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It is increasingly appreciated that physical forces play important roles in cancer biology,
in terms of progression, invasiveness, and drug resistance. Clinical progress in treating
hematological malignancy and in developing cancer immunotherapy highlights the role
of the hematopoietic system as a key model in devising new therapeutic strategies
against cancer. Understanding mechanobiology of the hematopoietic system in the
context of cancer will thus yield valuable fundamental insights that can information
about novel cancer therapeutics. In this perspective, biophysical insights related to
blood cancer are defined and detailed. The interactions with immune cells relevant to
immunotherapy against cancer are considered and expounded, followed by speculation
of potential regulatory roles of mesenchymal stromal cells (MSCs) in this complex
network. Finally, a perspective is presented as to how insights from these complex
interactions between matrices, blood cancer cells, immune cells, and MSCs can be
C 2018
leveraged to influence and engineer the treatment of blood cancers in the clinic. V
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NOMENCLATURE

ALL
AML
APC
BCR
BM
CLL
CML
CXCL12
CXCR4
DC
E
GvHD
GvT
HSC
LepR
LOX
LSC
MMP
a)

Acute lymphoid leukemia
Acute myeloid leukemia
Antigen presenting cell
B-cell receptor
Bone marrow
Chronic lymphocytic leukemia
Chronic myeloid leukemia
CXC-chemokine ligand 12
CXC-chemokine receptor type 4
Dendritic cell
Young’s modulus
Graft-versus-host disease
Graft-versus-tumor
Hematopoietic stem cell
Leptin receptor
Lysyl oxidase
Leukemia stem cell
Metalloproteinase
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MSC
NG2
PD-1
SDF-1
SIRPa
TCR
VCAM-1
VEGF
YAP1
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Mesenchymal stromal cell
Neuron-glial antigen 2
Programmed cell death protein-1
Stromal-derived factor-1
Signal regulatory protein a
T-cell receptor
Vascular cell adhesion molecule-1
Vascular endothelial growth factor
Yes-associated protein-1

I. INTRODUCTION

Significant progress has been made in the biology, diagnostics, and therapeutics of cancer
over several decades. More recent progress has unveiled a key insight: cancer needs to be
understood by considering its microenvironments since they contribute to initiation, metastatic
potential, and drug resistance.1 Various genomic and proteomic approaches have elucidated biochemical components, cellular types, and signaling pathways that regulate cancerous microenvironments, followed by extensive validation of individual genes using animal models. By combining these approaches in cancer biology with technologies in bioengineering—most notably,
biomaterial design and physical probing methods—it has been increasingly appreciated that biophysical cues play important roles in cancer. Most studies on biophysical regulation of cancer
have explored the contribution of solid mechanics, including stiffness (stress versus strain) of
the extracellular matrix and fluid mechanics, such as shear stress present in blood and lymphatic
flow. Additionally, some of the known genes in cancer, especially those that encode structural
proteins such as cytoskeletons, are now beginning to be reinterpreted in the context of biophysical regulation and cancer mechanobiology.
While previous work has mostly focused on biophysical regulation of cells in solid tumors,
it is important to note that substantial clinical progress has been made mostly with blood cancers, including chemotherapy and hematopoietic stem cell (HSC) transplantation. Recent clinical success in immunotherapy demonstrates that immune cells—blood cell lineages—can be targeted to treat both blood2 and solid cancers.3 Both blood cancer cells and immune cells
interface with the extracellular matrix and non-hematopoietic cells, especially stromal cells, in
microenvironments.1 Therefore, understanding how biophysical cues from the matrix regulate
blood cancer cells and immune cells both directly and indirectly via stromal cells can potentially serve as an important platform that may provide information about treatment strategies
for a broad range of cancer (Fig. 1). In this perspective, we will first summarize key knowledge
related to hematopoiesis, hematopoietic malignancies, leukemia stem cells (LSCs), and hematopoietic stem cell niches, followed by a description of how biophysical cues from the matrix
may impact the pathophysiology and pharmacology of blood cancer cells. We will then discuss
how understanding biophysical regulation of immune cells in cancer microenvironments may
provide novel insights for immunotherapy. We will speculate how physical forces may impact
blood cancer cells, blood cell turnover, and immunity in cancer by regulating stromal cell functions. Finally, we will discuss how insights into mechanobiology might be translated to the clinical setting for the treatment of cancer.
II. HEMATOPOIESIS, HEMATOPOIETIC MALIGNANCIES, AND LEUKEMIA STEM CELLS

The hematopoietic system has served as a model to understand how stem cells give rise to
different lineages and how this process is perturbed in malignancies. A combination of fluorescence activated cell sorting and functional assays such as the colony-forming unit assay and
transplantation has revealed a hierarchical system of blood cell lineages emanating from stem
cells (Fig. 2), which can be separated based on surface receptor expression. This map has been
extended to human cells through xenotransplantation in genetically engineered, immunocompromised mouse models.4 In general, HSCs can be distinguished from progenitors based on long-
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FIG. 1. Understanding biophysical regulation of different cellular components in blood cancers. The role of extracellular
matrix mechanics is highlighted. Green arrows highlight the functions that may benefit cancer treatment, while red arrows
indicate the functions that may promote cancer. Biophysical cues from the matrix are known to play important roles in
maintaining HSC functions and directing MSC differentiation. HSCs contribute the turnover of immune cells, while MSCs
are known to modulate immune cells. However, the dense matrix represents a barrier for immune cells to migrate through
and interact with cancer cells. Biophysical cues from the matrix are also known to regulate proliferation and chemoresistance of cancer cells. Additionally, blood cancer cells are known to originate from HSCs when they are mutated, while they
also become chemoresistant when they interact with MSCs.

term (4 months), multilineage engraftment after transplantation and successful engraftment
after serial transplantation into a new host. Progenitors can be detected based on their ability to
form colonies from individual cells. Overall, Hematopoietic lineages are classified into myeloid
and lymphoid. Myeloid lineages are further classified into two groups—(1) Erythroid lineages
that lose nuclei, eventually giving rise to red blood cells, and megakaryocyte lineages that produce platelets; (2) Lineages that retain nuclei, including monocytes, granulocytes, and dendritic
cells (DCs). Lymphoid lineages primarily include B-cells, T-cells, and natural killer (NK) cells.
While the accepted foundation of hematopoietic hierarchy holds, the lineage map is continuously revised to show novel subpopulations and lineage bias of some HSCs, such as those that
directly differentiate into the megakaryocyte lineage,5 reflecting a level of heterogeneity in
hematopoiesis.6
Hematopoietic malignancies are classified based on the organ where cancerous cells are
located (marrow and blood for leukemia and lymph nodes for lymphoma), the differentiation
status of abnormal cells (more primitive cells for acute and more mature cells for chronic), and
the affected lineages (myeloid and lymphoid). Chronic malignancies that affect myeloid lineages are broadly termed chronic myeloproliferative neoplasms (CMNs). CMNs are further classified into chronic myeloid leukemia (CML) that shows genetic translocation in chromosome 22
(“Philadelphia chromosome” with a BCR-ABL fusion gene) and the Philadelphia-chromosome
negative disorders, including essential thrombocythemia, polycythemia vera, and primary myelofibrosis.7 Acute myeloid leukemia (AML) is characterized by rapid proliferation of immature
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FIG. 2. Hierarchical organization of normal hematopoiesis and leukemic transformation. A conventional model of normal
hematopoiesis is shown on the left where different blood lineages are derived from hematopoietic stem cells (HSCs). HSCs
give rise to multipotent progenitors (MPPs), which lose self-renewal capability. MPPs differentiate into common myeloid
progenitors (CMPs) and common lymphoid progenitors (CLPs). CLPs produce lymphoid cells [T-cells, B-cells, and
Natural Killer (NK)-cells]. CMPs further differentiate into megakaryocyte-erythroid progenitors (MEPs) and granulocytemonocyte progenitors (GMPs). GMPs produce granulocytes (gran.) and monocytes (mono.), while MEPs generate megakaryocytes (MKs) and erythroid progenitors (EryPs). Fragmentation of mature MKs under shear stress makes platelets,
while nucleation of EryPs leads to red blood cells (RBCs). Terminally differentiated cells subsequently egress the marrow
and are distributed throughout different organs. A recent example is highlighted where a newly discovered subset of HSCs
is exclusively differentiated into the MK lineage (HSC-MK).5 Leukemia stem cells (LSCs) are derived from the oncogenic
transformation of HSCs. However, the transformation of progenitors can also turn them into LSCs depending on oncogenic
mutations that define leukemia subtypes. An example is shown where BCR-ABL transforms HSCs but not progenitors to
generate LSCs in CML.17

myeloblasts and is associated with a number of genetic mutations, most notably those of the
mixed lineage leukemia (MLL) gene.8 Chronic lymphocytic leukemia (CLL) occurs in B-cells
and is the most common leukemia subtype in adults.9 Multiple myeloma is a malignancy of terminally differentiated, plasma cells, which are a subset of the B-cell lineage.10 Acute lymphocytic leukemia (ALL) also develops mostly from the B-cell lineage, but 25% of cases develop
from the T-cell lineage.11 Lymphomas can be classified into two forms. Hodgkin’s lymphoma
accounts for 10% of all lymphomas and is diagnosed based on the presence of giant multinucleated cells called Reed-Sternberg cells.12 In contrast, non-Hodgkin’s lymphoma shows a diverse
spectrum of subtypes depending on morphology, genetics, and surface marker phenotyping.13
Hematopoietic malignancies are now understood in the context of the hematopoietic hierarchy, especially for leukemias (Fig. 2). Efforts over the past two decades have established the
concept of leukemia stem cells (LSCs) in which leukemias originate from a minority of malignant cells that possess stem cell-like functions, including long-term repopulation and selfrenewal.14 Existence of human LSCs was first shown by transplanting purified marrow cells
from AML patients into immunocompromised mice and demonstrating that only the primitive
HSC (CD34þCD38) population can cause AML in mice.15 Interestingly, subsequent studies
show that the overexpression of AML-causing MLL mutants can transform not only primitive
HSCs but also myeloid progenitors that lack self-renewal capability.16 In contrast, the overexpression of CML-causing BCR-ABL modifies HSCs that possess inherent self-renewal capacity,
but it does not modify progenitor cells.17 While transplant of purified HSCs but not progenitors
recapitulates CLL in xenograft mice,18 different subpopulations have been shown to possess the
leukemia-initiating property in ALL.19 In sum, these findings highlight that LSCs primarily
originate from HSCs, but some LSCs can also be derived from more differentiated progenitors
depending on the leukemia subtype.
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III. BONE MARROW MICROENVIRONMENTS: BIOMECHANICAL PERSPECTIVE

The bone marrow (BM) is the primary organ that maintains HSCs and supports hematopoiesis in adults. It is important to highlight that the BM consists of an incredible diversity of biomechanical cues (Fig. 3). In general, the inner marrow is softer (E ¼ 0.2–25 kPa)20,21 than the osteoid
matrix (E ¼ 40–100 kPa) deposited by osteoblasts lining the inner bone surface.22 Detailed analyses of the BM in situ by atomic force microscopy (AFM) at the microscale confirm that the marrow is generally soft (E ¼ 0.1 kPa), while the regions closer to the inner bone surface show different stiffness values ranging from E ¼ 2–100 kPa.23 It is also important to consider fluid mechanics
in the BM. Blood flows into the BM through periosteal arteries lining the periosteum and penetrates through the endosteum to form interior arterioles. Sinusoidal circulation begins with transition vessels stemming from arteriolar circulation to the sinusoids, an extensive venous network
distributed throughout the marrow. Thus, transition vessels and sinusoids represent the circulatory
regions where blood flow transitions from the high to low flow rate and shear stress. Sinusoidal
circulation consolidates into the central sinus, which eventually connects to systemic venous circulation. While the overall marrow viscosity has been reported to be 100 mPa s, the central
marrow regions are more viscous than other regions because of fluid transport and exchange
through large central vessels.21,24 Together, these studies indicate that the outer regions of the
BM may act more like elastic solids, while the central regions act more like viscoelastic solids.
In vivo studies have revealed cellular components in the BM that are required to maintain
HSC functions.25,26 Recent studies show that most HSCs are primarily localized in the vascular
niche near sinusoids and the central sinus, while some can be identified near arterioles.27 By
using conditional depletion of cells in situ, it was shown that leptin receptor positive (LepR)þ
mesenchymal stromal cells (MSCs) localized on sinusoids,28 and neuron-glial antigen 2 positive
(NG2)þ MSCs localized on arterioles29 are required for the maintenance of HSCs in the BM.
Since HSCs are abundant near sinusoids, LepRþ MSCs likely support self-renewing active
HSCs, while NG2þ MSCs likely support slowly cycling, dormant HSCs.30 Like conventional
MSCs, LepRþ MSCs are capable of differentiating into osteogenic and adipogenic lineages.31

FIG. 3. A schematic of the bone marrow microenvironment with key stromal cell components and biomechanical characteristics. Tissue becomes softer and fluids more viscous when moving inward radially from the surface of the periosteum. Periosteal
arteries lining the surface of the periosteum impose high flow rates and shear stresses that decrease as blood moves through transition vessels followed by sinusoids and eventually the central sinus, leading to systemic venous circulation. In marrow, the osteoid and vascular niches promote different cellular phenotypes based on their mechanical attributes. Hematopoietic stem cells
(HSCs) are primarily located near sinusoidal vasculature. Mesenchymal stromal cells (MSCs) positive for leptin receptor
(LepRþ) are located at sinusoids and promote active self-renewal of active HSCs (aHSCs), while MSCs positive for neuron-glial
antigen 2 (Ng2þ) near arterioles support HSC dormancy (dHSCs). HSCs differentiate into hematopoietic lineages, which eventually exit the marrow through the central sinus. MSCs can differentiate into adipocytes (Adipo), which limit HSC proliferation,
and osteoblasts (OB), which help to maintain HSCs. Diseased and/or fibrotic regions of marrow, such as in primary myelofibrosis, show increased bone formation and enhanced deposition of collagen and infiltration of malignant cells (inset).
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Previous imaging and functional studies show that osteolineages likely maintain HSCs indirectly and play more direct roles in regulating progenitors.27 In contrast, adipocytes are known
to limit the number of HSCs in vivo.32 These results highlight the importance of cellular components from MSC lineages in regulating HSC functions.
Emerging studies show the contribution of biomechanical cues in regulating the number of
functional HSCs. In embryonic hematopoiesis, HSCs originate from endothelial cells that experience shear stress. Interestingly, fluid shear increases the number of embryonic HSCs33 by activating prostaglandin E2.34 Whether this insight applies to adult hematopoiesis remains unclear.
While the direct contribution of matrix proteins secreted by specific cell types in HSC maintenance remains to be observed in vivo, high levels of fibrillar collagen and fibronectin are localized at the endosteal surface, whereas basement membrane proteins are localized near the vasculature.35 Recent studies show that soft (E ¼ 0.3 kPa) substrates maintain HSCs when they are
functionalized with tropoelastin or fibronectin,36,37 while stiff (E ¼ 40 kPa) fibronectin functionalized substrates increase the proliferation of multipotent progenitors.38 Taken together,
these findings suggest biomechanical influences in the regulation of hematopoiesis.
IV. BIOPHYSICAL INTERACTIONS BETWEEN MALIGNANT BLOOD CELLS AND THE
EXTRACELLULAR MATRIX

How solid mechanical cues from the extracellular matrix impact the biology of hematopoietic malignancies is now being studied by coupling biomaterial strategies with molecular biology. With a number of subtypes documented based on genetic mutations, hematopoietic malignancies can potentially serve as an important system to understand complex relationships
between cancer genotypes and their sensitivity to biophysical cues.
Malignant blood cells express several molecular components required to sense biophysical
cues presented by the matrix. On the cell membrane, some integrin receptors, most notably
a439 and b3,40 are known to be required for leukemia cell growth and drug resistance. While
hematopoietic lineages in general show less obvious focal adhesion kinase clustering compared
to non-hematopoietic cells upon adhesion, it is upregulated in some AML cells and is associated with higher cell motility and drug resistance.41 The A isoform of Myosin-II, which is a
principal motor protein in more differentiated hematopoietic cells,37 has been shown to be
required for leukemia cell engraftment by regulating transmigration.42 Small GTPases regulate
cytoskeletal rearrangements and are also known to play important roles in leukemia. In CML
harboring a BCR-ABL mutation, Rac becomes highly active in HSCs.43 Cdc42 is shown to regulate asymmetric division of AML cells and to be required for leukemia progression.44
Mutations in RhoA are shown to be common in adult T-cell leukemia/lymphoma and contribute
to its pathogenesis.45 In addition, nuclear components of mechanotransduction regulate leukemia. For instance, while different leukemia cell lines express various levels of intermediate filaments lamin A and C,46 their levels are generally low in granulocyte, monocyte, and lymphoid
lineages relative to lamin B.47 Recent evidence suggests that lamin B1 expression correlates
with overall survival in CLL as it is required to limit somatic hypermutations in B cells.48 Yesassociated protein-1, a mechanosensitive transcription factor,49 is known to initiate apoptosis in
leukemia cells harboring DNA damage.50 Transcriptional coactivator megakaryoblastic leukemia 1 binds to serum response factor, another well-known mechanosensitive transcription factor,51 and activates target genes that may contribute to leukemogenesis.52 It remains unclear
though how these components participate in the mechanosensing of blood cancer cells.
Solid tumors are often diagnosed by physical palpation, and some studies show that stiff
substrates facilitate the malignant phenotype, especially by promoting integrin clustering and
focal adhesion leading to enhanced cancer cell invasiveness.53–55 Since a number of components relevant to mechanotransduction appear to be upregulated in blood cancer cells, this could
lead to a speculation that stiff substrates also facilitate malignancy of blood cancers. However,
generalizing the concept in mechanosensing of solid tumors to blood cancers is confounded by
a number of factors. First, some studies show that rigidification of tumor environments generally occurs at the periphery, while the core region of tumors actually becomes softer.56 Other
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previous studies demonstrate that a soft fibrin hydrogel actually increases the tumorigenic
potential of cancer cells, including those from ALL, compared to a stiffer counterpart.57,58 How
stiffness heterogeneity in tumor microenvironments is relevant to hematological malignancy
remains unknown and will need to be tested directly. Second, the intrinsic mechanosensing
machinery may be wired differently for hematopoietic cells in comparison to other cell types.
For instance, hematopoietic cells generally have larger nuclear to cytoplasmic volume ratios
than non-hematopoietic cells, which can potentially impact the distribution of mechanosensitive
factors in response to biophysical cues. In addition, lamin-A/C expression—which scales with
tissue stiffness59—is generally low in differentiated myeloid and lymphoid cells,47 and this
might influence their ability to relay external biophysical cues to the nuclei. Third, many
disease-causing mutations have been reported in blood cancers,60 and some of them can potentially interact with the mechanosensing machinery.
Mutations in HSCs are sufficient to cause blood cancer in some healthy recipients, but the
disease outcome is also determined by the microenvironments of the recipients.61 It will be thus
important to elucidate how biophysical cues of the physiological BM may initially regulate genetically transformed malignant blood cancer cells. A recent study demonstrates that some AML
cells, including those harboring a MLL-AF9 mutation, show a biphasic growth pattern as a function of matrix stiffness due to an autocrine inhibitory mechanism.62 The biphasic growth as a
function of matrix stiffness has also been observed in some lymphoma cells.63 Interestingly, this
kind of growth pattern is reminescent of early normal hematopoiesis where dormant HSCs rarely
proliferate, while active self-renewing HSCs are found near the softer perivascular niche, and differentiated blood cells no longer undergo active proliferation as they exit the marrow into the
blood.64 Whether this observation is applicable to malignant hematopoiesis as a function of
matrix stiffness remains to be investigated.
Effects of matrix stiffness on drug resistance of cancer cells are becoming increasingly
understood. While some chemotherapeutic drugs were originally designed to block rapid proliferation of cancer cells, increasing evidence suggests that drug sensitivity may not be a
function of cell proliferation in a number of cancers.65 This was demonstrated earlier in the
context of some solid tumors where cells proliferate faster on stiffer substrates but also show
increased drug resistance.66,67 In myeloid leukemia cells, there was also no general correlation between the cell proliferation rate and drug potency as a function of matrix stiffness.62
Whether matrix stiffness regulates chemosensitivity appears to depend on molecular targets of
drugs and mutations that define leukemia subtypes. For instance, BCR-ABL and MLL-AF9
leukemia cells in softer matrices (E  0.1 kPa) show increased resistance to a number of
drugs compared to stiffer (E ¼ 0.3–3 kPa) matrices, including the drugs imatinib and cytarabine, which are used in the clinic.62 However, the same study shows that regardless of matrix
mechanics, drugs against the protein kinase B pathway suppress proliferation of MLL-AF9
cells, while those against the rapidly accelerated fibrosarcoma pathway suppress that of BCRABL cells. Interestingly, these oncogenes play an active role in decoupling drug sensitivity
from matrix stiffness within specific signaling pathways. Therefore, generalizing the principle
of cancer “mechanopharmacology” requires a systematic understanding of how mutations
affect mechanosensing in cancer cells, which can be facilitated by incorporating hydrogels
with tunable mechanics into a high-throughput drug screening system.
As disease progresses, some chronic blood cancer patients show profound physical changes
in the marrow (Fig. 3). In particular, patients with primary myelofibrosis, a type of myeloproliferative neoplasm, are known to exhibit extensive deposition of collagen fibrils. While the stiffness of the fibrotic BM has not been formally measured, previous work on other organ systems
shows that fibrosis increases the stiffness of normal tissues about an order of magnitude.68 At
the later stages of BM fibrosis, some areas of BM turn into bone tissue. These overt changes in
the BM microenvironment likely limit blood formation in marrow as indicated by patchy hematopoiesis, and more blood cells are produced in other organs, such as the spleen.69 Lysyl oxidase (LOX) is known to stabilize collagen fibrils by covalent crosslinking70 and contributes to
solid tumor progression by matrix stiffening.53 Interestingly, megakaryocytes derived from primary myelofibrosis patients show upregulated LOX expression, thereby facilitating collagen
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crosslinking.71 While direct effects of matrix mechanics on the progression of primary myelofibrosis remain unknown, biomaterial strategies, such as minimal matrix models of scars68 and
interpenetrating polymer networks,54 can potentially be used to recapitulate key matrix compositions of the pathological marrow and to vary substrate stiffness independently.
V. BIOPHYSICAL REGULATION OF IMMUNE CELLS WITH IMPLICATIONS IN CANCER
IMMUNOTHERAPY

Engineered chimeric antigen receptor-T cells are now clinically used to treat some leukemias, including ALL, which were previously incurable by chemotherapy or bone marrow transplantation alone.2 Inhibitors against immune checkpoint proteins re-activate dormant immune
cells so that they can physically interact with cancer cells to kill them.3 Cell-based immunotherapies require engineered immune cells to physically infiltrate microenvironments and reach
tumor cells after injection. Additionally, checkpoint inhibitors must maintain or restore physical
forces required for immune cells to form immunological synapses with antigen presenting cells
(APCs) or tumor cells. Both adoptive cell and checkpoint inhibitor immunotherapies need to
overcome resident immune cells that may be primed to promote tumor progression.
In general, immune cells possess the ability to physically deform and squeeze through
small pores in the matrix or cellular junctions, primarily because low expression of lamin-A
makes their nuclei more compliant.47 Increased stromal stiffening likely disrupts junctional
integrity of endothelial cells,72 and this can potentially facilitate the extravasation of molecules
and cells.72,73 However, tumor microenvironments increase interstitial pressure during growth,
and it is known that therapeutic nanoparticles or even antibodies do not readily enter tumors
unless collagen production in the stroma is reduced.74 Immune cells can migrate through pores
as small as 3 lm in diameter without requiring matrix degradation by metalloproteinases
(MMPs).75 Although immune cells are significantly deformable, their nuclear envelope may
rupture during deformation; consequently, the envelope must be repaired immediately to ensure
cell survival.76 Therefore, it is likely that adoptively transferred immune cells require matrix
remodeling to initially enter tumors from circulation. T-cells that are adherent to vascular cell
adhesion molecule 1 (VCAM-1) are shown to upregulate MMP-2 (gelatinase) and MMP-14
(membrane form) via a4 integrin, which may form molecular complexes during transmigration
to degrade the endothelial basement membrane.77 Whether changes in tumor stiffness influence
T-cells to degrade matrices remains unclear, but a recent study shows that other cell types such
as fibroblasts downregulate MMPs on stiff matrices.78 Therefore, physical barriers to enter
microenvironments of primary myelofibrosis or solid tumors can potentially impair sufficient
infiltration of engineered T-cells. Incorporating explicit strategies to improve the entry of engineered immune cells into tumors will likely facilitate clinical translation of cell-based immunotherapy against chronic blood cancers and solid tumors.
For adaptive immune cells, it is clear that mechanical force plays an active role in regulating cell-cell interactions at immunological synapses.79 External force is known to directly activate the T-cell receptor (TCR)80 and the B-cell receptor (BCR).81 A study with dual micropipette aspiration and a biomembrane force probe shows that force promotes catch-bond
formation between the TCR and the peptide major histocompatibility complex (pMHC) on
APCs in order for T-cells to discriminate between high-affinity and low-affinity antigens.82
Actin cytoskeleton assembly and myosin-II-mediated contractility are known to be crucial for
mechanosensing and mechanotransduction at immunological synapses.81,83 Interestingly, previous studies show that increasing substrate stiffness enhances the activation of T-cells84,85 and
B-cells.86,87 These studies raise the possibility that immune cells in soft tissues, such as the
softer core region of tumors, may be activated too weakly to initiate immune responses against
cancer cells.
The role of biophysical cues in regulating innate immune cells is beginning to be elucidated, especially for macrophages. Tumor microenvironments can potentially commandeer macrophage functions either by inhibiting phagocytosis or by polarizing them into a protective or
“M2-like” phenotype. Although matrix stiffening increases cortical tension within macrophages,
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which initially enhances phagocytosis,88 the concurrent engagement of signal regulatory protein
a (SIRPa) in macrophages to CD47 in target cells can deactivate myosin-II activity, thereby
eventually inhibiting phagocytosis.89 Furthermore, a recent study shows that matrix stiffness
increases cell surface expression of SIRPa in macrophages and that marrow-derived macrophages with SIRPa inhibition can effectively clear human tumor xenografts.90 Tumorassociated macrophages not only are less phagocytic but also secrete soluble factors that can
suppress lymphocyte functions.91 Interestingly, forced elongation of macrophages by micropatterning leads to M2 polarization in vitro.92 Therefore, macrophages can potentially evolve into
an M2-like phenotype during migration where they must squeeze through the dense matrix in
the tumor stroma. After upregulation of SIRPa, lamin-A, and M2 markers as a result of mechanotransduction in the stiff matrix,90 macrophages may become less motile and start contributing
to cancer-promoting phenotypes.

VI. BIOPHYSICAL REGULATION OF STROMAL CELLS TO CONTROL FUNCTIONS OF
NEIGHBORING CELLS

Extensive work shows that stromal cells interface with malignant hematopoietic cells to
influence drug resistance of malignant hematopoietic cells93 and with normal hematopoietic
cells to regulate hematopoiesis25 and immunity.94 While mechanosensing of stromal cells has
been studied extensively in the context of their differentiation and migration,95,96 its significance in the context of regulating functions of normal and malignant hematopoietic cells
remains largely unknown. However, emerging evidence suggests that physical forces regulate
the ability of stromal cells to influence their neighboring cells by controlling tissue architecture,
remodeling matrices, and secreting paracrine factors.
Lymph nodes become swollen during immune response to accommodate the migration of
dendritic cells (DCs) so that they can present antigens to T-cells for activation. Interestingly, a
recent study shows that DCs inhibit contractile forces in stroma-derived fibroblastic reticular
cells by binding to podoplanin.97 This process facilitates the expansion of lymph nodes, liberating T-cells to facilitate their interaction with DCs. This finding highlights an important role of
the contractile forces generated by stromal cells in organizing the architecture of lymph nodes
and subsequently in controlling the adaptive immune response.
Stromal cells can also impact neighboring cells by generating contractile forces to remodel
matrices. On stiff substrates, MSCs increase traction force during cell spreading and secretion
of matrix proteins through myosin-II.59,98 The deposition of the extracellular matrix by stromal
cells has been proposed as a key mechanism that promotes chemoresistance of AML cells.39 A
recent study shows that priming tumor tissues with Fasudil, an inhibitor of Rho-associated protein kinase (ROCK) used in the clinic, impairs the ability of stromal cells to remodel matrices,
decreases cancer cell invasion, and increases sensitivity to conventional chemotherapy.99
Coincidentally, an earlier study shows that reversine, a myosin-II inhibitor,100 is effective
against multiple myeloma cells in the presence but not in the absence of stromal cells.101 The
studies collectively suggest that contractile forces generated by stromal cells can maintain chemoresistance in cancer by matrix remodeling.
Stromal cells can also regulate neighboring cells in a paracrine manner. A recent study
shows that vessel wall shear stress promotes induction of cyclooxygenase-2 in MSCs to suppress activated immune cells.102 Effects of matrix mechanics on the secretion of vascular endothelial growth factor (VEGF) from stromal cells have been previously demonstrated.103–105 This
insight is potentially relevant to understanding the regulation of hematopoiesis as VEGF regulates HSC survival.106 In addition, stromal cells can deform matrices by generating contractile
forces and release transforming growth factor-b1 (TGF-b1) deposited in the matrix;107 interestingly, TGF-b1 is known to facilitate quiescence of HSCs.108 The results thus suggest that
matrix stiffness regulates the ability of MSCs to secrete paracrine factors that have been previously implicated in maintaining HSCs.
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VII. SCIENTIFIC FUTURE DIRECTIONS: THE ROLE OF MATRIX MECHANICS IN
INTERCELLULAR FORCES

The role of matrix mechanics in regulating intercellular forces was previously studied with
epithelial cells109 and endothelial cells72,73 but remains generally unknown in the context of
hematopoiesis, immunity, and hematopoietic malignancies. A framework can be envisioned to
evaluate intercellular forces as a function of matrix stiffness (Fig. 4). The cortical membrane
tension of a cell adhering to the matrix is initially increased as matrix stiffness increases.98 A
cell with higher cortical tension shows larger binding force between surface receptors and their
ligands as shown in T-cells.82 As the matrix stiffens further, however, some cytoskeletal proteins can become polarized towards the side where the cell interacts with the matrix, as demonstrated in MSCs110 and HSCs.37 Subsequently, cortical tension is decreased on the side of the
cell that interacts with another cell. These observations raise a possibility that intercellular
forces show a biphasic pattern as a function of matrix stiffness, depending on whether cells can
polarize contractile forces. This notion is supported by an observation that increasing stiffness
beyond E ¼ 100 kPa starts to decrease T-cell activation.84 This framework may help to provide
information about an optimal substrate stiffness that can maximize the interaction force between
MSCs and HSCs via specific ligand-receptor pairs, such as stem cell factor and CD117, to facilitate the expansion of cord blood cells for HSC transplantation. Since a subset of MSCs
(Interleukin-7þVCAM-1þ) in the BM maintains memory CD4þ T-cells,111 it will also be interesting to determine an optimal matrix stiffness where the maintenance of functional memory Tcells is maximized. Importantly, this framework can be experimentally confirmed by combining
dual micropipette aspiration analysis and biomaterial strategies to fabricate microscale substrates that can interact with cells at the single cell level, while intercellular forces can be measured simultaneously.
VIII. TRANSLATIONAL FUTURE DIRECTIONS: MECHANOTHERAPEUTICS OF
HEMATOLOGICAL MALIGNANCIES

Stromal cells are promising novel targets for blood cancer treatment112 since they can
potentially be modulated to control multiple cell types involved in cancer progression in an
integrated manner. Granulocyte-colony stimulating factor has already been used in the clinic to
mobilize HSCs from the BM into blood circulation by decreasing stromal-derived factor-1
(SDF-1)113 so that HSCs can be readily collected for transplantation. Blocking CXC-chemokine
receptor type 4 (CXCR4), which binds to SDF-1, is known to dislodge leukemia stem cells
(LSCs) from the BM stroma, which then become susceptible to chemotherapy.114,115 Since
receptor blocking can potentially influence both malignant and normal cells, novel insights
behind how they competitively interact with stromal cells, especially from a biophysical perspective, will be informative to devise strategies to eliminate malignant cells but to maintain
normal blood cells. In addition, the ability to deliver healthy stromal cells and to subsequently
control their biophysical interactions with blood cells in vivo can facilitate clinical translation
of biophysical perturbation strategies into the treatment of cancer.
Previous studies show that LSCs may be able to hijack the BM niche to decrease the
engraftment of normal HSCs.116 While some molecular components such as CXCR4 have been
implicated in this process, whether LSCs physically compete with HSCs for stromal cell influence remains unknown. While a number of cancer cell types are known to be softer than their
normal counterparts,117 other cancer cells, especially those that show metastatic and invasive
phenotypes, have been recently shown to be stiffer.118–120 It is important to note that as leukemia cells are exposed to chemotherapy treatment, they become more rigid by nearly 100fold.121 Therefore, it can be hypothesized that chemotherapy-conditioned, rigid LSCs can polarize cortical tension on stromal cells, which can then inhibit the interaction between HSCs and
stromal cells. Although blocking cell surface interactions may inhibit cell-cell adhesion and liberate both LSCs and HSCs from the BM niche, inhibiting cellular contractility is known to normalize cortical tension in cells that experience different mechanical loads while maintaining
cell adhesion.98,122 Therefore, it will be interesting to test whether inhibitors against cellular
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FIG. 4. Effects of matrix stiffness on intercellular forces. The cell (green) adhering to the soft matrix may experience
low cortical tension and hence interact weakly with the other cell (orange). As the matrix stiffness increases, cortical tension increases, thereby promoting cell-cell interaction. The sensitivity of this process is described by the parameter EA,
the matrix stiffness in which the cell-cell interaction force is half-maximal (a). When matrix stiffness increases beyond
the maximal point (EM), total cortical tension in the cell adhering the matrix may become saturated (b). However, cortical tension may become polarized towards the side where the cell adheres to the matrix. This process can competitively
decrease cortical tension on the other side and decrease the cell-cell interaction force to a certain level with the halfmaximal stiffness, ED (c). This leads to a biphasic relationship between cell-cell and cell-matrix interaction forces. This
model may be generalizable where EA, EM, and ED depend on interacting cell types and the matrix. This model can
potentially serve as a basic unit to quantitatively understand more complex interactions that involve multiple cells and
matrix components.

contractility can facilitate elimination of LSCs upon chemotherapy while keeping HSCs in the
BM niche [Fig. 5(a)].
The ability to encapsulate donor cells in engineered hydrogels at the single cell level has
great potential in facilitating the use of biophysical cues for cancer therapy because it is possible to precisely tune the local substrate mechanics presented to individual donor cells and to
control how fast the donor cells escape from the encapsulating materials to integrate with the
host.123 For example, in leukemia patients, graft-versus-host disease (GvHD) is a major complication of allogenic hematopoietic transplantation as a result of donor T-cells recognizing foreign cells and subsequently attacking host tissue.113 However, donor T-cells are required to
maximize the survival of patients because they can contribute to the elimination of residual
cancer cells by graft-versus-tumor (GvT) effects.124 MSCs have been tested clinically to minimize GvHD after hematopoietic transplantation since they can suppress donor T-cell activation.125 However, since bone deposition remains persistent in some chronic blood cancers, such
as primary myelofibrosis after transplantation,126 there is a risk for donor MSCs to undergo
osteogenesis because of the potential mechanoactivation by the stiff interface, which can impair
their immunomodulatory functions.94 Delivering microgels with encapsulated MSCs to the BM
via intrabone injection has potential to enable the donor cells to communicate with the host
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FIG. 5. Hypothesized therapeutic strategies against blood cancers by leveraging insights into mechanobiology. (a) The
binding of LSCs to MSCs leads to chemoresistance. If the interaction force between LSCs and MSCs is strong, this can
polarize cortical tension on MSCs, leading to a weaker interaction between MSCs and HSCs, and hence impaired normal
hematopoiesis. Normalizing cortical tension by myosin-II inhibitors may help to equalize LSC-MSC and HSC-MSC binding forces, which can potentially render LSCs chemosensitive, while maintaining HSCs. (b) After allogeneic hematopoietic
transplantation in patients with primary myelofibrosis, donor MSCs (yellow) can be delivered via intrabone transplantation
after encapsulation in Arg-Gly-Asp (RGD)-modified alginate microgels (red, 3 lm thickness) using droplet microfluidics.
Donor MSCs in microgels can be initially shielded from the pathological host marrow with bone deposition to prevent
mechanoactivation, while secreting soluble factors to suppress GvHD. GvT may also be preserved depending on biophysical and biochemical cues from the microgels. Once the host matrix is remodeled by MMPs from donor MSCs, they can be
programmed to egress from the microgels and integrate with the host to maintain donor HSCs.

initially through paracrine secretions to alleviate GvHD while remaining physically isolated
from the pathological niche [Fig. 5(b)]. These microgels may be programmed to present a combination of specific biophysical or biochemical cues to encapsulated donor MSCs so that GvT
effects may be preserved. Donor MSCs can also remodel the host matrix by secreting
MMPs,127 which may help to reduce bone deposition in myelofibrosis. After matrix remodeling,
MSCs can egress from the microgels and integrate with the BM so that they can contribute to
the long-term maintenance of transplanted HSCs.
IX. CONCLUSIONS

The hematopoietic system has served as an important clinical model to understand how
tumor microenvironments regulate malignancy and to provide information about cancer therapy.
Leveraging this system to understand cancer mechanobiology allows investigators to gain more
comprehensive understanding of how biophysical cues regulate the interplay of malignant cells,
hematopoietic cells, and stromal cells in cancer pathology and therapy. A wealth of information
for disease causing mutations, signaling pathways, and tumor heterogeneity in the fields of

031802-13

Wong, Lenzini, and Shin

APL Bioeng. 2, 031802 (2018)

hematology and oncology provides invaluable opportunities for understanding how these factors
influence or are influenced by biophysical factors. Novel approaches such as using small molecule inhibitors targeting mechanosensing pathways and biomaterial strategies to modulate biophysical cues in vivo will facilitate the translation of the insights in cancer mechanobiology to
the clinic.
ACKNOWLEDGMENTS

This work was supported by National Institutes of Health Grants No. R00HL125884 (to J.W.S.) and No. T32HL07829 (to S. L.). This work was also funded by the Chicago Biomedical
Consortium with support from the Searle Funds at The Chicago Community Trust.
1

D. F. Quail and J. A. Joyce, “Microenvironmental regulation of tumor progression and metastasis,” Nat. Med. 19,
1423–1437 (2013).
D. L. Porter, B. L. Levine, M. Kalos, A. Bagg, and C. H. June, “Chimeric antigen receptor-modified T cells in chronic
lymphoid leukemia,” N. Engl. J. Med. 365, 725–733 (2011).
3
D. M. Pardoll, “The blockade of immune checkpoints in cancer immunotherapy,” Nat. Rev. Cancer 12, 252–264 (2012).
4
S. Doulatov, F. Notta, E. Laurenti, and J. E. Dick, “Hematopoiesis: A human perspective,” Cell Stem Cell 10, 120–136
(2012).
5
A. Sanjuan-Pla, I. C. Macaulay, C. T. Jensen, P. S. Woll, T. C. Luis, A. Mead, S. Moore, C. Carella, S. Matsuoka, T.
Bouriez Jones, O. Chowdhury, L. Stenson, M. Lutteropp, J. C. Green, R. Facchini, H. Boukarabila, A. Grover, A.
Gambardella, S. Thongjuea, J. Carrelha, P. Tarrant, D. Atkinson, S. A. Clark, C. Nerlov, and S. E. Jacobsen, “Plateletbiased stem cells reside at the apex of the haematopoietic stem-cell hierarchy,” Nature 502, 232–236 (2013).
6
T. Schroeder, “Hematopoietic stem cell heterogeneity: Subtypes, not unpredictable behavior,” Cell Stem Cell 6,
203–207 (2010).
7
H. Frederiksen, D. K. Farkas, C. F. Christiansen, H. C. Hasselbalch, and H. T. Sorensen, “Chronic myeloproliferative
neoplasms and subsequent cancer risk: A Danish population-based cohort study,” Blood 118, 6515–6520 (2011).
8
A. G. Muntean and J. L. Hess, “The pathogenesis of mixed-lineage leukemia,” Annu. Rev. Pathol. 7, 283–301 (2012).
9
E. Ten Hacken, R. Guieze, and C. J. Wu, “SnapShot: Chronic lymphocytic leukemia,” Cancer Cell 32, 716.e1 (2017).
10
S. K. Kumar, V. Rajkumar, R. A. Kyle, M. van Duin, P. Sonneveld, M. V. Mateos, F. Gay, and K. C. Anderson,
“Multiple myeloma,” Nat. Rev. Dis. Primers 3, 17046 (2017).
11
T. Terwilliger and M. Abdul-Hay, “Acute lymphoblastic leukemia: A comprehensive review and 2017 update,” Blood
Cancer J. 7, e577 (2017).
12
S. Shanbhag and R. F. Ambinder, “Hodgkin lymphoma: A review and update on recent progress,” CA Cancer J. Clin.
68, 116–132 (2018).
13
J. O. Armitage, R. D. Gascoyne, M. A. Lunning, and F. Cavalli, “Non-Hodgkin lymphoma,” Lancet 390, 298–310
(2017).
14
N. Misaghian, G. Ligresti, L. S. Steelman, F. E. Bertrand, J. Basecke, M. Libra, F. Nicoletti, F. Stivala, M. Milella, A.
Tafuri, M. Cervello, A. M. Martelli, and J. A. McCubrey, “Targeting the leukemic stem cell: The Holy Grail of leukemia
therapy,” Leukemia 23, 25–42 (2009).
15
T. Lapidot, C. Sirard, J. Vormoor, B. Murdoch, T. Hoang, J. Caceres-Cortes, M. Minden, B. Paterson, M. A. Caligiuri,
and J. E. Dick, “A cell initiating human acute myeloid leukaemia after transplantation into SCID mice,” Nature. 367,
645–648 (1994).
16
A. Cozzio, E. Passegue, P. M. Ayton, H. Karsunky, M. L. Cleary, and I. L. Weissman, “Similar MLL-associated leukemias arising from self-renewing stem cells and short-lived myeloid progenitors,” Genes Dev. 17, 3029–3035 (2003).
17
B. J. Huntly, H. Shigematsu, K. Deguchi, B. H. Lee, S. Mizuno, N. Duclos, R. Rowan, S. Amaral, D. Curley, I. R.
Williams, K. Akashi, and D. G. Gilliland, “MOZ-TIF2, but not BCR-ABL, confers properties of leukemic stem cells to
committed murine hematopoietic progenitors,” Cancer Cell 6, 587–596 (2004).
18
Y. Kikushige, F. Ishikawa, T. Miyamoto, T. Shima, S. Urata, G. Yoshimoto, Y. Mori, T. Iino, T. Yamauchi, T. Eto, H.
Niiro, H. Iwasaki, K. Takenaka, and K. Akashi, “Self-renewing hematopoietic stem cell is the primary target in pathogenesis of human chronic lymphocytic leukemia,” Cancer Cell 20, 246–259 (2011).
19
K. M. Bernt and S. A. Armstrong, “Leukemia stem cells and human acute lymphoblastic leukemia,” Semin. Hematol.
46, 33–38 (2009).
20
L. E. Jansen, N. P. Birch, J. D. Schiffman, A. J. Crosby, and S. R. Peyton, “Mechanics of intact bone marrow,” J. Mech.
Behav. Biomed. Mater. 50, 299–307 (2015).
21
Z. Zhong and O. Akkus, “Effects of age and shear rate on the rheological properties of human yellow bone marrow,”
Biorheology 48, 89–97 (2011).
22
A. Buxboim, I. L. Ivanovska, and D. E. Discher, “Matrix elasticity, cytoskeletal forces and physics of the nucleus: How
deeply do cells ‘feel’ outside and in?,” J. Cell Sci. 123, 297–308 (2010).
23
I. L. Ivanovska, J. Swift, K. Spinler, D. Dingal, S. Cho, and D. E. Discher, “Cross-linked matrix rigidity and soluble retinoids synergize in nuclear lamina regulation of stem cell differentiation,” Mol. Biol. Cell 28, 2010–2022
(2017).
24
J. D. Bryant, “On the mechanical function of marrow in long bones,” Eng. Med. 17, 55–58 (1988).
25
G. M. Crane, E. Jeffery, and S. J. Morrison, “Adult haematopoietic stem cell niches,” Nat. Rev. Immunol. 17, 573–590
(2017).
26
D. T. Scadden, “Nice neighborhood: Emerging concepts of the stem cell niche,” Cell 157, 41–50 (2014).
27
S. J. Morrison and D. T. Scadden, “The bone marrow niche for haematopoietic stem cells,” Nature 505, 327–334 (2014).
2

031802-14
28

Wong, Lenzini, and Shin

APL Bioeng. 2, 031802 (2018)

L. Ding, T. L. Saunders, G. Enikolopov, and S. J. Morrison, “Endothelial and perivascular cells maintain haematopoietic
stem cells,” Nature 481, 457–462 (2012).
29
Y. Kunisaki, I. Bruns, C. Scheiermann, J. Ahmed, S. Pinho, D. Zhang, T. Mizoguchi, Q. Wei, D. Lucas, K. Ito, J. C.
Mar, A. Bergman, and P. S. Frenette, “Arteriolar niches maintain haematopoietic stem cell quiescence,” Nature 502,
637–643 (2013).
30
P. E. Boulais and P. S. Frenette, “Making sense of hematopoietic stem cell niches,” Blood 125, 2621–2629 (2015).
31
R. Yue, B. O. Zhou, I. S. Shimada, Z. Zhao, and S. J. Morrison, “Leptin receptor promotes adipogenesis and
reduces osteogenesis by regulating mesenchymal stromal cells in adult bone marrow,” Cell Stem Cell 18, 782–796
(2016).
32
O. Naveiras, V. Nardi, P. L. Wenzel, P. V. Hauschka, F. Fahey, and G. Q. Daley, “Bone-marrow adipocytes as negative
regulators of the haematopoietic microenvironment,” Nature 460, 259–263 (2009).
33
L. Adamo, O. Naveiras, P. L. Wenzel, S. McKinney-Freeman, P. J. Mack, J. Gracia-Sancho, A. Suchy-Dicey, M.
Yoshimoto, M. W. Lensch, M. C. Yoder, G. Garcia-Cardena, and G. Q. Daley, “Biomechanical forces promote embryonic haematopoiesis,” Nature 459, 1131–1135 (2009).
34
M. F. Diaz, N. Li, H. J. Lee, L. Adamo, S. M. Evans, H. E. Willey, N. Arora, Y. S. Torisawa, D. A. Vickers, S. A.
Morris, O. Naveiras, S. K. Murthy, D. E. Ingber, G. Q. Daley, G. Garcia-Cardena, and P. L. Wenzel, “Biomechanical
forces promote blood development through prostaglandin E2 and the cAMP-PKA signaling axis,” J. Exp. Med. 212,
665–680 (2015).
35
S. K. Nilsson, M. E. Debatis, M. S. Dooner, J. A. Madri, P. J. Quesenberry, and P. S. Becker, “Immunofluorescence
characterization of key extracellular matrix proteins in murine bone marrow in situ,” J. Histochem. Cytochem. 46,
371–377 (1998).
36
J. Holst, S. Watson, M. S. Lord, S. S. Eamegdool, D. V. Bax, L. B. Nivison-Smith, A. Kondyurin, L. Ma, A. F.
Oberhauser, A. S. Weiss, and J. E. Rasko, “Substrate elasticity provides mechanical signals for the expansion of hemopoietic stem and progenitor cells,” Nat. Biotechnol. 28, 1123–1128 (2010).
37
J. W. Shin, A. Buxboim, K. R. Spinler, J. Swift, D. A. Christian, C. A. Hunter, C. Leon, C. Gachet, P. C. Dingal, I. L.
Ivanovska, F. Rehfeldt, J. A. Chasis, and D. E. Discher, “Contractile forces sustain and polarize hematopoiesis from
stem and progenitor cells,” Cell Stem Cell 14, 81–93 (2014).
38
J. S. Choi and B. A. Harley, “Marrow-inspired matrix cues rapidly affect early fate decisions of hematopoietic stem and
progenitor cells,” Sci. Adv. 3, e1600455 (2017).
39
T. Matsunaga, N. Takemoto, T. Sato, R. Takimoto, I. Tanaka, A. Fujimi, T. Akiyama, H. Kuroda, Y. Kawano, M.
Kobune, J. Kato, Y. Hirayama, S. Sakamaki, K. Kohda, K. Miyake, and Y. Niitsu, “Interaction between leukemic-cell
VLA-4 and stromal fibronectin is a decisive factor for minimal residual disease of acute myelogenous leukemia,” Nat.
Med. 9, 1158–1165 (2003).
40
P. G. Miller, F. Al-Shahrour, K. A. Hartwell, L. P. Chu, M. Jaras, R. V. Puram, A. Puissant, K. P. Callahan, J. Ashton,
M. E. McConkey, L. P. Poveromo, G. S. Cowley, M. G. Kharas, M. Labelle, S. Shterental, J. Fujisaki, L. Silberstein, G.
Alexe, M. A. Al-Hajj, C. A. Shelton, S. A. Armstrong, D. E. Root, D. T. Scadden, R. O. Hynes, S. Mukherjee, K.
Stegmaier, C. T. Jordan, and B. L. Ebert, “In Vivo RNAi screening identifies a leukemia-specific dependence on integrin
beta 3 signaling,” Cancer Cell 24, 45–58 (2013).
41
C. Recher, L. Ysebaert, O. Beyne-Rauzy, V. Mansat-De Mas, J. B. Ruidavets, P. Cariven, C. Demur, B. Payrastre, G.
Laurent, and C. Racaud-Sultan, “Expression of focal adhesion kinase in acute myeloid leukemia is associated with
enhanced blast migration, increased cellularity, and poor prognosis,” Cancer Res. 64, 3191–3197 (2004).
42
E. J. Wigton, S. B. Thompson, R. A. Long, and J. Jacobelli, “Myosin-IIA regulates leukemia engraftment and brain infiltration in a mouse model of acute lymphoblastic leukemia,” J. Leukocyte Biol. 100, 143–153 (2016).
43
E. K. Thomas, J. A. Cancelas, H. D. Chae, A. D. Cox, P. J. Keller, D. Perrotti, P. Neviani, B. J. Druker, K. D. Setchell,
Y. Zheng, C. E. Harris, and D. A. Williams, “Rac guanosine triphosphatases represent integrating molecular therapeutic
targets for BCR-ABL-induced myeloproliferative disease,” Cancer Cell 12, 467–478 (2007).
44
B. Mizukawa, E. O’Brien, D. C. Moreira, M. Wunderlich, C. L. Hochstetler, X. Duan, W. Liu, E. Orr, H. L. Grimes, J.
C. Mulloy, and Y. Zheng, “The cell polarity determinant CDC42 controls division symmetry to block leukemia cell differentiation,” Blood 130, 1336–1346 (2017).
45
Y. Nagata, K. Kontani, T. Enami, K. Kataoka, R. Ishii, Y. Totoki, T. R. Kataoka, M. Hirata, K. Aoki, K. Nakano, A.
Kitanaka, M. Sakata-Yanagimoto, S. Egami, Y. Shiraishi, K. Chiba, H. Tanaka, Y. Shiozawa, T. Yoshizato, H. Suzuki,
A. Kon, K. Yoshida, Y. Sato, A. Sato-Otsubo, M. Sanada, W. Munakata, H. Nakamura, N. Hama, S. Miyano, O. Nureki,
T. Shibata, H. Haga, K. Shimoda, T. Katada, S. Chiba, T. Watanabe, and S. Ogawa, “Variegated RHOA mutations in
adult T-cell leukemia/lymphoma,” Blood 127, 596–604 (2016).
46
S. H. Kaufmann, “Expression of nuclear envelope lamins A and C in human myeloid leukemias,” Cancer Res. 52,
2847–2853 (1992).
47
J. W. Shin, K. R. Spinler, J. Swift, J. A. Chasis, N. Mohandas, and D. E. Discher, “Lamins regulate cell trafficking
and lineage maturation of adult human hematopoietic cells,” Proc. Natl. Acad. Sci. U. S. A. 110, 18892–18897
(2013).
48
T. Klymenko, J. Bloehdorn, J. Bahlo, S. Robrecht, G. Akylzhanova, K. Cox, S. Estenfelder, J. Wang, J. Edelmann, J. C.
Strefford, T. K. Wojdacz, K. Fischer, M. Hallek, S. Stilgenbauer, M. Cragg, J. Gribben, and A. Braun, “Lamin B1 regulates somatic mutations and progression of B-cell malignancies,” Leukemia 32, 364–375 (2017).
49
S. Dupont, L. Morsut, M. Aragona, E. Enzo, S. Giulitti, M. Cordenonsi, F. Zanconato, J. Le Digabel, M. Forcato,
S. Bicciato, N. Elvassore, and S. Piccolo, “Role of YAP/TAZ in mechanotransduction,” Nature 474, 179–183
(2011).
50
F. Cottini, T. Hideshima, C. Xu, M. Sattler, M. Dori, L. Agnelli, E. ten Hacken, M. T. Bertilaccio, E. Antonini, A. Neri,
M. Ponzoni, M. Marcatti, P. G. Richardson, R. Carrasco, A. C. Kimmelman, K. K. Wong, F. Caligaris-Cappio, G.
Blandino, W. M. Kuehl, K. C. Anderson, and G. Tonon, “Rescue of Hippo coactivator YAP1 triggers DNA damageinduced apoptosis in hematological cancers,” Nat. Med. 20, 599–606 (2014).
51
F. Miralles, G. Posern, A. I. Zaromytidou, and R. Treisman, “Actin dynamics control SRF activity by regulation of its
coactivator MAL,” Cell 113, 329–342 (2003).

031802-15
52

Wong, Lenzini, and Shin

APL Bioeng. 2, 031802 (2018)

B. Cen, A. Selvaraj, R. C. Burgess, J. K. Hitzler, Z. Ma, S. W. Morris, and R. Prywes, “Megakaryoblastic leukemia 1, a
potent transcriptional coactivator for serum response factor (SRF), is required for serum induction of SRF target genes,”
Mol. Cell Biol. 23, 6597–6608 (2003).
53
K. R. Levental, H. Yu, L. Kass, J. N. Lakins, M. Egeblad, J. T. Erler, S. F. Fong, K. Csiszar, A. Giaccia, W. Weninger,
M. Yamauchi, D. L. Gasser, and V. M. Weaver, “Matrix crosslinking forces tumor progression by enhancing integrin
signaling,” Cell 139, 891–906 (2009).
54
O. Chaudhuri, S. T. Koshy, C. Branco da Cunha, J. W. Shin, C. S. Verbeke, K. H. Allison, and D. J. Mooney,
“Extracellular matrix stiffness and composition jointly regulate the induction of malignant phenotypes in mammary epithelium,” Nat. Mater. 13, 970–978 (2014).
55
M. J. Paszek, N. Zahir, K. R. Johnson, J. N. Lakins, G. I. Rozenberg, A. Gefen, C. A. Reinhart-King, S. S. Margulies, M.
Dembo, D. Boettiger, D. A. Hammer, and V. M. Weaver, “Tensional homeostasis and the malignant phenotype,” Cancer
Cell. 8, 241–254 (2005).
56
M. Plodinec, M. Loparic, C. A. Monnier, E. C. Obermann, R. Zanetti-Dallenbach, P. Oertle, J. T. Hyotyla, U. Aebi, M.
Bentires-Alj, R. Y. Lim, and C. A. Schoenenberger, “The nanomechanical signature of breast cancer,” Nat.
Nanotechnol. 7, 757–765 (2012).
57
J. Liu, Y. Tan, H. Zhang, Y. Zhang, P. Xu, J. Chen, Y. C. Poh, K. Tang, N. Wang, and B. Huang, “Soft fibrin gels promote selection and growth of tumorigenic cells,” Nat. Mater. 11, 734–741 (2012).
58
Y. Tan, A. Tajik, J. Chen, Q. Jia, F. Chowdhury, L. Wang, J. Chen, S. Zhang, Y. Hong, H. Yi, D. C. Wu, Y. Zhang, F.
Wei, Y. C. Poh, J. Seong, R. Singh, L. J. Lin, S. Doganay, Y. Li, H. Jia, T. Ha, Y. Wang, B. Huang, and N. Wang,
“Matrix softness regulates plasticity of tumour-repopulating cells via H3K9 demethylation and Sox2 expression,” Nat.
Commun. 5, 4619 (2014).
59
J. Swift, I. L. Ivanovska, A. Buxboim, T. Harada, P. C. Dingal, J. Pinter, J. D. Pajerowski, K. R. Spinler, J. W. Shin, M.
Tewari, F. Rehfeldt, D. W. Speicher, and D. E. Discher, “Nuclear lamin-A scales with tissue stiffness and enhances
matrix-directed differentiation,” Science 341, 1240104 (2013).
60
E. Papaemmanuil, M. Gerstung, L. Bullinger, V. I. Gaidzik, P. Paschka, N. D. Roberts, N. E. Potter, M. Heuser, F. Thol,
N. Bolli, G. Gundem, P. Van Loo, I. Martincorena, P. Ganly, L. Mudie, S. McLaren, S. O’Meara, K. Raine, D. R. Jones,
J. W. Teague, A. P. Butler, M. F. Greaves, A. Ganser, K. Dohner, R. F. Schlenk, H. Dohner, and P. J. Campbell,
“Genomic classification and prognosis in acute myeloid leukemia,” N. Engl. J. Med. 374, 2209–2221 (2016).
61
J. Wei, M. Wunderlich, C. Fox, S. Alvarez, J. C. Cigudosa, J. S. Wilhelm, Y. Zheng, J. A. Cancelas, Y. Gu, M. Jansen,
J. F. Dimartino, and J. C. Mulloy, “Microenvironment determines lineage fate in a human model of MLL-AF9
leukemia,” Cancer Cell 13, 483–495 (2008).
62
J. W. Shin and D. J. Mooney, “Extracellular matrix stiffness causes systematic variations in proliferation and chemosensitivity in myeloid leukemias,” Proc. Natl. Acad. Sci. U. S. A. 113, 12126–12131 (2016).
63
F. N. U. Apoorva, Y. F. Tian, T. M. Pierpont, D. M. Bassen, L. Cerchietti, J. T. Butcher, R. S. Weiss, and A. Singh,
“Award winner in the young investigator category, 2017 Society for Biomaterials Annual Meeting and Exposition,
Minneapolis, MN, April 05-08, 2017: Lymph node stiffness-mimicking hydrogels regulate human B-cell lymphoma
growth and cell surface receptor expression in a molecular subtype-specific manner,” J Biomed Mater Res A. 105,
1833–1844 (2017).
64
A. Trumpp, M. Essers, and A. Wilson, “Awakening dormant haematopoietic stem cells,” Nat. Rev. Immunol. 10,
201–209 (2010).
65
T. J. Mitchison, “The proliferation rate paradox in antimitotic chemotherapy,” Mol. Biol. Cell 23, 1–6 (2012).
66
T. V. Nguyen, M. Sleiman, T. Moriarty, W. G. Herrick, and S. R. Peyton, “Sorafenib resistance and JNK signaling in
carcinoma during extracellular matrix stiffening,” Biomaterials 35, 5749–5759 (2014).
67
J. Schrader, T. T. Gordon-Walker, R. L. Aucott, M. van Deemter, A. Quaas, S. Walsh, D. Benten, S. J. Forbes, R. G.
Wells, and J. P. Iredale, “Matrix stiffness modulates proliferation, chemotherapeutic response, and dormancy in hepatocellular carcinoma cells,” Hepatology 53, 1192–1205 (2011).
68
P. C. Dingal, A. M. Bradshaw, S. Cho, M. Raab, A. Buxboim, J. Swift, and D. E. Discher, “Fractal heterogeneity in minimal matrix models of scars modulates stiff-niche stem-cell responses via nuclear exit of a mechanorepressor,” Nat.
Mater. 14, 951–960 (2015).
69
C. Tripodo, S. Sangaletti, P. P. Piccaluga, S. Prakash, G. Franco, I. Borrello, A. Orazi, M. P. Colombo, and S. A. Pileri,
“The bone marrow stroma in hematological neoplasms–a guilty bystander,” Nat. Rev. Clin. Oncol. 8, 456–466 (2011).
70
H. A. Lucero and H. M. Kagan, “Lysyl oxidase: An oxidative enzyme and effector of cell function,” Cell. Mol. Life Sci.
63, 2304–2316 (2006).
71
V. Abbonante, V. Chitalia, V. Rosti, O. Leiva, S. Matsuura, A. Balduini, and K. Ravid, “Upregulation of lysyl oxidase and
adhesion to collagen of human megakaryocytes and platelets in primary myelofibrosis,” Blood 130, 829–831 (2017).
72
J. Huynh, N. Nishimura, K. Rana, J. M. Peloquin, J. P. Califano, C. R. Montague, M. R. King, C. B. Schaffer, and C. A.
Reinhart-King, “Age-related intimal stiffening enhances endothelial permeability and leukocyte transmigration,” Sci.
Transl. Med. 3, 112ra22 (2011).
73
K. M. Stroka and H. Aranda-Espinoza, “Endothelial cell substrate stiffness influences neutrophil transmigration via
myosin light chain kinase-dependent cell contraction,” Blood 118, 1632–1640 (2011).
74
B. Diop-Frimpong, V. P. Chauhan, S. Krane, Y. Boucher, and R. K. Jain, “Losartan inhibits collagen I synthesis and
improves the distribution and efficacy of nanotherapeutics in tumors,” Proc. Natl. Acad. Sci. U. S. A. 108, 2909–2914
(2011).
75
K. Wolf, M. Te Lindert, M. Krause, S. Alexander, J. Te Riet, A. L. Willis, R. M. Hoffman, C. G. Figdor, S. J. Weiss,
and P. Friedl, “Physical limits of cell migration: Control by ECM space and nuclear deformation and tuning by proteolysis and traction force,” J. Cell Biol. 201, 1069–1084 (2013).
76
M. Raab, M. Gentili, H. de Belly, H. R. Thiam, P. Vargas, A. J. Jimenez, F. Lautenschlaeger, R. Voituriez, A. M.
Lennon-Dumenil, N. Manel, and M. Piel, “ESCRT III repairs nuclear envelope ruptures during cell migration to limit
DNA damage and cell death,” Science 352, 359–362 (2016).
77
J. A. Madri and D. Graesser, “Cell migration in the immune system: The evolving inter-related roles of adhesion molecules and proteinases,” Dev. Immunol. 7, 103–116 (2000).

031802-16
78

Wong, Lenzini, and Shin

APL Bioeng. 2, 031802 (2018)

Z. Gu, F. Liu, E. A. Tonkova, S. Y. Lee, D. J. Tschumperlin, and M. B. Brenner, “Soft matrix is a natural stimulator for
cellular invasiveness,” Mol. Biol. Cell 25, 457–469 (2014).
M. Huse, “Mechanical forces in the immune system,” Nat. Rev. Immunol. 17, 679–690 (2017).
80
S. T. Kim, K. Takeuchi, Z. Y. Sun, M. Touma, C. E. Castro, A. Fahmy, M. J. Lang, G. Wagner, and E. L. Reinherz,
“The alphabeta T cell receptor is an anisotropic mechanosensor,” J. Biol. Chem. 284, 31028–31037 (2009).
81
E. Natkanski, W. Y. Lee, B. Mistry, A. Casal, J. E. Molloy, and P. Tolar, “B cells use mechanical energy to discriminate
antigen affinities,” Science 340, 1587–1590 (2013).
82
B. Liu, W. Chen, B. D. Evavold, and C. Zhu, “Accumulation of dynamic catch bonds between TCR and agonist peptideMHC triggers T cell signaling,” Cell 157, 357–368 (2014).
83
R. Varma, G. Campi, T. Yokosuka, T. Saito, and M. L. Dustin, “T cell receptor-proximal signals are sustained in peripheral microclusters and terminated in the central supramolecular activation cluster,” Immunity 25, 117–127 (2006).
84
R. S. O’Connor, X. Hao, K. Shen, K. Bashour, T. Akimova, W. W. Hancock, L. C. Kam, and M. C. Milone, “Substrate
rigidity regulates human T cell activation and proliferation,” J. Immunol. 189, 1330–1339 (2012).
85
M. Saitakis, S. Dogniaux, C. Goudot, N. Bufi, S. Asnacios, M. Maurin, C. Randriamampita, A. Asnacios, and C. Hivroz,
“Different TCR-induced T lymphocyte responses are potentiated by stiffness with variable sensitivity,” eLife 6, e23190
(2017).
86
Z. Wan, S. Zhang, Y. Fan, K. Liu, F. Du, A. M. Davey, H. Zhang, W. Han, C. Xiong, and W. Liu, “B cell activation is
regulated by the stiffness properties of the substrate presenting the antigens,” J. Immunol. 190, 4661–4675 (2013).
87
S. Shaheen, Z. Wan, Z. Li, A. Chau, X. Li, S. Zhang, Y. Liu, J. Yi, Y. Zeng, J. Wang, X. Chen, L. Xu, W. Chen, F.
Wang, Y. Lu, W. Zheng, Y. Shi, X. Sun, Z. Li, C. Xiong, and W. Liu, “Substrate stiffness governs the initiation of B
cell activation by the concerted signaling of PKCb and focal adhesion kinase,” eLife 6, e23060 (2017).
88
N. R. Patel, M. Bole, C. Chen, C. C. Hardin, A. T. Kho, J. Mih, L. Deng, J. Butler, D. Tschumperlin, J. J. Fredberg, R.
Krishnan, and H. Koziel, “Cell elasticity determines macrophage function,” PLoS One 7, e41024 (2012).
89
R. K. Tsai and D. E. Discher, “Inhibition of ‘self’ engulfment through deactivation of myosin-II at the phagocytic synapse between human cells,” J. Cell Biol. 180, 989–1003 (2008).
90
C. M. Alvey, K. R. Spinler, J. Irianto, C. R. Pfeifer, B. Hayes, Y. Xia, S. Cho, P. Dingal, J. Hsu, L. Smith, M. Tewari,
and D. E. Discher, “SIRPA-inhibited, marrow-derived macrophages engorge, accumulate, and differentiate in antibodytargeted regression of solid tumors,” Curr. Biol. 27, 2065–2077.e6 (2017).
91
R. Noy and J. W. Pollard, “Tumor-associated macrophages: From mechanisms to therapy,” Immunity 41, 49–61 (2014).
92
F. Y. McWhorter, T. Wang, P. Nguyen, T. Chung, and W. F. Liu, “Modulation of macrophage phenotype by cell shape,”
Proc. Natl. Acad. Sci. U. S. A. 110, 17253–17258 (2013).
93
D. W. McMillin, J. M. Negri, and C. S. Mitsiades, “The role of tumour-stromal interactions in modifying drug response:
Challenges and opportunities,” Nat. Rev. Drug Discovery 12, 217–228 (2013).
94
A. J. Nauta and W. E. Fibbe, “Immunomodulatory properties of mesenchymal stromal cells,” Blood 110, 3499–3506
(2007).
95
K. H. Vining and D. J. Mooney, “Mechanical forces direct stem cell behaviour in development and regeneration,” Nat.
Rev. Mol. Cell Biol. 18, 728–742 (2017).
96
D. E. Discher, L. Smith, S. Cho, M. Colasurdo, A. J. Garcia, and S. Safran, “Matrix mechanosensing: From scaling
concepts in ’omics data to mechanisms in the nucleus, regeneration, and cancer,” Annu. Rev. Biophys. 46, 295–315
(2017).
97
J. L. Astarita, V. Cremasco, J. Fu, M. C. Darnell, J. R. Peck, J. M. Nieves-Bonilla, K. Song, Y. Kondo, M. C. Woodruff,
A. Gogineni, L. Onder, B. Ludewig, R. M. Weimer, M. C. Carroll, D. J. Mooney, L. Xia, and S. J. Turley, “The CLEC2-podoplanin axis controls the contractility of fibroblastic reticular cells and lymph node microarchitecture,” Nat.
Immunol. 16, 75–84 (2015).
98
A. J. Engler, S. Sen, H. L. Sweeney, and D. E. Discher, “Matrix elasticity directs stem cell lineage specification,” Cell
126, 677–689 (2006).
99
C. Vennin, V. T. Chin, S. C. Warren, M. C. Lucas, D. Herrmann, A. Magenau, P. Melenec, S. N. Walters, G. Del
Monte-Nieto, J. R. Conway, M. Nobis, A. H. Allam, R. A. McCloy, N. Currey, M. Pinese, A. Boulghourjian, A.
Zaratzian, A. A. Adam, C. Heu, A. M. Nagrial, A. Chou, A. Steinmann, A. Drury, D. Froio, M. Giry-Laterriere, N. L.
Harris, T. Phan, R. Jain, W. Weninger, E. J. McGhee, R. Whan, A. L. Johns, J. S. Samra, L. Chantrill, A. J. Gill, M.
Kohonen-Corish, R. P. Harvey, A. V. Biankin, Australian Pancreatic Cancer Genome Initiative, T. R. Evans, K. I.
Anderson, S. T. Grey, C. J. Ormandy, D. Gallego-Ortega, Y. Wang, M. S. Samuel, O. J. Sansom, A. Burgess, T. R. Cox,
J. P. Morton, M. Pajic, and P. Timpson, “Transient tissue priming via ROCK inhibition uncouples pancreatic cancer progression, sensitivity to chemotherapy, and metastasis,” Sci. Transl. Med. 9, eaai8504 (2017).
100
S. Chen, S. Takanashi, Q. Zhang, W. Xiong, S. Zhu, E. C. Peters, S. Ding, and P. G. Schultz, “Reversine increases the
plasticity of lineage-committed mammalian cells,” Proc. Natl. Acad. Sci. U. S. A. 104, 10482–10487 (2007).
101
D. W. McMillin, J. Delmore, E. Weisberg, J. M. Negri, D. C. Geer, S. Klippel, N. Mitsiades, R. L. Schlossman, N. C.
Munshi, A. L. Kung, J. D. Griffin, P. G. Richardson, K. C. Anderson, and C. S. Mitsiades, “Tumor cell-specific bioluminescence platform to identify stroma-induced changes to anticancer drug activity,” Nat. Med. 16, 483–489 (2010).
102
M. F. Diaz, A. B. Vaidya, S. M. Evans, H. J. Lee, B. M. Aertker, A. J. Alexander, K. M. Price, J. A. Ozuna, G. P. Liao,
K. R. Aroom, H. Xue, L. Gu, R. Omichi, S. Bedi, S. D. Olson, C. S. Cox, Jr., and P. L. Wenzel, “Biomechanical forces
promote immune regulatory function of bone marrow mesenchymal stromal cells,” Stem Cells 35, 1259–1272 (2017).
103
K. Wang, R. C. Andresen Eguiluz, F. Wu, B. R. Seo, C. Fischbach, and D. Gourdon, “Stiffening and unfolding of early
deposited-fibronectin increase proangiogenic factor secretion by breast cancer-associated stromal cells,” Biomaterials
54, 63–71 (2015).
104
A. A. Abdeen, J. B. Weiss, J. Lee, and K. A. Kilian, “Matrix composition and mechanics direct proangiogenic signaling
from mesenchymal stem cells,” Tissue. Eng., Part A 20, 2737–2745 (2014).
105
S. Jose, M. L. Hughbanks, B. Y. Binder, G. C. Ingavle, and J. K. Leach, “Enhanced trophic factor secretion by mesenchymal stem/stromal cells with Glycine-Histidine-Lysine (GHK)-modified alginate hydrogels,” Acta Biomater. 10,
1955–1964 (2014).
79

031802-17
106

Wong, Lenzini, and Shin

APL Bioeng. 2, 031802 (2018)

H. P. Gerber, A. K. Malik, G. P. Solar, D. Sherman, X. H. Liang, G. Meng, K. Hong, J. C. Marsters, and N. Ferrara, “VEGF
regulates haematopoietic stem cell survival by an internal autocrine loop mechanism,” Nature 417, 954–958 (2002).
P. J. Wipff, D. B. Rifkin, J. J. Meister, and B. Hinz, “Myofibroblast contraction activates latent TGF-beta1 from the
extracellular matrix,” J. Cell Biol. 179, 1311–1323 (2007).
108
S. Yamazaki, A. Iwama, S. Takayanagi, K. Eto, H. Ema, and H. Nakauchi, “TGF-beta as a candidate bone marrow niche
signal to induce hematopoietic stem cell hibernation,” Blood 113, 1250–1256 (2009).
109
V. Maruthamuthu, B. Sabass, U. S. Schwarz, and M. L. Gardel, “Cell-ECM traction force modulates endogenous tension
at cell-cell contacts,” Proc. Natl. Acad. Sci. U. S. A. 108, 4708–4713 (2011).
110
M. Raab, J. Swift, P. C. Dingal, P. Shah, J. W. Shin, and D. E. Discher, “Crawling from soft to stiff matrix polarizes the
cytoskeleton and phosphoregulates myosin-II heavy chain,” J. Cell Biol. 199, 669–683 (2012).
111
K. Tokoyoda, S. Zehentmeier, A. N. Hegazy, I. Albrecht, J. R. Grun, M. Lohning, and A. Radbruch, “Professional memory CD4þ T lymphocytes preferentially reside and rest in the bone marrow,” Immunity 30, 721–730 (2009).
112
J. P. Levesque, I. G. Winkler, and J. E. Rasko, “Nichotherapy for stem cells: There goes the neighborhood,” Bioessays
35, 183–190 (2013).
113
I. Petit, M. Szyper-Kravitz, A. Nagler, M. Lahav, A. Peled, L. Habler, T. Ponomaryov, R. S. Taichman, F. ArenzanaSeisdedos, N. Fujii, J. Sandbank, D. Zipori, and T. Lapidot, “G-CSF induces stem cell mobilization by decreasing bone
marrow SDF-1 and up-regulating CXCR4,” Nat. Immunol. 3, 687–694 (2002).
114
B. Nervi, P. Ramirez, M. P. Rettig, G. L. Uy, M. S. Holt, J. K. Ritchey, J. L. Prior, D. Piwnica-Worms, G. Bridger, T. J.
Ley, and J. F. DiPersio, “Chemosensitization of acute myeloid leukemia (AML) following mobilization by the CXCR4
antagonist AMD3100,” Blood 113, 6206–6214 (2009).
115
Z. Zeng, Y. X. Shi, I. J. Samudio, R. Y. Wang, X. Ling, O. Frolova, M. Levis, J. B. Rubin, R. R. Negrin, E. H. Estey, S.
Konoplev, M. Andreeff, and M. Konopleva, “Targeting the leukemia microenvironment by CXCR4 inhibition overcomes resistance to kinase inhibitors and chemotherapy in AML,” Blood 113, 6215–6224 (2009).
116
A. Colmone, M. Amorim, A. L. Pontier, S. Wang, E. Jablonski, and D. A. Sipkins, “Leukemic cells create bone marrow
niches that disrupt the behavior of normal hematopoietic progenitor cells,” Science 322, 1861–1865 (2008).
117
H. H. Lin, H. K. Lin, I. H. Lin, Y. W. Chiou, H. W. Chen, C. Y. Liu, H. I. Harn, W. T. Chiu, Y. K. Wang, M. R. Shen,
and M. J. Tang, “Mechanical phenotype of cancer cells: Cell softening and loss of stiffness sensing,” Oncotarget 6,
20946–20958 (2015).
118
A. V. Nguyen, K. D. Nyberg, M. B. Scott, A. M. Welsh, A. H. Nguyen, N. Wu, S. V. Hohlbauch, N. A. Geisse, E. A.
Gibb, A. G. Robertson, T. R. Donahue, and A. C. Rowat, “Stiffness of pancreatic cancer cells is associated with
increased invasive potential,” Integr. Biol. 8, 1232–1245 (2016).
119
G. Weder, M. C. Hendriks-Balk, R. Smajda, D. Rimoldi, M. Liley, H. Heinzelmann, A. Meister, and A. Mariotti,
“Increased plasticity of the stiffness of melanoma cells correlates with their acquisition of metastatic properties,”
Nanomedicine 10, 141–148 (2014).
120
T. H. Kim, N. K. Gill, K. D. Nyberg, A. V. Nguyen, S. V. Hohlbauch, N. A. Geisse, C. J. Nowell, E. K. Sloan, and A. C.
Rowat, “Cancer cells become less deformable and more invasive with activation of beta-adrenergic signaling,” J. Cell
Sci. 129, 4563–4575 (2016).
121
W. A. Lam, M. J. Rosenbluth, and D. A. Fletcher, “Chemotherapy exposure increases leukemia cell stiffness,” Blood
109, 3505–3508 (2007).
122
J. W. Shin, J. Swift, K. R. Spinler, and D. E. Discher, “Myosin-II inhibition and soft 2D matrix maximize multinucleation and cellular projections typical of platelet-producing megakaryocytes,” Proc. Natl. Acad. Sci. U. S. A. 108,
11458–11463 (2011).
123
A. S. Mao, J. W. Shin, S. Utech, H. Wang, O. Uzun, W. Li, M. Cooper, Y. Hu, L. Zhang, D. A. Weitz, and D. J.
Mooney, “Deterministic encapsulation of single cells in thin tunable microgels for niche modelling and therapeutic
delivery,” Nat. Mater. 16, 236–243 (2017).
124
M. M. Horowitz, R. P. Gale, P. M. Sondel, J. M. Goldman, J. Kersey, H. J. Kolb, A. A. Rimm, O. Ringden, C. Rozman,
B. Speck et al., “Graft-versus-leukemia reactions after bone marrow transplantation,” Blood 75, 555–562 (1990).
125
K. Le Blanc, F. Frassoni, L. Ball, F. Locatelli, H. Roelofs, I. Lewis, E. Lanino, B. Sundberg, M. E. Bernardo, M.
Remberger, G. Dini, R. M. Egeler, A. Bacigalupo, W. Fibbe, and O. Ringden, “Developmental Committee of the
European Group for B, Marrow T. Mesenchymal stem cells for treatment of steroid-resistant, severe, acute graft-versushost disease: A phase II study,” Lancet 371, 1579–1586 (2008).
126
N. Kroger, T. Zabelina, H. Alchalby, T. Stubig, C. Wolschke, F. Ayuk, N. von Hunerbein, H. M. Kvasnicka, J. Thiele,
H. H. Kreipe, and G. Busche, “Dynamic of bone marrow fibrosis regression predicts survival after allogeneic stem cell
transplantation for myelofibrosis,” Biol. Blood Marrow Transplant. 20, 812–815 (2014).
127
C. Ries, V. Egea, M. Karow, H. Kolb, M. Jochum, and P. Neth, “MMP-2, MT1-MMP, and TIMP-2 are essential for the
invasive capacity of human mesenchymal stem cells: Differential regulation by inflammatory cytokines,” Blood 109,
4055–4063 (2007).
107

