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The National Academies of Sciences, Engineering, and Medicine’s, Board on Chemical Sciences and Technology is

hosting a workshop on Continuous Manufacturing for the Modernization of Pharmaceutical Production, which is
sponsored by the U.S. Food and Drug Administration (FDA) and the Biomedical Advanced Research and Development
Authority (BARDA).

This workshop will discuss the business and regulatory concerns associated with adopting continuous

manufacturing techniques to produce biologics, such as enzymes, monoclonal antibodies, and vaccines. The workshop will
discuss specific challenges for integration across the manufacturing system, including upstream and downstream processes,
analytical, and drug product development. The workshop will address these challenges broadly across the biologics

domain but to focus particularly on drug categories of greatest FDA and industrial interest, such as monoclonal

antibodies.
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Planning Committee Biographies

Gintaras V. Reklaitis (NAE, Chair) is the Gedge Distinguished Professor of Chemical Engineering and cour-
tesy professor of Industrial and Physical Pharmacy at Purdue University. His recent research interests include
continuous manufacturing of pharmaceutical substances and products, including process monitoring, control
and modeling. Areas of long term research are systems engineering applications to support batch and continu-
ous operation as well as methodologies for plant- and enterprise-wide planning and optimization. His awards
include the Warren K Lewis Award of the AICHE and Pruitt Award of the CCR. He has served on the AICHE
Board of Directors and as Editor in Chief of Computers & Chemical Engineering. He is a member of the Nation-
al Academy of Engineering and received his PhD from Stanford University.

Liuquan Chang is a group leader in the Global Regulatory CMC biologics at Merck, where she is responsible for
providing regulatory leadership, oversight and strategy to a team of Regulatory CMC Professionals in develop-
ing global Regulatory CMC strategy and executing submissions for biologics. Chang has over 15 years industry
experience in CMC development, manufacturing and regulatory submission of biological products in multiple
global pharmaceutical companies. She had previously worked as the global regulatory lead for multiple inves-
tigational and marketed products at Sanofi regulatory CMC biologics. She received her PhD in Pharmaceutical
Sciences from the University of Connecticut.

Charles Cooney is a Professor Emeritus at Massachusetts Institute of Technology. His research and teaching
span many aspects of biochemical engineering and pharmaceutical manufacturing. He holds more than 30
patents, has published over 250 research papers, and has co-authored or edited five books. Cooney’s honors in-
clude the 1989 Gold Medal of the Institute of Biotechnological Studies (London); the Food, Pharmaceutical, and
Bioengineering Award from the American Institute of Chemical Engineers; the James Van Lanen Distinguished
Service Award from the American Chemical Society’s Division of Microbial and Biochemical Technology; and
election to the American Institute of Medical and Biochemical Engineers and the Fellows of the American
Chemical Society. He received his PhD in Biochemical Engineering from Massachusetts Institute of Technology.



Eva Gefroh is a Principal Scientist at Just Biotherapeutics, an integrated design company with a mission to im-
prove global access to biotherapeutics by driving to low-cost process development and manufacturing. Eva has
almost 20 years of bioprocess development experience, including 15 years at Amgen in the Purification Process
Development group. Eva was a group leader at Amgen, managing a filtration process development team for early
and late stage molecules, and a commercial process development team leader. She was also a key member of the
team that developed and implemented innovative technologies for a Manufacturing of the Future initiative with
a focus on connected downstream processing. This included developing process control strategies for connected
unit operations and devising viral clearance strategies to support validation of connected processes. At Just, Eva
continues to drive low-cost process development and manufacturing platforms, through the assessment of new
technologies, plant and equipment design, and process and economic modeling. Eva received her B.S. in Chemi-
cal Engineering from the University of Minnesota.

Ken Lee is an early and late-stage bioreactor scientist and CMC functional lead at MedImmune. Ken joined
MedImmune UK in 2011 where he introduced the site to the ambr15 technology and later perfusion technology
in 2014. In 2015, Ken relocated to MedImmune US where he continued to work on continuous cell culture and
integrated processing. He received his PhD in Biochemical Engineering from the University of Birmingham.

Keith Roper is the Charles W. Oxford Professor of Emerging Technologies in the Ralph E. Martin Department of
Chemical Engineering at the University of Arkansas. His research examines advanced functionalities offered by
active electrodynamics to next-generation nano-, bio-, and meta-materials as well as frameworks for innovation
such as nanoplasmonics and nanolithography, graphene and van der waals 2D materials, and functional mem-
branes for biofuels and fuel cells. He is a Fellow of the American Institute for Medical and Biological Engineering
and a Member of the Arkansas Academy of Science. He is an Associate Editor for IEEE Transactions in Nano-
technology. He received his PhD in Chemical Engineering from the University of Wisconsin.

Speaker Biographies

Lindsay Arnold is a downstream process scientist in the BioProcess Engineering Department at Medimmune.
The primary focus of her group is technology scale up, new technology evaluation, and continuous processing
development. Dr. Arnold received her doctorate from the Chemical and Biomolecular Engineering Department
at Georgia Tech.

Shawn Barrett is Associate Scientific Director of USP in the Continuous Manufacturing Skill Center at Sanofi in
Framingham, MA. He has more than 20 years of experience at various organizations in the biopharmaceutical
and biotech industry, including Life Technologies BioProduction, Centocor J&J R&D, Eli Lilly BioRTP, and NRC
Biotechnology Research Institute. His bioprocess expertise includes fed batch and perfusion cell culture process
development and scale-up, cell culture medium development, bioreactor and facility design, and process control.
Shawn currently leads a team of scientists and engineers tasked with the optimization and intensification of a
perfusion platform process for the enablement of integrated continuous manufacturing of protein therapeutics.
He received his Bachelors of Applied Science in Chemical Engineering from the University of Waterloo in 1994.

Richard D. Braatz is the Edwin R. Gilliland Professor of Chemical Engineering at the Massachusetts Institute of
Technology (MIT) where he does research in the design and control of continuous (bio)pharmaceutical manu-
facturing systems. He leads the Quality-by-Design (QbD) and control systems activities in many (bio)pharma-
ceutical manufacturing efforts at MIT. He has consulted or collaborated with more than 20 companies including
Novartis, Pfizer, Merck, Biogen, and Amgen.

Rick A. Bright is the Deputy Assistant Secretary for Preparedness and Response and the Director of the Bio-
medical Advanced Research and Development Authority (BARDA), which is a component of the Office of the



Assistant Secretary for Preparedness and Response in the U.S. Department of Health and Human Services. He
oversees the advanced development and procurement of medical countermeasures against an array of threats to
national security and the public’s health, including chemical, biological, radiological, nuclear threats and pan-
demic influenza, and emerging infectious diseases. Dr. Bright began his career in vaccine and therapeutics de-
velopment at the Centers for Disease Control and Prevention, with a focus on influenza viruses, antiviral drugs
and the development of novel assays for high throughput surveillance for resistance to antiviral drugs. For this
work, Dr. Bright was a recipient of the Charles C. Shepard Science Award for Scientific Excellence. Dr. Bright has
extensive experience in the biotechnology industry where he served in senior leadership and executive manage-
ment roles. Dr. Bright has also held senior scientific leadership positions in non-governmental organizations
where he championed innovative vaccine development and international vaccine manufacturing capacity expan-
sion in developing countries. Dr. Bright serves as an international subject matter expert in vaccine, drug and
diagnostics development and has served as an advisor to the World Health Organization and the United States
Department of Defense. Dr. Bright joined BARDA in 2010, and prior to becoming Director in late 2016, he
served as Director of the BARDA’s Influenza and Emerging Infectious Diseases Division. Dr. Bright received his
Ph.D. in Immunology and Virology from Emory University and his B.S. in Biology and Physical Sciences from
Auburn University.

Mark Brower is a Principal Scientist at Merck. His specialties include protein purification, process development,
downstream processing, protein chromatography, expanded bed adsorption, simulated moving bed chroma-
tography, and protein chromatographic modeling. Dr. Brower received his PhD in Chemical Engineering and
Biotechnology from the University of Cambridge.

Lisa Connell-Crowley is Director of Downstream Process Design at Just Biotherapeutics, leading an innovative
groups of scientists and engineers to drive down the cost of biotherapeutics through streamlined, cost-effective
process and plant design. She has 15 years of downstream process development experience, including 12 years
at Amgen as a downstream group leader and CMC process team leader for early and late stage antibodies and Fc
fusion molecules. She is also a recognized expert in developing viral clearance strategies for monoclonal anti-
body processes, including understanding key parameters for retroviral clearance by low pH inactivation and
various chromatography operations and designing strategies to assess viral clearance of continuous manufactur-
ing processes. Dr. Connell-Crowley received her PhD in Biochemistry from the Baylor College of Medicine.

Mauricio Futran is a Vice President of Advanced Technology at Johnson and Johnson. He came to this position
after 28 years of pharmaceutical product and process development work at Merck and Co. and Bristol-Myers
Squibb, where he was Vice President of Process R&D. His areas of expertise include all aspects of process devel-
opment, technology transfer, validation, regulatory compliance, new product registration worldwide, external
manufacturing and partnership development. He is a recognized leader in applying automation, physical prop-
erty prediction and modeling to process development. Professor Futran is a member of the National Academy
of Engineering, the current chair of its Chemical Engineering section, and has served on its peer committee. He
is also a member of the Board of Chemical Sciences and Technology, and an NRC panel. As an AIChE member
he serves on the awards committee. He is a member (and former chair) of the Princeton Chemical and Biologi-
cal Engineering external board, and has been a member of the external boards for the University of Illinois at
Urbana Champaign, Georgia Tech, and Rutgers.

Art Hewig is a Director of Process Development at Amgen where he leads an integrated group that is designed
to deliver end-to-end drug substance processes that robustly transfer to Amgen’s commercial network. Prior to
the role, Art was heading Purification Process Development at Amgen. Art has been with Amgen since 2002,
where his initial focus was developing purification processes for early and late stage molecules. During this time,
he developed and implemented real time PAT technologies utilizing light scattering and as well as connected
downstream processing. Art holds a PhD in Chemical Engineering from Carnegie Mellon University.



Franqui Jimenez is a Senior Director and head of Manufacturing and Technology at Sanofi. Jimenez is a senior
executive with accomplished leadership, business, and people development skills in commercial biologics in-
cluding process development and commercial technology transfer, start-up, implementation, and production
support. His work focuses on commercial biologics production, technical support, process development, mam-
malian-host biotechnology processes, monoclonal antibody production, and bacterial fermentation. Dr. Jimenez
received his PhD in Chemical Engineering from the University of Wisconsin-Madison.

Michael R. Ladisch is Director of the Laboratory of Renewable Resources Engineering (LORRE), and Distin-
guished Professor of Agricultural and Biological Engineering with a joint appointment in the Weldon School of
Biomedical Engineering. His B.S. (1973) from Drexel University and M.S. (1974) and Ph.D. (1977) from Purdue
University are in Chemical Engineering. His research applies principles of biological and chemical engineering
to the study of proteins at interfaces for purposes of their fractionation, purification, and characterization using
bioseparation techniques. This research addresses the manner in which proteins interact - with solid interfaces,
with each other, or with molecules or microorganisms - principally in aqueous environments. The proteins being
include both enzymes and therapeutic molecules. A second and related thrust is development of bioprocesses by
which renewable resources, broadly defined, may be transformed to low-carbon footprint bioproducts. The foun-
dational science and engineering has been translated into industrial practice, numerous publications, two text-
books, and 20 patents that have been licensed to various companies. He is a member of the National Academy of
Engineering and Fellow of AIMBE, ACS, AAAS, AIChE, and National Academy of Inventors.

Kelvin Lee is Director of the Manufacturing USA National Institute for Innovation in Manufacturing Biophar-
maceuticals (NIIMBL) and he is the Gore Professor of Chemical and Biomolecular Engineering at the University
of Delaware. He previously served as Director of the Delaware Biotechnology Institute. He received a BSE in
Chemical Engineering from Princeton and PhD in Chemical Engineering from Caltech. He spent several years
in the Biotechnology Institute at the ETH in Zurich, Switzerland and also completed a postdoc in Caltech’s Biol-
ogy Division. Prior to his current appointment, he was on the faculty at Cornell University where he held the
titles of: Samuel C. and Nancy M. Fleming Chair Professor, Professor in the School of Chemical and Biomolecu-
lar Engineering, Director of the Cornell Institute for Biotechnology, and Director of the New York State Center
for Life Science Enterprise.

Chris Love is a Professor of Chemical Engineering and a member of the Koch Institute for Integrative Can-

cer Research at MIT. He is also an Associate Member of the Broad Institute, and an Associate Member at the
Ragon Institute of MGH, MIT, and Harvard. Dr. Love was a W.M. Keck Distinguished Young Scholar for Medi-
cal Research and a Dana Scholar for Human Immunology in 2009, a Life Sciences Research Foundation Post-
doc Fellow (Gilead Sciences) in 2004, and a National Defense Science and Engineering Graduate Fellow from
1999-2002. He was also awarded the Foresight Distinguished Student Award in Nanotechnology in 2000. Love

is also a Camille Dreyfus Teacher-Scholar. Love and the team of interdisciplinary researchers in his lab combine
principles from chemical engineering, interfacial chemistry, and materials science to develop new micro- and
nanotechnologies for addressing biological questions in immunology, microbiology, systems biology, and bio-
process engineering. One broad research objective is to improve the design and implementation of quantitative
bioanalytical processes in order to maximize the knowledge gained about the heterogeneities and dynamics of
individual cells within a complex population. The researchers employ these processes to characterize the patho-
genesis and immunomodulation of complex immune responses in chronic human diseases, such as HIV/AIDS,
multiple sclerosis, Type 1 diabetes, food allergies, and cancer. A second objective is to develop new strategies for
manufacturing biologic drugs to improve global access for patients. Dr. Love received his PhD in Physical Chem-
istry from Harvard University.



Tarit Mukhopadhyay is a Senior Lecturer in the Department of Biochemical Engineering at University College
London. He conducted his engineering doctorate in a joint venture between UCL and the Health Protection
Agency, working on two vaccines of commercial interest, a novel Meningitis B vaccine based upon the outer
membrane proteins of N.lactamica and the UK licensed Anthrax vaccine. As part of his doctoral studies in a
joint project with the Health Protection Agency and Prof Gary Lye in the IMRC in Bioprocessing, Tarit focused
on the development of a microwell platform for rapid vaccine development. This platform was applied to the
development of a new Meningitis B vaccine now in clinical trials. The platforms usefulness and robustness was
also tested with the UK Anthrax Vaccine, (AVP) - utilised to gather deeper process insight under ACDP Class
3 conditions. He is currently working on Japanese Encephalitis virus vaccine, Hepatitis B, and the use of Len-
tiviruses for Gene Therapy, with an interest in upstream, downstream processing and PAT. Dr. Mukhopadhyay
received his EngD in Biochemical Engineering from University College London.

Moheb Nasr is the Principal of his own consulting company, Nasr Pharma Regulatory Consulting (NPRC),
which was established in February 2018. NPRC provides strategic regulatory consulting with focus on organi-
zational aspects, manufacturing and pharmaceutical development innovation and CMC regulatory transforma-
tion. Dr. Nasr continues to play a leading role in global regulatory harmonization and introduction of modern
pharmaceutical manufacturing platforms, including Continuous Manufacturing. Dr. Nasr represents PhRMA
at ICH serving as ICH Q12 EWG Topic Lead. Dr. Nasr retired from GSK in August 2017. AT GSK, Dr. Nasr was
responsible for the development and the execution of GSK CMC regulatory strategy and served as a member of
GSK leadership and governance boards accountable for product development, manufacturing and supply, qual-
ity and regulatory oversight. In recognition of his scientific contributions and visionary leadership, Dr. Nasr is
an elected GSK Senior Research Fellow. Prior to joining GSK, Dr. Nasr spent over 22 years at US FDA. At FDA,
Dr. Nasr served as a bench chemist, regulatory scientist, director of FDA’s analytical laboratories, and FDA/
CDER CMC regulatory office head. Dr. Nasr established and led FDA’s Office of New Drug Quality Assessment
(ONDQA). Dr. Nasr received his Pharmacy degree at the University of Cairo, Egypt, and his Ph.D. degree in
Chemistry at the University of Minnesota.

Daisie Ogawa is the head of the Upstream continuous manufacturing team at Boehringer Ingelheim, working
under Jon Coffman. The group focuses on perfusion cell culture process development and scale up, with recent
efforts emphasizing process intensification. The process is developed in a proprietary manufacturing platform
called the iSKIDTM system; this work is performed in collaboration with Pfizer.

Satoshi Ohtake is the Senior Director of Pharmaceutical Research and Development at Pfizer, where he oversees
all biotherapeutic drug product development activities. Prior to joining Pfizer, he’s held positions of increas-

ing responsibility at Nektar Therapeutics and Aridis Pharmaceuticals specializing in the development of novel
processing technologies and formulation of various modalities ranging from small molecules to live attenuated
vaccines. He also serves as an executive board member of a non-profit organization, adjunct faculty member at
University of Kansas, and Editorial Advisory Board member of peer-reviewed journals. He received his B.S. from
Caltech and Ph.D. from University of Wisconsin Madison, both in Chemical Engineering.

Douglas Richardson is a Principal Scientist in Bioprocess Development within Merck Research Labs in Ke-
nilworth, New Jersey. His current research focuses on the evaluation and implementation of new automation and
analytical technologies for characterization of protein therapeutics. Recently, this has focused on expanding the
large molecule Process Analytical Technology (PAT) toolkit to support current and future biotherapeutic manu-
facturing platforms. Dr. Richardson received his Ph.D. in Analytical Chemistry from the University of Cincin-
nati in the lab of Dr. Joseph A. Caruso.



Veena Warikoo is a Senior Biotherapeutics CMC Development leader at Roche. Warikoo holds twenty years of
proven track record in both strategic planning and execution for big pharma and startups, in early and late phase
process development, manufacturing, regulatory and pharmacokinetics. Her areas of expertise include early

and late phase bioprocess development, Integrated Continuous Biomanufacturing, Pharmacology/Safety/Toxi-
cokinetics, Application of computational models, Scale-up and Scale-down of Bioprocesses, Fill-Finish, cGMP,
Manufacturing Technical support, and Organizational Development. Dr. Warikoo received her PhD in Microbi-
ology and Biochemistry from the University of Oklahoma.

Bill Whitford is Strategic Solutions Leader, GE Healthcare in Logan, UT with over 20 years experience in bio-
technology product and process development. He joined the company as an R&D Leader developing products
supporting protein biological and vaccine production in mammalian and invertebrate cell lines. Products he has
commercialized include defined hybridoma and perfusion cell culture media, fed-batch supplements and aque-
ous lipid dispersions. An invited lecturer at international conferences, Bill has published over 300 articles, book
chapters and patents in the bioproduction arena. He now enjoys such activities as serving on the editorial advi-
sory board for BioProcess International.

Janet Woodcock is the director of the Center for Drug Evaluation and Research (CDER) at the Food and Drug
Administration (FDA), making sure that safe and effective drugs are available to improve the health of people

in the United States. Dr. Woodcock and her center evaluate prescription and over the counter drugs before they
can be sold and oversee their testing in clinical trials, provide health care professionals and patients the informa-
tion they need to use medicines wisely, ensure that drugs, both brand-name and generic, work correctly and that
their health benefits outweigh their known risks, and take action against unapproved, contaminated, or fraudu-
lent drugs that are marketed illegally. Dr. Woodcock has led many of FDA’s drug initiatives. She introduced the
concept of risk management in 2000 as a new approach to drug safety. Since 2002, she has led the “Pharmaceu-
tical Quality for the 21st Century Initiative,” FDA’s highly successful effort to modernize drug manufacturing
and its regulation. In 2004, she introduced FDA's “Critical Path” Initiative, which is designed to move medical
discoveries from the laboratory to consumers more efficiently. Dr. Woodcock received her medical degree from
Northwestern University Medical School, and her undergraduate degree from Bucknell University. She has held
teaching appointments at Pennsylvania State University and the University of California at San Francisco. She
joined FDA in 1986.

Andrew Zydney is currently Distinguished Professor of Chemical Engineering and Director of the Center of Ex-
cellence in Industrial Biotechnology at The Pennsylvania State University. He served as Head of the Department
of Chemical Engineering from 2004-2014. Professor Zydney received his B.S. in Chemical Engineering from
Yale in 1980 and his Ph.D. from M.L.T. in 1985. He was a faculty member in the Chemical Engineering Depart-
ment at the University of Delaware from 1985 - 2001. Professor Zydney’s research is focused on membrane sci-
ence and technology, with a particular emphasis on applications of membranes in bioprocessing. He is the most
recipient of the Gerhold Award for Excellence in Separation Science from the American Institute of Chemical
Engineers (AIChE) and is a past recipient of the Excellence in Biological Engineering Publications Award from
the AIChE. Professor Zydney is the Editor-in-Chief of the Journal of Membrane Science, and he serves on the
Editorial Boards for Separation and Purification Reviews, Separation Science and Technology, Current Opinion
in Chemical Engineering, and Biotechnology and Bioengineering.



National Academies Staff

Elizabeth Boyle has over 15 years of experience in environmental health and epidemiology. She currently works
as a Program Officer on the Board on Environmental Studies and Toxicology within the Academies Division on
Earth and Life Studies. Formerly, she was an Environmental Health Scientist at Westat, where she supported the
Environmental Protection Agency, the National Institute of Child Health and Development, and the National
Cancer Institute by completing other environmental epidemiology related projects. Prior to her tenure at Westat,
Ms. Boyle was a student epidemiologist at the Minnesota Department of Health and an Industrial Hygienist at a
consulting firm in Cincinnati. She serves as Chair of the Nominations Committee for the International Society of
Exposure Science. She is also a fellow of the Bloomberg American Health Initiative at Johns Hopkins University
Bloomberg School of Public Health where she is pursuing a doctor of public health in environmental health. Ms.
Boyle has an MPH in Environmental Epidemiology, a BS in Biology, and she is a Certified Industrial Hygienist.

Marilee Shelton-Davenport is a seasoned science policy program director who joined the Board on Chemical
Sciences and Technology (BCST) in at the National Academies of Sciences, Engineering and Medicine in 2016,
after 17 years with the National Academies Board on Life Sciences. Marilee has an extensive portfolio of work

at the intersection of chemistry, biology, and health including impactful activities that serve a variety of federal
agencies. A natural at building bridges and working across traditional siloes, Marilee’s work includes consensus
studies and the development of innovative activities and communication approaches to engage a wide breadth of
scientists and stakeholders in impactful dialogs related to emerging technologies, environmental health and toxi-
cology, and chemical and biological defense. Marilee received her Ph.D. in Pharmacology from the University of
North Carolina at Chapel Hill and her B.S. in Biochemistry from Clemson University.

Jarrett Nguyen is a Senior Program Assistant for the Board on Chemical Sciences and Technology. Jarrett began
working for the National Academy of Sciences, Engineering, and Medicine in October of 2016. He graduated
from James Madison University in May of 2015 with a Bachelor of Science degree in Geology and Environmental
Science with a minor in Geographic Science.

Abstracts

Shawn Barrett

Continuous Manufacturing Skill Center, Biologics Development, Sanofi

Intensification of a Multi-Product Perfusion Platform - Managing Growth Characteristics at High Cell Den-
sity for Maximized Volumetric Productivity

Integrated Continuous Biomanufacturing (ICB) provides many important strategic advantages for therapeu-

tic protein production through process intensification, simplification and integration. Dramatic reductions in
cost of goods manufactured can be achieved by pushing perfusion culture towards high productivity at moder-
ate perfusion rate and integrating with multi-column capture. We have demonstrated that an in-house chemi-
cally defined medium designed for high volumetric productivity (VPR) can support clones producing different
monoclonal antibodies in perfusion bioreactors at cell densities >100 million viable cells/mL and VPR from 4 to
6 g/L/day. However, for other cell lines tested productivity could not be consistently sustained due to declining
growth rate at high cell density. It was demonstrated that increased bleed rates could extend the culture duration
for these clones but only with substantially lower cell density and productivity, and reverting to a less productive
perfusion medium improved culture longevity to a certain degree. It was shown that continuous addition of a
concentrated supplement to this medium could improve productivity to levels comparable to the high-VPR me-
dium. Some clones producing the same biologic were observed to exhibit either sustained or declining growth
rate at high cell density, indicating clonal variability has the potential to be another factor that can affect this
growth phenotype. Potential approaches to mitigate declining growth rate in high cell density perfusion culture
will be discussed and additional benefits of intensified perfusion will be examined.



Mark Brower

BioProcess Development, Merck Research Labs, Merck & Co., Inc.

Continuous Downstream Processing: Turning Concept into Reality

In response to increased demands placed on biopharmaceutical producers to diversify portfolios and to reduce
costs, bioprocesses are being intensified to allow for significant protein production in 2,000L single-use bioreac-
tors. Some have proposed that the next step in this evolution will be fully integrated continuous bioprocessing
where further efficiencies may be achieved with sophisticated automation strategies and adaptive process control
to ensure consistent protein quality and patient access to the product. This presentation will include an overview
discussion on continuous downstream bioprocessing, the development of a continuous monoclonal antibody
(mAb) production laboratory named the Protein Refinery Operations Lab (PROLab) at Merck, and case studies
from the PROLab including material tracking throughout an integrated continuous biomanufacturing process-
ing line. In addition, obstacles for implementation of this final-state vision for continuous bioprocessing will be
discussed, including the lack of characterization tools for unit operations that are truly dynamically linked to one
another, the requirement for highly customized automation solutions, and process validation challenges includ-
ing material tractability and viral safety.

Lisa Connell-Crowley

Just Biotherapeutics, Inc.

Considerations for Virus Validation of Continuous Manufacturing Processes

Viral safety of biotherapeutics manufactured in mammalian cells is a significant concern for manufacturers

and regulatory agencies. Assurance of safety from adventitious virus contamination is provided by rigorous
virus testing of cells banks, virus testing of production cell culture, and assessment of viral clearance capability
by downstream processes. For continuous manufacturing processes, assessment of downstream viral clearance
capability is more complicated than processes with discrete steps due to the continuous and potentially vari-
able nature of the feedstream which may show pH, conductivity and concentration changes from one step to the
next. This presentation will discuss the viral clearance challenges and potential strategies for different aspects of
continuous processing including continuous capture chromatography, continuous viral inactivation, multiple
connected unit operations, and continuous viral filtration over several days. Additionally, strategies will be posed
for determining the retroviral-like particle burden for continuous CHO perfusion processes where harvests may
occur over many days or weeks.

Eva Gefroh

Just Biotherapeutics, Inc.

Continuous Perfusion Manufacturing: Drivers, Challenges, and Implementation Solutions

Cost pressures in the biopharmaceutical industry have led to an increased focus on low cost manufacturing and
process intensification. One avenue of approaching this cost reduction goal is the implementation of a continu-
ous perfusion process, which holds the promise of a high volumetric productivity cell culture produced in a
smaller footprint bioreactor and facility. As with all new technology, there are significant hurdles to overcome
on the road to implementation. The switch to a perfusion culture process results in a large consumption of
media, which can pose its own cost and logistical challenges associated with increased labor, raw materials, and
consumables for the media preparation. This presentation will first discuss the business drivers for continuous
perfusion processing at Just Biotherapeutics, drawing on some examples from process cost modeling. Challenges
associated with media preparation and an example of a proposed solution using concentrated media will be pre-
sented.



Moheb Nasr

Nasr Pharma Regulatory Consulting (NPRC)

Regulatory and Quality Aspects of Continuous Manufacturing

Existing regulations and US FDA recent initiatives encourage manufacturing innovation in the biopharmaceuti-
cal sector. The proposed International Council for Harmonization (ICH) Q13 would establish appropriate stan-
dards to facilitate harmonized global implementation. In this presentation, Dr. Nasr will summarize key regula-
tory expectations (regulatory dossiers and cGMP) to ensure successful execution of continuous manufacturing
processes. In addition, Dr. Nasr will share his perspective on the proposed Q13.

Daisie Ogawa

Boehringer Ingelheim

High Productivity Non-Steady State Perfusion: Fitting Continuous Process into Extant Facilities
Demonstration of volumetric productivities many fold higher than fed-batch processes notwithstanding, adop-
tion of continuous manufacturing is still met with some resistance in the biopharmaceutical industry. This is at
least partially due to the perception that all perfusion cell culture must necessarily run for durations much longer
than fed batch, thereby requiring unduly long development timelines and eventually monopolizing manufactur-
ing suites for weeks or even months at a time. By developing a high intensity perfusion process utilizing con-
centrated media feeds, in conjunction with an intensified N-1 stage, Boehringer Ingelheim is moving toward a
perfusion process which fits into the GMP manufacturing schedule of the typical 14-day run. Concentrated feeds
are capable of sustaining very high cell densities (100-200e6 c/mL) while consuming just 0.5-0.7 reactor volumes
of feed per day (total, not including diluent volume). This process can “fit” into existing facilities not only from

a scheduling perspective, but also by utilizing existing stainless steel bioreactors/tanks as production vessels and
feed vessels. This presentation will discuss the current “non-steady state” high intensity continuous manufac-
turing platform that BI is developing, as well as touch on how this process could fully utilize an existing down-
stream purification facility to the existing maximum capacity.

Satohsi Ohtake

Pfizer, Inc.

Drug Product Continuous Manufacturing: Opportunities and Challenges

While the pharmaceutical industry continues to demonstrate its creativity associated with novel compounds in
development, the processing technologies utilized for their manufacture have not kept their pace. This is not a
reflection of the paucity of innovation associated with processing technologies, but rather due to the existence
of barriers that need to be overcome for their implementation, which encompass economic, logistical, technical,
and psychological elements. If addressed appropriately, the solution will direct the focus and investment strategy
for the next generation processing technology suitable for the pharmaceutical industry that can improve drug
quality and address drug shortages.



Douglas Richardson
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PAT and Advanced Analytics for Continuous Bioprocessing: Advancements toward Real Time Release

Over the past 14 years, since the FDA published the PAT guidance for the principles of innovative pharmaceuti-
cal development, significant advancements have been made for small molecules including; continuous API and
drug product manufacturing as well as real time release testing (RTRT). In preparation for a wave of immuno-
modulatory receptor-focused clinical candidate’s, as well as non-traditional protein modalities, the need for a
more flexible manufacturing and analytical testing network is required. Development efforts to support these
modalities include single-use (SU) technology, continuous production, process analytical technology (PAT),
information technology (IT), multivariate data analysis (MVDA), and efforts towards real time release testing
(RTRT). This presentation will introduce PAT and Advanced Analytics progress within the protein refinery op-
erations lab (PROLab) at Merck. These methodologies, coupled with advanced data analytics will ultimately lead
to dynamic product attribute control (PAC) strategies that reliably deliver protein with consistent quality from a
continuous protein production facility enabling RTRT for biotherapeutics.
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Progress on Perfusion Culture CD Media Design

Methods employed to develop perfusion media include blending of existing formulations, measurement of me-
tabolite gradients during operation, concentration of unnecessary-component depleted formulations to reduce
volumetric addition and custom-design of mini-perfusion and pseudo-perfusion apparatus to reduce cost and
increase throughput in DoE directed experimentation. Finally, development of perfusion culture-specific media
is occurring at a time when the importance of composition-determined post-translational properties (e.g. gly-
coform pattern) and in toto trace material contaminant (e.g., metals) effects is being revealed, complicating the
endeavor. Nevertheless, culture media manufacturers are now addressing perfusion-specific production formu-
lations supporting the popular manufacturing platforms, perfusion types and product entities.

Andrew Zydney

Department of Chemical Engineering

The Pennsylvania State University

Continuous Bioprocessing - What Can We Learn from the Chemical Industry

There is growing interest in the development of integrated continuous bioprocesses with enhanced productiv-

ity and greater flexibility. A similar transition from batch to continuous processing occurred in the chemical
industry in the first half of the 20th century, with many of the advances in downstream processing exploiting the
benefits of countercurrent staging. This talk will examine the potential of exploiting similar methodologies in
bioprocessing, including the use of countercurrent staging in both continuous diafiltration and continuous chro-
matography. Experimental results are presented showing that countercurrent staged diafiltration can not only
provide continuous protein formulation, it can do so with reduced buffer requirements and fewer pump passes
due to the more effective use of the diafiltration buffer in the staged system. Similarly, Continuous Countercur-
rent Tangential Chromatography (CCTC) can provide truly continuous steady-state product capture and purifi-
cation using a column-free system in which the chromatographic operations are conducted on a flowing slurry.
Host cell proteins and other impurities are removed in the permeate collected through hollow fiber membranes,
with the contacting performed in a countercurrent staged fashion to significantly increase the overall throughput
while improving product yield and purification. These examples highlight how one can use purification strategies
that have been developed and optimized in the chemical industry to develop new technologies that can help en-
able continuous manufacturing of high value biopharmaceutical products.



