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Abstract

In humankind’s endeavor to explore beyond our planet and travel further into space, we are
now at the threshold of an era in which it is possible to move to and from low Earth orbit (LEO)
with increasing ease and reduced cost. Through the International Space Station (ISS) U.S.
National Laboratory, investigators from industry, academia, and government can easily access
the unique LEO environment on the ISS to conduct research and development (R&D) activities
in ways not possible on Earth.

A key advantage of the LEO environment for life sciences research is the ability to conduct
experiments in sustained microgravity conditions. The ability to conduct long-term research in
microgravity enables opportunities for novel, fundamental studies in tissue engineering and
regenerative medicine, including research on stem cell proliferation and differentiation,
biofabrication, and disease modeling using microphysiological systems (MPS) that build on prior
research using simulated microgravity conditions (Grimm, D., et al. 2018). Over the last decade,
space-based research has demonstrated that microgravity informs our knowledge of
fundamental biology and accelerates advancements in health care and medical technologies
(International Space Station 2019). The benefits provided by conducting biomedical research in
LEO may lead to breakthroughs not achievable on Earth.

We are now at a transition point, in which nations are changing their approach to space-based
R&D. The focus is shifting from government-funded fundamental science toward the expansion
of privately funded R&D with terrestrial application and economic value that will drive a robust
marketplace for innovation and manufacturing in LEO. Making this long-term transition requires
public-private participation and near-term funding to support critical R&D to leverage the
benefits of the LEO environment and de-risk space-based research.

Studies conducted on the ISS over the past several years have indicated that one area with
potential significant economic value and benefit to life on Earth is space-based
biomanufacturing, or the use of biological and nonbiological materials to produce commercially
relevant biomolecules and biomaterials for use in preclinical, clinical, and therapeutic
applications. We must take advantage of the remaining lifetime of the ISS as a valuable LEO
platform to demonstrate this economic value and Earth benefit. By facilitating access to the
space station, the ISS National Lab is uniquely positioned to enable the R&D necessary to bridge
the gap between the initial discovery phase of space-based biomedical research and the
development of a sustainable, investment-worthy biomanufacturing market in LEO supported
by future commercial platforms.

Through a joint effort, the Center for the Advancement of Science in Space (CASIS), which
manages the ISS National Lab, and the University of Pittsburgh’s McGowan Institute for
Regenerative Medicine brought together thought leaders from around the U.S. for a
Biomanufacturing in Space Symposium that consisted of a series of working sessions to review
data from past space-based tissue engineering and regenerative medicine research, discuss
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relevant current space-based R&D in this area, and consider potential future markets to
address the questions: What are the most promising opportunities to leverage the ISS to
advance space-based biomanufacturing moving forward? What are the current gaps or barriers
that, if overcome, could clear pathways toward private investment in LEO as a valued site for
research, development, and production activity? And, most importantly: For which
opportunities do the most compelling value propositions exist?

The goal of the Biomanufacturing in Space Symposium was to help identify the specific areas in
which government and industry investment would be most likely to stimulate advancements
that overcome barriers. This would lead to a more investment-ready landscape for private
interests to enter the market and fuel exponential growth. The symposium was meant to serve
as the first step in developing a roadmap to a sustainable market for biomanufacturing in space.

The symposium identified and prioritized multiple key R&D opportunities to advance space-
based biomanufacturing. These opportunities fall in the areas of disease modeling, stem cells
and stem-cell-derived products, and biofabrication. Additionally, symposium participants
highlighted the critical need for additional data to help validate and de-risk these opportunities
and concluded that approaches such as automation, artificial intelligence (Al), and machine
learning will be needed to produce and capture the required data. Symposium participants also
came to a consensus that public-private partnerships and funding will be needed to advance
the opportunities toward a biomanufacturing marketplace in LEO.

This paper will summarize the current state of the science and technology on the ISS and in the
fields of tissue engineering and regenerative medicine; provide an overview of
biomanufacturing R&D in space to date; review the goals of the Biomanufacturing in Space
Symposium; highlight the key commercial opportunities and gaps identified during the
symposium; provide information on potential market sizes; and briefly discuss the next steps in
developing a roadmap to biomanufacturing in space.

Introduction

The use of LEO by governments and commercial enterprises is a complex ecosystem for
providing opportunities and financing. In the last two decades, governments around the world,
led by the U.S. and China, have heavily supported private space companies (2019 Report).
These investments have focused on launch technologies, as high launch costs are perceived to
be the greatest limiting factor to expanded space exploration and utilization (Werzt et al., 1996)
and have led to recent reductions in the cost of transporting cargo to LEO by a factor of more
than 20. Between 1970 and 2020, the average cost to launch a kilogram of payload into LEO on
the space shuttle remained constant at about $54,500. Now, the cost per kilogram is $2,720 on
a SpaceX Falcon 9 rocket (Figure 1) (Jones, H. W. et al., 2020).
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Figure 1: The cost of launching payloads to LEO has dropped considerably over the last 50 years. Note: Data is not to scale.

Additionally, several private companies are now pursuing commercial space stations. Axiom
Space, headquartered in Houston, is currently developing what promises to be the first-ever
privately operated space station, with the initial module scheduled to launch to the ISS in 2024.
Axiom plans to dock multiple modules to the ISS that will eventually detach to become a
standalone station. As the cost of transport to LEO has decreased—and is expected to decrease
further—and plans for new platforms in LEO continue to advance (Dinkin S., 2019),
opportunities in areas such as satellite deployment, biomedical research, in-space
manufacturing, and space tourism increase.
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As the past half century has witnessed the opening of space for exploration and commercial
opportunities, in this same period, we have experienced exponential growth in our
understanding of biology and physiology. This knowledge has been translated and
commercialized for the benefit of human health and continues to accelerate as new
technologies create additional tools to explore and cure. One aspect of this biomedical
revolution is in the field of regenerative medicine, built upon advances in stem cell biology,
biomaterials, and bioengineering.

Remarkable advancements have been made in the design of MPS, also called tissue chips or
organs-on-chips, and organoids that can mimic complex organ systems outside of the body for
drug development or potential implantation to restore function. Stem cell isolation,
characterization, and manipulation is advancing, with target applications broadly spread across
tissues impacted by disease, trauma, and congenital conditions. Biomaterials and
bioengineering advances have created new medical devices, targeted drug delivery platforms,
biosensors and new imaging modalities, and the bioprinting of tissue constructs.

To take advantage of these significant advances—more frequent and more affordable access to
LEO and exponential progress in biomedical technology—the question is: How do these
intersect, and what new opportunities arise as both advance? How can the unique LEO
environment be leveraged to further advance biomanufacturing? Compelling answers to these
questions will introduce economic drivers for investment in space-based R&D that extend
beyond the initial focus on pure discovery and into the expansion of commercial development
in LEO.

Over the past decade, the ISS National Lab has supported important space-based research in
the areas of tissue engineering and regenerative medicine that lays the groundwork for more
complex studies and future investment. This critical research addressed fundamental questions
such as: How does the LEO environment affect the organ function mimicked by tissue chips,
and how do these changes relate to human disease? How does microgravity affect stem cell
proliferation and differentiation? And how might 3D bioprinting benefit from the absence of
gravity?

Continued access to LEO through the ISS National Lab provides a unique opportunity for R&D
that enables the jump from this initial work to the development of a sustainable market for
biomanufacturing in space. The ISS is a powerful platform with a limited lifetime and thus
limited time left for utilization; therefore, now is the time to leverage this invaluable orbiting
laboratory to conduct R&D that demonstrates the value of biomanufacturing in space. This
work will set the stage for increased private investment and the transition to larger and more
numerous platforms in LEO that can support further discovery and development in the coming
decades.


https://doi.org/10.20944/preprints202108.0044.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 August 2021 d0i:10.20944/preprints202108.0044.v1

State of the Science and Technology

The International Space Station

The ISS is arguably one of humankind’s greatest engineering achievements (Figure 2). Assembly
began in 1998 and has involved the U.S., Russia, Canada, Japan, and the participating countries
of the European Space Agency in one of the most ambitious international collaborations ever
attempted. Aside from the tremendous engineering accomplishment of constructing a football
field-sized spacecraft in LEO, the ISS brings together the world’s scientific research community
to leverage the unique spaceflight environment for the benefit of humanity.

e

W,

Figure 2: The International Space Station is a permanently crewed platform orbiting 250 mflesI above Earth. Credit: NASA -

The ISS has already proven itself as a powerful platform for research and technology
development. Over the more than 20 years of the station’s life, more than 240 astronauts have
conducted thousands of scientific experiments on topics ranging from water purification and
cultivating plants to growing protein crystals and 3D printing human tissue. To date, the
astronaut crews have invested nearly 50,000 hours in fundamental and applied research.

The R&D activities on the ISS are generally categorized as benefiting space exploration or
benefiting life on Earth, though there is overlap between these two application areas. NASA
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and the international partners leverage the ISS to validate technologies required for space
exploration, making the ISS a critical test bed for life support systems, spacecraft systems, and
the human body. The ISS National Lab user community leverages various aspects of the ISS
environment to further R&D to benefit life on Earth and advance commercial goals.

In the coming years, ISS experiments and facilities will increasingly be operated by the private
sector. Dozens of commercial companies are already conducting R&D on the ISS through the ISS
National Lab. Additionally, a growing number of ISS National Lab Implementation Partners
provide commercial services related to payload development in support of science
investigations, and a subset of these partners (Commercial Service Providers) own and operate
commercial facilities on the ISS.

Via NASA’s Commercial Crew
and Commercial Resupply
Services contracts, commercial
launch providers SpaceX and
Northrup Grumman send crews
and payloads to the ISS.
Furthermore, NASA has
selected and granted exclusive
access to Axiom Space to attach
modules to the ISS for a
commercial space station that
will ultimately become a
privately operated standalone

station (Flgure 3)' All this Figure 3: Artist’s rendition of Axiom Station module 1 attached to the ISS (planned).
commercial activity serves to Credit: Axiom Space

pave the way for the
development of a robust and sustainable economy in LEO.

Tissue Engineering and Regenerative Medicine

The fields of tissue engineering and regenerative medicine are poised to make a substantial
impact on human health (Hunsherger, J. et al. 2000). While exciting, there are still substantial
obstacles to overcome and knowledge gaps to fill in order to fully realize this potential (Chiao,
M. (2017), Hunsberger, J., et al. 2015). The use of sustained microgravity has shown to provide
potential benefits to overcoming some of these hurdles, from basic stem cell behavior to
improvements in manufacturing processes.

Stem Cells

Stem cells hold great promise for use in therapeutic applications (Stern, J. H., et al. 2018,
Rodriguez-Fuentes, D. E., et al. 2021, Ntege, E. H., et al. 2020, Sayed, N., et al. 2016) and as
research tools (Sharma, A., et al. 2020). The ability to reprogram, differentiate, and gene edit
stem cells, coupled with other advances in regenerative medicine tools, has led to a dramatic
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increase in uses for stem cells and stem-cell-derived products. Therapeutically, stem cells have
been utilized to treat patients with cancers that affect the blood or immune system, such as
leukemia and lymphoma (Master S., et al. 2019). Additionally, numerous studies are currently
underway to test the efficacy and safety of stem cells for treating neurological disorders,
autoimmune diseases, and injury to bone and skin (Chivu-Economescu, M., et al. 2017, Chlan
L.L., etal. 2019, Phua, Q. H., et al. 2021).

The Alliance for Regenerative Medicine reports that in 2019 the global financing for cell and
gene therapies reached nearly $10 billion that year, and as of 2019 1,066 clinical trials were
underway (Alliance for Regenerative Medicine, 2019). Stem cells have also experienced
exponential growth as research tools, as evidenced by the 20-fold increase in PubMed
references cited from a key word search for “stem cell” from 1992 to 2020 (1,068 vs. 24,125,
respectively) (Pubmed stem cell, 2021). Stem cells are being used for research that spans the
spectrum from fundamental science to preclinical applications—including studies on human
organ development (Yu, Q., et al. 2021), the underpinnings of aging (Kimmel, J. C., et al. 2021),
and SARS-CoV-2-induced cardiac damage (Sharma, A., et al., 2000, Perez-Bermejo, J. A., 2021)
as well as patient stratification for clinical trials (Wazir, U., 2020).

While there is tremendous potential in the use of stem cells and their derivatives for
regenerative medicine applications, there are still several challenges confronting the field. A
LEO-based platform may deliver novel solutions such as improving expansion of somatic adult
cells in vitro, allowing for improvements in genomic stability of induced pluripotent stem cells
(iPSCs) during manufacturing, and improving self-assembly of organoids to promote more
mature stem cell populations.

Organoids and Microphysiological Systems

Three-dimensional multicellular organoids and MPS that combine advances in microfabricated
materials, tissue engineering, and cellular biology recapitulate the function of tissues and
organs more accurately than standard two-dimensional cell culture tools (Low, L. A, et al.
2021). These relatively new technologies have seen a tremendous adoption in the research
community over the past decade, with applications in disease modeling (Chan, A., et al. 2021,
Donoghue, L., 2021), cancer diagnosis (Guo, Q. R., et al. 2021), drug safety and toxicity studies
(Ma, L., et al. 2020, Fowler, S., 2020, Peterson, N. C., et al. 2020), and recently SARS-CoV-2
studies (Si, L., et al. 2021, Hysenaj, L., et al. 2021).

Commercial entities such as pharmaceutical, biotechnology, and cosmetic companies are
turning to organoids and MPS as they look to develop tools that could help de-risk the
development and validate the effectiveness of new products (e.g., therapeutics or cosmetics)
(Low, L. A., et al. 2021). Pharmaceutical and biotechnology companies have begun
implementing these technologies, demonstrating their usefulness in safety and toxicity profiling
(Fowler, S., et al. 2020, Peterson, N. C., et al. 2020) as well as a number of other applications
such a modeling the kidney (Phillips, J. A., et al. 2020), liver (Baudy, A. R., et al. 2020) and lungs
(Ainslie, G. R., et al. 2019). The global MPS market size has been predicted to have a compound
annual growth rate of more than 36% over the next five to six years (Valuates Reports 2021),
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driven by the adoption of the technology at commercial companies as well as the creation of
specialized companies supporting the field through product development and contract services.

As the field grows, there are opportunities for which the use of a LEO-based platform could
provide significant advantages; for example, the ability to model diseases using the accelerated
aging effect experienced by humans in space. This unique feature could provide novel data and
tools for the development of therapeutics to treat patients on Earth (Low, L. A., et al. 2019).

Biofabrication

Shortly after 3D printing technology was first introduced in the 1980s, medical professionals
began exploring how such technology could be applied to fabricate tissue constructs with
previously unachievable complexity, with the ultimate goal of developing functionality that
would meet the standards for clinical application (Gu, Z., et al. 2020, Heinrich, M. A., 2019).
Biofabricated tissue constructs could potentially utilize multiple types of the patient’s own cells,
reducing immunogenicity concerns and potentially allowing the construction of complex tissues
comprised of architectures with distinct cellular organization. Biofabrication implementation
models have envisioned the use of tissue assembly in situ (Lee, H., et al. 2021) as well as mass
production approaches.

Over the past decade, since the first commercially available 3D bioprinter was developed,
exploration into possible applications for this technology has grown exponentially. Nearer-term
target products include biofabricated organoids or miniature tissue analogs for disease
modeling and therapeutics testing, biofabricated patches for accelerated wound healing,
devices made with conductive bioinks, and food production (Yi, H. G., et al. 2021, Varkey, M., et
al. 2019, Mandrycky, C., et al. 2016, Djisalov, M., et al. 2021). Longer-horizon ambitions that
have captured the public’s imagination include complete organ printing, with on-demand
creation of personalized organs. Such advances would revolutionize the treatment of end-stage
organ failure and eliminate the reliance on limited donor organs and the chronic
immunosuppression associated with transplantation.

In addition to the 3D bioprinting hardware and control software, critical components in the
biofabrication process include the selection of cell type(s), carrier fluids, and scaffold
components. Intrinsic to each printing strategy is the development of mechanical stability from
what is usually a fluidic “ink” to a self-supporting construct. This can occur using chemical
reaction or phase change early after the print placement process. Bioinks commonly integrate
cells with carrier fluids that include proteins and other biocompatible materials. A printed tissue
construct may be designed for immediate use or implantation or provided the necessary time
and conditions for maturation before use.

By utilizing the microgravity environment, biofabrication on a LEO-based platform could offer
several unique advantages. For example, biofabrication in microgravity has the potential to
eliminate the need for rapid structural stabilization after printing. This could allow the use of
bioinks with lower viscosity and a reduced or eliminated requirement for crosslinking or other
scaffolding (Moldovan N. I., 2018). These unique features of microgravity could enable novel
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biofabrication designs and improved methods of maturation (Gungor-Ozkerim, P. S., et al. 2018,
Zhang, S., 2018).

Additionally, microgravity conditions could enable the development of new types of
biofabrication technologies not possible on the ground, such as devices for freeform
bioprinting. Furthermore, biofabrication in LEO could provide organoids and tissues for disease
modeling and therapeutics testing in microgravity. Thus, space-based biofabrication has the
potential to be useful not only for manufacturing new, high-quality products but also as a tool
that could complement opportunities identified in the stem cell and organoid/MPS research
areas.

Overview of
Biomanufacturing
in Space

Benefits of Space-Based
Biomanufacturing

Over the past decade, the
ISS National Lab has
supported numerous
space-based studies in the
areas of tissue engineering
and regenerative medicine

(Figure 4)' This initial R&D Figure 4: The ISSroides uiq platfor in sustaine(;microgravit_y to z;;r‘;duct-R&D in
has provided important ways not possible on Earth. Credit: NASA

insights into how

microgravity can be leveraged to advance biomanufacturing in space to benefit human life and
commercial enterprise on Earth. Microgravity induces changes in body systems that result in
effects that include cardiovascular deconditioning, skeletal muscle atrophy, bone loss, and
immune dysfunction, among others. These effects mimic the onset of health-related outcomes
associated with aging and chronic human disease but at an accelerated rate—effects that could
take years to manifest on Earth may develop in weeks in microgravity (Vernikos, J., et al., 2010,
Patel S., 2020, Smith J. K., 2020, Shelhamer, M., et al. 2020). While these changes are a
concern for keeping astronauts safe on long-duration spaceflight, they also present an
opportunity to study aging and disease progression and test therapeutics on an accelerated
timescale. For this reason, researchers have begun utilizing MPS on the ISS to create
accelerated models of aging and disease for the development of therapeutics for Earth-based
patients (Low, L. A., et al. 2019).

o v v -

Microgravity also alters gene expression and DNA regulation and causes changes in cellular
function and physiology. Removing the effects of gravity has contributed significantly to the
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collective fundamental knowledge of cellular behavior, cell-cell interactions, tissue
development and regeneration, and aggregate interactions in the context of a whole organism
(Grimm, D., et al. 2014, Garrett-Bakelman, F. E., et al. 2019, Giulianotti, M. A., et al. 2019,
Bradbury, P., et al. 2020, Herrmann, M., et al. 2020, da Silveira, W. A,, et al. 2020). Pioneering
bioengineering experiments on the ISS coupled with ground-based studies have demonstrated
that microgravity enables the study of novel features not attainable under normal gravity
conditions, including changes to stem cell proliferation rates (Baio, J., et al. 2018, Yuge, L., et al
2006) and differentiation (Blaber, E. A., et al. 2015, Jha, R., et al. 2016, Imura, T., et al. 2019).

Figure 5: NASA astronaut Andrew Morgan sets up Techshot’s BioFabrication Facility to test-print tissues onboard the ISS.
Credit: NASA

Additionally, bioprinting tissues in microgravity provides potential advantages in the use of
lower viscosity biomaterials or bioinks and the ability to fabricate diaphanous biological
structures. The processes involved in biofabrication are heavily reliant on biomechanical and
mechanobiological cues that are affected by gravity, and microgravity conditions should enable
full control over these cues in ways not possible on Earth. A sustained microgravity
environment also allows for scaffold-free tissue engineering, enabling researchers to overcome
what has been a significant hurdle in ground-based biofabrication of soft human tissue (Prasad,
B., et al. 2020).

11
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There are currently two
commercial bioprinters on the
ISS: the Russian 3D Bioprinting
Solutions Organaut, which
utilizes magnetic particles to
create clusters of cells, and the
American BioFabrication Facility
(Figures 5 and 6), which directly
dispenses bioink through four
different print heads. The
BioFabrication Facility, from
Techshot, Inc., has successfully
completed test prints of a
partial human meniscus and is
now bemg used to create test Figure 6: Techshot's BioFabrication Facility and accompanying Advanced Space
prints of cardiac-like tissue of Experiment Processor unit. Credit: Techshot

increasing thickness.

Microgravity can also improve biofabrication processes that involve thin-layer deposition,
through which thin film layers of biomaterial are deposited onto a substrate material with
atomic-level precision. The reduction in gravity-driven forces such as sedimentation and
buoyancy enable dominant surface tension effects to produce more uniform and precise
layering. High-precision thin-layer deposition enabled by microgravity could have significant
value in the production of medical devices.

Current Biomanufacturing R&D on the ISS

In recent years, the ISS has seen increased utilization by commercial, academic, and
government users focused on leveraging microgravity for research and product development
with Earth-based benefits (Giulianotti, M. A., et al. 2019). A number of government agencies
other than the National Aeronautics and Space Administration (NASA), such as the National
Institutes of Health (NIH), the National Science Foundation (NSF), and the Department of
Defense (DoD), have engaged in multiyear funding initiatives that utilize the ISS National Lab
(Giulianotti, M. A., et al. 2019, Low, L. A., et al. 2019).

NIH’s National Center for Advancing Translational Sciences (NCATS) and National Institute of
Biomedical Imaging and Bioengineering (NIBIB) have collaborated with the ISS National Lab on
the Tissue Chips in Space initiative, a multiyear, multiflight initiative to leverage MPS platforms
in microgravity to advance understanding of human disease, with the goal of translating

12
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findings into potential new
therapeutics for patients on
Earth (Figures 7-9). NSF has also
partnered with the ISS National
Lab on a multiyear initiative to
fund studies that utilize the ISS
for advancements in the field of
transformative tissue
engineering within the scope of
the NSF Engineering of
Biomedical Systems Program,
including research in the areas of
cellular engineering, tissue
engineering, and modeling of s, 1\

physiological systems. Figure 7: NASA astronaut Kate Rubins works on the Cardinal Heart investigation,
funded by NIH through the Tissue Chips in Space initiative, that evaluated

i whether three-dimensional engineered heart tissue exposed to sustained
Studies funded by NIH and NSF microgravity conditions displays characteristics similar to ischemic

through these initiatives have cardiomyopathy. Credit: NASA

included space-based MPS

research to model kidney proximal and distal tubule physiology, cartilage-bone-synovium joint
interactions, blood-brain barrier physiology, liver aging and immune response, and cardiac
muscle tissue, among others. Representatives from both NIH and NSF participated in the
Biomanufacturing in Space Symposium.

Figure 8: An astronaut (out of frame) adds RNAlater to a gas permeable tissue chamber to preserve engineered
heart tissue constructs for the Cardinal Heart investigation. Credit: NASA

13
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In addition, an increasing number of pharmaceutical and biotechnology companies are using
the LEO environment to validate drug targets and test the efficacy of potential therapeutics on
accelerated models of disease (Cadena, S. M., et al. 2019, Giulianotti, M. A. et al. 2019). For
example, Novartis used a rodent model to explore aging and muscle atrophy, and Emulate, Inc.
used a proprietary innervated Intestine-Chip system to examine immune response to disease-
causing bacteria.

Additionally, Merck & Co. has utilized the ISS to examine new crystallization methods to
improve the manufacturing, storage, and delivery of pembrolizumab, the active agent in the
immuno-oncology drug Keytruda® (Reichert, P., et al. 2019). In microgravity, where
sedimentation and convection currents are minimized, Merck was able to produce highly
uniform, stable concentrated crystalline suspensions of pembrolizumab and translate findings
to improve ground-based drug formulations.

Figure 9: NASA astronaut Christina Koch works on a Tissue Chips in Space investigation that used a proximal and distal tube
tissue chip system to study kidney function. This investigation utilized hardware from BioServe Space Technologies. Credit: NASA

Smaller startup companies are also finding value in space-based R&D. Biotechnology startup
LambdaVision is using the ISS to test in-space biomanufacturing processes to advance
development of an artificial retina that restores vision in patients with retinal degeneration. The
artificial retina is produced through layering of a light-activated protein, and microgravity
improves the uniformity of the layers.
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Figure 10: NASA astronauts Drew Feustel and Alexander Gerst with Spabe Tango's TangoLab hardware onboard the ISS. Credit:
NASA

Meanwhile, NASA and the ISS National Lab are working with a growing number of Commercial
Service Providers, organizations that actively develop and operate ISS facilities and equipment
that enables space-based biomedical R&D (Figure 10) (Implementation Partners 2021). Several
of these Commercial Service Providers—BioServe Space Technologies, Techshot Inc., and Space
Tango—participated in the symposium and shared valuable perspectives and knowledge of ISS
research, including areas of terrestrial research and manufacturing that could benefit from
access to space.

In parallel, commercial companies such as Axiom Space, Blue Origin, Sierra Space, and Space
Tango, among others, are designing vehicles, satellites, and other platforms that will enable
future opportunities in space-based biomanufacturing R&D. This ongoing work will ensure a
smooth transition from ISS-based pilot studies to full-scale biomanufacturing in LEO.

It is critical for current and future stakeholders to work collaboratively to identify the best
opportunities to utilize the ISS now for R&D that will enable a robust in-space biomanufacturing
market in the future. The ISS has a limited lifetime, and the amount of research that can be sent
to the ISS and conducted through the use of ISS crew time is also limited. Thus, the
opportunities must be prioritized such that the economic value of LEO-based research can be
clearly demonstrated, allowing for further investment and growth based on this success.
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Biomanufacturing in Space Symposium

CASIS and the McGowan Institute for Regenerative Medicine at the University of Pittsburgh
hosted a Biomanufacturing in Space Symposium to serve as the first step in developing a
roadmap to a sustainable market for biomanufacturing in space. The symposium included a
series of virtual workshops, presentations, and interactive discussions with internationally
recognized subject matter experts in the areas of tissue engineering and regenerative medicine
as well as space-based R&D. The goal was to identify the most promising opportunities to
leverage the ISS to advance space-based biomanufacturing. Specifically, opportunities identified
needed to focus on the development and translation of commercially relevant biomolecules
and biomaterials for use in preclinical, clinical, and therapeutic applications.

Participants’ |
Primary
Expertise

Participants’ |
Primary
Role

STEM CELLS | ACADEMIC
I ORGANOIDS/MPS I COMMERICAL
I BIOFABRICATION I CASIS/IMPLEMENTATION PARTNERS
I Al/ROBOTICS I GOVERNMENT

Figure 11: Breakdown of symposium participants' expertise and primary role.

Originally planned as a two-day in-person event, the Biomanufacturing in Space Symposium
was moved to a virtual format that took place over several months, primarily during the last
guarter of 2020. The symposium’s 138 participants represented a diverse background of
expertise, which significantly increased cross-education and learning (Figure 11). The
symposium had three topic areas: stem cells, organoids and MPS, and biofabrication, and
working sessions were divided into three phases: educate, generate, and prioritize.

During the educate phase, subject matter experts gave presentations on the topic areas and the
stages to commercialization, to prepare symposium participants for cross-domain discussions.
The generate phase consisted of a series of sessions in each topic area that sought to identify
the most promising opportunities to leverage the ISS to advance space-based biomanufacturing
and highlight current gaps and commercial opportunities. The prioritize phase was aimed at
converging the key opportunities identified in each of the topic areas and outlining the next
steps in developing a roadmap for biomanufacturing in space.
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A separate session during the symposium explored how automation, Al, and machine learning
could be integrated to enable iteration of science and enhance the R&D process in LEO.

In the following section, we present the key R&D opportunities identified and prioritized as well
as the gaps and commercial opportunities.

Key Opportunities Identified

During the generate phase, more than 50 potential commercial opportunities across the three
tracks were discussed in detail. Convergence of the most promising opportunities across the
tracks was critical, and during the prioritize phase, the opportunities were prioritized using
direct feedback from symposium participants based on the following three factors:
e Role of microgravity: The importance of microgravity in enabling the opportunity.
e Impact: The attractiveness of the opportunity for investment, including the magnitude
of impact and concentration of investors.
e Risk: The risk associated with the opportunity, measured by risk of failure, time to
market, and risk-benefit tradeoff.

The most promising opportunities identified through the symposium fell into three areas: (1)
disease modeling, (2) stem cells and stem-cell-derived products, and (3) biofabrication. Below
highlights the key opportunities in each of these areas, including the scientific rationale, current
gaps, and commercial opportunities.

Disease Modeling

Across all three tracks, symposium participants extensively discussed the opportunity to utilize
a sustained microgravity environment for disease modeling—whether through the use of stem
cells, organoids, MPS platforms, or tissues either biofabricated in orbit or assembled
terrestrially and brought to space. Participants highlighted the unmet need for novel
approaches to model disease and aging (Low, L. A., et al. 2021), and several researchers have
utilized the ISS as a platform to develop disease models based on the physiological changes
associated with spaceflight (Low, L. A., et al. 2019).

Participants agreed that the opportunity to uniquely isolate the stresses induced by sustained
microgravity could provide significant insights into the aging process and disease progression.
This opportunity area is supported by decades of extensive research into the effects of
spaceflight on human physiology, model organisms, and cell biology. Data from these space-
based studies indicate that humans experience significant physiological changes during
adaptation to spaceflight and during readaptation upon return to Earth (Luxton, J. J., et al.
2021, Garrett-Bakelman, F. E., et al. 2019, Meck, J. V., et al. 2001, Akima, H., et al. 2000). Below,
we highlight some of the promising disease modeling opportunities identified through the
symposium.
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A Note on Food and Drug Administration (FDA) Considerations

During the symposium, participants discussed how regulatory considerations might
influence biomanufacturing in space. Participants generally agreed that, ultimately, early
conversations with the FDA are critical. Many of the future space-based biomanufacturing
opportunities discussed involve the production of materials for human therapeutic use, and
the use of LEO may introduce several potential areas of risk that would need to be carefully
considered.

However, the primary goal of the symposium was to identify potential commercial
opportunities and begin to develop a roadmap for realizing them. At this early stage, the
need was to broadly consider potential applications rather than attempting to detail specific
regulatory risks. The symposium included participants with experience either working for
the FDA or working directly with the FDA, and some of the unique risks were informally
noted (e.g., radiation exposure, high g-force exposure, etc.).

Symposium participants also noted that FDA concerns surrounding trackability, quality
assurance, and quality control would apply to both space-based and terrestrial-based
manufacturing facilities. Participants also noted that the aerospace industry has substantial
expertise in the areas of trackability, quality assurance, and quality control. Finally,
participants also agreed that interactions with the FDA should be part of refining a roadmap
for biomanufacturing in space.

Specific Examples

Muscle Wasting

On Earth, muscle wasting occurs due to several root causes, including disuse, age, and
underlying disease. Impaired muscle mass and function not only significantly affect quality of
life but also represent a substantial economic burden, with direct healthcare costs in the U.S.
estimated to be more than $18.5 billion in 2000 (Janssen, |., et al. 2004). Since then, these costs
have continued to increase considerably (Beaudart, C., et al. 2014). As the aging population
increases, muscle wasting is becoming an even greater public health concern. The U.S. Census
Bureau has projected that the population aged 65 and older will reach more than 83 million
people by 2050, almost doubling the estimated population of 43 million in 2012 (Ortman, J., et
al. 2014).

Research has shown that during spaceflight, humans lose skeletal muscle at an accelerated

rate, and countermeasures are required to dampen the accelerated loss (Vernikos, J., et al.
2010). Thus, microgravity-induced muscle loss provides an opportunity to study muscle wasting
progression on a faster time scale than is possible on Earth. Multiple studies have been
conducted using rodents in microgravity as an accelerated disease model to elucidate the
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mechanisms underlying muscle atrophy and to test new potential therapeutics (Lawler, J. M., et
al. 2021, da Silveira, W. A., et al. 2020, Semple, C., et al. 2020, Chakraborty, N., et al. 2020,
Smith, R. C., et al. 2020).

Figure 12: Engineered skeletal muscle tissue in a microfluidic chip pressed onto a fluid manifold prior to spaceflight (top left) and
a 10x image of the same tissue in orbit captured by a microscope built into the autonomous CubeLab (top right). Credit:
Generated by the Siobhan Malany Laboratory at the University of Florida in collaboration with Space Tango. Photo of the
Cubelab onboard the ISS (bottom). Credit: NASA

Moving beyond rodent models, microgravity provides a unique opportunity to study sarcopenia
and disuse atrophy in a human cellular model. Earth-based rodent studies can be done using
hind-limb suspension to model disuse; however, the constant force of gravity makes it
impossible to mimic disuse in human cellular models on Earth. Thus, utilizing a LEO-based
platform to study myocytes from different patient populations could uniquely enable the
development of models for drug target identification and therapeutic evaluation (Figure 12).
Such research could reveal druggable pathways that may not otherwise have been uncovered
in terrestrial studies.
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Changes in Cardiac Physiology

Cardiovascular disease, the leading cause of death in the U.S., is responsible for one in four
deaths (Virani, S. S., et al. 2020). It is also a major economic burden, with the U.S. cost of
cardiovascular disease-related health care services, medication, and lost productivity totaling
around $219 billion per year from 2014 to 2015 (Fryar, C. D., et al. 2012).

In microgravity conditions, humans experience acute changes in cardiac physiology, structure,
and function (for example, the heart remodels to assume a more spherical shape due to altered
cardiac loading from reduced gravitational forces), and long-term microgravity exposure leads
to cardiac deconditioning. Due to this cardiac deconditioning, orthostatic intolerance is evident
in astronauts upon returning to normal gravity (Lee, S., et al. 2015). Arrythmias have also
occurred in astronauts during spaceflight, even in those with no prior history of arrythmias
(Delp, M. D., et al. 2016). However, the acute cardiac changes associated with spaceflight
(Smith J. K. 2020) largely return to baseline after return to normal gravity. Furthermore, studies
indicate that astronauts on missions lasting six months to one year do not have an increased
rate of developing cardiovascular disease after return to Earth (Ade, C. )., et al. 2017).

Thus, a LEO-based platform could enable the modeling of an acute, microgravity-induced
cardiovascular phenotype and the reversal of this phenotype through the use of two-
dimensional stem-cell-based models, three-dimensional tissue-engineered constructs,
organoids, or MPS models. Such research could aid in elucidating the mechanisms of
cardiovascular function and enable improved disease modeling and therapeutic screening.

Figure 13: NASA astronaut Kate Rubins examines cardiac cells onboard the ISS as part of an investigation studying the effects of
microgravity on stem-cell-derived cardiac cells. Credit: NASA

Preliminary work on the ISS (Figure 13) has demonstrated the successful culture and return of
viable two-dimensional cardiomyocytes derived from iPSCs and found that microgravity alters
cardiac function at the cellular level, with changes in cell contraction and gene expression
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mirroring those observed in astronauts during spaceflight (Wnorowski, A., et al. 2019).
Additional studies are currently in progress utilizing multilineage, tissue-engineered cardiac
constructs to study the impact of microgravity on cardiac physiology and function (Low, L. A,, et
al. 2019). Two different studies are examining engineered heart tissues formed from human
cardiomyocytes differentiated from iPSCs (Figures 7, 8, and 14).

Figure 14: NASA astronaut Jessica
Meir onboard the ISS working with
engineered heart tissues in the
final spaceflight hardware. This
investigation is examining the
effects of microgravity on human
cardiac tissue structure and
physiological function. Credit:
NASA

Osteoarthritis

Osteoarthritis—a painful condition in which the cushioning and lubricious cartilage at the ends
of bones breaks down—affects hundreds of millions of people worldwide and is one of the
most widespread diseases that lacks successful drug treatments. While there are effective
drugs for rheumatoid arthritis, the much more prevalent osteoarthritis has no approved
disease-modifying therapeutics, only short-acting pain relievers that do not halt or even slow
the progression of disease (Yusuf, E. 2016) In older patients, osteoarthritis accounts for a large
proportion of the estimated 600,000 knee replacement surgeries done in the U.S. each year.
Post-traumatic osteoarthritis, a chronic condition that can develop after a traumatic joint injury
(such as an ACL or meniscus rupture), represents approximately 12% of the osteoarthritis
population and similarly has no approved disease-modifying therapeutics for treatment
(Thomas, A. C,, et al. 2017, Bajpayee, A. G., 2017).

In microgravity conditions, humans experience accelerated bone loss, and extended spaceflight
can alter bone integrity in a fashion roughly analogous to osteoarthritis. In addition, the effects
of altered loading of joint cartilage in space may affect the extent and rate of cartilage
breakdown leading to osteoarthritis. The use of MPS or other tissue systems on a LEO-based
platform could enable accelerated disease modeling, and such studies may provide unique
insights into disease progression and uncover novel targets for therapeutic interventions to
treat osteoarthritis.
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Furthermore, microgravity uniquely enables the study of disuse versus exercise in the
management of osteoarthritis and post-traumatic osteoarthritis. Modeling disuse in human
cellular models is not possible on Earth; however, microgravity can enable studies using human
cells and tissues to examine the effects of not only disuse but also applied mechanical force.
Carefully controlled mechanical forces could be applied to tissues to mimic different types of
exercise in conjunction with therapeutics. Studies are currently underway on the ISS utilizing a
post-traumatic osteoarthritis MPS model to identify novel pathways to treat the condition and
test therapeutic interventions (Low, L. A., et al. 2019).

Aging

The medical community has an intense interest in aging research that aims to prolong healthy
and productive years. Novel approaches to enhance quality of life include targeting cellular
senescence (Tchkonia, T., et al. 2021), genomic instability (Li, Z., et al. 2021), and telomere
shortening (Li, Z., et al. 2021). Studies have shown that spaceflight induces several
physiological changes in both astronauts and rodent models, including skeletal muscle atrophy,
bone density loss, immune dysfunction, cardiovascular deconditioning, and arterial stiffening,
among others.

These changes, which resemble aging-related maladies on Earth, occur rapidly during
spaceflight and are mostly reversible upon return to Earth. This provides a compelling case for
leveraging microgravity conditions to improve understanding of aging and related disease
processes. MPS models, organoids, or biofabricated tissues exposed to microgravity and then
returned to Earth could provide significant insight into novel biological targets associated with
disease progression and regression as well as anti-aging.

Several space-based studies have been done on aging—for example, one of the projects
supported through the NCATS Tissue Chips in Space initiative (Tissue Chips in Space 2021) is
leveraging an MPS model for immunological senescence in microgravity to investigate the
relationship between immune aging and tissue healing as well as regenerative capacity (Low, L.
A., et al. 2019). Additionally, NASA’s One-Year Mission on the ISS with NASA astronaut Scott
Kelly found that the average telomere length in Kelly’s white blood cells increased during the
mission and then returned to preflight levels after his return to Earth. However, in the months
following his spaceflight mission, a greater number of his telomeres were lost or critically
shortened (Garrett-Bakelman, F. E., et al. 2019). These findings could present a therapeutic
target that could be studied in the context of a LEO-based model, as telomere shortening and
loss are associated with aging and susceptibility to age-related diseases, including
cardiovascular problems and cancer.

Biofouling

Medical devices are prone to surface biofouling, which results from nonspecific adhesion of
proteins, cells, and microorganisms. Complications associated with such fouling include blood
clot formation and embolization as well as device-centered infections. These phenomena are
associated with a substantial degree of morbidity and mortality across several types of
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implantable medical devices. Biofilms form on wetted surfaces during spaceflight (Zea, L., et al.
2020), and on the ISS, the formation of microbial communities in the form of biofilms is often
accelerated. Thus, while not specifically disease modeling, a LEO-based platform could be used
to accelerate the timeline for biofouling characterization of biomaterials and elucidate
mechanisms that may be altered in microgravity in ways that increase or decrease virulence. In
fact, studies have shown that during spaceflight, some bacterial strains appear to exhibit
increased virulence (Sim&es, M. F., et al. 2021).

Gaps

One of the primary current gaps noted during the symposium is the existing need for validation
of space-based disease models for terrestrial applications. This is not a unique concern, as
validation is always a primary issue when developing new models of disease. The question is
always how clinically relevant the models are and how information obtained from the models
may be utilized in therapeutic development (Low, L. A., et al. 2021). These answers could be
addressed in part by increased data and throughput, which was also noted as a current gap.

The use of LEO for modeling terrestrial diseases is at a relatively nascent stage, and the ability
to do large-scale experiments in the LEO environment is limited by the challenges of launching
and conducting experiments in space. Symposium participants agreed that continued
advancements in miniaturization, automation, the implementation of Al and machine learning,
and the standardization of equipment (hardware), biological materials, and protocols would
increase the opportunity to generate meaningful data. Of note, these are all key areas where
improvements in technologies for use in space will readily translate to and benefit terrestrial-
based applications.

Another key area for improvement that participants highlighted is the ability to rapidly iterate
on experimental results, which is currently limited by the inherent logistical challenges of
performing experiments in space. This gap could be addressed by having an inventory of in-
orbit supplies such as banked cells and pre-seeded devices or organoids to provide the ability to
biomanufacture models in space as needed. Additionally, increased throughput and data
acquisition could be accelerated further as launch frequency continues to increase.

Commercial Opportunities

One commercial opportunity identified during the symposium is in the data surrounding novel
targets for therapeutic development. Participants discussed several ways in which this
opportunity could be realized. The formation of a syndicate of pharmaceutical and
biotechnology companies could serve to de-risk early-stage common opportunities. This would
lower the investment risk for any individual stakeholder and create the infrastructure for future
single investments, with the tradeoff being distributed control of any intellectual property
developed through the syndicate. There are established precedents for these types of
partnerships, such as the IQ Consortium—a syndicate of pharmaceutical and biotechnology
companies that collaborate to make meaningful advancements in the biopharmaceutical
industry.
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Another opportunity lies in collaborations with other government agencies and foundations
that have interests in specific diseases that could be modeled in LEO. This would build on the
work pioneered by NCATS through the Tissue Chips in Space Initiative but with a focus on
specific diseases or goals. Participants also expressed enthusiasm about working with space
agencies (NASA as well as international agencies such as Japan Aerospace Exploration Agency
and the European Space Agency), commercial space companies, and other government
agencies to find common areas that could inform both risk reduction in space exploration and
advances in human health on Earth.

More Effective Stem Cells and Stem-Cell-Derived Products

Stem cells and stem-cell-derived products are promising as both research tools (Sharma, A., et
al. 2020) and therapeutic products (Stern, J. H., et al. 2018, Rodriguez-Fuentes, D. E., et al.
2021, Ntege, E. H., et al. 2020, Sayed, N., et al. 2016). Symposium participants discussed the
potential to leverage a LEO-based platform to gain insights into how to control and optimize
stem cell pluripotency and multipotency, proliferation and expansion, genomic and epigenomic
integrity, differentiation, and maturation. This opportunity area is supported by published work
demonstrating that sustained microgravity influences the behaviors of stem cells and stem cell
derivatives. Below, we highlight some of the promising opportunities related to stem cells and
stem-cell-derived products identified through the symposium.

Specific Examples

Cells With Increased Potency and Expansion Capabilities

Stem cells are defined by their potency, or their ability to give rise to multiple derivative cell
lineages. Pluripotent stem cells are able to transform into all cells of the body except for
placental tissues. Multipotent stem cells can differentiate into cells of a specific lineage; for
example, hematopoietic stem cells give rise to various cell types of the blood and immune
system.

However, a major challenge in the field is variability in stem cell potency from cell line to cell
line, accompanied by an inability to maintain potency and genetic integrity as cells proliferate.
Thus, it is critical to identify novel methodologies that will either maintain or enhance the
potency, quality, and differentiation capacities of stem cell lines. Such improvements in cell
characteristics would have an impact on the tissue engineering and regenerative medicine
industries in both R&D and therapeutic applications. The symposium highlighted potential
therapeutic applications that already have preliminary spaceflight data, including the following.

e Creating cells and tissues for cardiac repair: Following cardiac injury in the human
heart, regeneration is limited. Human cardiac cells are largely non-proliferative, with
less than 1% of cardiomyocytes replaced yearly (Bergmann, O., et al. 2015). With
insufficient ability to replace damaged or apoptotic cardiomyocytes, myocardial injury
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results in replacement of the damaged tissue with fibrotic scar tissue (Travers, J. G., et
al. 2016). Methods to enable proliferation of cardiomyocytes and subsequent cardiac
regeneration are being actively investigated, along with the implications of microgravity
for cardiac regeneration. Studies have found that cardiac progenitor cells cultured on
the ISS exhibited increased proliferative and migratory potential due to changes in
mechanotransduction pathways and, subsequently, cytoskeletal organization (Baio, J.,
et al. 2018, Camberos, V., et al. 2019). This is supported by works using simulated
microgravity on Earth (Jha, R., et al. 2016). Determining the molecular foundations of
these genotypic and phenotypic responses could allow for proliferation and migration of
healthy cardiomyocytes into areas of cardiac injury, resulting in regeneration rather
than maladaptive remodeling. This initial work in sustained microgravity conditions
indicates that such an environment can lead to the identification of novel targets for
enhancing the therapeutic benefit of cardiovascular stem cells or progenitor cells
(Camberos, V., et al. 2021, Camberos, V., et al. 2019, Baio, J., et al. 2018).

e Expansion of mesenchymal stem cells (MSCs) with improved clinical properties: While
stem cells hold great potential for use as therapeutic agents, safe and efficient
expansion of stem cells is still a major challenge in the field (Zhang, Y., et al. 2021).
MSCs are emerging as the most common stem cell type utilized within the field of
regenerative medicine (Research and Markets, 2021). Recent spaceflight studies
indicated that human MSCs can be grown safely on the ISS and that they have improved
immunosuppressive capabilities compared with MSCs cultured on Earth (Huang, P., et
al. 2020). Additionally, MSCs cultured under simulated microgravity conditions showed
increased therapeutic potential in a traumatic brain injury model (Otsuka, T., et al.
2018).

Stem Cell Differentiation

Symposium participants also discussed the unique stimulus that a sustained microgravity
environment can confer on stem cell differentiation, including differentiation of iPSCs. The
discussion ultimately centered on two primary themes: (1) what we could learn from an in-
depth characterization of stem cell differentiation conducted in space and (2) whether
microgravity could allow for the generation of cell types not currently possible from terrestrially
based ex vivo differentiation of stem cells, including differentiation of iPSCs.

e Characterizing stem cell differentiation in microgravity: Terrestrial-based studies have
demonstrated that differences in culturing conditions and cell source can have
significant impacts on stem cell differentiation (Yim, E. K., et al. 2012). While several
studies have shown different effects to stem cells cultured in sustained microgravity
(Imura, T., et al. 2019), it is difficult to extrapolate results from these studies due to the
incongruent nature of the conditions, equipment, and cell sources utilized. There is a
need to fully characterize how microgravity as a variable influences stem cell
differentiation into the three primary germ layers (mesoderm, ectoderm, and
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endoderm). A comprehensive side-by-side analysis of stem cell differentiation in LEO
compared with ground conditions utilizing the current state-of-the-art conditions and
analysis techniques should be performed.

e Generation and expansion of hematopoetic stem cells (HSCs) from iPSCs: HSCs have
been used clinically as stem cell therapies for decades. However, clinical utility is limited
by the reality that the number of in-need patients exceeds the population of matching
donors, coupled with limited success in optimizing ex vivo expansion (Carreras, P., et al.
2021, Walasek, M. A., et al. 2012). One potential solution for these issues could be the
ability to generate HSCs from iPSCs (Wahlster, L., et al. 2016). Experiments in sustained
microgravity could uncover pathways to enable this process and thus allow for the
production of HSCs in a manner that overcomes the supply limitations. Spaceflight
studies also have the potential to identify culture conditions for expanding and
maintaining the potency of HSCs from cord blood or other nonembryonic tissues, which
could provide another means to address the shortage of donor HSCs for bone marrow
transplantation.

Gaps

During the symposium, the primary gaps identified for these opportunities centered around the
current lack of data and standards. These are points in which much can be learned from
terrestrial-based research efforts, where a lack of data and agreed upon standards. To address
these issues, the International Stem Cell Initiative (ISCI) has established standards for assessing
pluripotency of iPSCs (International Stem Cell Initiative 2018), and the International Society for
Stem Cell Research (ISSCR) publishes guidelines to promote best practices (Daley, G. Q., et al.
2016). The community engaging in LEO-based stem cell R&D should align with current best
practices in order to ensure space-based results are translatable across both spaceflight and
terrestrial studies.

Similarly, symposium participants discussed the importance of the origin and source of cells and
the subsequent effects on results. Participants agreed that, in general, more than one donor
source—and, in fact, as many as possible or feasible—should be utilized, and the donor sources
should be widely available. A village-in-a-dish approach could be applied (Mitchell, J. M., et al.
2020) to maximize the diversity of the populations studied.

Currently, a lack of data is an inherent issue to LEO-based research in this area due to the
challenge of conducting R&D in space; however, by adopting standards and applying high-
throughput approaches, miniaturization, microfluidics, robotics, machine learning, and Al, the
guality and quantity of data return could be dramatically amplified. Moreover, many of the
technology advancements required to enable stem cell research on a LEO-based platform
would readily translate to terrestrial applications, such as the development of compact, robust,
high-throughput systems capable of working autonomously and remotely.
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A Note on Simulated Microgravity

Due to the challenging and costly nature of conducting spaceflight experiments, several
approaches have been utilized to simulate or model the microgravity environment on Earth.
For the cell culture and bioengineering fields, these approaches include clinostats, rotating
wall vessels, random positioning machines, and rotary cell culture systems (Benavides
Damm, T., et al. 2014, Grimm, D., 2018, Herranz, R., et al. 2013)

While these systems allow one to manipulate the effects of Earth’s gravity on a given
sample, they do not fully recapitulate the sustained microgravity conditions on a LEO-based
platform such as the ISS (Ferranti, F., er al. 2020, Wuest, S. L., et al. 2015). As with any
model system, care must be taken not only to observe differences in results produced
through the use of simulated microgravity devices but also to design the experiments so
that differences among the various types of devices and between simulated and true
microgravity conditions can be unambiguously demonstrated to be causal rather than
coincidental (Wuest, S. L., et al. 2015, Acres, J.M., et a. 2021).

Additionally, depending on the design of the simulated microgravity device, the total
specimen volume that experiences a microgravity effect is limited to mm- to cm-sized
volumes. However, on a LEO-based platform, specimen volume is theoretically only limited
by the volume available to culture the given samples. Even with these limitations, it is
important to consider the utility and cost efficiency of simulated microgravity devices as
part of the spectrum of microgravity tools in order to provide additional insights, validate
hypotheses, and augment data generation (Topal, U., et al 2021, Kriiger, M., et al. 2019,
Imura, T., et al. 2019, Grimm, D., et al. 2018).

Commercial Opportunities

Stem cells and stem-cell-derived products have two primary customer bases: (1) those who
utilize stem cells as research tools and (2) those who utilize stem cells in therapeutic
applications. Symposium participants generally agreed that in the near term, the largest value
return on investment will be derived from the data that can be translated to improving
terrestrial processes, products, and tools. However, the participants felt that, ultimately, large-
scale production of certain types of stem cells and stem-cell-derived products could benefit
from manufacturing in a LEO-based facility and that the LEO environment could confer certain
advantages that may not be replicated in a terrestrial setting.

Symposium participants agreed that in the near term, this area of research would benefit from
deliberate interactions with government agencies. The use of the unique LEO environment
could provide key insights that may have substantial impacts to the larger research community
and thus would be of great public interest. Publicly funded R&D is necessary to move beyond
the current roadblocks and make commercial opportunities more attractive. As specific use
cases emerge demonstrating that large-scale, in-space biomanufacturing provides the potential
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for return on investment, increased commercial engagement will follow. To foster and prepare
for these potential opportunities, discussions with cell-based therapeutic manufacturers,
commercial space station developers, the research community, and the FDA should begin now.
These interactions should focus on the infrastructure needed to scale from LEO-based research
facilities to LEO-based manufacturing facilities and on identifying the requirements needed to
enable FDA approval. Finally, symposium participants highlighted that in our current economy,
where data is currency, there is an opportunity for private funding aimed at securing the unique
intellectual property and data generated from conducting stem cell research in space.

Biofabrication

During the symposium, biofabrication discussions covered a wide variety of opportunities,
including fabricating tissues for disease modeling (discussed above), testing and maturation of
biofabricated materials, and improved fabrication processes for biomaterials and biofabricated
constructs. With commercial companies having recently invested in technology development
for terrestrial and in-space biofabrication, discussions at the symposium provided an overview
of current efforts and a glimpse of future opportunities. Below, we touch on some of the
promising opportunities identified through the symposium.

Specific Examples

Thin-Layer Deposition

The process of assembling thin films through layer-by-layer deposition is of significant interest
for applications such as optics, membranes, sensors, biomedicines, and several energy-related
applications (Richardson, J. J., et al. 2015, Gentile, P., et al. 2015). In recent years, studies have
focused on scaling up processes for thin-layer deposition to enable real-world application
(Richardson, J. J., et al. 2015). The current terrestrial processes for layer-by-layer assembly are
influenced by the materials being used and the number of layers being deposited, which can
affect the overall integrity of the product being generated. Specifically, gravity-driven
sedimentation of elements with differing densities can influence the speed at which new layers
can be deposited as well as the ordering of molecular components into biologically functional
assemblies. The influence of gravity on each layer is additive, so potential issues that may occur
in the layering process are compounded as the number of layers in the construct increase.

Sustained microgravity could be beneficial by potentially enhancing the production quality of
products manufactured through thin-layer deposition. Reducing the influence of gravity-driven
forces such as buoyancy and sedimentation on the surface tension and homogeneity of the
solutions or materials used for deposition could allow for more uniform layering and a higher-
qguality multilayer (Dag, O., et al. 1997). For example, studies are underway to test the use of
microgravity conditions on the ISS to improve the manufacturing process of artificial retinas
produced via thin-layer deposition.
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In addition to deposition processes, microgravity may also improve self-assembly processes
involving components with varying sedimentation characteristics. Furthermore, microgravity
could provide benefits for solidification processes, such as with metallic materials, where the
precipitation of undesirable phases or inclusions might be minimized. In medical applications,
these benefits could provide improved ductility for alloys in devices such as stents.

Tools for Biofabrication

There is an urgent need for tissues, organs, and other biomaterials for use in transplantation
and regenerative medicine applications (Hunsberger, J., et al. 2015, Ntege, E. H., 2020). In the
past decades, several novel biofabrication tools have emerged to enable the assembly of
complex structures (Pedde, R. D., et al. 2017). All of these tools either integrate or attempt to
circumvent the effects of gravity in their biofabrication processes. Given the broad demand for
additional biofabrication tools and techniques, discussions during the symposium centered on
potential advantages that biofabrication in space might confer.

For example, sustained microgravity could enable the use of less viscous bioinks and reduce
reliance on chemical and physical crosslinking strategies for rapid structural stabilization that
must be applied in concert with printing. Microgravity could also provide the ability to enhance
cell-cell interactions for organoid production, the ability to control mechanotransduction
effects due to gravity during the maturation/curing process, and the ability to print
simultaneously from any spatial orientation.

Two commercially operated biofabrication systems currently reside on the ISS: the Techshot
BioFabrication Facility and the Russian 3D Bioprinting Solutions Organaut. The BioFabrication
Facility (BioFabrication Facility 2021) has successfully produced test prints of a partial human
meniscus and will next produce test prints of cardiac-like tissue of increasing thickness.
Symposium participants agreed that there are opportunities to utilize these current
biofabrication systems on the ISS and to develop new systems that take advantage of sustained
microgravity conditions, enabling unique approaches to biofabricate materials such as tissue
constructs.

Gaps

Biofabrication is a relatively recent addition to the ISS research portfolio. Early identification of
gaps will support effective guidance toward more efficient development of the field. However,
the challenge is to do so in a way that also leaves room for innovation and discovery. Initial
discussions regarding gaps centered on the need to gain additional insights on fundamental
behaviors of materials (i.e., cells, liquids, and proteins) in a sustained microgravity environment
and to determine how such information could influence the design and utilization of
biofabrication approaches (Ahari, H., et al. 1997, Dag, O., et al. 1997, McPherson, A., et al.
2015). Additionally, given that biofabrication processes would occur remotely (on unmanned
platforms in LEO) with communication delays of greater than seconds, the need for robust
automation linked to machine learning was also a focal point of discussion.
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For biofabrication processes that show promise, and where commercial opportunities are
identified (such as in the manufacturing of artificial retinas), participants raised questions
concerning scalability, quality control, intellectual property, and regulatory approval. For all
these points, participants agreed there are parallels to terrestrial applications, and lessons
learned from both ground- and space-based R&D will further the field collectively. For example,
fundamental understanding of material behavior is central to the utility of those materials used
in biofabrication processes regardless of location of fabrication. Furthermore, the ability to
develop biofabrication systems that generate reproducible products in a scalable manner that
would satisfy regulatory approval is critical for not only space-based processes but also
terrestrial-based processes. To assuage some of these concerns, participants noted that Axiom
Space is planning for modular facilities in its commercial space station, where compartments
can be isolated from the rest of the station to enable quality-controlled manufacturing.

Commercial Opportunities

Symposium participants identified two primary opportunities to enable the further
development of space-based biofabrication applications: public funding and private investment.
The collective need for novel approaches to produce implants, tissues, and organs is a public
concern, and there are opportunities for government agencies to put resources into utilizing a
unique environment such as a LEO-based platform to advance the field. There are also
opportunities to explore the fabrication of advanced biomaterials that may have applications
outside of regenerative medicine that might be of interest to agencies such as the Department
of Defense or others.

For applications where commercial opportunities are identified, symposium discussions
centered on private investment and the challenges around investors’ desire for short timelines
and a multiplier for return on investment. Participants agreed that private investment in
specific applications had potential if risk-versus-return valuations could satisfy investors.
Currently, the LEO economy is dynamic and fluid. Private investment has begun in some areas
such as spacecraft and in-orbit platforms. Investment in other areas, including space-based
biomanufacturing, may follow. Furthermore, as more commercial companies become involved
in developing spacecraft and in-orbit platforms, there will likely be a continued reduction in the
costs and time associated with LEO-based manufacturing.

Automation, Artificial Intelligence, and Machine Learning

A common theme that emerged in the working groups throughout the symposium is that more
data are needed to help validate and identify the most valuable scientific and commercial
opportunities that the LEO environment confers. The current lack of data is due in no small part
to the challenging nature of accessing LEO and conducting research in a space-based
environment. Symposium participants consistently noted that utilizing advances in automation,
Al, and machine learning could enable an exponential production of the data needed to make
informed decisions.
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Currently, tools are being developed to automate terrestrial cell culture (Cohen-Karlik, E., et al.
2021) and biofabrication methods (De Pieri, A., et al. 2021). These automated technologies
could be applied to research in the LEO environment, allowing experiments to run
autonomously and potentially scale in the progression from research to clinical applications
(Vieira, C. P., et al. 2021). This approach would enable researchers to continuously generate
data and test conditions in a manner that reduces the need for astronaut intervention (a
currently limited resource) and associated astronaut training. Automation would also facilitate

intellectual property protection, as closed systems could be devised to protect confidential or
proprietary work steps.

Additionally, research groups are applying machine learning and Al to improve cellular products
(Mota, S. M., et al. 2021, Cohen-Karlik, E., et al. 2021), biomaterial manufacturing (An, J., et al.
2021, Lee, J., et al. 2020), and disease modeling (Gao, D., et al. 2021) (Figure 15). Utilizing
existing data sets, both from terrestrial experiments as well as LEO-based experiments (da
Silveira, W. A., et al. 2020), machine learning approaches could be built into the automated
LEO platforms. As new data are generated, more advanced Al approaches could further be
utilized to focus on the specific applications where LEO confers advantages over terrestrial-
based facilities.

Traditional iterative development pathway

ITERATE . .~ ITERATE

N SEE |
W& . 5 . B2
& T N N N
CULTURE & MATURE TEST IN VITRO TEST IN VIVO
\/% ACCELERATE == ACCELERATE
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Accelerated in silico development pathway

Figure 15: Development pathways integrated with automation, ML, and Al can accelerate the process and utilize
less resources.
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Additional data are needed to de-risk space-based biomanufacturing and make informed
decisions about future directions of the field. Symposium participants agreed that automation,
Al, and machine learning will be necessary to produce these data. Use of these approaches
would improve R&D cycles to better inform experimental iteration, minimizing cost and
maximizing data output.

Furthermore, these approaches will be essential in next-generation space-based facility
development, where automation will be critical and machine learning and Al can be applied to
improve manufacturing processes. The use of fully automated systems on future LEO-based
platforms could remove the need for astronaut intervention altogether, which would eliminate
the significant costs associated with developing platforms that are habitable for humans.

Market Analysis

Currently, rapid and significant advancements are being made in space infrastructure
technologies that provide increased frequency and declining cost in accessing space.
Development of such technologies is further supported by government procurements,
particularly NASA’s Next Space Technologies for Exploration Partnerships-2 Broad Agency
Announcement and, more recently, NASA’s Commercial Low-Earth Orbit Destinations
announcement. As a result, we are seeing an increasing emergence of business plans from
companies such as Axiom Space, Sierra Space, and others aiming to build free fliers and
modular commercial space stations that will be available to a diverse set of users.

The development of such LEO-based platforms will build on the lessons learned from the ISS
and will enable space-based R&D and manufacturing capabilities that will provide an
infrastructure for further evolution and maturation of various business cases and models over
the coming years. To assess the potential financial impact that space-based biomanufacturing
could have on the utilization of such space-based infrastructure and the evolution of a
commercial LEO economy, we performed a preliminary market size analysis.

It is important to note that most of the biomanufacturing technologies discussed here, while
potentially addressing disruptive opportunities, have very significant early-stage innovation and
development risks, which could shift timelines materially. Hence, we have chosen to present
our estimates below as a relatively conservative scenario. We fully understand that if a
disruptive technology with positive economic potential is successfully developed, the product-
specific growth rates that could be achieved could far exceed the compound annual growth
rate (CAGR) metrics discussed below. Given all this, we estimate the market size of LEO-based
biomanufacturing to reach $2.87B in 2035 from $308M in 2026 at a CAGR of 25% for the period
2026-2035. We segmented the LEO biomanufacturing market into five primary subsegments:
(1) cell and tissue tools and diagnostics, (2) cell and tissue therapy, (3) bioprinting, (4) cell
therapy biomanufacturing, and (5) organoids.

For the preliminary market sizing analysis, market research reports were queried using the
online University of Pittsburgh Library System and a general internet search. Market research
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databases included BCC Research, IBISWorld, and Transparency Market Research. Market data
from these research reports were grouped by the five-primary market subsegments. The cell
and tissue tools and diagnostics market was further subsegmented into seven markets: (1) cell
line, (2) cell harvesting, (3) cell expansion, (4) cell and gene therapy tools and reagents, (5)
cancer cell analysis, (6) cell viability assays, and (7) cell-based assays. The cell and tissue therapy
market was subsegmented into four markets: (1) tissue engineering and regeneration, (2) stem
cell and regenerative therapy, (3) induced pluripotent stem cells, and (4) cell therapy

processing.
Biomanufacturing in Low Earth Orbit
Market Subsegmentation Because the market research
Revenue Projection reports had varying degrees of

overlapping submarkets, the
average of the market sizes for the
tissue engineering and
regeneration market and the stem
cell and regenerative therapy
market were used as the total cell
and tissue therapy market size. The
market reports provided a baseline
terrestrial market size and
projected market size, typically
over a five-year span, and a CAGR.
We used each CAGR to interpolate
market sizes and to extrapolate
through 2030.
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These transformations provided
yearly terrestrial market size
forecasts from 2018 to 2030. LEO
market sizes were forecasted
starting in year 2026, providing for
an approximate five-year market
planning and development lead
cycle (Figure 16). The cell and tissue
tools and diagnostics LEO market
was derived from a range of 0.05%
to 0.10% of the associated
terrestrial market estimates. An
additional 10% per annum market
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periods, the LEO market was forecasted to grow at 20% per annum to reflect high growth
markets after the five-year introductory period. The LEO cell and tissue therapy, bioprinting,
and cell therapy biomanufacturing markets were forecasted using the same methods as above,
except each was derived from 0.10% of the terrestrial markets.

The organoid LEO market was forecasted using a different method, based on this market being
relatively new and anticipated to follow an exponential market growth curve. We modeled the
organoid LEO after the CRISPR market because we believe these markets share similar
exponential product and market adoption curves. Using published market forecast data for
CRISPR, we calculated a market growth function of y = 369.34e%3564* Converting that
function to the organoid LEO baseline market size of S6M in 2026, we calculated a market
growth function of y = 4.2e%3564* This exponential growth formula was used to forecast the
organoid LEO market size through 2030.

Developing a Roadmap to Biomanufacturing in Space

Biomanufacturing in space has the potential to enable scientific and technological
advancements not achievable on the ground, leading to products that provide both economic
value and benefits to life on Earth. R&D supported by the ISS National Lab over the last decade
in the areas of tissue engineering and regenerative medicine has laid the foundation for more
complex studies and future investment in this area.

However, to develop a sustainable market in LEO, additional targeted R&D is required to
demonstrate the viability and economic value of space-based biomanufacturing. The ISS
National Lab is uniquely positioned to enable this R&D, and it is critical for current and potential
future stakeholders to work collaboratively to identify the best opportunities to leverage the
ISS to demonstrate the Earth-based benefits and return on investment provided by
biomanufacturing in space.

The Biomanufacturing in Space Symposium was the first step in identifying and prioritizing the
key opportunities to pursue. Symposium participants concluded that establishing a public-
private consortium was the best way to advance these opportunities toward the development
of a biomanufacturing marketplace in LEO. Continued public-sector funding is crucial to further
de-risk space-based R&D and facilitate investment and market growth. Private-sector
involvement is also essential to guide the R&D to ensure it is focused on key marketplace
needs.

A public-private consortium would serve to further prioritize and de-risk space-based
biomanufacturing R&D and translate results into commercial products for use in preclinical,
clinical, and therapeutic applications on Earth. The consortium would combine traditional
government-funded R&D with the requirements to raise and execute private-sector funding
streams (commercial entities, venture capital, and startups) that could support not only
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individual space-based biomanufacturing projects but also the companies that will execute
those projects on the ISS.

The next steps of a public-private consortium fall into three areas: (1) develop a structure and
governance model to expedite the development and translation of biomanufacturing in LEO, (2)
establish an integrated process outlining the role of the consortium from discovery to
commercialization of a LEO-based product, and (3) recruit the right set of members for the
consortium.

The structure and governance for the consortium should include an oversight board that sets
priorities, provides resources, manages knowledge capture, and serves as a single point of
contact for its membership and external key stakeholders. The board should include advisory
committees of experts in three areas: industry/commercial, scientific/clinical, and LEO-based
operations.

The consortium should follow a staged commercialization process going from a
discovery/concept stage to taking a product to market. Each stage would have specific activities
and critical milestones that must be met before a project could advance to the next stage. The
advisory committees would be responsible for overseeing each stage and reporting back to the
oversight board.

Recruiting the right set of expert members for the consortium is foundational to its success.
Representation from five key groups will be needed on the oversight board and advisory
committees: (1) commercial implementers (from pharmaceutical companies, contract
development and manufacturing organizations, etc.); (2) technology developers from
universities, institutes, and R&D organizations; (3) technology enablers from companies and
organizations with a focus on Al, robotics, and automation; (4) launch and payload operations
experts; and (5) public agencies (e.g., science, space, defense, and regulatory agencies). An
ideal member would have knowledge and resources in multiple groups.

Commercialization for any new biomedical platform will take time, and the consortium could be
defined by four phases that, taken together, span 10 years: (1) business foundation
development; (2) research identification, prioritization, and development; (3) technology
translation, approval, and application; and (4) technology manufacturing and
commercialization. Based on discussions at the symposium, many of the key opportunities for
biomanufacturing in space are in the second phase. For this reason, a productive consortium, as
measured in commercial success, would require a minimum lifetime of five years (although
ideally 10 years).

Conclusions

The last two decades have seen remarkable advances in tissue engineering and regenerative
medicine as well as exponential advancement in space technologies that enable new
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opportunities to access and commercialize space for Earth benefit. We are now at an inflection
point, where these areas can converge to capitalize on the unique advantages each confers.
The Biomanufacturing in Space Symposium brought together thought leaders and subject
matter experts to identify the most promising opportunities as well as the current gaps and
pathways to realizing the full potential of utilizing the LEO environment for biomanufacturing.

Now is the time to leverage the ISS National Lab to conduct R&D that demonstrates the
economic value of space-based biomanufacturing and its benefits to life on Earth. This will
enable the investment required to drive a robust biomanufacturing market in space.
Investment in space-based biomanufacturing R&D and a national infrastructure in LEO will be
critical in maintaining U.S. leadership in this area as we transition to commercial LEO platforms
of the future. The symposium was a first step toward this future, and we look forward to
implementing a roadmap to successfully establish a sustainable market for biomanufacturing in
space.
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