
 

Deconstructing the mechanics of bone
marrow disease
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The team developed an alginate-based hydrogel system that mimics the
viscoelasticity of the natural extracellular matrix in bone marrow. By tweaking
the balance between elastic and viscous properties in these artificial ECMs, they
could recapitulate the viscoelasticity of healthy and scarred fibrotic bone
marrow, and study the effects on human monocytes placed into these artificial
ECMs. Credit: Wyss Institute at Harvard University
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Fibrosis is the thickening of various tissues caused by the deposition of
fibrillar extracellular matrix (ECM) in tissues and organs as part of the
body's wound healing response to various forms of damage. When
accompanied by chronic inflammation, fibrosis can go into over-drive
and produce excess scar tissue that cannot be degraded anymore. This
process causes many diseases in multiple organs, including lung fibrosis
induced by smoking or asbestos, liver fibrosis induced by alcohol abuse,
and heart fibrosis often following heart attacks. Fibrosis can also occur
in the bone marrow (BM), the spongy tissue inside some of our bones
that houses blood-producing hematopoietic stem cells (HSCs), which
leads to scarring and the disruption of normal functions. 

One example are chronic blood cancers known as "myeloproliferative
neoplasms" (MPNs), in which patients can develop fibrotic BM
(myelofibrosis) that disrupts the normal production of blood cells.
Monocytes, a type of white blood cell belonging to the group of myeloid
cells, are overproduced from HSCs in MPN, and contribute to the
inflammation in the BM environment (niche). However, how the fibrotic
bone marrow niche itself impacts the function of monocytes and
inflammation in the bone marrow was unknown.

Now, a collaborative team at Harvard's Wyss Institute for Biologically
Inspired Engineering at Harvard University, John A. Paulson School of
Engineering and Applied Sciences (SEAS), Dana-Farber Cancer Institute
(DFCI), and Brigham and Women's Hospital (Brigham), has created a
programmable hydrogel-based in vitro model mimicking healthy and
fibrotic human BM. Combining this system with mouse in vivo models
of myelofibrosis (MF), they demonstrated that monocytes decide
whether to enter a pro-inflammatory state and go on to differentiate into
inflammatory dendritic cells based on specific mechanical properties of
the BM niche with its densely packed ECM molecules. Importantly, the
team found that a drug inhibiting the PI3K-gamma protein toned down
these pathological mechanical effects on monocytes, and reduced their
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numbers as well as the numbers of inflammatory myeloid cells in mice
with MF. The findings are published in Nature Materials.

"Our study shows that the differentiation state of monocytes, which are
key players in the immune system, is highly regulated by mechanical
changes in the ECM they encounter. Specifically, the ECM's
viscoelasticity has been a historically under-appreciated aspect of its
mechanical properties that we find correlates strongly between our in
vitro and the in vivo models and human disease," said Wyss Core
Faculty member David Mooney, Ph.D., who co-led the study with DFCI
researcher Kai Wucherpfennig, M.D., Ph.D. "It turns out that MF is a
mechano-related disease that could be treated by interfering with the
mechanical signaling in bone marrow cells," Mooney added. 

Mooney is also the Robert P. Pinkas Family Professor of Bioengineering
at SEAS, and leads the Wyss Institute's Immuno-Materials Platform.
Wucherpfennig is Director of DFCI's Center for Cancer Immunotherapy
Research, Professor of Neurobiology at Brigham and Harvard Medical
School, and an Associate Member of the Broad Institute of MIT and
Harvard. Mooney, together with co-senior author F. Stephen Hodi, M.D.
also heads the Immuno-engineering to Improve Immunotherapy (i3)
Center, which aims to create new biomaterials-based approaches to
enhance immune responses against tumors. Hodi is Director of the
Melanoma Center and The Center for Immuno-Oncology at DFCI, and a
Professor of Medicine at Harvard Medical School (HMS).

Gleaning mechanical bone marrow failure

The mechanical properties of most biological materials are determined
by their "viscoelastic" characteristics. Unlike purely elastic substances
likea vibrating quartz, which store elastic energy when mechanically
stressed and quickly recover to their original state once the stress is
removed (slow-relaxing), viscoelastic substances also have a viscous
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component. Like the viscosity of honey, this allows them to dissipate
stress under mechanical strain by rapid stress relaxation. Viscous
materials are thus fast-relaxing materials in contrast to slow-relaxing
purely elastic materials.

The team developed an alginate-based hydrogel system that mimics the
viscoelasticity of natural ECM which allowed them to tune the elasticity
independent from other physical and biochemical properties. By
tweaking the balance between elastic and viscous properties in these
artificial ECMs, they could recapitulate the viscoelasticity of healthy and
scarred fibrotic BM, whose elasticity is increased by excess ECM fibers.
Human monocytes placed into these artificial ECMs constantly push and
pull at them and in turn respond to the materials' mechanical
characteristics.

"We found that stiff and more elastic slow-relaxing artificial ECMs
induced immature monocytes to differentiate into monocytes with a pro-
inflammatory program strongly resembling that of monocytes in MF
patients, and the monocytes to differentiate further into inflammatory
dendritic cells. More viscous fast-relaxing artificial ECMs suppressed
this MF-like effect on monocytes," said co-first author Kyle Vining,
Ph.D., who worked as a Postdoctoral Fellow on Mooney's team. "This
opened up the possibility of a mechanical checkpoint that could be
disrupted in myelofibrotic bone marrow, and also may be at play in other
fibrotic diseases." Vinning is now Assistant Professor of Preventive and
Restorative Sciences at the University of Pennsylvania.

Next, the team investigated how the mechanical characteristics of stiff
and elastic hydrogels compared to those in actual BM affected by MF.
They took advantage of a mouse model in which an activating mutation
in a gene known as Jak2 causes MPN, pro-inflammatory signaling in the
BM, and development of MF, similar to the disease process in human
patients with MPN. When they investigated the mechanical properties of
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BM in the animals' femur bones, using a nanoindentation probe, the
researchers measured a higher stiffness than in non-fibrotic BM.
"Importantly, we found that the pathologic grading of MF in the animal
model was significantly correlated with changes in viscoelasticity," said
co-first author Anna Marneth, Ph.D., who spearheaded the experiments
in the mouse model as a Postdoctoral Fellow working with Ann Mullally,
M.D., a Principal Investigator at the Brigham and DFCI, and another
senior author on the study.

Targeting dysregulated bone marrow mechanics

An important question was whether monocytes' response to the
mechanical impact of the fibrotic BM niche could be therapeutically
targeted. The researchers focused on an isoform of the phosphoinositide
3-kinase (PI3K)-gamma protein, which is specifically expressed in
monocytes and closely related immune cells. PI3K-gamma is known for
regulating the assembly of a cell-stiffening filamentous cytoskeleton
below the cell surface that expands in response to mechanical stress,
which the team also observed in monocytes encountering a fibrotic
ECM. Indeed, when they added a drug that inhibits PI3K-gamma to stiff
elastic artificial ECMs, it toned down their pro-inflammatory response
and, when given as an oral treatment to MF mice, significantly lowered
the number of monocytes and dendritic cells in their BM.

"This research opens new avenues for modifying immune cell function
in fibrotic diseases that are currently difficult to treat. The results are
also highly relevant to human cancers with a highly fibrotic
microenvironment, such as pancreatic cancer," said Wucherpfennig.

"This study is a terrific advance at the interface between immunology
and mechanobiology, which shows how targeting the mechanical
environment of a tissue, rather than the genetic underpinnings of the
disease, can potentially enable a new generation of powerful therapeutic
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interventions," said Wyss Founding Director Donald Ingber, M.D., Ph.D.

  More information: Kyle H. Vining et al, Mechanical checkpoint
regulates monocyte differentiation in fibrotic niches, Nature Materials
(2022). DOI: 10.1038/s41563-022-01293-3
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