF1 levels are shown relative to MCF7 levels. (B) Exogenous TGFβ1 can
attract hBMSCs in vitro and a neutralizing antibody to TGFβ1 (α-TGFβ1) can block migration of
hBMSCs towards BCC conditioned medium. Conditioned medium was collected in serum free
medium from cells grown to 80% confluence. Medium was used as a chemoattractant with or without
α-TGFβ1 (60µg/ml). 30,000 serum-starved HBMSCs were plated above conditioned medium and
allowed to migrate for 6-hours. Migration filters were fixed and stained and the number of cells
migrated were counted from 3 fields of view/well and averaged. Addition of exogenous TGFβ1 (32
ng/ml) to serum free medium increases migration of hBMSCs, and this increased migration can be
blocked by addition of α- TGFβ1. N=5 or 6 for each group.
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Figure 3-11: hBMSCs affect BCC growth in vivo. 500,000 SUM1315 (A), SUM1315-BP2 (B), MDAMB-231 (C) and MCF7 (D) BCCs were injected alone or with 1.5x106 hBMSCs into the MFP. Tumor
volume was measured with bioluminescent imaging weekly. Data are normalized to bioluminescence
from the first week of measurement and represented as mean + S.E.M. N=5 for all groups. Statistics
performed using 2-way ANOVA or two-sided Student’s T-test on endpoint: SUM1315, *, p=0.0122;
SUM1315-BP2, ***, p=0.0001; MDA-MB-231, ns, p=0.9282; MCF7, ns, p=0.0875.
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Figure 3-12: hBMSCs can affect BCC growth in vitro. SUM1315, MDA-MB-231 and MCF7 BCCs
were cultured in conditioned medium from bone-derived cells (hBMSCs, bone derived endothelial
cells, osteoblasts or osteoclasts). Bone-derived cell conditioned medium increased the proliferation of
SUM1315 BCCs and decreased the proliferation of MCF7 BCCs. No effect was observed for MDAMB-231 BCCs.
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Figure 3-13: hBMSCs affect migration and metastasis of BCCs. (A) SUM1315, SUM1315-BP2, and
MDA-MB-231 BCCs were grown in hBMSC-CM for 24-hours. BCCs migrated for 6-hours on
transwell migration assays. Values represent average number of cells, normalized to cancer cell
samples without hBMSCs for each BCC line. (B) 500,000 BCCs were injected alone or with 1.5x10 6
hBMSCs into the MFP of 10-week-old NOD/Scid female mice harboring implanted human bone cores.
After 10 weeks mice were sacrificed and human bone cores, lungs and livers were analyzed for
metastases using bioluminescence. Metastases were counted and frequency was calculated by dividing
number of metastatic samples by total number of samples. N=6; SUM1315 and SUM1315-BP2 with
hBMSC. N=5; SUM1315 and SUM1315-BP2 alone. N=7; MDA-MB-231.
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Figure 3-14: Effects of hBMSCs on MDA-MB-231 bone metastasis. (A) BLI images of human bone
cores from mice with MDA-MB-231 primary tumors or (B) MDA-MB-231 primary tumors co-injected
with hBMSCs. BMSCs promoted bone metastasis in MDA-MB-231 orthotopic tumors. These results
are summarized graphically (Figure 3-13). Two bone cores per mouse were implanted and explanted
and imaged on a single petri dish (top images), then turned over and imaged again (bottom images).
Top and bottom images show the same samples flipped upside down to increase sensitivity of imaging.
Metastases are marked with a plus sign if either side is positive for tumors.
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Figure 3-15: Effects of BMSCs on SUM1315 bone metastasis. (A) BLI images of human bone core
metastases from SUM1315 primary tumors or (B) SUM1315 co-injected with human BMSCs primary
tumors. BMSCs do not promote bone metastasis in SUM1315 orthotopic tumors. These results are
summarized graphically (Figure 3-13). Two bone cores per mouse were implanted and explanted and
imaged on a single petri dish (top images), then turned over and imaged again (bottom images). Top
and bottom images show the same samples flipped upside down to increase sensitivity of imaging.
Metastases are marked with a plus sign if either side is positive for tumors.
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Figure 3-16: Effects of BMSCs on SUM1315-BP2 bone metastasis. (A) BLI images of human bone
core metastases from SUM1315-BP2 primary tumors or (B) SUM1315-BP2 co-injected with human
BMSCs primary tumors. BMSCs do not promote bone metastasis in SUM1315-BP2 orthotopic tumors.
These results are summarized graphically (Figure 3-13). Two bone cores per mouse were implanted
and explanted and imaged on a single petri dish (top images), then turned over and imaged again
(bottom images). Top and bottom images show the same samples flipped upside down to increase
sensitivity of imaging. Metastases are marked with a plus sign if either side is positive for tumors.
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Figure 3-17: Effects of BMSCs on breast cancer liver and lung metastasis. Lungs are in top petri dishes
(A1-5) or top of petri dish (all other images) and livers are in the bottom petri dishes (A1-5) or on the
bottom of petri dishes (all other samples). A) Bioluminescence detection of lung and liver of
metastases from MDA-MB-231 primary tumors alone. B) Bioluminescence detection of lung and liver
of metastases from MDA-MB-231 primary tumors injected with BMSCs. C) Bioluminescence
detection of lung and liver of metastases from SUM1315 primary tumors alone. D) Bioluminescence
detection of lung and liver of metastases from SUM1315 primary tumors injected with BMSCs. E)
Bioluminescence detection of lung and liver of metastases from SUM1315-BP2 primary tumors alone.
F) Bioluminescence detection of lung and liver of metastases from SUM1315-BP2 primary tumors
injected with BMSCs. Lung and liver metastatic frequency was increased in BMSC co-injections with
MDA-MB-231 cells, but was in BMSC- SUM1315 or SUM1315-BP2 co-injections. Results are
depicted graphically in Figure 3-13. Metastases are marked with a plus sign if either side is positive for
tumors.
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Figure 3-18: Metastasis frequency from three BCC lines. 500,000 BCCs were injected into the right
and left 4th mammary fat pads of NOD/Scid mice harboring human bone fragments. After 10 weeks
of growth in vivo, mice were sacrificed, and the frequencies of metastasis to the implanted human bone
fragments and mouse femurs were calculated. Metastasis was analyzed using bioluminescent imaging
of human bone fragments and mouse hind limbs. Metastatic samples were counted and frequency was
calculated by dividing number of metastatic samples by total samples analyzed. N=10 bone fragments
for all cell lines.
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Figure 3-19: IL-17B stimulation of IL-17BR can drive migration and metastasis. (A) Expression of il17br was analyzed using qRT-PCR. Metastatic cells were compared with matched primary tumors.
N=3 except for the SUM1315-BP2 mouse bone data point where too few metastases inhibited
significance. (B) Serum-starved SUM1315, SUM1315-BP2 and MDA-MB-231 BCCs showed a dosedependent reaction to IL-17B stimulation after 6-hours. No increase in migration was observed for
MCF7 BCCs. (C) Serum-starved SUM1315 and MDA-MB-231 BCCs (mock infected or infected with
lentivirus to overexpress il-17br cDNA) migrated for 6-hours on transwell migration assays. (D)
Bioluminescent imaging of human bone fragments, lungs, and livers was used to assess metastasis
frequency. N=5 mice per BCC type.
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Figure 3-20: Effects of il-17br overexpression on MDA-MB-231 metastasis. BLI images of explanted
bone cores, lungs, and livers from mice with MDA-MB-231 primary tumors. A) Human bone core
explants with metastases from mock transfected MDA-MB-231. B) Human bone core explants with
metastases from il-17br overexpression transfected MDA-MB-231. Two bone cores per mouse were
implanted and explanted and imaged on a single petri dish (top images), then turned over and imaged
again (bottom images). Top and bottom images show the same samples flipped upside down to
increase sensitivity of imaging. Panels A and B demonstrate no increase in bone metastasis frequency
resulting for il-17br overexpression. C) Mouse liver (top of each petri dish) and lung (bottom of each
petri dish) explants with metastases from mock transfected MDA-MB-231. D) Mouse liver (top of
each petri dish) and lung (bottom of each petri dish) explants with metastases from il-17br
overexpression transfected MDA-MB-231. Panels C and D show il-17br over-expression in MDAMB-231 cells increase in lung, but not liver, metastases frequency. Images are quantified and graphed
in Figure 3-19. Metastases are marked with a plus sign if either side of the bone is positive.
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Figure 3-21: Confirmation of il-17br overexpression in SUM1315 and MDA-MB-231. (A) Western
blot showing efficient overexpression and membrane localization of IL-17BR protein in SUM1315 and
MDA-MB-231 BCCs. il-17br was overexpressed in SUM1315 and MDA-MB-231 BCCs using a
lentiviral vector containing the full-length cDNA. Parental and mock infected cells express IL-17BR
in whole cell extracts (WCE), but the protein is limited to the cytoplasmic fraction of protein extract,
while overexpressing BCCs have increased membrane localized IL-17BR. (B) RT-PCR confirmation
of il-17br overexpression of SUM1315 and MDA-MB-231 cells before orthotopic injection (in vitro)
and after 10-weeks of growth in mice (in vivo).
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Figure 3-22. Schematic of proposed role of hBMSCs in tumor growth and metastasis. Healthy
mesenchymal stem cells from the bone marrow migrate through the circulation and are attracted to
breast tumors due to increased TGF-1 secretion. Once at the primary tumor, hBMSCs secrete IL-17B
into the microenvironment. BCCs with increased il-17br expression are stimulated to migrate,
resulting in increased visceral and skeletal metastases.
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Table 2: Candidate genes related to BCC growth and bone metastasis. Genes were found in gene array
comparing primary SUM1315 BCCs from the mammary fat pad with SUM1315-BP2 BCCs from the
bone environment.
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4

Chapter 4: Silk-based Anti-Cancer Implant System

4.1

Introduction
Host-tumor interactions are numerous and diverse, and these feedback systems,

specifically those involving host MSCs and tumor cells, may hold the key for inhibiting
disease progression253. Conventional chemotherapy and radiotherapy induce intrinsic
apoptosis in cancer cells as a consequence of DNA damage. However, due to the large
proportion of cancer cells that are mutant in p53, a more direct induction of apoptosis
would prove highly effectual. Moreover, chemotherapy and radiotherapy affect noncancerous cells and cause other painful and damaging off-target effects. Clinical trials are
moving to increase tumor-cell specificity and induce apoptosis despite p53 mutations by
assessing the synergy of pro-apoptotic proteins, such as tumor necrosis factor (TNF)related apoptosis-inducing ligand (TRAIL), in combination with chemotherapy254. This
project is aimed at using the tumor-homing nature of MSCs and the cancer-cell
specificity of TRAIL to create an implant system that can reduce primary breast tumor
growth and/or metastasis. Here we explore the effects of TRAIL-MSCs on the breast
cancer cell (BCC) lines SUM1315, MDA-MB-231 and MCF7. Though MCF7 and MDAMB-231 interactions with TRAIL have been previously examined, the effects of TRAIL
on a bone metastatic cell line such as SUM1315 have never been investigated. Also,
effects of TRAIL-MSCs on breast cancer bone metastasis remain unknown.

Most

importantly, the long-term delivery of therapeutic MSCs for anti-cancer cell therapy has
never been explored or suggested previously, to our knowledge.
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TRAIL

TRAIL is a member of the TNF superfamily of death receptor ligands and has
been explored extensively for its potential to halt cancer progression. It signals via
TRAIL-R1/Death receptor 4 (DR4) and TRAIL-R2/Death receptor 5 (DR5), which are
differently expressed and activated in normal and cancerous cells255. These receptors
signal through caspase 8 to induce extrinsic apoptosis, which can be further enhanced
through co-treatment with bortezemib, a proteasome inhibitor that increases DR5
expression, especially for TRAIL-resistant cancer cells256. TRAIL is inhibitory towards a
number of cancer cell lines and primary cancer cell samples 256,257,258 but does not induce
apoptosis in MSCs or other healthy cells due to lack of expression, or in the case of
MSCs, expression but lack of activation, of DR4 and/or DR5257.

Though TRAIL can function as a membrane-bound protein, termed full length
TRAIL (FLT), or as a cleaved, soluble factor, it is more effective when delivered in a
direct cell-cell, membrane bound form perhaps due to the short half-life of recombinant
TRAIL in plasma (60 min)256. Clinical trials have validated that recombinant TRAIL
protein is non-toxic and can augment effects of standard chemotherapies259, but response
is often limited due to low bioavailability (short exposure times and low
concentrations)260. TRAIL has been more sustainably and effectively delivered through
MSCs from bone-marrow, adipose tissue, and umbilical cord blood261, and through
CD34+ blood cells260 in many model systems177. TRAIL-MSCs have been found nontoxic to NOD-SCID mice as assessed by liver enzyme levels, histological liver
examination, and mouse weight256.
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The MSC as an Anti-Cancer Peptide Delivery System

The field of MSC-directed anti-cancer treatment delivery is in its infancy; only a
limited number of anti-tumor peptides have been genetically engineered into MSCs.
However, the immunocompatibility, ease of transduction, and tumor-homing properties
of MSCs make them ideal for delivering peptides to widely disseminated or undetectable
tumors. Besides TRAIL, models demonstrate hMSC delivery of anti-cancer proteins
including IL-2, IL-12, IFN-β, and fractalkine159,177,178,262-266 via intravenous267,
intraperitoneal268, intratracheal164, or intratumoral177 injection.

MSC-based delivery uses a Trojan-horse mechanism and can be effective at
targeting existing tumors, but most systemically-delivered MSCs are rapidly cleared from
the body if they have no tumors or other sites of inflammation to home to, inhibiting their
long-term therapeutic ability269. We propose a novel investigation into the use of MSCs
for a more permanent delivery system that can be used for patients in remission or before
tumor development. We are also proposing to use stably-transduced MSCs infected with
a lentivirus rather than a transient adenovirus.

Adenovirally-transduced MSCs

expressing TRAIL has proven successful in glioma models267,270

258

, a pancreatic

model271, carcinoma models272,256,177 and a multiple myeloma model, where the also
proved to have anti-vascularization effects260, but such systems could not produce lasting
effects in vivo. The system could also be used in a diagnostic setting, making it a novel
therapeutic and diagnostic, ―theragnostic‖, tool.

MSC-Niche Development
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To create a long-term implant able to deliver therapeutic MSCs, it is essential to
understand the signals that formulate an MSC niche and keep MSCs in a stem-like state.
Identification of the bone-like environment that helps MSCs retain their ―stemness‖ in
this project will provide new information regarding the biology of an MSC-niche. In the
bone marrow, the MSC-niche functions to maintain homeostasis with a constant number
of slowly dividing stem cells by balancing proportions of quiescent and activated cells 273.
Upon insult, such as injury or disease, MSCs exit the niche, proliferate and differentiate
as needed. Stemness is often defined by the cell’s ability to differentiate down multiple
lineages (pluripotency) and express characteristic stem cell markers. Variables known to
influence MSC stemness and differentiation include cell-ECM contact, cell-cell contact,
soluble signals, spatial signals, cell densities, applied forces, matrix chemistries and
biomechanics.

However, artificial MSC-niches made from TE-bone have not been

explored and the effects of different niches on stem cell tumor tropism have also yet to be
investigated. Our lab has developed and characterized TE-bone made from silk scaffolds
seeded with hMSCs and differentiated in osteogenic differentiation media towards an
osteoblast lineage229. Previous work has characterized HFIP-based scaffolds as sites for
metastasis in vivo132 and we have demonstrated that these HFIP-implants serve as MSCniches able to deliver MSCs to tumors over a 2 week period in vivo50. Water-based
scaffolds should last at least 1 month in vivo274. Hence, we propose that different types of
TE-bone, specifically with varied differentiation periods, formation procedures (HFIP
based or water-based) and silk concentrations, will form different types of niches (varied
in mechanical properties, matrix composition, and cell type) that we could screen for
their ability to safely harbor MSCs. We evaluated different versions of TE-bone for their
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abilities to keep MSCs stem-like and tested currently recognized anti-cancer TRAILMSCs’ effects on cancer cells in vitro. Current efforts are aimed at testing the effects of
TRAIL-MSCs in vivo when delivered via the TE-bone MSC-niche that demonstrated the
best results in terms of retaining stem cells in in vitro experiments. Our hypothesis is that
this novel implant delivery system utilizing TRAIL-MSCs will be able to produce a
longer-term anti-cancer strategy effective from the earliest stages of tumor development
to inhibit primary tumor growth and metastasis occurrence.

4.2

Methods

Cell culture

All culture reagents were purchased from Invitrogen (Carlsbad, CA) unless otherwise
noted. hMSCs were isolated and cultured as described in section 2.1.2. Osteogenic
differentiation medium consisted of αMEM supplemented with 10% FBS, 100 U/ml
penicillin, 100 μg/ml streptomycin, 0.25 μg/ml amphotericin, 0.1 mM non-essential
amino acids, 10 mM β-glycerol-2-phosphate (Sigma-Aldrich, St. Louis, MO), 100 nM
dexamethasone (Sigma-Aldrich, St. Louis, MO), and 0.05 mM ascorbic acid (SigmaAldrich, St. Louis, MO).
TRAIL-MSC growth media consisted of α-MEM supplemented with 16.5% FBS, 2mM
L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml amphotericin.
A concentration of 5ug/mL doxycycline (Sigma-Aldrich, St. Louis, MO) was used to
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induce TRAIL expression. TRAIL-MSCs were donated from the lab of Sam Janes, UCL,
and stably express GFP and TRAIL under the same doxycycline-inducible promoter.

Breast cancer cell lines MCF-7 and MDA-MB-231 were obtained from the ATCC and
SUM1315 was donated from the lab of Steve Ethier to our collaborators at the Rosenblatt
lab. SUM-1315-BP2 was made by passaging SUM1315 cells through human bone cores
in vivo, as described50. SUM1315, SUM1315-BP2, MCF7 and MDA-MB-231 breast
cancer cells were cultured as previously described 2.1.2 and 2.2.2. MCF10A
immortalized breast epithelial cells were acquired from ATCC and cultured in a base of
DMEM/F12 supplemented with 5% horse serum, 1% antibiotic-antimycotic, 20 ng/mL
EGF (epithelial growth factor), 0.1 µg/ml cholera toxin (Sigma-Aldrich, St. Louis, MO),
0.5 ug/mL hydrocortisone (Sigma-Aldrich, St. Louis, MO) and 10 ug/mL insulin.

Oil Red O and Alizarin Red Staining

Validation of pluripotency was done as follows. Passage 3 hMSCs were labeled with DiD
(Molecular Probes, Invitrogen, Carlsbad, CA) as directed by the manufacturer and then
grown to 100% confluency. They were then differentiated for 2 weeks using osteogenic
differentiation media, as above, or adipogenic media. Adipogenic media consisted of high
glucose DMEM with L-glutamine supplemented with 10% FBS, 100 U/ml penicillin,
100 μg/ml streptomycin, 0.25 μg/ml amphotericin, 0.1 mM non-essential amino acids, 50
μΜ Indomethacin (Sigma-Aldrich, St. Louis, MO), 1 μΜ Dexamethasone (SigmaAldrich, St. Louis, MO), 5 μg/mL insulin, and 0.5 mM Isobutyl Xanthine (IBX) (SigmaAldrich, St. Louis, MO). Cells differentiated down the adipogenic pathway and control
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hMSCs grown to confluency were stained with Oil Red O as previously described235.
Briefly, a stock Oil Red O solution (100%) was made (175 mg Oil Red O (SigmaAldrich, St. Louis, MO) powder in 50 mL isopropanol), filtered with a .2 µm filter and
diluted to a working solution (60% concentration in PBS). Cells were fixed in 4% neutral
buffered formalin (4oC) for 10 minutes. All formalin was removed from samples, wells
were washed with 60% isopropanol and 500 µL working solution was added per well (6well plate). Plates were placed on a shaker for 30 minutes. All Oil Red O was removed
and samples were washed immediately with PBS 4 times (2 quick washes, then 2 30 min
washes) on a lab rotator and then imaged. Alizarin Red staining was done as previously
described275. Briefly, alizarin red solution was made by dissolving 0.8 grams of Alizarin
Red-S (Sigma-Aldrich, St. Louis, MO) in 40 mL water and pH was adjusted to 4.1- 4.3
using 1% ammonium hydroxide. Cells were fixed in 4% neutral buffered formalin (4oC)
for 10 minutes and then 0.5 mL alizarin red solution was added to wells (6 well plates)
and allowed to soak for 10 minutes. These were then aspirated and washed 4-5 times
until rinse water was clear. Water was added to wells and pictures were taken.
Conventional microscopy was performed using an Zeiss Axiovert S100 microscope with
a Sony Exwave HAD 3CCD color video camera (Thornwood, NY) and ImageJ
acquisition software (U. S. National Institutes of Health, Bethesda, MD).

Formation of TE-Bone and Isolation of Cells from Implants

TE-bone was formed as previously described from silk fibroin scaffolds from Bomboxy
mori cocoons132. Cylindrical scaffolds (7 mm diameter; 3 mm height, 500-600 μm
pores) were formed from 17% (w/w) HFIP-based silk and 8% (w/w) water-based silk
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and autoclaved for sterilization. Before seeding, sponges were incubated overnight in
hMSC growth medium and then aspirated damp immediately before cell seeding.
Scaffolds were inoculated with 1x106 passage 6 hMSCs isolated and expanded as
described previously132,276.

Once seeded, scaffolds were differentiated in vitro for

various time points (9, 8, 7, 5, 4, or 3 weeks) in osteogenic differentiation media
previously described132 or were unseeded. Groups were labeled with Differentiation
Time: 9-0 wks, and scaffold formation method (WB or HFIP for water-based or HFIPbased scaffolds respectively). 0 wks represents plain, unseeded scaffolds. After
differentiation, scaffolds were seeded a second time with 1x106 P3 hMSCs, from the
same donor, fluorescently labeled with the CellTracker dye DiD (Molecular Probes,
Invitrogen, Carlsbad, CA) (DiD-hMSCs) according to manufacturer’s instructions.
After 1 week of culture in hMSC growth media and static culture, DiD-MSCs were
removed from scaffolds using microscissors and trypsinization and used for flow
cytometric analysis.

Flow Cytometric Assessment of Stem Cell Marker Expression

Stem cell marker expression was assessed through flow cytometric analysis using a
FACSCalibur (Beckman-Coulter, Brea, CA) and analyzed using FloJo Software v. 7.5.4
(Ashland, OR) as done previously in our labs277. Cells removed from samples were
labeled with fluorescent antibodies against the known stem cell markers CD73 and
CD90155. Briefly, scaffolds were cut into thirds and mixed in eppindorfs with 1 mL .25%
trypsin using microscissors. Then trypsin and cells were removed and added to media
and centrifuged at 600 g for 10 minutes. The supernatant was then aspirated and the cell
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pellet was then resuspended in 100 uL of PBS with 20 uL PE mouse anti-human CD73
IgG1κ (BD Pharmingen, Franklin Lakes, NJ) or 10 uL FITC mouse anti-human CD90
IgG1κ antibodies, as instructed by manufacturers, for 30 mins at 4oC. A non-specific
IgG (10 μg per smaple) (Sigma-Aldrich, St. Louis, MO) was added to all samples to
block non-specific binding of antibodies for 5 minutes at 4oC before cells were rinsed
twice and resuspended in 500 mL FACS buffer and transferred to polystyrene FACS
tubes for analysis. FACS buffer consisted of PBS, 0.5% FBS and 5 uM EDTA.

A Becton Dickenson FACSCalibur at the Tufts Laser Cytometry (TLC) Core
FACSCalibur (BD, Franklin Lakes, NJ) equipped with 2 lasers for 4 color analytical
flow cytometer was utilized. The subset of live cells was determined based on forwardside scatter plots and from these, DiD-positive cells were identified by high expression
in FL4. From this population, the percentage of cells positive for the stem cell marker
was identified as high in FL2 (for the PE marker) or high in FL1 (for the FITC marker).
Naïve DiD-MSCs of the same passage and donor were used as positive controls.

Live-Dead Confocal Imaging of Cell Retention

Live-dead imaging was done using the live-dead imaging kit (Invitrogen # L-3224,
Carlsbad, CA) as directed by the manufacturer. Briefly, 5 μM ethidium homodimer-1
(EthD-1) and 2 μM calcein AM solutions were prepared in PBS and vortexed. Scaffolds
were then incubated in this solution for 40 minutes at 37oC and imaged on a confocal
microscope using appropriate excitations/emissions of 488/517nm for calcein (live cell
stain) and 543/617nm for EthD-1 (dead cell stain). ―Live‖ (green), ―dead‖ (red) and DiD
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(cyan) fluorescence images were taken in different channels using a Carl Zeiss mercury
lamp (N HBO 103 Microscope Illuminator). All three channels were merged using Leica
LSC Lite confocal software (Wetzlar, Germany).

Compressive mechanical testing
Mechanical characterization was done on hydrated porous scaffolds using an Instron
(Norwood, MA) 3366 testing frame equipped with a 0.1 kN load cell. Scaffolds were
hydrated for 3 days before testing and were submersed in 0.1 M PBS at 37oC during
testing. Cylinder-shaped samples (12 mm in diameter and 4 mm in height) were cut from
the same sponges used in cell-based tests. Tests used a conventional open-sided (nonconfined) configuration. All tests were performed using a displacement control mode at a
rate of 5 mm/min, and all other conditions followed ASTM standard D1621-04a
(Standard Test Method for Compressive Properties of Rigid Cellular Plastics) with the
following alterations. After the tests, the compressive stress and strain were graphed
based on the measured cross-sectional area (diameter of 12 mm for wet) and sample
height (nominal ~4-5 mm, measured automatically at 0.02N tare load), respectively. The
yield strength as well as the compressive modulus and standard deviation were
determined after testing was complete, based on previously reported methods 278.
Specifically, the elastic modulus was calculated based on a linear regression fitting of a
small strain section that precedes a plateau region. An offset-yield approach was used to
determine the compressive yield strength. A line parallel to the modulus line offset by
0.5% of the initial sample gauge length was drawn and the corresponding stress value at
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which the line crossed the stress-strain curve was defined as the compressive yield
strength.
Histology for Mason’s Trichrome, Von Kossa, and H&E.

Formalin-fixed scaffolds were paraffin-embedded at the Histology Laboratory Research
Service at Tufts New England Medical Center and subsequent sectioning and staining
was performed at the Department of Pathology at Tufts University, Boston, MA. Sections
were stained for hematoxylin and eosin, Mason’s Trichrome and von Kossa for calcium.
Slides were imaged on a Leica DM IL (Wetzlar, Germany) optical microscope equipped
with a 5 megapixel camera.

PicoGreen Assay
Quant-iT™ PicoGreen kit was used according to manufacturer’s protocols. MSCs were
seeded at 2,500 cells/well and grown in 24 well plates (BD, Franklin Lakes, NJ) in
various media and assayed daily for 8 days. Breast cancer cell conditioned media were
made from a base of 50%-50% MSC medium and breast cancer or epitheilal cell medium
that was conditioned by breast cancer or epithelial cells for 2 days and then filtered to
remove cells and sterilize (.2 µm filter). Control media were 50%-50% MSC medium and
breast cancer cell or breast epithelial cell media without pre-conditioning. Groups were
conditioned media, labeled ―-CM‖, and control media, labeled ―-MSC medium‖ for 4 cell
types: MDA-MB-231 (MM231), SUM1315-BP2 (BP2), SUM1315, and MCF10A. BP2
and SUM1315 cells are grown in the same medium and hence use the same control
medium (labeled SUM1315-MSC medium). MSC medium alone was used as a control.
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Wells were rinsed gently with PBS before assaying to remove dead MSCs. MSCs were
lysed with a solution of .02% Triton-X-100 (Sigma-Aldrich, St. Louis, MO) in TE-buffer
(Promega Madison, WI) and picogreen results were read at 480/520 (ex/em) on a
SpectraMax GeminiEM fluorescent plate reader (Molecular Devices, Sunnyvale, CA)
and saved using SoftMax PRO software (Molecular Devices, Sunnyvale, CA). Plots show
the ng DNA/well for each sample per day and the fold change in proliferation normalized
to control media, where each value of ng DNA/well per conditioned media was divided
by ng DNA/well in control media. The standard deviation for normalized values was
calculated using the following equation:

Here, the variable that represents the new value of normalized DNA ng/well is termed f.
f= A/B, where A and B represent MSC growth in cell conditioned media and control
media respectively. σA represents the standard deviation of A and σB represents the
standard deviation of B. The correlation coefficient (ρAB) is zero as these functions are
independent.

TRAIL ELISA (Enzyme-linked immunosorbent assay)
A TRAIL ELISA assay was performed according to manufacturer’s guidelines (R&D
Systems, Minneapolis, MN). TRAIL-MSCs were grown with or without doxycycline in 6
well plates. TRAIL-MSCs were plated for 1 day and then treated with doxycycline for, 1
day, 2 days, 3 days, or 4 days or treated for 3 days and subsequently grown without
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doxycycline for 1 day, 2 days or 3 days. Controls were untreated for 1 day. Samples
were lysed and frozen at -80 until the day of ELISA. A standard curve was made and
correlated fluorescence values to TRAIL concentrations. Total protein was quantified for
each sample using a Nanodrop 2000 spectrophotometer (ThermoScientific, Waltham,
MA) and associated software. Data was normalized to optical density values of samples
with no doxycycline and TRAIL concentrations were reported as pg TRAIL/mg total
protein.

CS-BLI Test for Effects of TRAIL-MSCs on breast cancer proliferation

A 384 well plate was used to grow breast cancer cells with or without TRAIL-MSCs.
Samples had firefly luciferin added to a final concentration of .23 mg/mL and incubated
with cells for 30 mins at 37oC prior to assaying. Luminescence was detected with the
Envision

bioluminescent

plate

reader

(Perkin

Elmer,

Waltham

MA). Four concentrations of tumor cells were seeded ranging from 500-4000 tumor cells
per well, as labeled, and MSCs were seeded at 2,000 cells/well. Samples with
doxycycline had TRAIL-MSCs pre-treated for 2 days with 10 μg/mL doxycycline before
co-culturing with 10 μg/mL doxycycline.

Brightfield and Fluorescent Imaging of Direct Co-cultures of BCCs and TRAIL-MSCs

TRAIL-MSCs were labeled with DiD (Molecular Probes, Invirtogen, Carlsbad MA) as
recommended by the manufacturer. Breast cancer cells (SUM1315, MCF7, MDA-MB231) and TRAIL-MSCs were then seeded alone as positive controls or co-seeded in 6well plates in their own growth media for 24 hours or in TRAIL-MSC media for co-
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cultures. 50,000 TRAIL MSCs were seeded and 100,000 cancer cells were seeded per
well in mono- or co-cultures. The following day samples were changes to TRAIL-MSC
media with or without 10 μg/mL doxycycline and imaged at days 1 and 2. Control
groups were as follows: SUM1315 alone, MCF7 alone, MDA-MB-231 alone, TRAILMSCs without doxycycline (dox), TRAIL-MSCs with dox. The six co-culture groups
were: SUM+TRAIL-MSCs w/o dox, SUM+TRAIL-MSCs w/dox, MCF7+TRAIL-MSCs
w/o dox, MCF7+TRAIL-MSCs w/dox, MDA-MB-231+TRAIL-MSCs w/o dox, and
MDA-MB-231+TRAIL-MSCs w/dox. Groups were imaged with fluorescent and
brightfield imaging using an axiovert S100 microscope with a fluorescent ebq100 laser
and pictures were takes using Leica DFC420 camera (Wetzlar, Germany). Leica software
was used to apply scale bars (Wetzlar, Germany).

In Vivo Experiments

On-going work on this project utilizes a NOD/SCID mouse model similar to that
published earlier50. Specifically, tumors will be made using mCherry/Luciferase+ MDAMB-231 cells injected into the right and left mammary fat pads of mice in 20 uL volumes
of cells and Matrigel. Three methods will be used to administer TRAIL-MSCs to mice
with primary MDA-MB-231 tumors: co-injections, tail-vein injections and cell-seeded
HFIP scaffold implantations. Primary tumors for co-injections will include .5 million
TRAIL-MSCs. Tail vein injection experiments will have 1 million TRAIL-MSCs
injected 10 days after tumor cell implantation Scaffold groups will have silk implants (7
mm diameter x 3 mm height), seeded with 2 million DiD-labeled FLT-MSCs, implanted
into the backs of mice 2 weeks prior to tumor cell implantation, as previously
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described132. Two implants will be used per mouse. For each method, we will administer
TRAIL-MSCs to mice with or without doxycycline in their drinking water, as described
previously177. Primary tumor growth will be measured weekly (using calipers and a
Xenogen IVIS Bioluminescent Imaging machine, Caliper Life Sciences, Hopkinton, MA)
and lung, liver and bone metastatic frequency will be measured at the end of the
experiment using bioluminescent imaging on explants, as described50. The experiment
will end after 6 weeks or when primary tumors become too large to continue experiments
based on IACUC protocols. Primary tumors and implants will be sectioned and imaged
using fluorescence microscopy to detect DiD-TRAIL-MSC presence. The control group
for all samples will be MDA-MB-231 cell orthotopic primary tumors alone with
doxycycline.

Design of Experiments

Implants were designed and made of silk scaffolds (HFIP-based and water-based) seeded
with hMSCs and differentiated for different time periods: 9, 8, 7, 5, 4, 3 or 0 weeks, in
osteogenic differentiation media, where 0 wks represents unseeded scaffolds. These were
then seeded with P3 DiD fluorescently-labeled hMSCs, which were grown in vitro for 1
week before removal of cells and analysis using flow cytometry for stem cell marker
analysis and confocal imaging to determine which scaffolds retained MSCs in the correct,
elongated morphology.

To assess the response of different breast cancer cells to TRAIL-hMSCs. We used cellspecific bioluminescence imaging (CS-BLI) to quantify breast cancer cell number based
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on their luciferase expression, after culture with no MSCs, TRAIL-MSCs or TRAILMSCs with doxycycline. We used MDA-MB-231, MCF7 and SUM1315 BCCs.

4.3

Results
P3 DiD MSCs removed from scaffolds after 1 week of in vitro culture were

demonstrated to retain their pluripotency even after DiD staining (Figure 4-1).
Characterization of scaffolds prior to DiD-hMSC seeding demonstrates their mechanical
strength (compressive strength and compressive modulus) (Figure 4-2). DiD-MSCs were
removed from scaffolds using trypsinization and analyzed with flow cytometry for their
expression of stem cell markers CD73 (Figure 4-3) and CD90 (Figure 4-4). None of the
samples demonstrated substantially increased ability to retain DiD-hMSCs in the stem
like state compared to other samples, and hence these results were not used to determine
the optimal niche matrix to proceed with. However, confocal imaging data of the plain
scaffolds seeded with DiD-hMSCs demonstrated increased spreading and elongation
(Figure 4-5 M, N), rather than balling up of DiD-hMSCs as seen on other scaffolds
(Figure 4-5 A-L). Hence WB and HFIP silk scaffolds alone were judged as the best
candidates for a therapeutic stem cell delivery niche. Due to the longer in vivo life of
HFIP scaffolds, these were chosen for initial in vivo experiments. Histological analysis
(Figure 4-6) of scaffolds before their second seeding did not show good cell ingrowth or
matrix deposition in many of the scaffolds, though many cells could have been lost in
processing.
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We also wanted to determine if breast cancer cells had any anti-MSC effects, to
predict if that might be a challenge for our implants in vivo. We saw no differences in
MSC proliferation between groups of breast cancer cell or breast epithelial cell
conditioned media normalized by control media using a picogreen assay over an 8 day
period (Figure 4-7).

Results characterized expression of full length trail using a TRAIL ELISA assay
and found TRAIL expression increases by almost 250 fold after 1 day of culture with
doxycycline, and increases gradually over another 2 days of culture with doxycycline
(Figure 4-8). We also found that removal of doxycycline quickly reduces TRAILexpression after 1 day, but that a low level of TRAIL-expression still remains after
another 2 days of doxycycline-free culture.

Findings using CS-BLI to measure BCC cells in wells alone, with TRAIL-MSCs
and with doxycycline and TRAIL-MSCs showed that responses are cancer cell type and
concentration dependent, as well as time dependent (Figure 4-9) . MCF7 cell numbers
decrease with MSCs, but are not affected by TRAIL expression, similar to previously
reported results suggesting MCF7 TRAIL resistance279. However, MDA-MB-231 cells
show decreased cell numbers in response to MSCs and demonstrate sensitivity to TRAIL.
SUM1315 grow better with MSCs than alone, and are not inhibited by TRAIL,
suggesting for the first time, that SUM1315 is also a resistant breast cancer cell line.
These results were confirmed at day 1 and day 2 of direct co-cultures in 6 well plates
using brightfield and fluorescent imaging (Figure 4-10 and Figure 4-11). Comparing E1,
J1 and K1 after 1 or 2 days of co-culture (Figure 4-10 and Figure 4-11 respectively) we
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can validate results from the CS-BLI assay that TRAIL-MSCs inhibit MDA-MB-231
cells, and do so to a greater extent when TRAIL is being expressed. We can also validate
that MCF7 cells do not appear to be inhibited by TRAIL by comparing panels H and I in
Figure 4-10 and Figure 4-11. Similarly, SUM1315 cells appear to be TRAIL resistant in
panels F and G of Figure 4-10 and show greater spreading in these co-cultures with
hMSCs than they show in mono-culture (panel C). This is less clear the following day in
Figure 4-11, perhaps due to crowding.

4.4

Discussion
Next steps in the project are undergoing. We are exploring the potential of the

cell-based implant systems designed here to administer anti-cancer cells. After
development, these could be applied to patients at any stage of cancer progression from
initial detection to remission. Currently there are no such cell-containing implants or preclinical models, so the potential of the system in the field of cancer therapeutics, or
treatment of other diseases, is remarkable.

We have also found preliminary data suggesting that THP-1 macrophages may be
able to increase the sensitivity of breast cancer cells to TRAIL, though this data has not been
replicated. Still, if we are to find that certain phenotypes of macrophages are able to induce
cancer cell sensitivity to TRAIL, we may find a new method of sensitizing and hence
targeting cancer cells. Since preliminary work was done using flow cytometry to count
labeled cells, and much challenge was had in calibrating flow with cell counter beads
(CellCount Beads, Invitrogen, Carlsbad, CA), we suggest that cell-specific bioluminescence
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imaging may be the best method to analyze tri-culture studies to determine cancer cell
response to macrophages and TRAIL-MSCs. If a tri-culture system could induce MCF7 or
SUM1315 sensitivity to TRAIL, we could then determine what changes are induced and gain
insight into the process of sensitizing cancer cells to TRAIL.

Currently little is known about the process of sensitizing breast cancer cells to
TRAIL and future directions should pursue this.

However, it is known is that even

expression of Death Receptor 4 does not make MCF7 cells sensitive to TRAIL, likely
because of the lack of caspase 3 signaling. FLIP and bcl-2 have also been shown to suppress
TRAIL-induced apoptosis and are highly expressed on MCF7 cells. Hence, work in
understanding the resistance of certain cancer cells to TRAIL and how to induce sensitivity
would be a very useful future direction280.

4.5

Conclusion
Surprisingly, unseeded WB and HFIP silk scaffolds proved to be the best candidates

for a therapeutic stem cell delivery niche rather than any of the TE-bone niches. While we
imagined that pre-osteoblasts would help hMSCs seeded onto scaffolds to adhere and retain
their stemness, we found the opposite effect. This may be because of competition for
scaffold space/access to adhesion molecules on the silk, or competition for media glucose or
oxygen. Hence perhaps results would differ in a perfusion bioreactor system; however, when
implanted subcutaneously to humans or mice, the environment will be similar to static culture
until the matrix is vascularized and hence we believe static culture is the best method for
identifying successful niche candidates.

140

We also concluded that breast cancer cells have similar effects on MSCs as nonneoplastic breast epithelial cells and hence find inhibition of MSC growth during indirect coculture is most likely due to decreased glucose or nutrient levels in co-culture. Therefore we
do not foresee breast cancer cells inhibiting the proliferation or function of MSCs in our
implants any differently than any other cells.
In the second phase of this study, we examined the ability for TRAIL-hMSCs to
produce TRAIL after induction by doxycycline. We characterized their release profile using
ELISA and determined that, of the cancer cells screened, MDA-MB-231 cells were the only
TRAIL-sensitive cells as seen from CS-BLI and co-cultures pictures. We are now using
these cells in a mouse cancer model to assess the ability of niche implants to deliver TRAILMSCs and affect tumor growth or metastasis. Further research should also examine the
mechanism behind SUM1315 TRAIL resistance to identify potential methods for making
these TRAIL-sensitive.
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4.7 Figures

Figure 4-1: Cell Tracker dye (DiD)-labeled P3 hMSCs retain differentiation capability. A)
Brightfield hMSC image after 2 weeks of adipogenic differentiation, B) Oil Red O stained hMSCs
imaged after 2 wks of adipogenic differentiation. C) Brightfield hMSC image after 2 weeks of
osteogenic differentiation, D) Alizarin red stained hMSCs imaged after 2 wks of osteogenic
differentiation. Scale bars = 100 um.
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Figure 4-2: Mechanical Characterization of scaffold samples. Samples of HFIP or WB scaffolds
differentiated for time noted (9W, 9 weeks, to 0 W, 0 weeks) were examined using wet
compression testing. Trends show that HFIP scaffolds have greater compressive strength and a
higher modulus than water based scaffolds, but these differences did not prove to affect to cell
retention based on confocal imaging. Data plotted as mean +/- S.D.
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Figure 4-3: Flow cytometric results for CD73 expression. ―No DiD‖ means hMSCs without DiD
and without antibody. ―DiD Only‖ means hMSCs with DiD and without antibody. These were
controls used set flow cytometry gates and used n=1 only. A) Percentage of Total Cells that are
live based on forward scatter and side scatter gating. B) Percentage of live cells that are DiD
positive. C) Percentage of DiD positive cells that are CD73+, shows high percentages for all
samples. N=3 for all samples. Data plotted as mean +/- S.E.M. No statistical difference was
observed between samples for the percentage of DiD cells that are PE positive (graph C) using
ANOVA. (p=.0644).
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Figure 4-4: Flow cytometric results for CD90 expression. A) Percentage of Total Cells that are
live based on forward scatter and side scatter gating, B) Percentage of live cells that are DiD
positive, C) Percentage of DiD positive cells that are CD90+, shows high percentages for all
samples. DiD MSCs1, 2 and 3 are DiD-MSCs directly from culture with antibody; ―No DiD‖
samples have no DiD and no antibody and function as flow cytometry controls. N=3 for all
samples. Data plotted as mean+/- SEM. No statistical difference was observed between samples
for the percentage of DiD cells that are PE positive (graph C) using ANOVA with a Bonferroni
correction post-hoc test. (β= .000557, p=.000636, α=.05).
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Figure 4-5: Confocal Live-Dead Images of DiD hMSC-seeded silk scaffolds. ―WB‖, water-based or
―HFIP‖ HFIP-based. Scaffolds are samples discussed in text, differentiated for times denoted. A) 9
wks WB, B) 9 wks HFIP , C) 8 wks WB, D) 8 wks HFIP, E) 7 wks WB, F) 7 wks HFIP, G) 5 wks
WB, H) 5 wks HFIP, I) 4 wks WB, J) 4 wks HFIP, K) 3 wks WB, L) 3 wks HFIP, M) 0 wks/plain
scaffold WB, N) 0 wks/plain scaffold HFIP. Cell seem best spread in M and N. Green represents live
cells (calcein AM), red color (ethidium homodimer) represents dead cells and scaffold pores and cyan
represents DiD+ hMSCs from the second seeding.
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Figure 4-6: Histology images of H&E (1), Mason’s Trichrome (2) and von Kossa (3) for scaffolds
differentiated for time and on matrix specified: A) 9 week/HFIP, B) 9 week/water-based, C) 8
weeks/HFIP, D) 8 weeks/water-based, E) 7 weeks/HFIP, F) 7 weeks/water-based, G) 5 weeks/HFIP,
H) 5week/water-based, I) 4 weeks/HFIP, J) 4 weeks/water-based, K) 3 weeks HFIP, L) 3-weeks/waterbased, M) 0 weeks/HFIP, N) 0 weeks/water-based.
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Figure 4-7: MSC Proliferation assayed by PicoGreen. A) Plot of MSC proliferation in cancer cell and
breast epithelial cell conditioned media and associated control (unconditioned) media. Columns
represent ng of MSC DNA per well at day after seeding (see legend). n=6. B) Values in graph A
normalized to control media for each cell type show no differences in MSC growth in co-culture with
cancer cells of non-cancerous breast epithelial cells. All data represents mean ± S.D.

150

Figure 4-8: TRAIL ELISA of expression in TRAIL-MSCs (FLT-MSCs) based on doxycycline
exposure. Data was normalized to the average ―FLT-MSC: No dox‖ value (samples without
doxycycline) by subtraction of this value from all samples. Data plotted as mean± SEM.
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Figure 4-9: CS-BLI quantification of breast cancer cell proliferation with TRAIL-MSCs. SUM1315
cells (A,D,G), MCF7 cells (B,E,H) and MDA-MB-231 cells (C,F,I) were assessed for their cell growth
after 24 hours (A,B,C), 48 hours (D,E,F) and 72 hours (G,H,I) without MSCs (Black dots), with
TRAIL-MSCs without doxycycline (green dots) and with TRAIL-MSCs and doxycycline (red dots).
2,000 TRAIL-MSCs were used in all wells that contain MSCs. The x-axis (tumor cells per well) shows
effects of different seeding densities of breast cancer cells in wells. SUM1315 cells grow better with
MSCs than alone, and are not inhibited with TRAIL and MCF7 cell numbers decrease with MSCs and
are not affected by TRAIL. However, MDA-MB-231 cells show decreased cell numbers in response to
MSCs and demonstrate a further sensitivity to TRAIL. Samples were used in quadruplicate and data is
represented as mean +/- S.E.M.
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Figure 4-10: Representative day 1 images of breast cancer cells and TRAIL-MSC co-cultures. Samples
labeled ―1‖ are brightfield and those labeled ―2‖ are fluorescent images of GFP emission. A) TRAILMSCs, no doxycycline (dox), B)TRAIL-MSCs plus dox C) SUM1315 alone, D) MCF7 alone,
E)MDA-MB-231 alone, F) SUM1315 + TRAIL-MSCs, no dox, G) SUM1315 +TRAIL-MSCs, plus
dox H) MCF7 + TRAIL-MSCs, no dox I) MCF7 +TRAIL-MSCs ,plus dox J) SUM1315 +TRAILMSCs, no dox K) MDA-MB-231 +TRAIL-MSCs, plus dox.
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Figure 4-11: Representative day 2 images of breast cancer cells and TRAIL-MSC wells. Samples
labeled ―1‖ are brightfield and those labeled ―2‖ are fluorescent images of GFP emission. A) TRAILMSCs, no doxycycline (dox), B)TRAIL-MSCs plus dox C) SUM1315 alone, D) MCF7 alone,
E)MDA-MB-231 alone, F) SUM1315 + TRAIL-MSCs, no dox, G) SUM1315 +TRAIL-MSCs, plus
dox H) MCF7 + TRAIL-MSCs, no dox I) MCF7 +TRAIL-MSCs, plus dox J) SUM1315 +TRAILMSCs, no dox, K) MDA-MB-231 +TRAIL-MSCs, plus dox. Notice fewer cells in K1 than J1
suggesting MDA-MB-231 TRAIL sensitivity.
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5

Chapter 5: Additional Cancer Research Projects

5.1

Cell Labeling and Microfluidic Migration Chambers

5.1.1

Introduction

One of the greatest challenges in both tissue engineering and cancer research is
ability to accurately image cells and to quantify migration. There are a number of ways
to measure cellular migratory potential with the most common including wound scratch
assays and various versions of transwell assays. In our experience, the wound scratch
assay, where a confluent layer of cells is scraped by a micropipette tip, is incredibly hard
to quantify as cells often move as single cells rather than a united front of cells to heal the
―wound‖. Hence, identifying the wound edges can be difficult. Also, identifying the
exact same region of the wound for measurement of closure can be difficult and some
areas of the wound seem to close much faster than others, perhaps due to the inherent
error in the scratch itself when making the wound.
Transwell assays suffer from other drawbacks. In a transwell assay, cells are
seeded to the top of a well and chemoattractants and/or conditioned media are added to
the bottom wells. The assay will not work if bottom wells are overfilled or underfilled, or
if any air bubbles form. The assay tends also to show many more cells per area migrating
in the center of the wells than at the edges of the wells when cells are placed as drops on
top of the membrane, such as is done with NeuroProbeTM assays. This can give large
errors when migrated cells are H&E stained and counted, even if many of fields of view
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are photographed and counted. Moreover, it is often difficult to discriminate between
cells or determine how many cells are in very confluent groups of cells. Another option
for quantifying cell migration is a transwell kit that quantifies cells based on calcein, such
as the Calcein AM Cell Viability Kit by Trevigen (Gaithersburg, MD).

However,

differences in the quantity of intracellular esterases within cells will produce different
signals for the same number of cells, making this another unreliable mechanism for
counting cells or quantifying migration. Our work has found that quantification of
migrated cell numbers using a DNA assay such as is done with picogreen provides the
best results. Though for this method we must make the assumption that all migrated cells
are alive, we believe this to be valid since cells must be alive to actively migrate through
the membrane pores.
In our work, we wanted to visualize cancer and stem cell migration in a 3-D, not
2-D, environment and wanted to be able to quantify this migration.

Therefore, as

discussed here, I attempted to use a new migration assay to image cellular migration
through a fibrin gel. We hypothesized that by using an optically transparent, 3-D
hydrogel migration system, we would be able to image bi-directional migration at
multiple time points of breast cancer cells and MSCs in a more realistic model than is
currently available. Once this was established, we planned to compare this attraction and
migration across multiple breast cancer cell lines.
The second topic discussed in this section is fluorescent label cells using
lentivirus

systems.

As

discussed

in

Chapter

1,

the

use

of

light

and

fluorescence/bioluminescence contrast for cell detection is often the simplest and most
useful option in animal models. Hence, we genetically labeled hMSCs with a number of
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fluorophores to be used in stem cell homing studies. However, for most future work
CellTracker Dye was used to label cells because of its simplicity and great signal:noise
ratio. The drawbacks to this system are that long term labeling is not possible, but these
dyes worked for 2 weeks in vivo, discussed in Chapter 3, and hence provided us with
what we needed for most studies. The hypothesis was that lentiviral fluorescent labeling
of MSCs would allow for better (more consistent and longer-term) tracking of MSCs to
be used in model systems of MSC-breast cancer cell interactions without causing any
other changes to MSCs.

5.1.2

Methods

Cell Culture
SUM1315 cells and hMSCs were isolated and grown as previously described132 and
described in section 2.1.2. Green-fluorescent protein-MSCs (GFP-MSCs) were made by
lentiviral transfection of MSCs with GFP as described previously and obtained in
collaboration with Katherine Blanton or from Hyeon Joo Kim281. Red fluorescent proteinMSCs (RFP-MSCs), Tomato Red-MSCs (TR-MSCs) and GFP MSCs were made via
lentiviral transfection as described here. 293FT cells (Invitrogen R700-07, Carlsbad, CA)
were cultured in a base of DMEM with the following supplements: 500 ug/mL Geneticin,
1% antibiotic-antimycotic, 10% FBS, 1% non-essential amino acids, and 2mM Lglutamine. All materials were from Gibco/Invitrogen (Carlsbad, CA) unless noted.

Migration using Fibrin Microchannels
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Methods were adapted from previous work by our collaborators282. PDMS models were
given to us by collaborators (George Eng, Columbia University). Molds were then
washed with water and ethanol, dried, and sterilized and plasma treated for 30 seconds in
a Plasma Cleaner/Sterilizer (Harrick Scientific, Pleasantville, New York). PDMS molds
were then placed in the hood and a 10-20 uL drop of a 5% FBS solution in PBS was
placed on each channel to allow PDMS molds to pull away from fibrin channels after
gelling. Once dry, molds were placed on amine-treated glass slides or tissue culture
plastic petri dishes. 10 uL of 100 U/mL thrombin (Sigma-Aldrich, St. Louis, MO) was
added to fibrinogen (50 mg fibrinogen in 1 mL PBS, vortexed) to make a 5% fibrin
solution. Fibrinogen was mixed with cells (.25 x 106 per channel) before thrombin was
added. Insulin syringes (BD Bioscience, Franklin Lakes, NJ) were used to inject 100 uL
of cell/fibrin mixtures into each channel of the microchannels and these were allowed to
solidify for 10 minutes before molds were removed from slides or plates. Fibrin solution
without cells was then added to fill the gap between the channels and allowed to harden
for 20 minutes before the whole structure was covered with media. Cells were then
imaged immediately (0 hours) and over time. Channels were incubated at 5% CO2 at
37oC.

Fluorescent and Brightfield Microscopy

Microscopy was done using an Aviovert S100 microscope and a Leica DFC 420 camera
(Wetzlar, Germany). Fluorescent images used an ebq 100 fluorescent laser for excitation
(Wetzlar, Germany).
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E. coli Transformation and Expansion
Subcloning efficiency DH5α competent cells (E. coli cells) (Invitrogen # 18265-017,
Carlsbad, CA) were transformed with plasmids and expanded to amplify plasmids. 5 μL
of plasmid were added to 50 μL of DH5α cells and tubes were flicked to mix. These were
then incubated on ice for 30 min, and were then heat shocked at 42oC for 30-90 seconds
and then returned to ice for 2 minutes. 300 μL of S.O.C. medium (Super Optimal broth
with Catabolite repression, Invitrogen, Carlsbad, CA) was then added to bacteria and this
was placed on a shaker (~225 RPM) for 1 hour at 37oC. Three volumes (20, 50 and 100
uL) of these cells were then added to pre-warmed agar plates and then spread using a
glass L-shaped rod and a rotating plate. After letting the plates sit for a few minutes, they
were placed in a 37oC incubator. After 12 hours, the plate was checked for transformed
colonies. 2 colonies were touched with a 200 ul pipette tip and streaked onto a new plate
and then the tip was placed into 3-5 mL of LB medium containing ampicillin (SigmaAldrich, St. Louis, MO) in a round bottom 14 mL polypropelene tube. The tubes were
then shaken overnight and cells were transferred to a large culture (50-250 mL) for
another 24 hours to amplify plasmid production.

LB Agar (BD Difco, Franklin Lakes, NJ) plates were made from 250 mL water,
6.25 mL LB broth (BD Difco, Franklin Lakes, NJ) and 7.75 mL LB Agar (BD Difco,
Franklin Lakes, NJ). This was then autoclaved and allowed to cool for 1 hour. Ampicillin
(Sigma-Aldrich, St. Louis, MO) was then added to a final concentration of 100 μg/mL
and this was poured into 10 petri dishes and allowed to cool. LB medium containing
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ampicillin was made following instructions for LB broth (BD Difco, Franklin Lakes, NJ)
and contained 100 μg/mL ampicillin (Sigma-Aldrich, St. Louis, MO).

Isolation of Plasmids

Plasmids were isolated using Qiagen (Valencia, CA) MiniPrep, MidiPrep, MaxiPrep or
GigaPrep kits depending on the number of cells cultured. Plasmid quantity and quality
(A260/A280) was assessed in quartz cuvettes using UV spectrometry (PerkinElmer
Lambda UV/VIS spectrometer, Waltham MA) and UV WinLab software (Perkin Elmer,
Waltham, MA). Tomato Red and GFP plasmids were given from Leah Bellas, Sejuti
Sengupta or Katherine Blanton and were originally from Jennifer Kang and Laurence
Daheron at Mass. General Hospital, Boston MA. RFP plasmids were ordered from
SBI/System Biosciences (Mountain View, CA).

Virus Production and Lentiviral Transduction of MSCs with Fluorescent Proteins

All virus procedures followed standard safety procedures required by Tufts University.
MSCs were labeled with red fluorescent protein RFP, GFP and Tomato Red using a
lentivirus delivery system. Viral particles were produced via a human embryonic kidney
cell line (293FT), modified to express the large T antigen. pLentiLox 3.7 plasmid (3.7
kb), along with three packaging plasmids (pRRE, VSV, and pREV), were used with the
tomato red and GFP plasmids, which were all donated by Laurence Daheron. The RFP
plasmid pCDH-CMV-MCS-EF1 (Systems Biosciences, Mountain View, CA) was used
with packaging plasmids from the pPACKH1 HIV Lentivector Packaging Kit (Systems
Biosciences, Mountain View, CA).
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All plasmids and packaging plasmids were delivered to the 293FT cells using
Lipofectamine 2000. Virus-containing media was collected at 48-72 , filtered through a
sterile 0.45 μm filter to remove all 293FT cells, and stored at -80oC. A virus media
sample was tested for its infection potential using a 6-well plate titer system. For titer,
virus media was added to target cells with the following dilutions: 1:1, 1:5, 1:10, 1:50,
1:100, and 1:500. Virus was delivered to cells with protamine sulfate (6 μg/mL) (SigmaAldrich, St. Louis, MO). 24 hours after addition of virus, cells were changed to regular
media and 48 days after this, they were assessed using a fluorescent microscope to
determine optimal virus concentrations. Target cells were then cultured and transduced
with the determined optimal virus concentration and protamine sulfate (6 μg/mL). After
transduction, cells were tested for horizontal transfer ability and, once proven incapable
of producing virus, cells underwent fluorescent-activated cell sorting (FACS) at the Tufts
FACS core facility to produce homogenously-labeled cells. FACS was performed on a
Moflo Cell Sorter (Beckman-Coulter, Brea, CA) and analyzed using FloJo Software v.
7.5.4 (Ashland, OR).

Electrophoresis
RFP plasmids were analyzed in 1% agarose gels and run for 30 minutes at 120 volts
using protocols detailed in section 2.2.2 under ―Electrophoresis”. Packaging plasmids
were analyzed using a 0.1% agarose gel run for 30 min at 150 volts.
For RFP plasmid digestion, 1 μg of plasmid was incubated with 2 μL de-ionized
water, 1 μL buffer 3 (New England Biolabs, Ipswich, MA), 1 μL BSA (New England
Biolabs, Ipswich, MA), 2.5 μL EcoRI (New England Biolabs, Ipswich, MA) and
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2.5 μL EcoRV (New England Biolabs, Ipswich, MA) for 1 hour at 37oC. 2 μL of loading
dye (New England Biolabs, Ipswich, MA) was added to this and the full 12 μL were run
in the digested lane.
Design of Experiments
GFP-MSCs and SUM1315 BCCs were introduced into opposite sides of the fibrin
migration channel and imaged for their migration over 9 days. In the second section of
the chapter, MSCs were labeled with tomato red, RFP and GFP using lentiviruses.

5.1.3

Results

Migration Channels

As an alternative to transwell assays, which do not allow for the visualization of
migration, and scratch wound assays, which are error-prone and do not allow for migration
across 3-D surface, we visualized migration of breast cancer cells and MSCs using cell-filled
fibrin channels. A diagram of the molds and brightfield images of fibrin channels alone and
with cells can be seen in Figure 5-1 A, B, and C respectively. These images also capture the
typical variability in the dimensions and positions of the channels despite our best attempts to
make identical, parallel channels. When channels were used to study SUM1315 and GFPMSC migration, both cell types appeared embedded and circular within channels at 0 hours
(Figure 5-2). However, SUM1315 but not GFP-MSCs were able to start to spread out at 7
hours (Figure 5-3Figure 5-3). After 1 day, neither cell type appeared to migrate substantially.
At day 2, GFP-MSCs started to migrate slightly and spread out, and this continues up until
day 9. SUM1315 were much more mobile than hMSCs and crossed the fibrin barrier and
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reached the GFP-hMSCs by day 9. The wave of SUM1315 cells did not appear to spread
evenly towards the MSCs, suggesting some imbalances in the fibrin between or within the
channels, differences in the cell density along the channel, or differences in other chemical
gradients along the channels.

Lentiviral Fluorescent Cell Labeling
The vector map of the RFP plasmid is given in Figure 5-5 A. An agarose gel of
this plasmid showed successful amplification and isolation of the plasmid (Figure 5-6 B)
and the concentration (4.95 ug/uL) and purity (1.65=A260/A280) of RFP plasmids were
calculated and shown in Figure 5-5 C. FACS showed that 18.19% of MSCs were
positively labeled for RFP using a 1 to 5 virus dilution and 24 hours of infection. RFP
digestion validated the multiple cloning sites for EcoR1 and EcoRV seen on the plasmid
map (Figure 5-6 A). Packaging plasmids were also successfully transformed into E. coli
and expanded (Figure 5-6B). When sorting for GFP-MSCs and Tomato-Red MSCs, we
found only 0.03%-.1% and ~3% of cells positively labeled. These cells were also of a
much flatter and fatter phenotype than the original MSCs and proliferated much slower
than normal MSCs. Many of these cells appeared senescent.

5.1.4

Discussion

Though the method of imaging cellular migration through fibrin channels was
partially successful, the largest issues (reproducibility, controllability, and quantification)
made the use of these channels impractical. Quantification of migration was also difficult
and knowing exact cell numbers injected into the chambers was impossible because some
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of the fibrin/cell mixture remained in the syringe after injections and some came out the
outlet port. We decided to use trans-membrane assays and DNA-based (PicoGreen)
quantification to quantify cell migration in further studies.

Fluorescent labeling using the RFP plasmid produced MSCs that were able to
proliferate and displayed a phenotype similar to naïve MSCs. However, TR-MSCs and
GFP-MSCs showed very low transduction efficiencies and became senescent after
sorting. Optimizing the procedures used for transducing MSCs would improve our
efficiencies and retain stem cell proliferative ability and normal phenotype. There is little
data that suggests why or how lentiviral transfection may affect cell phenotype or growth
changes, but more research needs to go into this field, especially as we move closer and
closer to using lentivirally-transfected cells in clinical cell therapy trials and treatments.
Lastly, the differences in reported MOI (multiplicity of infection), transfection
efficiency and effects of lentiviral transfection on MSCs highlights the different isolation
procedures, characterization, identification, and culture procedures used for cell
populations all termed MSCs. It is likely that differences in transduction outcomes are
often based on differences in the cell populations used. It is also likely that certain subpopulations of MSCs may be inadvertently selected and used in experiments based on
their ability to be lentivirally-transduced or express certain fluorescent proteins.

5.1.5

Conclusion

The 3-D fibrin microchannel migration system demonstrated the bi-directional
migration of SUM1315 breast cancer cells and MSCs in the same environment and
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relative to each other. This assay is useful to examine relative migration and spreading,
and assess changes in cell phenotype upon migration in a 3-D environment. With
modifications to the system to make it more user friendly, the system could be used to
compare how MSCs and breast cancer cells migrate towards each other. Modifications
should aim to make a tighter seal between the PDMS molds and plastic dish or slides
under the mold so that channels can be formed more easily. Also, modifications that
allow the PDMS mold to be removed without pulling off the fibrin channels would
greatly enhance the reproducibility and utility of the system.

Fluorescent labeling of MSCs was more successful using the RFP plasmid
compared to the GFP or Tomato Red plasmid. RFP-labeled MSCs did not seem to
change the phenotype or proliferation of MSCs and displayed higher transduction
efficiency.
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5.1.7

Figures

Figure 5-1: Fibrin Microchannels. A) Diagram of microchannels etched into PDMS molds with
inlet and outlet ports on the ends of each channel. B) Brightfield image of 5% fibrin gel
microchannels without cells. C) Brightfield image of fibrin channels with cells (SUM1315 left,
GFP-MSCs right). Scale Bars = 500 um.
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Figure 5-2: 0 hour time point imaging of hMSC and Breast Cancer Cell Migration. A) Brightfield
and C) Fluorescent image of SUM1315 (left channel) and GFP-MSCs (right channel). Scale bar =
500 μm. B) Brightfield and D) Fluorescent image of SUM1315 (left channel) and GFP-MSCs
(right channel). Scale bar = 200 μm. E) Brightfield and F) Fluorescent image of GFP-MSCs at
32x. Scale bar = 100 μm. G) Brightfield image of SUM1315. Scale bar = 100 μm.
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Figure 5-3: 7 hour time point imaging of MSC and Breast Cancer Cell Migration. A) Brightfield
and B) fluorescent imaging of SUM1315 (left channel) and GFP-MSCs (right channel). Scale bar
= 200 μm C) Brightfield and D) fluorescent imaging of GFP-MSCs in channel. Scale bar = 100
μm. E) Brightfield image of SUM1315 cells, which appear more spread out than the GFP-MSCs,
which appear balled up still. Scale bar = 100 μm.
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Figure 5-4: Long-term Imaging of MSC and Breast Cancer Cell Migration. Brightfield images
(A,C,E,G,I) and corresponding GFP images (B,D,F,H,J) of GFP MSCs (left channels) and
SUM1315 cells (right channels) over time after injection: A,B) 1 day, C,D) 2 days, E,F) 3 days,
G,H) 6 days, and I,J) 9 days.
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Figure 5-5: RFP Plasmid Characterization. A) RFP vector map. B) Agarose gel of RFP plasmid
isolated from DNA Miniprep. Ladder is 1 kb ladder running from 10 kb (top band) to 0.5 kb
(bottom band). Though overloaded, gel shows the plasmid in the coiled and linear forms. C)
Absorbance Spectrum of RFP-plasmid DNA. Calculations show the RFP concentration is 4.95
μg/μL.
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Figure 5-6: Agarose gels of packaging plasmids and RFP plasmid. A) Validation of RFP plasmid
by enzymatic digestion (―Digested‖ lane) or undigested (―Undigested‖ lane). B) Undigested
packaging plasmids appear in the correct locations relative to each other, but the gel is likely
overloaded, explaining why the bands do not reach their respective sizes of 3.698 kb (REV), 8.9
kb (RRE), and 6.010 kb (VSV). Both ladders are 1kb ladders that range from 10kb to 0.5kb.
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5.2

Spider Silk-Based Gene Carriers for Tumor-Specific Delivery

5.2.1

Introduction

Gene delivery is an important technique to treat various diseases including
cancers and inherited diseases. Recently, non-viral vectors, i.e. cationic polymer-based
vectors, have attracted much attention as a safer gene vector alternative to viral vectors283.
Non-viral plasmid DNA (pDNA) delivery systems using cationic liposomes or
chemically synthetic polymers such as polyethyleneimine (PEI), the standard in many
applications for pDNA delivery, have improved greatly in terms of effectiveness and
biocompatibility over the last decade284. Nevertheless, cytotoxicity and target specificity
remain key challenges to overcome in lipid and synthetic polymer-based gene delivery
systems. An ideal non-viral gene vector would be biocompatible, biodegradable, nontoxic, efficient, and specific such that certain cell types could be uniquely targeted.
These challenging design goals are unlikely to be met by liposomes, which are unable to
target cells based on extracellular protein markers.
Silk-based gene delivery systems have recently been reported to provide
biodegradability, biocompatibility, high transfection efficiency, and DNase resistance 285.
Further, the secondary structure of the silk sequences of pDNA complexes regulates
enzymatic degradation rates of the complexes, and hence controls the release profile of
genes from the complexes285. Therefore, we aimed to use tumor-specific targeting in a
silk-based gene delivery system to provide efficient non-viral gene delivery to tumors.
Silk-gene delivery complexes are very versatile and, due to their tailorable chemistry, can
be engineered to home, degrade, and deliver genes as needed based on specific design
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requirements. This is the first non-viral tailored gene delivery system currently available,
to our knowledge. Construction of nanoparticles and in vitro testing for cell specificity
was done by Keiji Numata, publication in submission and attached as Appendix 1.
Complexes were used to show that nano-scale silk particles labeled with certain tumorhoming peptides (such as F3, as used here)286 can be used to deliver pDNA specifically to
breast cancer cells (MDA-MB-231), but not to non-cancerous mammary epithelial cells
(MCF10A). We used the luciferase reporter gene as a model for anti-cancer pDNA and as
a method for tracking gene delivery and expression. The tumor homing F3 peptide has
amino acid sequence KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK and has been
reported to home to nucleolin, which is expressed at the surface of tumor angiogenic
endothelial cells and binds specifically to MDA-MB-435 cells286,287. I was responsible
for the in vivo aspect of the work, discussed here. The hypothesis of this work was that
silk complexes labeled with the tumor homing peptide F3 would deliver the luciferase
gene specifically to mammary fat pad tumors in mice and that luciferase expression
would increase over time specifically within tumors, signifying successful in vivo
transfection.

5.2.2

Methods

Construction of Novel nano-scale silk-based ionic complexes containing pDNA

Silk-based block copolymers were bioengineered with both poly(L-lysine) domains to
interact with pDNA and the tumor-homing peptide ―F3‖ to bind to specific tumor cells
for target-specific pDNA delivery. These were termed Silk-Lysine monomeric F3
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nanoparticles, or SL-mF3 nanoparticles. Specific details of this process and particle
characterization can be found in Appendix 1.

In-vivo transfection

All experimental procedures involving animals were performed under an animal
protocol approved by Tufts IACUC and DLAM. MDA-MB-231 breast tumors were
established by injecting a mixture of 5x105 MDA-MB-231 cells suspended in 13.3 µL of
PBS and 6.7 µL of matrigel (BD Bioscience, San Jose, CA) into both the left and right
mammary fat pads of NOD/SCID mice aged 8-10 weeks old. Tumors were allowed to
grow for 2 weeks to reach an average diameter of 5 mm.

SL-mF3 nanoparticles

containing 1.2 ug of pDNA (termed complexes) were delivered in PBS via tail vain
injections to the tumor-bearing mice (n=2) twice a week. Three days, one week, and four
weeks later, the mice were subjected to optical imaging on a Xenogen IVIS200 (Xenogen
Corp., Alameda, CA) (Figure 5-7). Mice were anesthetized with 3% isoflurane and
injected with d-luciferin (10 mg/kg intraperitoneal injection) approximately 10 min
before imaging. Light emitted from the tumors was quantified using Living Image
software (Xenogen Corp., Alameda, CA). Photons produced by luciferase were
normalized as photons per second per centimeter squared per steradian.

Design of Experiments

In vivo transfection experiments were carried out using SL-mF3 nanoparticles (see Figure
5-7) containing firefly luciferase, which showed the highest transfection efficiency to
MDA-MB-231 tumor cells in vitro. Bioluminescent images of live tumor-bearing mice at
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3 days, 1 week, and 4 weeks after tail-vein injections of the pDNA complexes were
captured to evaluate luciferase localization and expression. Sample mice had MDA-MB231 primary tumors and control mice had no tumors.

5.2.3

Results

Bioluminescent images of live tumor-bearing mice at 3 days, 1 week, and 4
weeks after tail-vein injections of the pDNA complexes demonstrated that (Figure 5-8),
though by day 3 there was a low luciferase signal from tumors, at 1 week and 3 weeks
there was much stronger luciferase expression within tumors compared to mammary fat
pads of mice without tumors. The expression level slightly increased at 4 weeks, while
the control mice (without tumors) demonstrated decreased signal, suggesting that breast
cancer cells took up and expressed the gene. Importantly, we observed no toxicity to mice
from the complexes over the 4 week period. Based on these in vivo results, the pDNA
complexes containing F3 have a potential to specifically treat tumors without side effects
in other organs.

5.2.4

Discussion

This study demonstrated that pDNA complexes of recombinant silk proteins
show significant enhancement of target specificity to tumor cells through the addition of
the F3 tumor-homing peptide. The present study also suggests that silk-based delivery
systems containing functional peptides, such as tumor-homing peptides, have increased
ability to target and be uptaken by tumor cells compared to regular healthy cells. A
control group of complexes without tumor homing peptides needs to be explored to
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ascertain the utility of the tumor-homing peptides in vivo, as other nanoparticles have
been shown to be taken up specifically by tumor cells without any tumor-homing
peptides288. Though in vivo transfection induced the expression of luciferase within
tumors, the system also needs to be used with anti-cancer genes to determine if real antitumor outcomes can be produced with these complexes.

Also, future work must

determine if tumor cells or tumor stroma cells, such as tumor associated macrophages,
are responsible for the complex uptake and gene expression. This could be done with
IHC and histology and is essential to identify which genes would be helpful to express
and to understand the mechanism of in vivo transfection of the complexes.

5.2.5

Conclusion

Based on these limited in-vivo results, the pDNA complexes containing F3 THP
have potential to treat tumors specifically, but more importantly, without side effects
associated with toxicity. Clearly a more comprehensive study will be required to fully
evaluate the potential of these new systems.

There is great potential for these complexes in targeted drug and gene delivery in
vivo. Considering previous reports demonstrating controlled release and relatively high
DNase resistance of spider silk-based gene delivery systems285 and the present in vivo
study, we conclude that bioengineered silk delivery systems can serve as a versatile and
useful new platform polymer for non-viral gene delivery systems. Efforts to enhance the
transfection efficiency of the pDNA complexes and investigate delivery of anti-cancer
genes are underway.
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5.2.7

Figures

Figure 5-7: Silk-Lysine Tumor Homing Peptide Block Copolymer Schematic. Here, plasmid
DNA used was luciferase to study complex trafficking in mice, but any other anti-tumor genes
could be incorporated into complexes in future studies.
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Figure 5-8: BLI imaging of mice with luciferase-containing complexes w/ or w/o tumors. In-vivo
transfection results of pDNA complexes with SL-mF3 in mice with MDA-MB-231 tumor cells
(a,b,c) and control mice without tumor cells (d,e,f). Typical bioluminescent images of mice
imaged at 3 days (A,D), 1 week (B,E), and 4 weeks (C,F) after tail-vein complex injection shows
luciferase expression in mice. All settings were held constant for all mice and time points.

180

5.3

Cell-Specific Bioluminescence Imaging for Anti-Cancer Drug

Screening
5.3.1

Introduction

High-throughput screening of cancer drugs may be one of the best paths towards
individualized patient treatments. By determining the biomarkers of a patient’s cancer
and comparing those to a range of characterized cancer cells screened for their sensitivity
to different drugs, we may be able to use in silico modeling systems to gauge which
therapies or therapy combinations will work best for which patients. However, current
methods use 2-D multiwell plates for these applications and little effort has been put into
designing high-throughput 3-D screens. The hypothesis of this work is that 3-D drug
screens containing a mixture of stroma cells and cancer cells will be more representative
and accurate for the identification of effective anti-cancer therapies than 2-D, stromal
cell-free assays. This work demonstrates differences in 3-D vs 2-D and stroma vs no
stroma assays, but the vital next step is to validate that 3-D, stoma-containing systems are
not just distinct, but more realistic and better predictors of clinical success than 2-D
systems.
Herein we have tested an array of 3-D matrices and found that 3-D cancer cell
proliferation rates differ greatly from 2-D results and stromal cells greatly affect cancer
cell proliferation. Our results suggest deeper investigation into drugs which were not
effective in a 2-D screen but were found to be much more chemotherapeutic in the more
relevant 3-D screen.

We also suggest that HFIP silk-scaffold work best for these

applications.
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5.3.2

Methods

CS-BLI (Cell Specific Bioluminescence Imaging) in 3D
The method of CS-BLI, as previously described254, was used to analyze cancer cell
growth in 2-D in 96 well plates and 3-D silk matrices.

Scaffold formation

Water-based scaffolds were made as previously described in Section 2.1.2. HFIP-based
scaffolds were made as previously described132. Briefly, these were made following the
same steps as the water-based scaffolds until immediately after centrifugation of silk
solution. At that point, silk was frozen overnight at -20o and then lyophilized until fully
dry. Silk solution was then dissolved in HFIP (Hexafluoroisopropanol) (Sigma-Aldrich,
St. Louis, MO) to create a 17% (wt/vol) silk solution. Two grams of NaCl (Fisher
Scientific, Pittsburgh, PA ) and 1.4 mL of silk solution was poured into cylindrical glass
type 1 vials (12 mm diameter x 35 mm height) (Fisher Scientific, Pittsburgh, PA) and
covered with vial lids for 2 days. Scaffolds were then submerged in methanol for 12
hours and then allowed to dry. NaCl was then leeched from scaffolds by soaking
scaffolds in deionized water over a period of days. Scaffolds were cut to cylinders of
6mm (diameter) x 2, 3 or 5mm (height) and autoclaved wet before being soaked, placed
into well plates, and seeded with cells.

Confocal Imaging
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Confocal imaging was done using a Zeiss LSM 510 system HeNE 633 nm/5 mW laser
(Wetzlar, Germany) and image resolution was 1044 x 1044 pixels.

Design of Experiments

Multiple myeloma cells, MM1S, were grown on 2-D surfaces and on water-based and
HFIP-based scaffolds and were also screened on 2mm, 3mm and 5mm height scaffolds.
For the next steps, we chose to use 2 mm HFIP-scaffolds because cell numbers were
highest on these scaffolds. We then tested the effects of a human stroma cell line, HS-5,
on 3-D multiple myeloma growth by co-seeded scaffolds with HS-5 and MM1S. N=3
was used as a minimum for all experiments.

Bioluminescent imaging (BLI) measurements of cell number in response to an array of
FDA approved drugs were then taken. HFIP matrices and 2-D culture examined cancer
cell survival for myeloma cells MM1S and breast cancer cells (MDA-MB-231) after 48
hours of co-culture with 1μM concentrations of various FDA approved anti-cancer drugs.

5.3.3

Results

Results show that more multiple myeloma cells (MM1S) are able to adhere to the
2-D surface of tissue plastic alone than to either water-based or HFIP-based silk scaffolds
at 30 minutes after seeding for all seeding densities tested (Figure 5-9 A,B,C). At 48
hours, this trend was still evident (Figure 5-9 C,D,E). Interestingly, when this cancer cell
line was directly co-cultured with the human stroma cell line HS-5, an increase in cancer
cell numbers was detected for all seeding densities in 2-D and both water-based and
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HFIP-based 3-D matrices. All scaffold heights (2mm, 3mm and 5mm) worked well and
cancer growth was able to be imaged using cancer cell bioluminescence signal on
scaffolds of all heights. We chose to continue using 2 mm scaffolds to decrease material
waste or superfluous use.

To determine which scaffolds were best able to retain cancer cells, water-based
and HFIP-based scaffolds were seeded with 2,000 MM1S myeloma cells with or without
HS-5 bone marrow stromal cells. These were cultured for 24 hours before matrices were
transferred to new wells and assayed to determine how many cells were adherent to the
scaffold. A standard curve of MM1S cells was made by seeding cells in the presence of
matrices (125-2000 cells/well) for each scaffold. Standards and samples of transferred
matrices were assayed for luciferase expression and the standard curves were used to
determine the number of cells on the matrices. Results (Figure 5-10) demonstrate better
adhesion and/or proliferation of MM1S cells on HFIP matrices than water-based matrices
and better adhesion with HS-5 cells opposed to MM1S cells alone, although analysis of
raw data shows only MM1S-water-based scaffolds and HS-5+MM1S-HFIP-based
scaffold samples to be significantly different. The trends demonstrate that HFIP scaffolds
may work best for all future experiments. Confocal imaging shows multiple myeloma
cells (MM1S) genetically labeled with mCherry colonizing on HFIP scaffolds (Figure
5-11), demonstrating the utility of silk scaffolds for high-throughput applications. We
next attempted to determine if there were different drug responses in 3-D HFIP silk
matrices vs 2-D tissue culture plastic. We used an array of FDA approved anti-cancer
drugs on 2 cancer cell lines and saw that some showed better killing capacity in 3-D than
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in 2-D, suggesting that many drugs may be overlooked if they are unsuccessful in 2-D
environments but may be very successful clinically (Figure 5-12). This also suggests that
cancer cells in 3-D environments may be more resistant to certain cancer drugs, as noted
by red dots to the left of each graph with high percent survivals. These models will
therefore help us predict which drugs should be explored in in vivo models and which we
should not waste resources for in in vivo models.

5.3.4

Discussion

Stromal cells are known to play a large role in tumor growth and metastasis
clinically, and hence their inclusion also provides a more realistic platform to study tumor
growth47. However, the validation that the addition of stroma cells and the use of a 3-D
matrix provides a better testing regime for anti-cancer therapeutics remains to be
validated by examining in vivo outcomes with the various drugs, either in future studies
or in a review of previously documented animal model or clinical studies. Still, this
system equips the field of drug exploration with a novel tool to find more effective drugs
and ignore ineffectual drugs more rapidly, saving time, money, man-power and
translating basic science to the clinic more efficiently.

5.3.5

Conclusion

This work demonstrates profound differences in efficacy of anti-cancer drugs in
3-D vs 2-D systems and with vs without stromal cells. Future directions with this work
involve increasing manufacturing abilities for small, highly reproducible silk scaffolds
and further investigating those therapies that suggest great effectiveness in 3-D studies.
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The 3-D screening system will enhance our abilities to identify novel therapies which
may have gone unnoticed in 2-D cancer screens and eliminate ineffective drugs earlier on
in the drug screening process. The 3-D silk scaffold-based tool we have developed using
HFIP-scaffolds better recapitulated tumor growth than a 2-D environment, and this was
further enhanced by the inclusion of stromal cells in the matrix, which appeared to
enhance cell-to-matrix adhesion in our system. The inclusion of organ-specific stromal
cells should be added to scaffolds to model systems of cancer growth within other organ
compartments to predict the efficacy of anti-cancer therapies in specific locations.

5.3.6
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5.3.7

Figures
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Figure 5-9: CS-BLI data showing breast cancer cell proliferation on silk matrices. A-C) Absolute
bioluminescence values of mCherry/Luciferase-labeled MM1S myeloma cell line 30 minutes after
seeding onto tissue culture plastic (black bar), water-based scaffolds (dark gray bar) or HFIPbased scaffolds (white bars). D-F) MM1S cells seeded with or without human HS-5 stromal cells
(with equal seeding density) in 2D (solid color bars), on 3D water-based scaffolds (dotted bars), or
on HFIP-based scaffolds (checkered bars). Cells were seeded at densities of 1250, 2500 or 5000
cells per well in 96 well plates. Scaffold sizes were 6 mm in diameter and heights of 2mm (A,D),
3mm (B,E) or 5mm (C,F). Data is plotted as mean +/- S.E.M.
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Figure 5-10: Multiple Myeloma Cell line MM1S adhesion to scaffolds. Samples are on HFIPbased or water-based scaffolds with and without HS-5 stromal cells. Data are plotted as mean +/S.E.M. No significant differences were found between groups using a two-tailed t-test assuming
equal variance (n=3, α=.05) except where marked with an *, where p=0.039. Significance was
determined based on raw bioluminescence measurements, not calculated from cells/well values.
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Figure 5-11: Confocal image of MM1S cell colony forming on HFIP-silk scaffolds. Short arrows
mark silk scaffold pore edges while long arrows indicate multiple myeloma cells fluorescently
labeled with the mCherry gene.
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Figure 5-12: BLI measurements of cell number in response to an array of FDA approved drugs.
3-D HFIP matrices (red dots) and 2-D culture (black dots) show cancer cell survival for A)
myeloma cells (MM1S) and B) breast cancer cells (MDA-MB-231) after 48 hours of co-culture
with 1μM concentrations of various FDA approved anti-cancer drugs. Data represent mean +/S.E.M.
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5.4

Tissue-Engineered Bone as a Target for Bone Metastasis

5.4.1

Introduction

Based on previous work by our lab using tissue-engineered bone differentiated
for 7 weeks, 4 weeks and 1 day132, we hypothesized that immature tissue-engineered bone
(seeded with hMSCs and differentiated for 1 day) would be the strongest attractant for
SUM1315 breast cancer cells compared with silk scaffolds soaked in PBS or hMSC
media. We also created VEGF-microsphere-loaded silk scaffolds, as VEGF has been
shown to play a number of roles in metastasis and planned to test these for their ability to
recruit breast cancer cells49,106,107,289-291. VEGFA-loaded PLGA (poly(lactic-co-glycolic
acid)) microspheres should produce a more robust model of metastasis than scaffolds
without VEGFA. VEGFA release from microspheres was characterized and VEGFAmicrosphere-containing scaffolds were formed, but these have not been implanted within
mice or examined for their ability to attract cancer cells.

5.4.2

Methods

In vivo experiments

Methods previously described for silk scaffold formation, cell culture, in vivo metastasis
experiments and imaging performed were used in this study132. However, instead of
tissue-engineered bone, samples consisted of plain, unseeded HFIP scaffolds soaked in
media or PBS or seeded with 1x106 passage 4 hMSCs and implanted subcutaneously into
the backs of NOD/Scid mice. Mice in group 1 were implanted with 1 PBS scaffold on
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their left side and 1 hMSC-seeded scaffold on their right side. Group 2 mice had a media
soaked scaffold on their left and an hMSC-seeded scaffold on their right. Group 3 had a
PBS-soaked scaffold and a media-soaked scaffold on their left and right respectively. The
Tufts University DLAM and IACUC approved all animal procedures. Silk scaffolds and
mouse femurs were explanted and imaged via bioluminescence imaging to detect
metastases.

Confocal Live-Dead Imaging

Live-dead imaging was done using the non-destructive live-dead imaging kit (Invitrogen,
Carlsbad, CA # L-3224) as directed by the manufacturer. Briefly, 5 uM ethidium
homodimer-1 (EthD-1) and 2 uM calcein AM solutions were prepared in PBS and
vortexed. Scaffolds were then incubated in this solution for 40 minutes at 37oC and
imaged on a confocal microscope using approximate excitations/emissions of 488/517
nm for calcein (live cell stain) and 543/617 nm for EthD-1 (dead cell stain). ―Live‖ and
―dead‖ fluorescence images were taken using a Carl Zeiss mercury lamp (N HBO 103
Microscope Illuminator, Wetzlar, Germany). Images were created by taking a 500 μm
stack of images and merging these into a single image using Leica Lite software
(Wetzlar, Germany).

Scanning Electron Microscopy:

SEM imaging was done using a Phillips LEO 982 scanning electron microscope at
Harvard University. Microspheres were gold/palladium coated before imaging.
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Formation of VEGFA PLGA-microspheres

PLGA microspheres loaded with VEGFA were provided from our collaborators (George
Eng and Gordana Vunjak-Novakovic, Columbia University). PLGA microspheres were
made with a ratio of 50-50 or 85-15 lactic acid to glycolic acid. ―50-50‖ microspheres
were termed ―Fast release‖ microspheres and ―85-15‖ microspheres were termed ―Slow
release‖ microspheres. Controls were unloaded, termed ―blanks‖ and samples were made
with VEGFA, termed VEGFA-loaded. Microspheres were made according to previously
described protocols292,293.

Release studies of VEGFA from microspheres

Microspheres (5 mg each of Blank and VEGFA loaded, Fast and Slow formulations)
were loaded into 1 mL of 1% polyvinyl acetate (PVA) per sample in eppindorf tubes.
These were desiccated for 30 minutes to remove air bubbles from the solutions and then
centrifuged at 350g for 10 min at 4oC. Supernatant was then removed and saved (frozen
at -80oC) until ELISA. The pellet was then resuspended in 10% FBS in PBS and
incubated at 37oC on a slowly revolving lab rotator. At every sampling time point, the
procedure was repeated from the step of centrifugation. Release of VEGFA was
quantified using a Human VEGF Immunoassay Quantikine ELISA kit (R&D,
Minneapolis, MN) following manufacturer’s instructions. For Slow release samples,
release was measured at day 1, then at 1, 2, 3, and 4 weeks. Fast release samples were
tested at days 1,2,3,5, and 7. First data point marks 30 minutes after addition of
microspheres to PVA.

194

Formation of VEGFA-loaded Scaffolds

Five milligrams of lyophilized microspheres, containing 90 ng VEGFA, were loaded per
1 (15 mm x 7 mm) waster-based scaffold. Lyophilized microspheres (Blank and VEGFA
loaded, Fast and Slow formulations) were added to silk solutions and scaffolds were
made as previously described in section 2.1.2. Scaffolds were air dried and stored at 4oC
dry.

Design of Experiments

An array of scaffolds were implanted into mice and investigated for their ability to recruit
tumor cells. N= 4 or 5 mice per group.

5.4.3

Results

Confocal images of scaffolds 12 hours before implantation can be seen in Figure
5-13. No significant metastasis was detected in any of the silk implants, but metastasis to
mouse bones was identified (Figure 5-14), suggesting that the bone-homing capabilities of
SUM1315 cells are not species specific as previously described131. This difference may be
due to the greater sensitivity of the detection method used in our study (Xenogen/
bioluminescence imaging) compared to that used previously (X-ray imaging).

Figure 5-15 demonstrates the honeycomb microstructure of Fast release microspheres
and the smooth texture of Slow release microspheres with no noticeable difference between
blank and VEGFA-loaded samples. Surprisingly, the release rates from Slow and Fast
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microspheres were very similar (Figure 5-16). Both microspheres show a large spike of
release at 24 hours after incubation and minimal release after this time point, indicating that
better formulations may be needed for more long-term, stable release. Release from these
microspheres inside water-based scaffolds has not been investigated here, but release would
likely be more stable and long-term than that seen directly from microspheres. Scaffolds were
successfully formed with microspheres contained; such scaffolds hold potential for TE-bone
or other tissue-engineering applications where rapid vascularization is necessary.

5.4.4

Discussion

There are many reasons we may not have seen breast cancer cell metastasis to
TE-bone after 1 day of differentiation, as was previously described132. Two of these
reasons are the fact that TE-bone was made with hMSCs from different patient sources
and there is inherent large variability found in our in vivo model, as is common in in vivo
models. A third reason may be that when the study was first done with 1-day TE-bone,
TE-bone was implanted over the left shoulder of the mouse and 1 sample of human bone
core was implanted over the right shoulder of the mouse. Therefore, it is quite possible
that human bone cells, hematopeotic cells, or other cells migrated, either subcutaneously
or through circulation, actively or passively, from the human bone to the TE-bone. This
would make the TE-bone a more habitable, bone-like environment for cancer cell
colonization. This theory is supported by the fact that metastasis was also seen to
implanted human bone cores. Since our experiments discussed here did not include the
implantation of human bone cores, this may explain differences in the metastatic patterns
of 1 day TE-bone between our work and previous reports132.
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5.4.5

Conclusion

Although 1 day TE-bone was not able to elicit metastasis in this experiment, we
were able to see metastasis to mouse bone femurs. These results indicate that MSCs are
not the only component of bone that makes bone such a rich soil for bone metastases, and
that many factors contribute to the attractiveness of bone for tumor cells.

Studies with VEGFA-loaded PLGA microspheres demonstrated the ability of
these microspheres to encapsulate and release growth-factors. VEGFA-loaded
microspheres were also able to be encapsulated into water-based silk scaffolds and can be
tested for their abilities to affect metastasis or bone generation in future studies.
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5.4.7

Figures

Figure 5-13: Confocal Live Dead Image of Scaffolds seed with hMSCs before implantation. Green
represents live cells and red represents dead cells and scaffold pores.
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Figure 5-14: Bioluminescent Imaging of primary tumors and metastases 10 weeks later. NOD/Scid
mice were inoculated with SUM1315 breast cancer cells into the mammary fat pad. A-C) Group 1
mice, D-F) Group 2 mice, G-I) Group 3 mice. A, D, G) Primary tumors in left and right
mammary fat pads exposed for 1-5 seconds immediately before sacrifice. B,E,H) Mouse femurs
showing some metastases after 1 minute exposure. C, F, I) No detectable metastases were seen in
any scaffolds after 1 or 5 mintes. C) hMSC seeded scaffolds (right dish) and PBS-soaked scaffolds
(left dish). F) hMSC seeded scaffolds (right dish) and media-soaked scaffolds (left dish). I)
Media-soaked scaffolds (right dish) and PBS-soaked scaffolds (left dish). All settings except time
were held constant for images.
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Figure 5-15: PLGA Microspheres: VEGF and Blank (PBS loaded). A) VEGF-Slow release, B)
VEGF-Fast release, C) Blank-Slow release, D) Blanks-Fast release microspheres. SEM images
show honeycomb structure of Fast Release microspheres and smooth surface of Slow release
microspheres. No differences are observed between VEGFA and PBS loaded samples.
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Figure 5-16: VEGFA Release from Microspheres. VEGFA release rates of A) slow microspheres
and C) fast microspheres. Data plotted as mean +/- S.D., n=4. Cumulative Release of VEGFA
from B) Slow microspheres and D) Fast microspheres.
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6

Macrophage- Breast Cancer Cell Interactions

6.1

Introduction
Although it is clear that the immune system plays a large role in cancer

development and progression and macrophage activation of lymphocytes causes a
cascade of effects, the direct effects of macrophages on breast cancer cells are not fully
understood. Moreover, no research has examined the effects of macrophages/monocytes
in co-culture with MSCs on cancer cells. What is currently known about macrophagebreast cancer cell interactions is that macrophages of different phenotypes interact
differently in the tumor setting. Macrophages of the ―M1‖, or ―classically activated‖
phenotype are cytotoxic. These are pro-inflammatory cells that produce reactive oxygen
species, iNOS and are microbicidal and tumoricidal. ―M2‖ or ―alternatively-activated‖
macrophages support tumor growth. They are anti-inflammatory, immunosuppressive,
and support angiogenesis and metastasis. They also produce IL-10, TGF-β1 and have
high expression of VEGF, COX2, EGFR, and MMPs294. However, one contradictory
study found that M1 tumor-associated macrophages (TAMs) were positively associated
with survival time in a retrospective study of biopsies from non-small cell lung
carcinoma patients295. Still, most resorts find that TAMs help degrade surrounding matrix
and induce angiogenesis, inducing invasion.

TAMs and high levels of COX-2 are

associated with poor prognosis in breast cancer patients and macrophages induce COX-2
expression in BCCs296.
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Monocytes also have documented effects on breast cancer cells. One study found
that primary monocytes cultured with MDA-MB-231 cells increased their expression of
factors involved in cancer cell invasiveness297. This report suggests that breast cancer
cell-derived RANTES may promote breast cancer metastasis by increasing monocyte
migration into breast tumors298.

The work presented here examines macrophage-breast cancer cell interactions
using the human monocyte cell line THP-1. Although this cell line is a monocytic
leukemia cell line, the ability for THP-1 cells to differentiate into macrophages makes
them useful as a model cell line for monocytes. This work investigates the effects of
macrophages on breast cancer cell proliferation and the effects of breast cancer cells on
macrophage proliferation in direct culture. Our hypothesis was that M1 macrophages
would decrease breast cancer cell growth and that M2 macrophages would increase breast
cancer cell growth for all breast cancer cell lines used.

Breast cancer cell growth in indirect co-culture with macrophages using
conditioned media was measured, but results in indirect culture differed from results in
direct culture. Lastly, the ability for breast cancer cell-macrophage co-culture media to
alter MSC migration/attraction was examined. Though differences in MSC migration in
response to different culture media were found, these results were not significant.

It was also predicted that hMSCs and macrophages would modulate the growth
of breast cancer cells (BCCs) in a tri-culture system. Although direct tri-culture studies
were used to assess the interactions between hMSCs, macrophages and breast cancer
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cells, results were inconsistent using FACS to determine cell number, and hence those
results are not reported here.

6.2

Materials and Methods

Cell Culture and Macrophage Polarization

GFP labeled THP-1 cells, a human monocyte cell line, were a gift from Dr. Donald
Freytes at the lab of Dr. Gordana Vunjak-Novakovic, Columbia University. THP-1 cells
were purchased from ATCC and GFP was inserted using a Lentivirus provided by Dr.
Laura Santambrogio from Albert Einstein University. Cells were incubated with the
lentivirus for 2 days and FACS sorted for GFP+ cells 5 days later. Cells were cultured,
differentiated and polarized according to previously published work299. Briefly, THP-1
cells were grown in a base of RPMI media with 10% FBS and 1% antibiotic-antimycotic.
THP-1 cells were then differentiated by growing cells in culture media containing 320
nM PMA (phorbol myristate acetate) (Sigma-Aldrich, St. Louis, MO) for 48 hours. Cells
were then rinsed well and then grown in regular culture media for M0 polarization, media
plus 20 ng/mL IL-4 (BD Pharmingen, BD Bioscience, Franklin Lakes, NJ) and 20 ng/mL
IL-13 (BD Pharmingen, Franklin Lakes, NJ) for M2 polarization, or 240 ng/mL LPS
(lipopolysaccharide) (BD Pharmingen, Franklin Lakes, NJ) and 20 ng/mL IFN-γ (BD
Pharmingen, Franklin Lakes, NJ) for M1 polarization. Cells were incubated for 48 hours
in described media for polarization. MSCs and breast cancer cells were cultured as
previously described in sections 2.1.2 and 2.2.2. All culture was done in standard
incubators at 37oC and 5% CO2.
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Imaging and Quantifying Direct Co-cultures

Macrophages and breast cancer cells were seeded onto 6 well plates for direct co-culture
in THP-1 media with 15,000 cells per well. GFP-THP-1 cells were identified based on
GFP signal and brightfield images show both breast cancer and THP-1 cells over a period
of 3 days. Images were taken on a Leica DMIL fluorescent microscope using a Leica
DFC340 FX camera with equal exposure times used for all fluorescent images (Wetzlar,
Germany). An ebq100 laser was used for fluorescence excitation (Wetzlar, Germany).
Four fields of view (FOV) were taken of co-cultures and cells were manually counted by
marking cells in ImageJ. Data was plotted as average cell count per FOV +/- S.E.M.

MSC Migration Assay

MSC migration was done by serum starving MSCs for 12 hours and then examining their
migration through transwells (NeuroProbe, Gaithersburg, MD) coated with fibrinogen.
The sample chemoattractants used were fresh conditioned media taken from 24 hours of
mono-or co-culture of THP-1 and breast cancer cells mixed with fresh THP-1 growth
media in a 1:1 ratio. DMEM, 20% FBS in DMEM and THP1 culture media alone were
used as positive controls. Conditioned media were made from cell growth in THP-1
growth medium for 24 hours. MSCs were seeded on top of membranes and
chemoattractant media were placed in the bottom wells as directed by the manufacturers.
Migration was allowed to occur for 6 hours. Cells that failed to migrate were wiped from
the top membrane and cells adherent to the bottom membrane were quantified using a
CyQuant Cell Proliferation Assay (Invitrogen, Carlsbad, CA) according to manufacturers
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protocols. Relative fluorescence units (RFU) were measured using a SpectraMax
GeminiEM (Molecular Devices, Sunnyvale, CA) with SoftMax PRO software (Molecular
Devices, Sunnyvale, CA) using ―autocut off‖ settings and an excitation/emission of
480/520 as recommended.

Indirect Co-culture and PicoGreen Assay

A Picogreen assay was used to assess the growth of breast cancer cells in macrophage
conditioned media. Conditioned media was a mixture of 50%-fresh THP media and 50%
conditioned media from macrophages (THP1 media applied to macrophages for 5 days,
then filtered (0.45 μm) to remove floating cancer cells). Breast cancer cells (SUM1315,
MCF7, and MDA-MB-231) were seeded in their own media and changed to conditioned
media the following day. Growth was done in 96-well plates for 3 days and assayed using
a Quant-iT™ PicoGreen kit (Invitrogen, Carlsbad, CA) as recommended by the
manufacturer. BCCs were seeded at 15,000 cells/well.

Design of Experiments

Breast cancer cells and macrophages were co-cultured together by first differentiating
into established phenotypes and then adding BCCs. Fluorescent (GFP) and brightfield
images were taken to document cell changes. Cells were counted using n = 4 fields of
view.

6.3

Results
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Co-cultures of breast cancer cells and macrophages showed interesting results,
specifically, that M1 macrophages increased SUM1315 growth and M2 inhibited
SUM1315 growth, as is evident at 48 and 72 hour time points (Figure 6-1 and Figure
6-2). Interestingly, M1 macrophages do not grow well with SUM1315 cells, but do
appear to grow well with the other cancer cell lines, suggesting inhibition of these cells
by SUM1315 cells. The effect of M2 cells on SUM1315 cells contradicts previous reports
on the roles of M2 macrophages. In contrast to SUM1315 samples, MDA-MB-231 cells
demonstrated increased cell numbers in culture with M2 cells and no changes in culture
with M1 cells, compared to alone. (Figure 6-3 and Figure 6-4). A third type of
relationship between cancer cells and THP-1 cells was seen with MCF7 cells: M1 cells
inhibited MCF7 growth at 48 and 72 hours (Figure 6-5 and Figure 6-6). These findings
were quantified at the 48 hour time point by counting cells in 4 fields of view and the
results are graphed in Figure 6-7.

We also questioned whether macrophages could influence tumor development by
mediating the recruitment of MSCs. Although we found differences in MSC migration to
different types of breast cancer cells and breast cancer cell conditioned media, we were
not able to find significant differences in migration to macrophage-breast cancer cell coculture conditioned media (Figure 6-8). Perhaps re-doing this migration assay with a
greater number of replicates (n) would produce significant results. Still, we did see the
highest amount of MSC migration to SUM1315-M1 co-culture media, suggesting that
this combination of cells may not only directly induce faster tumor cell proliferation, but
may also produce a microenvironment that is highly attractive for MSCs. M1 THP-1-
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SUM1315 cell interactions may be one of the driving forces of MSC tumor homing for
this cell line (Figure 6-8). Indirect co-culture results suggested no differences in breast
cancer cell response to macrophage conditioned media. Perhaps a shorter time would
show different results, or perhaps cell-cell contact is important in driving cancer cellmacrophage interactions (Figure 6-9).

6.4

Discussion
M1 macrophages may not only induce certain breast cancer cells to increase their

proliferation, but may also be responsible for cooperating with cancer cells to produce
soluble factors that are highly attractive to MSCs as seen in the SUM1315 cell line. This
could have both beneficial and deleterious effects for tumors depending on the tumor
type, but we know with SUM1315-type tumors, MSCs support primary tumor growth.
Hence, results from the SUM1315 line suggest that the macrophage phenotype once
thought to be tumoricidal can in fact increase cancer cell proliferation directly and may
attract MSCs to the tumor to further enhance tumor growth. Therefore, mechanisms to
alter tumor-associated phenotypes to the M1 phenotype may be beneficial in some cases,
as seen in non-metastatic MCF-7 cell line and the highly metastatic MDA-MB-231 line,
but may be harmful to a patient with a highly bone metastatic primary tumor, as modeled
by the SUM1315 line. M2 macrophages also produce a breast cancer cell type dependent
effect: they decrease cell numbers of SUM1315 cells and increase numbers of MDA-MB231 and MCF7 cells. Interestingly, most classifications place MDA-MB-231 and MCF7
in very different categories (basal and luminal respectively). This data shows they may
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be more similar that previously realized with respect to their responses to macrophages.
Bone-metastatic SUM1315 cell line seems to be the outlier in responding to
macrophages. Overall, macrophages of a certain phenotype, M0, M1 or M2, are likely to
play different roles in the tumor microenvironment depending on the stage or type of
tumor, and hence using macrophages to inhibit tumor growth cannot be done in an allinclusive manner but should be done in a tumor-type-dependent manner.

6.5

Conclusions
This work demonstrates that different breast cancer cells respond differently to

macrophages of various phenotypes. Importantly, it demonstrates that the macrophage
phenotype typically thought of as tumoricidal, M1, can actually support the growth of
certain types of breast cancer cells. This work also suggests that different types of breast
cancer cells can support or inhibit the growth of different macrophage phenotypes.
Understanding the mechanisms behind these interactions would provide insight into
methods of using one’s own immune system to attack tumors. Currently, the mechanism
for M2 phenotype macrophages to inhibit SUM1315 growth is unknown, but provides an
interesting future direction.
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6.7

Figures

Figure 6-1: SUM1315-THP1 co-cultures: 48 hours. Fluorescence images (left) show GFP-THP1
cells and brightfield images (right) show SUM1315 and THP1 cells after 48 hours in co-culture.
M1s appear to increase SUM1315 growth and do not proliferate well. Scale bar = 200 µm.
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Figure 6-2: SUM1315-THP1 co-cultures: 72 hours. Fluorescence images (left) show GFP-THP1
cells and brightfield images (right) show SUM1315 and THP1 cells after 72 hours in co-culture.
Similar to 48 hours, M1s appear to increase SUM1315 growth and do not proliferate well. Scale
bar = 200 µm.
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Figure 6-3. MDA-MB-231-THP1 co-cultures: 48 hours. Fluorescence images (left) show GFPTHP1 cells and brightfield images (right) show MDA-MB-231 (MM231) and THP1 cells after 48
hours in co-culture. Unlike SUM1315, M2s appear to increase MDA-MB-231 growth and M1s
proliferate well in co-culture. Scale bar = 200 µm.
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Figure 6-4: MDA-MB-231-THP1 co-cultures: 72 hours. Fluorescence images (left) show GFPTHP1 cells and brightfield images (right) show MDA-MB-231 (MM231) and THP1 cells after 72
hours in co-culture. Cultures may be too confluent to tell effects on cancer cells, but M1s appear to
proliferate well in co-culture. Scale bar = 200 µm.
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Figure 6-5: MCF7-THP1 co-cultures: 48 hours. Fluorescence images (left) show GFP-THP1 cells
and brightfield images (right) show MCF-7 (MCF7) and THP1 cells after 48 hours in co-culture.
M1s appear to have an inhibitor effect on MCF-7 cells in co-culture. Scale bar = 200 µm.
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Figure 6-6: MCF7-THP1 co-cultures: 72 hours. Fluorescence images (left) show GFP-THP1 cells
and brightfield images (right) show MCF-7 (MCF7) and THP1 cells after 72 hours in co-culture.
M1s appear to have an inhibitor effect on MCF-7 cells in co-culture, as seen at 48 hours. Scale bar
= 200 µm.
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Figure 6-7: BCC Growth in Co-culture with Macrophages. Cell numbers were quantified at 48
hours after co-culture with M0, M1 or M2 polarized macrophages. While M1 cells support
growth of SUM1315 cells, M2 cells support the growth of MCF7 and MDA-MB-231 cells. ***
p<.001. Data plotted as mean+/ S.E.M.
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Figure 6-8: MSC migration towards macrophage- and BCC- co-culture conditioned media. Trends
show MSCs may have different attraction for media from different co-culture combinations,
though results shown here were not significant using ANOVA between conditioned media. Data
plotted as mean+/- S.E.M.
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Figure 6-9: Breast cancer cell growth in indirect co-cultures. After 3 days of culture of MSCs with
macrophage conditioned media, picogreen was done in 96 well plates. Data plotted as mean +/S.E.M. No significance found using ANOVA.
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7

Chapter 7: Conclusions and Future Directions

7.1

Summary of Results and Future Directions

7.1.1

Chick Chorioallantoic Membrane Studies

Results from CAM ex vivo modeling for angiogenesis demonstrated the ability
for silk scaffolds seeded with a variety of cells (normal hMSCs, hMSCs transduced with
VEGFA, and cancerous cells) to recruit CAM vasculature. The work demonstrated the
viability of cells on the top and bottom of the scaffold and found the viability of cells to
be much greater on the bottom of the scaffolds, closest to the CAM. The work also
demonstrated the CAM biocompatibility of the silk-based model bone and tumor
systems. The method of using human ALU repeats to detect human cancer cells within
chick DNA was validated, but did not prove useful to identify bone metastases within
chick femurs because enough human cancer cells did not migrate to these bones.

There remains potential for the chick bone metastasis model to demonstrate bone
metastasis using the human cell lines discussed here and the ALU-qPCR detection
method. However, an increased number of cancer cells must be forced to metastasize to
the chick bones to obtain a detectable signal of cancer cells. This could be done by
seeding more cancer cells to the CAM or using direct intravenous injections. If CAM
intravenous injections are to be used, better methods are needed to stop blood clotting,
bleeding and chick death.

Future studies could also investigate implanting SUM1315 cells in matrigel or
other hydrogel mixtures to form more realistic primary sites and perhaps increase cancer
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cell metastasis. Implanted matrigel-based primary tumors could also be quantified for
vascularization by sectioning fixed matrigel tumors and performing IHC or histology, but
again care must be taken to be sure sections for matrigel tumors being compared are
taken from the same height above the CAM. This system could then be used to compare
vascularization of primary tumors with and without various human stromal cells
(macrophages, MSCs, etc). Also, differences in angiogenic potential between breast
cancer cell lines with different stroma cells could be investigated.

Since we know that VEGFA contributes to tumor angiogenesis and tumor
growth, future work could also use CAM models of angiogenesis and metastasis to study
the effects of VEGFA on tumor cells by using the tools from this thesis: scaffolds loaded
with VEGFA-containing microspheres or VEGFA-expressing MSCs in co-culture with
tumor cells. It would be useful to then characterize the way that VEGFA effects different
types of breast cancer cells (basal, luminal, androgen dependent/independent), as we
know that it acts synergistically with HER2+ breast cancer cells300, but VEGFA
signalling synergry with other receptors is less well characterized.

7.1.2

Stem Cell Effects on Breast Cancer Bone Metastasis

In this section, we used established mouse models for bone metastasis and
established a new model of hMSC tumor homing from a bone-like environment made
from silk-based tissue-engineered bone. We found that hMSCs migrated more towards
more invasive, rather than non-invasive, breast cancer cell conditioned-media (in vitro)
and primary tumors (in vivo). We identified a novel role of TGF-β1 in breast cancer
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progression: the ability to recruit hMSCs to the tumor microenvironment. We also found
tumor-type dependent effects on breast cancer cell proliferation and metastasis;
depending on the cancer cell type, hMSCs could increase or decrease cell migration,
proliferation, primary tumor growth or metastasis to certain organs. We investigated the
role of IL-17B in bone metastasis because we found its receptor, IL-17BR to be
overexpressed in the bone-passaged cell line SUM1315-BP2. We found that skeletal
metastases overexpressed il-17b compared to primary tumors in two of the three
metastatic cell lines tested. We also found that stimulation of breast cancer cells with IL17B recombinant protein increased their in vitro migration and that lentiviral
overexpression of il-17b in breast cancer cells increased lung and liver metastasis. We
believe that IL-17B derived from hMSCs, or other supportive cell types, may induce
tumor cells to metastasize.

Future directions in the field of stem cell-breast cancer cell research should aim
to determine the parameters or biomarkers of tumors that govern their response to hMSCs
to better predict patient responses to therapeutic stem cell therapies. Using prognostic
biomarkers, identified by gene expression profiling of breast cancer cell lines as
described301, and determining their response to hMSCs or IL-17B inhibition would help
predict which patients would respond well to hMSC therapy or IL-17B inhibition within
the tumor.

Also, more work needs to be done to determine the changes of phenotypes that
MSCs display once they migrate to tumors, as only a few studies have demonstrated their
differentiation into cancer associated fibroblasts or pericytes within the tumors 302,172.
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Further work should confirm whether a blockade of hBMSC migration to, or stimulation
of, cancer cells is able to abrogate breast cancer metastasis. Studies should also utilize il17b inhibition, using knockdown, silencing, neutralizing antibodies, or antagonists to
give better insight into the role of IL-17B in metastasis.

Lastly, studies should look into the roles of local MSCs versus distant MSCs,
which may home from the bone marrow. Dr. Arnold Caplan suggested at the TERMIS
(Tissue Engineering and Regenerative Medicine International Society) December 2010
conference that the MSCs with the largest effects on regereration and wound healing are
local MSCs, which, he explained, cannot be differentiated from local pericytes. Hence it
may be that local rather than distant hMSCs are actually having a larger role in the tumor
microenvironment than we currently recognize.

7.1.3

Silk-based Anti-Cancer Implant System

These studies found that a variety of TE-bone samples were able to act a stem
cell niches and retain high expression of stem cell markers CD73 and CD90 in hMSCs
seeded onto silk implants. Moreover, HFIP- and water-based scaffolds alone appeared to
be superior at allowing cell adhesion and stem cell spreading, compared to scaffolds
previously seeded with hMSCs and differentiated down the osteogenic lineage. The
ability for doxycycline to induce TRAIL expression in TRAIL-hMSCs was demonstrated
and three breast cancer cell lines were screened for their sensitivity to TRAIL. It was
evident that only the MDA-MB-231 cell line was sensitive to TRAIL and in vivo studies
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are being conducted to determine if silk implants can administer TRAIL-hMSCs and
affect MDA-MB-231 tumor growth or metastasis.

Future directions could aim to increase therapeutic cell homing to tumors by
genetically modifying these cells to overexpress receptors crucial for tumor-specific
migration. Also, the identification of potential MSC subpopulations that demonstrate
increased tumor-homing or anti-tumor properties would greatly aid the field. Our current
work aims at testing and improving anti-cancer implants to increase tumor infiltration and
allow for longer-term anti-cancer effects that could last for years in patients and dispense
therapeutic MSCs upon tumor initiation. Many other types of anti-cancer implants could
be explored and many other proteins could be discovered or designed, besides TRAIL,
that display cancer-specific inhibitory effects. Also, labeling hMSCs with another type of
luciferase, renilla luciferase, would allow us to visualize both hMSC and tumor cell
localization simultaneously using BLI without having to sacrifice mice. This would give
great insight into the tumor-homing of TRAIL-hMSCs from implants. As with all genetic
manipulations, the effects of these transduction procedures on hMSCs needs to be
validated for safety and the resulting hMSCs should be evaluated for genomic stability.

Future directions could also explore why the SUM1315 cell line did not show
sensitivity to TRAIL and determine methods to induce MCF7 and SUM1315 cell
TRAIL-sensitivity. Since many cancers are TRAIL-resistant, the effects of such research
could affect a number of different types of cancer and could give us insight into why
certain tumors are TRAIL-resistant and what biomarkers may predict this for improved
patient-specific care.
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Another interesting direction in the use of TRAIL-MSCs to inhibit tumor growth
is based on the work of Gregory Mundy303 using implantable biomaterials. These
materials mimic aspects of the stem cell niche and could be used to attract a patient’s own
hMSCs to the niche, transduce them with TRAIL or any anti-cancer gene, and
disseminate them. The therapeutic MSCs could then migrate to tumors and express
TRAIL at distant tumor sites. This would likely be more effective if the biomaterial/MSC
niche could be implanted directly at the site of the tumor or reseccted tumor. One of the
main challenges of this project is in vivo transduction. Still, we have seen that this is
possible using silk complexes in cancer cells in mice with the luciferase gene using
tumor-specific (tumor homing) peptides.

Similar methods for hMSC-specific

transfection in the implant remain to be developed. Another large challenge is attracting
hMSCs into the implant and then allowing them to leave after transfection, but temporal
gradiants of chemokines or other deployment mechanisms304 could be useful for this
purpose.

One of the greatest challenges to be overcome before TRAIL-hMSCs can be used
clinically is the growth of hMSCs in defined media, rather than media containing fetal
bovine serum with hundreds of unknown (and non-human) components in unknown and
variable concentrations. Hence, a large step towards using therapeutic hMSCs expanded
outside the patient is the development of better defined, humanized media. Such media
are only recently being developed305.

7.1.4

Additional Cancer Research Projects
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Fibrin microchannels proved useful to image the bi-directional migration of GFPhMSCs and SUM1315 breast cancer cells through a 3-D hydrogel. Over a 9 day period,
breast cancer cells were able to spread out and migrate through this matrix much faster
than hMSCs.

Future work with fibrin microchannels should aim to improve the

reproducibility of the channels and make the system more user-friendly. Then the system
can be used to compare migration of many other types of breast cancer cells to an array
of target cell types to determine which breast and bone components play the largest roles
bone metastasis. Inhibitors can also be added to the system, either mixed with the fibrin
gel or added to the media, to identify soluble mediators of hMSC tumor homing or tumor
cell bone homing.

Secondly, hMSCs were labeled 3 fluorescent proteins, RFP, GFP and Tomato
Red, but we found low efficiency and proliferative and phenotypic changes with Tomato
Red and GFP labeling compared to RFP labeling for unknown reasons. Many parameters
in the transduction of stem cells with fluorescent proteins remain to be optimized and
future studies should demonstrate effects such as phenotypic or proliferative changes that
hMSCs undergo after labeling and FACS sorting. These changes are likely related to the
virus concentration and transduction times used; identifying the parameters for these that
do not alter hMSCs and give better transfection efficiency would create labeled-hMSCs
that are more similar to naïve hMSCs. This work would create better, more realistic
models of hMSCs and also perhaps bring us closer to using fluorescently-labeled hMSCs
in patients, although rejection of fluorescent proteins would remain an issue to overcome.
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Thirdly, we were able to demonstrate in vivo transfection of tumors with the
luciferase gene using silk SL-mF3 nanoparticles. We saw accumulation in tumors by the
first week of the study, compared to mammary fat pads lacking tumors, and this
difference was augmented by the fourth week. Importantly, we observed no toxicity to
mice from the complexes over the 4 week period. Our work with nano-scale silk-based
ionic complexes containing pDNA demonstrates that these particles hold great potential
in tumor homing, gene delivery, and gene expression within host cells. Future directions
should investigate the efficacy of anti-cancer gene delivery using pDNA complexes with
F3 tumor homing peptides or other types of tumor homing peptides.

Also,

characterization of where nanoparticles are located within the tumor and what cells are
expressing the delivered genes should be carried out using histology. Lastly, future work
using other types of cancer cells would suggest more tumors in which these complexes
may be beneficial.

Studies with cell-specific bioluminescence systems demonstrated profound
differences in efficacy of anti-cancer drugs in 3-D vs. 2-D systems and with vs. without
stromal cells. The 3-D screening system will enhance our abilities to identify novel
therapies which may have gone unnoticed in 2-D cancer screens and eliminate ineffective
drugs earlier on in the drug screening process. The 3-D silk scaffold-based tool we have
developed using HFIP-scaffolds better recapitulated tumor growth than a 2-D
environment, and this was further enhanced by the inclusion of stromal cells in the
matrix, which appeared to enhance cell-to-matrix adhesion in our system.
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Future directions with cell-specific bioluminescence imaging for anti-cancer drug
screening entail increasing manufacturing abilities for small, highly reproducible silk
scaffolds and further investigating those therapies that suggest great effectiveness in 3-D
studies in in vivo studies. Also, other stromal cells could be co-cultured with cancer cells
to represent different types of microenvironment such as mammary epithelial cells,
adipocytes, or osteoblasts to model tumor growth within other organs.

In studies with TE-bone, we were not able to see SUM1315 metastasis to TEbone (1 day differentiated) but did observe mouse femur metastases. These results
implicate that MSCs are not the only bone component that makes it such a rich soil for
bone metastases, and that many factors contribute to the attractiveness of bone and are
essential for bone metastasis. Future work with TE-bone should likely aim to make a
more complex bone environment with the addition of BMP2, TGF-β, osteoclasts, and
other bone proteins and cells to show more robust metastasis to TE-bone. Though work
with BMP2 in TE-bone has already demonstrated tumor cell homing to these locations132,
it is unclear why this is, and if mouse cells migrate first to the BMP2-TE-bone to induce
bone development there, which is the true attractor of tumor cells. It would also be
interesting to implant our VEGF-A PLGA microsphere-containing scaffolds to study
effects of VEGF-A on bone metastasis frequency, size, phenotype (osteolytic vs
osteoblastic), general morphology, and vascularization.

7.1.5

Macrophage- Breast Cancer Cell Interactions
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In this section we discussed findings on THP-1 macrophage and breast cancer
cell interactions. We found macrophages of M0, M1 and M2 phenotype were able to
increase or decrease breast cancer cell numbers after 48 and 72 hours of direct co-culture
in a tumor-type dependent manner. Importantly, these effects were not found in indirect
(conditioned-media) experiments, suggesting much greater effects from cell-cell contact
and continuous production of fresh soluble factors. We also determined that certain
breast cancer cells were able to inhibit certain phenotypes of macrophages, though we are
unsure why this is. We found differences in hMSC migration to conditioned media from
macrophage-breast cancer cell co-cultures and though these were not significant, we
believe future studies in this area may find that these interactions do govern the homing
of hMSCs or hematopoetic cells to the tumor microenvironment.

Future work in macrophage-breast cancer cell interactions need to validate the
M0, M1 and M2 phenotypes induced and should determine how long these phenotypes
are held after polarization initiators are removed from the media. Also, studies should
look into the mechanisms behind the changes in cell numbers described here.
Specifically, cell number changes may be due to apoptosis, changes in proliferation, or
another form of induced cell death and these mechanisms were not examined herein.
Lastly, the mechanisms by which cancer cells increase or decrease their proliferation, or
die or undergo apoptosis, are not known and determining these would suggest novel
targets for tumor cell inhibition.

7.2

Conclusions
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My thesis has focused on building models of breast cancer progression and bone
metastasis and using these to elucidate mechanisms behind osteotropism. In this work
models of healthy cell and cancer cell interactions were developed and adapted and some
of the relationships between cancer cells and host cells (notably, macrophages and human
mesenchymal stem cells) that govern tumor angiogenesis, migration, growth and
metastasis were elucidated. Tumor-type dependent effects of host cells (macrophages
and hMSCs) on tumor cells were identified, suggesting tumor-host interactions within
tumors that support or inhibit tumor growth. Systems were designed and tested for more
representative high-throughput analysis of anti-cancer drug efficacy to improve the drug
screening process and identify better anti-cancer candidates more efficiently. In vivo
gene-delivery and tumor cell transfection within primary mammary tumors was
demonstrated using silk tumor-homing peptide complexes using luciferase as a prototype
gene. These complexes hold much potential for tumor-homing and anti-cancer gene
delivery and need to be developed and tested with anti-cancer genes.

The potential for human stem cells in tumor homing and drug/gene delivery is
great, but our studies highlight the important fact that hMSCs themselves can have mixed
effects on tumor growth. These issues must be further elucidated before stem cells can
safely be used in cancer patients. The use of silk-pDNA-tumor homing nanoparticles
may prove to translate to the clinic faster than cell therapy based therapies.

As stem cells are already being used clinically in damaged tissue applications, we
caution that these treatments may have negative, unforeseen effects on patients that may
have previously undetected tumors or micrometastases. We also worry that lentiviral
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transfection may alter hMSCs in unpredictable ways, as was seen in transfection with
some fluorescent proteins. Further validation of the safety and characterization of
lentiviral-induced MSC changes needs to be documented before clinical translation.

Our results suggest that healthy cells are playing a larger role in cancer
metastasis than previously thought and there is a need for new, creative ways of utilizing
these cells to inhibit cancer progression and to develop more realistic cancer models for
in vivo studies or high-throughput in vitro drug screening assays.
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ABSTRACT

The present study demonstrates pDNA complexes of recombinant silk
proteins containing poly(L-lysine) and tumor-homing peptides (THPs), which are
globular and approximately 150-250 nm in diameter, show significant enhancement
of target specificity to tumor cells by additions of F3 and CGKRK THPs. We report
herein the preparation and study of novel nano-scale silk-based ionic complexes
containing pDNA able to home specifically to tumor cells. Particular focus was on
how the THP, F3 (KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK) and CGKRK,
enhanced transfection specificity to tumor cells. Genetically engineered silk proteins
containing both poly(L-lysine) domains to interact with pDNA and the THP to bind to
specific tumor cells for target-specific pDNA delivery were prepared using
Escherichia coli, followed by in-vitro and in-vivo transfection experiments into
MDA-MB-435 melanoma cells and highly metastatic human breast tumor MDA-MB231 cells. Non-tumorigenic MCF-10A breast epithelial cells were used as a control
cell line for in-vitro tumor-specific delivery studies. These results demonstrate that
combination of the bioengineered silk delivery systems and THP can serve as a
versatile and useful new platform for non-viral gene delivery.
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INTRODUCTION
Gene delivery is an important technique to treat various diseases including cancers
and inherited diseases. Recently, nonviral vectors, i.e. cationic polymer-based vectors,
have attracted attention as safer gene vectors compared to viral vectors (1-3).
Nonviral plasmid DNA (pDNA) delivery systems using cationic liposomes or
chemically derived synthetic polymers such as polyethyleneimine have improved
over the past decade in terms of transfection efficiency, cell-binding, and endosomal
release (4, 5). Nevertheless, cytotoxicity and target specificity remain key challenges
with lipid- and synthetic polymer-based gene delivery systems. A suitable nonviral
gene vector would be biocompatible, biodegradable, non-toxic, efficient, and able to
be designed to target specific cell types. These are challenging design goals to meet
with liposomes or chemical synthesized polymers, mainly due to the limits inherent
with chemically synthesis.
Silk proteins have been used successfully in the biomedical field as sutures for
decades, and also explored as biomaterials for cell culture and tissue engineering,
achieving Food and Drug Administration approval for such expanded utility because
of their excellent mechanical properties, versatility in processing and biocompatibility
(6-8). Virgin silk with the associated contaminant sericin proteins was reported as a
potential allergen causing a Type I allergic, due to upregulated IgEs in response to the
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sericins, however, once the sericins are properly removed, there is minimal response
from the core fibroin structural proteins (9, 10). Further, alpha-chymotrypsin
degradation products of silk proteins are nontoxic (9-11). Silk-based gene delivery
systems have recently been reported to provide biodegradability, biocompatibility,
high transfection efficiency, and DNase resistance (12-14). The secondary structure
of the silk sequences in these pDNA complexes can be used to regulate enzymatic
degradation rates of the complexes, and hence control the release profile of carried
genes from these complexes (13). Therefore, if target specificity can be added into
these silk-based gene delivery systems via recombinant techniques, then a more
efficient and useful non-viral gene delivery system can be realized, in which the
chemistry can be precisely tailored for cell targeting. To our knowledge, there is no
such non-viral tailored gene delivery system currently available.
In the present study, we report the preparation and study of novel nano-scale
silk-based ionic complexes containing pDNA able to home specifically to tumor cells.
Silk-based block copolymers were bioengineered with both poly(L-lysine) domains to
interact with pDNA and the tumor-homing peptide (THP) to bind to specific tumor
cells for target-specific pDNA delivery. Particular focus was on how the THP, F3
(KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK)

and

CGKRK,

enhanced

transfection specificity to tumor cells. F3 peptides have been reported to home to
nucleolin, which is expressed at the surface of tumor angiogenic endothelial cells, and
bind specifically to MDA-MB-435 cells (15, 16). CGKRK peptides were reported to
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bind specifically to heparan sulfate in tumor vessels (17, 18). Genetically engineered
silk proteins containing poly(L-lysine) and the THPs were prepared using Escherichia
coli, followed by in-vitro and in-vivo transfection experiments into MDA-MB-435
melanoma cells and highly metastatic human breast tumor MDA-MB-231 cells. Nontumorigenic MCF-10A breast epithelial cells were used as a control cell line for invitro tumor-specific delivery studies.

EXPERIMENTAL PROCEDURES
Design and Cloning of Recombinant Silk Sequence. The spider silk repeat
unit

was

selected

based

on

the

consensus

repeat

(SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGT) derived from the native
sequence of the dragline protein MaSp1 sequence from the spider Nephila clavipes
(Accession P19837). The Silk6mer-30lys containing six contiguous copies of this
repeat and 30 lysines was developed through the transfer of cloned inserts to pET-30a,
according to our previously published procedures (12, 19-22). The sequences of the
synthetic oligonucleotides encoding F3 and CGKRK residues were as follows: F3-a:
5´CTAGCAAAGATGAACCGCAGCGCCGCAGCGCGCGCCTGAGCGCGAAACC
GGCGCCGCCGAAACCGGAACCGAAACCGAAAAAAGCGCCGGCGAAAAA
AA-3´,

F3-b:

5´-

CTAGTTTTTTTCGCCGGCGCTTTTTTCGGTTTCGGTTCCGGTTTCGGCGGCG
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CCGGTTTCGCGCTCAGGCGCGCGCTGCGGCGCTGCGGTTCATCTTTG-3´,
CGKRK-a:

5´-CTAGCTGCGGCAAACGCAAAA-3´,

CGKRK-b:

5´-

CTAGTTTTGCGTTTGCCGCAG-3´. The restriction sites for SpeI are italicized. F3-a
and F3-b as well as CGKRK-a and CGKRK-b are complementary oligonucleotides
which were annealed to form double stranded DNA. The double stranded DNAs of
the sequences were ligated into pET30-Silk6mer-30lys to generate pET30-Silk6mer30lys-monomeric

F3

(mF3),

pET30-Silk6mer-30lys-monomeric

CGKRK

(mCGKRK), pET30-Silk6mer-30lys-dimeric CGKRK (dCGKRK), as shown in
Figure 1, by DNA ligase (New England Biolabs Inc, Ipswich, MA).
Protein Expression and Purification. The constructs pET30-Silk6mer30lys-mF3, pET30-Silk6mer-30lys-mCGKRK, and pET30-Silk6mer-30lys-dCGKRK
were used to transform E. coli strain RY-3041, and the expression and purification of
these proteins were carried out by methods reported previously

(14, 19-21). SDS-

polyacrylamide gel electrophoresis (PAGE) was performed using 4-12% precast
NuPage Bis-Tris gels (Invitrogen, Carlsbad, CA). The gel was stained with Colloidal
blue (Invitrogen, Carlsbad, CA). Purified samples were extensively dialyzed against
acetic buffer and then Milli-Q water. For dialysis, Spectra/Por Biotech Cellulose
Ester Dialysis Membranes with MWCO of 100-500 Da (Spectrum Laboratories Inc,
Rancho Dominguez, CA) were used.
Preparation and Characterization of pDNA Complexes. pDNA encoding
Firefly Luciferase (Luc, 7041 bp) was amplified in competent DH5 E. coli
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(Invitrogen) and purified using EndoFree Plasmid Maxi Kits (Qiagen, Hilden,
Germany). The DNA concentration was determined by absorbance at 260 nm. To
prepare the complexes of the recombinant silk proteins with pDNA, a solution
containing silk protein (0.1 mg/mL) was mixed with the pDNA solution (370 µg/mL)
at various N/P ratios. Here, N/P ratio refers to the ratio of number of amines/
phosphates from pDNA. The mixture of recombinant silk and pDNA was incubated
at room temperature (~20ºC) overnight prior to characterization.

The pDNA

complexes were characterized by zeta potentialmeter (Zetasizer Nano-ZS, Malvern
Instruments Ltd, Worcestershire, UK) and Atomic Force Microscopy (AFM,
Dimension V, Veeco Instruments Inc, Plainview, NY). The pDNA complex solution
(around 70 μL) was added to ultra pure water (450 μL, Invitrogen) and then used as a
sample for zeta potential and size measurement. Zeta potential and zeta deviation of
samples were measured three times by a zeta potentialmeter, and the average data
were obtained using Dispersion Technology Software version 5.03 (Malvern
Instruments Ltd). The pDNA complex solution was cast on cleaved mica, and
observed in air at room temperature using a 200-250 µm long silicon cantilever with a
spring constant of 2.8 N/m in tapping mode AFM. Calibration of the cantilever tipconvolution effect was carried out to obtain the true dimensions of objects by
previously reported methods (23, 24).
Cell Culture, in-vitro Transfection, and Cell Viability. The MDA-MB-435
melanoma cell line, MDA-MB-231 human breast tumor cell line, and MCF10A non-
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tumorigenic mammary breast epithelial cells were also used to investigate target
specificity of the pDNA complexes. Cultures were grown to confluence using media
consisting of Dulbecco’s Modified Eagle Medium (DMEM) and 10% FBS for MDAMB-435 and MDA-MB-231 cells. The medium for MCF10A was composed of
DMEM/F12, 5% horse serum, 20 ng/mL EGF, 0.5 µg/mL hydrocortisone, 0.1 µg/mL
cholera toxin, and 10 µg/mL insulin. The cultures were detached from their substrates
using 0.25% trypsin (Invitrogen), and then replated in the 24-multiwell plate at a
density of 8000 cells/well. Before transfection experiments, the cells were washed
with PBS to remove antibiotic and insulin. Media for the in-vitro transfection
experiments was consisting DMEM and 10% FBS. pDNA (1.2 µg) and recombinant
silk (appropriate amount) complexes were added into each well. After incubation of
the cells for 6 h at 37ºC, the media was exchanged to the media without pDNA
complexes. To evaluate luciferase gene expression quantitatively, a Luciferase assay
(Promega, Madison, WI) was performed (n=4). The amount of protein in each well
was determined using a BCA protein assay (Pierce Biotechnology, Rockford, IL), and
then the Relative Light Units (output) / weight of protein (RLU/mg) was obtained.
Lipofectamine 2000 (Invitrogen) was used as a positive control vector. For cell
viability, MCF10A cells (8000 cells/well) were seeded into the 96-wells plates
containing the pDNA complexes and cultured for 48 h in the media (100 μL) used in
the transfection experiment. Cytotoxicity to the cells of the pDNA complexes was
characterized by standard 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
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2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Promega, Madison, WI) according to
the manufacturer’s instructions (n=8).
In-vivo Transfection. All experimental procedures involving animals were
performed under an animal protocol approved by Tufts Institutional Animal Care and
Use Committee. The MDA-MB-231 breast tumor was established by injecting a
mixture of 5×105 MDA-MB-231 cells suspended in 13.3 µL of phosphate buffer
solution (PBS, Invitrogen) and 6.7 µL of matrigel (BD Bioscience, San Jose, CA) into
both the left and right mammary fat pads. Tumors were allowed to grow for 2 weeks
to reach an average diameter of 5 mm. The pDNA complexes (pDNA: 1.2 µg, N/P:
2) in PBS were delivered via multiple tail vain injections to the tumor-bearing mice
(n=4) twice a week. As a control experiment, the pDNA complexes were also
injected to mice without tumor (n=2) twice a week. Three days, one week, and four
weeks later, the mice were subjected to optical imaging on Xenogen IVIS200
(Xenogen Corp., Alameda, CA). Mice were anesthetized with 3% isoflurane and
injected with D-luciferin (10 mg/kg intraperitoneal injection) approximately 10 min
before imaging. Light emitted from the tumors was quantified using Living Image
software (Xenogen). Photons produced by luciferase were normalized as photons per
second per centimeter squared per steradian.
Statistical Analysis. The particle sizes on mica substrates were measured by
AFM using a Research Nanoscope software version 7.30 (Veeco Instruments Inc).
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The average value of 20 measurements was used. Statistical differences in particle
sizes by AFM, cell transfection efficiency, and cell viability were determined by
unpaired t-test with a two-tailed distribution and differences were considered
statistically significant at p<0.05. The data in the AFM, cell transfection efficiency,
and cell viability experiments are expressed as means ± standard deviation.

RESULTS AND DISCUSSION
Biosynthesis of Recombinant Silk Proteins. The recombinant silk proteins
containing poly(L-lysine) (30 aa) and THP, monomeric F3 (SL-mF3), monmeric
CGKRK (SL-mCGKRK), or dimeric CGKRK (SL-dCGKRK), were expressed in E.
coli and purified with Ni-NTA chromatography. The domain structure and amino acid
sequences of the spider silk variants generated with poly(L-lysine) and THPs are
shown in Figures 1 and 2. Yields of the recombinant silk proteins were approximately
0.8 mg/L after purification and dialysis. The proteins after purification by Ni-NTA
chromatography and dialysis were analyzed by SDS-PAGE and stained with
Colloidal blue to evaluate purity (Figure 3). SL-mF3, SL-mCGKRK, and SLdCGKRK showed a major band corresponding to a molecular weight of
approximately 24 kDa, respectively, almost identical to the theoretical molecular
weights (monoisotopic mass) of 28737.77, 25897.10, and 26657.50 Da, respectively,
by consideration of silk-based polymers generally do not run true to size on SDS-
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PAGE gels, due to the hydrophobic nature of the protein (14, 21), confirming that the
bioengineered proteins were the expected recombinant proteins.
Characterization of pDNA Complexes. Ionic complex formation with
pDNA encoding a reporter gene and the recombinant silk proteins (SL-mF3, SLmCGKRK and SL-dCGKRK) were characterized with different N/P ratios (the ratio
of number of amines/ phosphates from pDNA) by zeta-nanosizer and AFM. The
hydrodynamic diameter and zeta potential of the pDNA complexes of the
recombinant silks are listed in Table 1. The average diameters of the SL-mF3, SLmCGKRK and SL-dCGKRK at the concentration of 0.1 mg/mL without pDNA were
170, 363 and 204 nm, respectively, indicating that the recombinant silk proteins
formed monodispersed micelles without pDNA via hydrophobic interaction of the
silk sequences. The recombinant silk proteins with pDNA formed ionic complexes
via ionic polylysine-pDNA interactions and played a role of core of the ionic
complexes in consideration of the previous reports on ionic complexes of silk-like
polymer and pDNA (14), which means THPs and silk sequences could exist at the
surface of the complexes and also neutralized their electrical charges as shown in
Figure 2. This micelle structure will help the complex to interact with the tumor cells
via THPs. The average diameters of the complexes with pDNA decreased from over
500 nm to approximately 200 nm with an increase in N/P ratio, and the pDNA
complexes prepared at an N/P 5 demonstrated almost the same values as the
complexes at an N/P 2. The zeta potential of pDNA complexes increased slightly with
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an increase in N/P ratio. Also, the SL-mF3 showed positive zeta potentials. Based on
these sizes and zeta potentials as well as previous studies (14, 25), the most suitable
pDNA complexes for in-vitro transfection were determined to be those prepared at an
N/P 2, because of their smaller and less negative charge features of the complexes.
The complexes (N/P 2) of SL-mF3, SL-mCGKRK and SL-dCGKRK were 143, 261
and 274 nm in diameter and 13.8 ± 3.6, 11.1 ± 6.6 and -14.5 ± 6.5 mV in zeta
potential, respectively (Table 1).
The pDNA complexes of SL-mF3 prepared at an N/P 2 were cast on mica and
imaged by AFM (Figure 4). Based on these AFM observations, all of the complexes
prepared at an N/P 2 formed homogeneous globular complexes, and the pDNA
complexes of SL-mF3 at an N/P 2 demonstrated an average diameter and height of 95
± 46 nm and 6.5 ± 2.3 nm, respectively (n=20). The calibration of the cantilever tipconvolution effect was performed to obtain the true dimensions of the pDNA
complexes using the methods reported previously (23, 24). On the basis of the
volume of the pDNA complexes, the dimensions determined by zeta-nanosizer
(dynamic light scattering) were slightly larger than those by AFM, since the pDNA
complexes on mica were shrunk due to drying in air (24).
The cytotoxicity of the pDNA complexes with an N/P ratio of 2 for SL-mF3,
SL-mCGKRK and SL-dCGKRK was determined using the standard MTS assay with
MCF10A mammary breast epithelial cells, which represent healthy cells in the
present study. The pDNA complexes of SL-mF3, SL-mCGKRK and SL-dCGKRK
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showed 106 ± 17, 111 ± 3 and 105 ± 8% of cell viability, respectively, indicating that
the present silk-based systems have reasonably low cytotoxicity against nontumorigenic cells; suitable to be used in drug and gene deliveries.
In-vitro Transfection. In-vitro transfection experiments were performed with
MDA-MB-435, MDA-MB-231, and MCF10A cells in order to evaluate the effects of
the THPs, F3 and CGKRK, on target specificity of the silk-based gene delivery.
MDA-MB-435 cells had been considered to be breast cancer cells but were recently
reported to show melanoma-like properties (26). Nevertheless, F3 peptides are
reported to bind MDA-MB-435 and MDA-MB-231 via nucleolin or nucleolin-related
proteins, whereas CGKRK peptides may bind to MDA-MB-435 by recognizing
heparan sulfates in tumor vessels (15-18, 27). MDA-MB-231 human breast tumor
cells were used as a representative model for breast cancer cells. On the other hand,
MCF10A non-tumorigenic mammary breast epithelial cells were used as a negative
control to evaluate target specificity. To determine the most efficient N/P ratio of the
pDNA complexes, MDA-MB-435 cells were transfected via the SL-dCGKRK with
luciferase pDNA as a reporter gene. Figure 5A show the transfection efficiencies to
MDA-MB-435 cells for pDNA complexes of SL-dCGKRK with N/P ratios ranging
from 0.1 to 5 based on the luciferase assay (n=4). pDNA complexes prepared at an
N/P 2 demonstrated the highest transfection efficiency among the different N/P ratios,
followed by a steep decrease in efficacy, presumably due to excess recombinant silk
interacting with the cells and pDNA. The transfection efficiency of the pDNA
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complexes prepared at an N/P 5 was nearly identical to that at an N/P 2. Therefore,
the complexes at N/P 2, which contained less recombinant silk proteins, were used for
the transfection experiments. Figure 5B shows the transfection efficiencies to MDAMB-435, MDA-MB-231 and MCF10A cells for pDNA complexes of the recombinant
silk proteins (N/P 2), as well as for the transfection regent Lipofectamine 2000
(Invitrogen), as a positive control. The silk block copolymers containing only
silk6mer and poly(L-lysine) (30aa) sequences did not show useful transfection to
these cell lines (data not shown). The pDNA complexes of all three types of silk
polymers exhibited transfection to only MDA-MB-435 and MDA-MB-231 cells,
whereas they did not demonstrate useful transfection efficiency to MCF10A nontumorigenic mammary breast epithelial cells, indicating that the target specificity of
the present silk-based gene delivery systems was significantly improved by the
additions of THP into the silk and poly(L-lysine) sequences. This also suggests that
parts of THPs were present at the surface of the complexes with pDNA to specifically
interact with the tumorigenic cells.
In-vivo Transfection. In-vivo transfection experiments were also carried out
using SL-mF3 (N/P 2), which showed the highest transfection efficiency to MDAMB-231 tumor cells (Figure 5B). Bioluminescent images of live tumor-bearing mice
at 3 days, 1 week, and 4 weeks after injections of the pDNA complexes were captured
to evaluate the luciferase expression (Figure 6). Three days were insufficient for
expression of the pDNA in tumor cells in the mice (Figure 6a, d). Each tumor-bearing

283

mouse significantly expressed luciferase in the tumor at day 7, one week after the first
injection, whereas the mice without tumor cells did not show significant luciferase
expression (Figure 6b, e). The expression level slightly increased for 4 weeks, while
the control mice did not show significant expression (Figure 6c, f). More importantly,
no significant toxicity was observed with the mice. Based on these limited in-vivo
results, the pDNA complexes containing F3 THP have potential to treat tumors
specifically, but more importantly, without side effects associated with toxicity.
Clearly a more comprehensive study will be required to fully evaluate the potential of
these new systems.
In conclusion, the present study demonstrated that pDNA complexes of
recombinant silk proteins containing poly(L-lysine) and THP, which are globular and
approximately 150-250 nm in diameter, show significant enhancement of target
specificity to tumor cells by additions of F3 and CGKRK THPs. The low cytotoxicity
of the silk-based pDNA complexes is significant based on MTS assays, in-vitro and
in-vivo transfection experiments, which is an important advantage for biomedical
applications. The present study also suggests that the silk-based delivery systems
containing functional peptides, such as THP, can be tailor-made delivery systems by
virtue of those peptides as well as have shown potentials as a versatile and useful new
platform polymer for non-viral gene delivery.
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FIGURES

Figure 1. Amino acid sequences of the recombinant proteins with 30 lysines and
tumor-homing peptides (THP).

Bold: THP sequences. Underline: representative

6mer of spider silk sequence.
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Figure 2. Schematic of formation of the pDNA complexes of the recombinant silk
proteins, namely the silk-poly(L-lysine)-THP block copolymers.
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Figure 3. SDS-PAGE of the silk-poly(L-lysine)-THP block copolymers after the
purification with Ni-NTA chromatography and dialysis. Lane 1: SL-mCGKRK, lane
2: SL-dCGKRK, lane 3: SL-mF3, and M: molecular weight marker.
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Figure 4. AFM height images of the pDNA complexes with silk-poly(L-lysine)monomeric F3 (SL-mF3) casted on a mica substrate in air.
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Figure 5. In-vitro transfection results in loading pDNA complexes of the recombinant silk proteins.
(A) In-vitro transfection results of silk-poly(L-lysine)-dimeric CGKRK (SL-dCGKRK) with
different N/P ratios in MDA-MB-435 cells. (B) Transfection results of Silk-poly(L-lysine)monomeric CGKRK (SL-mCGKRK), silk-poly(L-lysine)-dimeric CGKRK (SL-dCGKRK) and silkpoly(L-lysine)-monomeric F3 (SL-mF3) prepared at N/P 2 in MDA-MB-435, MDA-MB-231, and
MCF10A cells. Lipofectamine 2000 was used as a positive control sample. Data are shown as means
± standard deviation (n=4). *Significant difference between two groups at p< 0.05. The transfection
results of SL-mCGKRK, SL-dCGKRK, and SL-mF3 in MCF10A are significantly different from in
MDA-MB-435 and MDA-MB-231 cells.
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Figure 6. In-vivo transfection results in loading pDNA complexes of SL-mF3
prepared at N/P 2 in MDA-MB-231 tumor cells in mice (a,b,c) and their control
experiments without tumor cells (d,e,f). Typical bioluminescent images of 3 days
(a,d), 1 week (b,e), and 4 weeks (c,f) luciferase expression in mice.
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Table 1. Sizes and zeta potentials of the pDNA complexes prepared in this study.
Sizes and PDI [nm]a

Zeta potential and deviation [mV]

SL-mF3

SL-mCGKRK

SL-dCGKRK

SL-mF3

SL-mCGKRK

SL-dCGKRK

N/P 0.1

631 (0.384)

826 (0.608)

218 (0.778)

8.17 (4.5)

-32.5 (5.9)

-21.2 (11)

N/P 1

331 (0.645)

323 (0.558)

239 (0.842)

11.0 (5.5)

-20.5 (5.9)

-12.5 (7.6)

N/P 2

143 (0.176)

261 (0.157)

274 (0.687)

13.8 (3.6)

-11.1 (6.6)

-14.5 (6.5)

N/P 5

167 (0.460)

244 (0.139)

258 (0.622)

14.6 (4.6)

-10.6 (4.4)

-10.5 (5.9)

170 (0.790)

363 (0.813)

204 (0.882)

10.9 (4.3)

-7.17 (4.4)

-9.76 (4.9)

Silk polymer
only without
pDNA
a

Determined by zeta-nanosizer.
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