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Many organizations are evaluating how advanced

therapy medicinal products (ATMPs) and other
traditional modalities may be combined within the
same facility or within a newly constructed agnostic
building. This article outlines a broad framework to
evaluate different types of modalities that may be
accommodated concurrently and then uses a case
study to explain how the approach may be applied to
an existing facility.
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FACILITIES

Cell and gene therapies (C&GT) have unique needs

in manufacturing suites that differ from those for
classic product biopharmaceuticals. Facilities must be
created with flexibility in mind, able to run multiple
products and production types to remain viable. C&GT
sponsors currently address numerous emerging
pharmaceutical entities, as well as manufacturing
platforms, modes, and scale.

34 OLIGONUCLEOTIDES: A CORNERSTONE FOR

THERAPEUTICS AND MORE

Oligonucleotides are a cornerstone of a burgeoning class of drugs classified as nucleic acid

therapeutics. These therapies interact with DNA and RNA targets rather than traditional

protein therapeutic targets. Oligo therapies offer access to gene regulation mechanisms that

were previously inaccessible for treatment. Oligos are also a key component of gene editing

systems, serving as the guiding instructions for DNA and RNA editing technologies.

ON THE COVER Multiple modalities and flexible manufacturing for biopharmaceuticals are represented by the two sides of the cover—and the two cover stories that address these key topics.
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SSAGE FROM THE CHAIR By Jorg Zimmermann

An Exciting Year

Jorg Zimmermann

Has it really been a year since | began my term as Chair of
the ISPE International Board of Directors? It seems like
yesterday, and now the 2022 ISPE Annual Meeting & Expo in
Orlando, Florida, has come and gone, and Mike Rutherford is
the 2022-2023 Chair.

t has been an honor for me to serve our Society and membership in this position, and
we have progressed a number of important initiatives.

ONE ISPE AND STRATEGIC PLAN REFRESH

Alot of effort went into the One ISPE initiative, which defines the relationship between
ISPE international and the Chapters and Affiliates. Eighty percent of Chapters and
Affiliates have embraced the concepts that improve the interactions, promote growth of
membership, and incentivize the involvement of students in ISPE, which isa topic thatis
very close to my heart. Reintroducing the liaison role of International Board members
withindividual Chaptersand Affiliateshas given us directlines of communication to the
mutual benefit of the International Board and thelocal groups. Thisinteraction was used
tofurtherimprove the ISPE Charter, and the proposed changes will be implemented into
the2023version. Weare confident that thiswillbeaccepted byall Chaptersand Affiliates.
Thank you very much toallinvolved: this wasnot an easy task!

The Board embarked on a refresh of the strategic plan with a hybrid workshop fol-
lowing the ISPE 2022 Facilities of the Future Conference in February. We defined the
pathforward for 2023-2025 after a final round of consultations with the Board advisors
inJuly. Tim Howard, who was Chair of the International Board from 2017-2018, helped

ISPE is shaping the future of our industry
to the benefit of patients.

by moderating the sessions. Thank you, Tim! As you could see in the overview that we
gave at the Annual Meeting, ISPE is taking a much more confident position, moving
from “connecting pharmaceutical knowledge” to “shaping the future of the pharma-
ceutical industry.” ISPE is a true independent voice of the industry, accepted by the
regulators worldwide, and as such, we are shaping the future of our industry to the
benefit of patients.
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MESSAGE FROM THE CHAIR

Figure 1: Board dinner on Castle Waldburg near Ravensburg.
From left to right: Mike Rutherford, Vivianne Arencibia, Beth
Billman (Scott’s wife), Scott Billman, Jeff Biskup, Joanne Barrick,
Nina Cauchon, and Jérg Zimmermann.

Figure 2: ISPE Board members visiting Vetter: pictured is a robot
application for adding syringes to trays in secondary packaging.
From left to right: Vivianne Arencibia, Chris Chen, Scott Billman,
Dirk Margosch, Georg Singewald, Christian Herrmann, and
Joanne Barrick.

AN EXCITING YEAR

What else did I do as Chair this year, in addition to running the

Board and its meetings plus sitting on numerous committees? I
started the year by attending the ISPE Ireland Affiliate’s Annual
Event and gave the 2020 ISPE Member of the Year award to Eamon
Judge from Eli Lilly. Shortly after that, I spoke for ISPE at an event
inItaly.

2022 brought back in-person international conferences, start-
ing with Facilities of the Future in February, followed by the 2022
ISPE Aseptic Conference in March, which I have been deeply
involved with for almost 15 years.

Everybody hasbeen saying it, butit is true: it was wonderful to
be back in person and to interact face-to-face, not just listen to
presentations online. The buzz continued with the 2022 ISPE
Europe Annual Conference in Madrid, which saw excellent dis-
cussions with regulators from around the world. I participated
virtually in the ISPE Japan Affiliate Annual Meeting in May, spoke
at the “Developments and Innovations in the Pharmaceutical
Industry During the Pandemic Period” seminar of the ISPE
Turkish Affiliate in September in Istanbul, and attended Board
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meetings both at the ISPE Germany/Austria/Switzerland (D/A/
CH) and the Netherlands Affiliates. Within the D/A/CH Affiliate,
thelocal community of practice for sterile products and processes
(which Ibelong to) organized a workshop on ATMPs in Leipzig. We
had a very intense interaction, including participation from the
Paul Ehrlich Institute—a German federal agency, medical regula-
tory body, and research institution for vaccines and biomedi-
cines—and had the unique opportunity to make site visits to view
two commercial cell-based products: autologous cartilage cell
therapy at Co.don AG and CAR-T cell therapy at the Fraunhofer
Institute for Cell Therapy and Immunology IZI.

The highlight for me was the Board meeting that we held at
Vetter in Germany. Most Board members were able to attend in
person, and we had very productive Board and Executive
Committee sessions. In addition, we took the Board on tours of
Vetter’s facilities for sterile products and through all the produc-
tion steps: compounding to fill-finish to automated visual inspec-
tion and secondary packaging. Board members were most
impressed by the state-of-the art technology and the use of robots
in the processes. Of course, there was also time for some sight-
seeing, including the Zeppelin-Museum in Friedrichshafen and a
dinner onahistoric boat on the Bodensee.

LOOKING AHEAD

What I could experience first-hand in all these interactions is
the great collaboration between ISPE members from around the
globe, all bringing their unique viewpoints, perspectives, and
culturalbackgrounds. This almostlimitless networkingis what
has motivated me in my time as Chair, and I thank you all for
this. I also thank my fellow Board members and the fantastic
ISPE staff that is making sure that our Society is functioning,
striving, and growing.

Whatlies ahead for ISPEisanother year of great conferences
that will help shape the future of the pharmaceutical industry,
including the Aseptic Conference in March, the Europe Annual
Conference in Amsterdam, home of the European Medicines
Agency, and the 2023 ISE Annual Meeting & Expo in Las Vegas.
For me, it is not time to say goodbye, as I continue as past Chair
during 2022-2023 and in various other functions within ISPE
from chairing the program committee for the Aseptic
Conference, as a reviewer for PE magazine and member of the
Pharmaceutical Engineering® Committee (PEC), and many more
activities.

It has been a great honor for me to serve as Chair and cer-
tainly a highlight in my professional career. And on top of it, it
hasbeen fun, following my credo: the more you put in, the more
you get out of it. I know that the Society is in good hands, and I
wish us all the success that we as ISPE deserve. Stay safe and
stay in touch. 7

Jorg Zimmermann is Vice President, Vetter Development Service, External Affairs, at Vetter

Pharma-Fertigung GmbH & Co., and the 2021-2022 Chair of the ISPE International Board of
Directors. He has been an ISPE member since 2006.
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ERGING LEADERS EDITORIAL By Heather Bennett-Kelley

Heather Bennett-Kelley

We don’t often take time for reflection, except
when in times of trial or transition. | recently
needed to update my resume, which forced
some reflection on what | had done of note since
my last update. This reminded me that we are
coming up on the end of the year, a transition to
new leadership and new goals, and maybe even
cleaning up our toolboxes.

ver the last year, we have been getting used to a variety of
ways of getting back to “normal” and what they look like,
though in some ways we may be forever changed. Our stu-
dents have had a mixed bag of experiences. Online exams
mightbe easier for some classes, buthow doesan online laboratory
for engineering or science compare to the hands-on experience?
With 2,279 student membersin 2022 and 667 recent graduates,
there may be an unknown gap to fill with experience and team
interaction. The workforce gap will initially be the responsibility
of managers and mentors: they must pay attention to the needs of
those they shepherd into the future and help build a bridge so
those future industry leaders can get to the knowledge they need.
The Emerging Leaders (EL) Community of Practice (CoP) will also
be here to help with the identified knowledge gaps with tools, ses-
sions, and reengagement for recent graduates. Those graduating
need to keep eyes and ears open and ask lots of questions. I have
learned alot just by absorbing information from the environment
around me.

GLOBAL SUPPORT

As an international organization, ISPE tries to support all corners
of the globe, although there are stillimprovements tobe made. ELs
areineveryregion, with mostof our Chaptersand Affiliateshaving
student members. Historically, many ELs have been active in the
Americas(North Americaand South America)andinthe European
Union (EU). Both regions have formal ISPE EL leadership, and
starting this year, we have official regional leadership for our EL
groups in Asia Pacific (APAC). Welcome and thank you to those EL
leaders who are stepping up: Jaywant Pawar, Wong Jianwei, Raine
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[IMeS O TRANSITION

As an industry, we are ever
evolving, improving, and innovating.
These are all helped along by our
continued collaboration.

Fernandez, and Onwara Wongwatcharamongkol! I want to bring
special recognition to Canada, as ELs there have been more active
and stronger in the last couple of years. Nice job, Diego Legrand
and Amanat Kaur! In North America and South America, there is
continued growth and reinvention with the Annual Meeting
Hackathon, initiatives to connect Chapter and Affiliate EL leaders,
and new programs to reach future members. Our EU EL group
continues to be a source of inspiration, with the in-person
Hackathon at the ISPE Europe Annual Conference in Madrid,
Future Leaders Day, and more to come. Great energy leading the
charge, Emer Somers and Robin Schiemer!

COLLABORATION GONTINUES

As anindustry, we are ever evolving, improving, and innovating.
These are all helped along by our continued collaboration. With
the local, regional, and international Hackathons, best practices
aresharedtobetter serve the coachesand participantsinones that
follow. The latest Hackathon took place at the ISPE Annual
Meeting & Expo in Orlando, Florida, on 29 October. We also have
globalinitiativeslike those to get more EL representatives writing
articles for Pharmaceutical Engineering®.

Our younger members are the future of our industry, so we
need to support and start listening to them now to help shape the
future for the better.IThave been honored over thelast year toserve
as the International EL Chair and help push some of these ideas

along. Ilook forward to what we will accomplish in the next year
with Zen-Zen Yen from the D/A/CH Affiliate as our EL chair for
2022-2023.

Heather Bennett-Kelley is Project Manager/Engineer at ACCO Engineered Systems and the
2021-2022 International Emerging Leaders Chair. She has been an ISPE member since 2007.
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By Vivien Santillan

Vivien Santillan

The inclusive nature of ISPE promotes diversity
in thought, providing pharma professionals of
all levels, geographic, and cultural backgrounds
the opportunity to share their knowledge and
collaborate across borders. ISPE’'s Women in
Pharma® (WIP) is a testament to this.

ver the past few years, we've seen this professional commu-

nity deliver quality programming for personal and profes-

sional growth, creating social impact opportunities as we

work collectively without biases to shape the future of the
pharmaceutical industry.

GROWTH IN ASIA

After more than two years of online conferences, meetings, and
webinars, Asiais slowly opening its borders once again and seeing
a growth in WIP initiatives. ISPE’s Malaysia Affiliate launched its
WIP group on 29 July 2022. It was the first in-person gathering for
the Affiliate since the pandemic began in 2020. For many, it wasan
opportunity to reestablish personal connections and dive back
into traditional networking. To add to the excitement, the launch
coincided with ISPE Malaysia’s General Membership Meeting and
the celebration of the Affiliate’s tenth anniversary.

The event introduced attendees to the WIP community,
including an outline of the mission and a lineup of upcoming WIP
activities for the local community. ISPE Malaysia hosted a WIP
Workshop on 9 October that focused on personal development and
roundtable discussions for thought exchange and networking.
The Affiliate is committed to growing this initiative and helping
women develop the confidence to push past geographic and cul-
tural barriers as they pursue excellence within their careers.

The ISPE Singapore Affiliate’s conference has always proved to
be an anticipated event in the Asia-Pacific pharmaceutical indus-
try, with over 1,000 participants attending virtually and in person.
WIP again was present at the conference, hosting a lunch and
roundtable discussion. Presentat each table wasa WIPleader from
the Asia-Pacific region who facilitated the conversations and
allowed time for each participant to share their experiences on
assigned table topics.
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N IN PHARMA®
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The presence of WIP in every ISPE
Affiliate and Chapter helps us bridge
gender, cultural, organizational, and

geographic boundaries.
______________________________________________________|

The ISPE Asia-Pacific Council, which represents leaders of all
ISPE Affiliates in that region, and its WIP community leaders
staged its first Think Tank webinar in November, a concept initi-
ated by the ISPE Women in Pharma’s International Steering
Committee. Industry professionals discussed how Asia can equip
its workforce to embrace and influence trends and evolving tech-
nologies in the pharmaceutical industry.

ANNUAL MEETING AND BEYOND

At the 2022 ISPE Annual Meeting and Expo in Orlando, Florida,
WIP welcomed members and other attendees on 30 October with
a workshop, “Career Connections—Developing Your Personal
Brand.” The immersive, hands-on event focused on evolving asa
leader and taking LinkedIn profiles to the next level. A dinner on
31 October focused on networking and camaraderie, and a
1 November morning yoga session helped provide a refresh for
the final full day of the conference.

The presence of WIP in every ISPE Affiliate and Chapter helps
us bridge gender, cultural, organizational, and geographic bound-
aries, allowing us to enjoy a safe space to discuss our goals, aspira-
tions, and ambitions. The global collaboration and reach of WIP
allows our members to build important relationships that tran-
scend the industry.

It’s been a successful 2022, with various milestones worth cel-
ebrating and a growing community focused on grand break-
throughs and ideas adapted to a local mindset and needs. We look
forward to what’s in store next year and having continued conver-
sations that will help “Women Shape the Future of Pharma.” We’'ll
seeyounextyear! &

Vivien Santillan is Regional Director for Asia, Novatek International; Immediate Past President and
VP of the ISPE Philippines Affiliate; Past Chair of the ISPE Asia Pacific Council; and a member of the
Women in Pharma® International Steering Committee. She has been an ISPE member since 2012.
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+ ACCOMMODATING
MULTIPLE MODALITIES

in the Same Facility

By Tom Bannon and Alfred Penfold, MBA, CEng, MIET

Many organizations are evaluating how
advanced therapy medicinal products (ATMPs)
and other traditional modalities may be
combined within the same facility or within a
newly constructed agnostic building. This article
outlines a broad framework to evaluate different
types of modalities that may be accommodated
concurrently in a new or existing facility and then
uses a case study to explain how the approach
may be applied to an existing facility.

TMP facilities are different from conventional pharmaceuti-

calfacilitiesthat process other traditional modalities, such as

vaccines and monoclonal antibodies (mAbs), and often

require heightened segregation and smaller footprints. A
new framework is proposed to accommodate multiple different
modalities, with six major steps: (1) identify the business need;
(2) identify possible modalities and the scale of manufacturing;
(3) complete data gathering, which includes outlining segregation
principles and reviewing GMPs and industry best practices;
(4) develop arisk profile, which includes developing viral and tox-
icity risk progression, a risk matrix, and a facility features matrix;
(5) perform risk assessments, and then update the risk profile and
facility features matrix as needed; and (6) complete a segregation
strategy for a future multimodality facility.
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BUSINESS NEED, POSSIBLE MODALITIES,
AND MANUFACTURING SCALE

When a business need is being developed, it must be determined
which modalities are of interest to the organization, how their
manufacturing might be accommodated, and at what scale they
should be manufactured. These modalities may include cell thera-
pies, gene therapies, tissue engineering, nucleic acid synthesis,
vaccines,and mAbs.

COMPLETE DATA GATHERING

Outline Guiding and Segregation Principles

Next, broad guiding principles and key segregation principles
should be determined as part of the data-gathering step. Key seg-
regation principles are required for existing, proposed, and poten-
tial new modalities. Some example principles and assumptions
that should be determined and agreed upon relate to facility
design, manufacturing area capacity, defining process steps,
safety requirements, and infrastructure.

Facility design: All new facilities will be designed and built to
current industry best practices using the latest available technol-
ogy. More specifically, closed systems, isolators, and single-use
technology are to be adopted as appropriate. Alternatively, an
existing facility will be agile and can facilitate early-stage
processes received through acquisition. These processes may still
have open aseptic steps. The manufacturing spaces should be able
toaccommodate the full journey through to process closure.



Manufacturing area capacity: The capacity of the individual
manufacturing areas should be established. This may include
answering questions like: Is the facility aimed at commercial
manufacturing? Is the facility designed only for volumes to sup-
portclinical trials?

Defining process steps: The core processing steps for each modal-
ity should be defined. If processesarenotalready fully defined, the
assessment will need to make broad assumptions in terms of pro-
cessing steps and possible technologies to be used. However,
future assessments will be required to either confirm or modify
some of the assumptions based on actual product and process
information. Any decisions or recommendations are ultimately
determined by quality risk management (QRM) principles and
practices, as well as relevant GMPs.

Safety requirements: Similar to GMP requirements (see next sec-
tion), all safety requirements should be agreed upon. This should
include biosafety, hazardous agents, and any occupational
hygiene considerations. This will require broad assumptions and
understanding of some of the modalities being considered. For the
purposes of brevity, this article doesn’t discuss safety. However, it
isnoteworthy that often safety and GMP requirements drive com-
plementary results.

Infrastructure: All available infrastructure that will be used
should be considered; for example, shared quality control labora-
tories, utilities, and waste handling.

Review Guidance

Regulations

The assessment must outline which GMPs are being used. For
example, an assessment for a facility primarily focused on US
and EU markets would only consider GMPs and regulations
from EudraLex and the FDA. However, with an agnostic build-
ing, the breadth of regulations that must be considered can be
extensive.

The following list includes regulations that can be considered,
butitis by no means exhaustive: EudraLex Volume 4 Parts [, II, and
IV and Annexes 1and 2 [2-6]; EU human tissues and cells directive
2004/23/EC[7]; FDA CFR Title 21 Parts 211,600,and 1271[8-10]; FDA
Guidance for Industry: Sterile Drug Products Produced by Aseptic
Processing-Current Good Manufacturing Practice [11], and
Guidance for Industry: Current Good Tissue Practice (CGTP) and
Additional Requirements for Manufacturers of Human Cells,
Tissuesand Cellular and Tissue-Based Products (HCT/Ps) [12]. Also,
regulatory agencies may refer to a corresponding pharmacopeia
suchas USP 800 [1].

These regulations contain some requirements that relate to
specificmodalities. For penicillinsand cephalosporin (highly sensi-
tizing materials) and for pathogenic organisms (i.e., Risk Group 3 or
4), dedicated and self-contained facilities that include air-handling
equipment and process equipment should be employed [3]. In

It is possible to develop a basic
set of guidelines to accommodate
multiple modalities within the
same facility once that facility’s
main purpose has been
established. But to do so, it is
important to understand what
boundaries may exist.

addition for penicillins specifically, air-handling systems for manu-
facture, processing, and packing shall be completely separate from
those for other drug products for human use [8].

Formaterialsof aninfectious nature (Risk Group 1and 2) or with
high pharmacologicalactivity or toxicity (suchas certain steroids or
cytotoxic anti-cancer agents), dedicated facilities are not required.
However, these do require that validated inactivation and cleaning
procedures able to reduce product residues to amounts below
defined safety thresholds are established and maintained [3].
For live vaccines, manufacturing in a separate wing of a building
is acceptable, with the appropriate controls to prevent cross-
contamination of other products within the building [9].

If the manufacturing site produces medicinal products other
than ATMPs, based on arisk assessment, ATMP manufacture may
need to take place in a dedicated area of the facility. Special pre-
cautions should be taken in the case of manufacturing activities
involving infectious viral vectors (e.g., oncolytic viruses): these
activities should take placein a segregated area [4].

Industry Best Practices

In addition to regulations, there are many industry best practices
that further interpret GMPs. Some practices are recorded in
industry best practice guides and can include ISPE Guides,
Baseline Guides, and Good Practice Guides, and Parenteral Drug
Association (PDA) technical reports [13-15]. Other industry best
practices may not be formally documented in regulations or
industry best practice guides, but should also be investigated as
partof the assessment.

The assessment may also identify perception concerns. Owner
companies—they own both the product and the manufacturing
facility—will have freedom to set their own segregation principles.
For example, a contract manufacturing organization (CMO) that may
have differing client modalities adjacent to each other will want a
segregation policy thatisacceptable toa wider customer base.
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Table 1: Levels of potency and toxicity risk.

Caustic, acids,
medias, salts, and
other commodity
chemicals

(<OEB 2)

For example:

« Chemical involved
in mammalian
bioprocessing

« Formulation
buffers for thera-
peutic proteins

Manufacture of
cytotoxic products
(< OEB 3)

For example:
« Vial or syringe
filling of an ADC

These cytotoxic
processes have
specific guidelines
within regulations

Manufacture of
cytotoxic products
(> OEB 3)*2

For example:
« Conjugation of
ADCs

These cytotoxic
processes have
specific guidelines
within regulations

_

Sensitizing agents
with specific
requirements
mentioned in
regulations

For example:
« Beta-lactams

« Penicillin
« Cephalosporin

« Hormones (high
potency)

'Carcinogenic, mutagenic, and teratogenic materials need to be considered on a case-by-
case basis. In general, any use of these materials will be in small volumes and will receive
dedicated risk assessments.

2QEB classification to include assessment of carcinogenic, mutagenic, and reproductive
(CMRs) toxic substances.

Internal Corporate Standards

The manufacturer may have internal corporate standards that
address how any manufacturing asset should be designed and
operated irrespective of location or markets served. These stand-
ards should be listed prior to commencing this exercise.

DEVELOP A RISK PROFILE

It is necessary to develop a risk profile for different modalities to
establish some key segregation principles. The risk profile should
also be based on regulations, industry best practices, and the
company’s own risk profile and practices. In this article, two sepa-
rate risk profiles have been developed: chemical potency and tox-
icity risk, and biological (viral and microbial) risk.

Inboth cases, the category of risk ranges from low to very high.
Each risk profile category contains a definition with examples.
Profilesalso form thebasisfor the proposed segregation principles
in the case study. Very-high-risk profiles align with clear regula-
tory expectations for dedicated manufacturing facilities.

Chemical Potency and Toxicity Risk Progression

In Table 1, the authors have captured some types of biotechnology
modalities that relate more specifically to potency and toxicity
with respect to risk profile: low, medium, high, and very high risk.
The potency ranges from occupational exposure band (OEB)1to 5,
with 5 being the highest potency. The final risk profile is deter-
mined by the toxicity and potency data, containment strategy,and
technology used.

Cleaning of shared equipment for multiproduct facilities is a
major concern in GMPs. In addition, the HVAC, utilities, material,
waste, and personnel flows all must be assessed. The toxicity
assessment feeds into all of these considerations. The QRM
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approach focuses on how cross-contamination can occur across
modules through HVAC, utilities, material, waste, and personnel
flows. For example, if an isolator is capable of containing an OEB 5
process, the operator may only be exposed to microgram levels.
Therefore, arisk assessment willlook at how many micrograms of
material can contaminate a different process. More specifically, it
will ascertain if the level of theoretical cross-contamination
exceeds the permitted daily exposures (PDE) for a product in
another module.

Risk-Based Manufacture of Pharmaceutical Products

A useful guide for performing the risk assessments is the ISPE
Risk-Based Manufacture of Pharmaceutical Products Baseline Guide,
oftenreferred to as Risk-MaPP [13]. The second edition of the ISPE
guide received regulatory input from the FDA and other agencies
and was published in 2017. The guide has a useful workflow for
assessing multiproduct manufacturing and advocates the QRM
approach. The four key areas in the Risk-MaPP approach, in the
order of decreasing risk, are as follows: mix up, retention (carry-
over), mechanical transfer, and airborne.

Mix up: Mix up refers to the general tracking and control of mate-
rials. For example, materials may be closed on delivery to dedi-
cated suites, i.e., not opened adjacent to other materials. Robust
wipe-down procedures and industrial hygiene practices apply at
all times. Control storage may be necessary in the warehouse,
along with segregated waste flow as required.

Retention (carryover): Modules and associated equipment may be
dedicated to a product with no carryover risk from equipment
cleaning. If using single-use technology, then there is minimum
risk from cleaning. In-suite cleaning facilities may be required.
Inactivation methods for active pharmaceutical ingredient (API)
and organisms or DNA and RNA may alsoberequired in the suites.
All potential leaks, spills, and material air lock (MAL) operations
willneed toberisk assessed.

Mechanical transfer: Mechanical transfer often refers to opera-
tors and how they may become contaminated with product and
then inadvertently contaminate another person, product, or both.
Theuse ofisolators and/or closed processes—along with a suitable
gowning policy and layout (e.g., unidirectional flow of personnel,
product, and waste, as required)—helps reduce the risk of contam-
ination. Dedicated procedures for spills or deactivating an opera-
tor gown when soiled may be required.

Airborne: A “sink” or “bubble” concept for airlocks will limit the
airborne transfer to corridors. There may also be arequirement for
a segregated HVAC unit with or without terminal HEPA filtration
onthe supply and return.

The Risk-MaPPapproachisauseful guide that will helprisk assess
products and processes based on QRM principles.
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High-Potency and High-Toxicity Products to Be Excluded
From a regulatory perspective, the only products that are to be
excluded are sensitizing agents, including penicillins and cepha-
losporins (beta-lactams); potentially genotoxic compounds; and
potentially OEB 5 compounds where the risk assessment indicates
the compound cannot be adequately controlled. Manufacturing of
(or with) high-potent compounds in adjacent suites may be possi-
ble with the appropriate engineering controls and risk assess-
ments based on toxicity data.

Biological (Viral and Microbial) Risk Progression

There is not a single document for assessing different modalities
wherevaryinglevels of viraland microbial risks are present equiv-
alent to the ISPE Risk-MaPP guide for chemical potency and toxic-
ity risk. The PDA publications “Virus Contamination in
Biomanufacturing: Risk Mitigation, Preparedness,and Response”
[14] and “Points to Consider for Microbial Control in ATMP
Manufacturing” [15] are very useful publications that should be
read as part of this exercise.

These documents outline practical engineering and
procedural controls, which need to be used for mix modality man-
ufacturing; however, these documents are written from the
perspective of an adventitious viral or microbial contamination
from external environments and raw materials. Similarly, closed
processing risk assessment methodologies are available (such as
the ISPE Biopharmaceuticals Manufacturing Facilities Baseline
Guide),but these are written in the context of multiproducts within
mAb or therapeutic protein where viral risk is uniform across the
processes considered.

Therefore, a science- and risk-based approach from first prin-
ciplesmustbetakentoassessbiological risk. QRM tools commonly
used in the biopharma industry should provide good guidance on
what is acceptable. Table 2 captures the types of modalities that
relate more specifically to viral and microbial organisms with
respect to risk profile, and provides an approximate risk ranking
of viral and microbial risks. It can be used as an initial guide until
theactuallevel of riskis determined by amore comprehensiverisk
assessment. A site biosafety committee will be required to help
categorize the risk grouping of hazardous organisms.

Understanding the Biological Risk Categories

Viraland microbial products have been classified into the following
broad categories (excluding very high risks that are not in scope):
low, medium, and high risk (very high risk is not discussed here).
Low risk includes mAb processes where characterized murine cell
banks are used, BSL-1bioprocesses, and fill finish of traditional
therapeutic proteins. These are low-risk processes because the
presence of viral material islow and if it is present, it is likely to be of
animal origin and are not known to propagate in humans. Medium-
risk processes include those that use viral vectors, human cell lines
where an adventitious human virus will replicate, or animal tissue
that may have viruses but those that are not known to propagate in
humans. High-risk processes are typically those where human
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Table 2: Levels of biological (viral and microbial) risk.

Low Risk

1. Risk Group 1
(biosafety)
organisms

2. Processes
in which the
likelihood of the
presence of viruses
or propagation of
viruses is low

For example:

« Mammalian cell
culture using
characterized
non-human cell
lines

This includes
established and
controlled practices,

1. Risk Group 2 (bio-
safety) microbial
organisms

2. Processes in
which the likeli-
hood of viruses
or propagation
of viruses is
increased

For example:

+ Allogeneic
cell therapy
(prescreened cell
stock)

« Replication
incompetent
viral vector/gene
therapy

1. Risk Group 2
(biosafety) viral
organisms

2. Processes in
which human
virus are likely to
be present

For example:
« Live vaccine
manufacturing

« Autologous cell
therapy

« Replication
competent

viral vector/gene
therapy

« Blood/plasma

1. Risk Group 3
and 4 (biosafety)
organisms

2. Processes in
which particular
pathogens are
produced

3. Bioprocessing
spore-forming
organisms

For example:

« Live BSL-3* or
BSL-4 organisms

These processes
have specific
requirements
within regulations

including the use « Viral antigen processing
of controlled vaccines These processes
animal-derived o have specific
media components | + Animal tissue quidelines within
These processes regulations
have specific
guidelines within
regulations

* BSL = Biosafety Level

viruses may be present. These include human-donated material
and culturing of live human viruses.

Based on this risk categorization, the low-risk and high-risk
processes are easier to distinguish. Medium-risk processing
covers a broad middle ground and careful consideration of the
underlying science will be needed in the corresponding risk
assessments. It may result in the process being reclassified as
either low or high risk. In general, it is possible to conclude that
medium-risk viraland microbial processes may be accommodated
within the same facility, provided there is data to support a
comprehensive risk assessment.

The following have been categorized as medium-risk
processes: human cell lines, allogeneic cell therapy (screened cell
stock), processing of proteins extracted from animal sources (e.g.,
heparin, insulin); replication incompetent viral vector/gene ther-
apy; and viral antigen vaccines. The overarching principle is that
although human cells are often being cultured, their origin is
known or, better still, characterized. Therefore, in principle, there
are no viruses present, but care is taken for adventitious viruses.
The level of screening of donors will be key to the risk characteri-
zation of this type of processing. If inadequate screening is per-
formed, this may be recategorized as high risk. Similarly, viral
vectors, gene therapies, and viral antigen vaccines have viral
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Figure 1: Risk matrix showing the risk hierarchy for potency and toxicity risks and viral and microbial risks taken together.
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properties. However, they have been genetically engineered to be
replication incompetent outside of the bioreactor environment.
Many of these examples fall into the category of ATMPs. Similar to
the high-potent compounds, there may be different and conflict-
ing perceptions that will need to be managed. It may be more pru-
dent to consider fully segregating these types of processes.

High-risk viral and microbial processes will invariably face
regulatory or perception concerns. For example, CAR-T manufac-
turing acknowledges that patient cells arriving into the facility
may harbor infectious biohazardous organisms. As a result, dedi-
cated material flows for patient material arriving and leaving the
facility is common. This will be difficult to achieve in many facili-
ties unless it is initially included in early design stages. Similarly,
live vaccine manufacturing and any blood processing would
require the acknowledgment of a high possibility or intentional
presence of human viruses.

Biological Products to Be Excluded

From a regulatory perspective, the only products that should be
excluded are spore-forming microorganisms, due to their persis-
tence in the cleanroom environment. Processing products at
BSL-3and BSL-4 should be excluded and there is strong considera-
tion against manufacturing of live vaccines.

Develop a Risk Matrix

Once the risks for each category have been determined, a risk
matrix should be completed to align the team with the escalating
risks from differing modalities (see Figure 1). Although thisis an
important step in the mix modality risk assessment and the risk
matrix is a useful guide, the assessment team must evaluate it
themselves to calibrate their own risk appetite and ensure that
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particular modalities of interest are properly characterized. It
cannot be sufficiently stressed that the underlying science of a
particular modality should be understood when characterizing
the matrix info. New modalities or variations of existing modali-
ties are constantly appearing, so evaluating the matrix for each
new projectisimportant.

Develop a Facility Features Matrix

Anagnostic facility is a pre-invested facility that has been designed
toaccommodate a range of manufacturing processes. It is typically
constructed with the core internal process area left unconstructed.
This allows a rapid buildout of the manufacturing area once a busi-
ness need isidentified and greatly reduces deployment times.

Because of this, an agnostic facility may have multiple manu-
facturing spaces, each capable of being fitted out for working with
aparticular modality. These spaces may be spread across aspecific
manufacturinglevel or across multiple floors.

When assessing the adjacency of different modalities, key
considerations will include the equipment and closure design
(primary containment), whether a single or separate supply and
return corridor is required, and whether physical or temporal
product segregation is needed. Secondary containment factors
such as the HVAC design, pressurization regime, and airlock
design will also need to be considered. The segregation of air
between manufacturing spaces will be input into any analysis.

It should be noted that if one of the spaces is assigned a high-
risk modality and the others are low risk, many of the engineering
and architectural controls to minimize cross-contamination will
be drivenby the highest risk modality.

As a generalization, the following will apply when choosing to
add a higher-risk modality: increased secondary containment



Figure 2: Sample facility features according to risk group.
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(e.g., airlocks and pressure cascades); progressively stricter per-
sonnel, material, and waste flows with consideration for supply
and return corridors; potential for dedicated locker rooms;
increased reliance on closed processing, barrier technology for
open steps, and physical segregation compared to temporal segre-
gation; and lessreliance on procedures and training.

Determine Requirements by Risk Group

Once the core risk groups have been developed, the assessment
team must now assess the corresponding facility features for each
risk group. This exercise should propose the various facility fea-
tures. Figure 2 outlines a high-level example, giving some cases of
escalating design features and possible inflection points where
facility systems can no longer be shared.

Figure 2is simply the starting point fora GMPrisk assessment
for the proposed modalities the manufacturer intends to operate
adjacent to each other. Once this matrix has been developed, GMP
risk assessments should be performed with a cross-functional
team to ensure that the level of segregation is sufficiently robust.

PERFORM RISK ASSESSMENT AND COMPLETE
SEGREGATION STRATEGY

Risk assessments should be performed for potential failures that
may occur in various manufacturing areas and any connected
piecesofinfrastructure (e.g., corridors, utilities,and HVAC). These
risk assessments should be supported with typical process
descriptions and a very high-level layout based on the features
described previously. The study should perform risk assessment
on possible failures that may lead to cross-contaminations in the
manufacturing spaces. The following are examples of typical
failures:

Failure1: Operator wearing asoiled gown, afteraspill,isreturning
to the locker room and passes by personnel entering other manu-
facturing spaces.

Failure 2: Waste containersare not sealed correctly and leak waste
material onto the floor of the corridor.

Failure 3: HVAC failure in manufacturing space #3 causes risk of
air mixing between manufacturing spaces, which leads to a
cross-contamination.

There are many failure modes that can be considered and
these examples represent only a selection. The risk assess-
ment may conclude that some of the escalating features out-
lined in need to be adjusted to reduce the risk associated with
various failure modes.

Once the risk assessment is complete, the risk profile and
facility features matrix should be updated as needed, with this
process being repeated as appropriate. Finally, a segregation
strategy for a future multimodality facility should be completed.

BIOLOGICAL MANUFACTURING CMO CASE STUDY

This case study references a CMO whose primary business is
focused on biological products. This CMO has constructed a large
agnostic facility with pre-invested infrastructure, e.g., clean utili-
ties. The facility consists of multiple manufacturing floors with a
just-in-time (JIT) warehouse and support areas, including waste
management on the ground floor. Material is supplied to each floor
via an elevator from the ground floor JIT warehouse, with further
elevators included for separate waste streams. Each floor is
designed to accommodate multiple modalities’ manufacturing
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Figure 3: Facility layout designed to accommodate manufacturing
processes for multiple modalities.
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Figure 4: Multimodality segregation study process.
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processes (see Figure 3). The manufacturer concluded that modal-
ities of the same risk group will be shared within manufacturing
floors. This will allow common approaches to personnel flows,
gowning, and airflows.

For low-risk modalities, these can share aloop corridor because
waste material can be easily contained prior to leaving the manu-
facturing space. It was determined that all manufacturing spaces
should have unidirectional flow within the space, but the corridor
canbe one corridor. It must be noted that the loop corridor does per-
mit the majority of waste and material flows not to cross due to the
position on the corridor of the materials lift and waste lifts. Once
personnel have entered a manufacturing space, they will not be
permitted to enter other space without returning to the locker room
(which is access controlled using swipe cards). The manufacturer
decided that each room has its own dedicating air handlers with
terminal HEPA filters and the common corridor has its own air
handler. Because theriskislow, the pressure cascade is simply from
the suites to the common corridor.

The medium-risk modalities considered (viral vector, viral
antigen vaccines, and allogeneic cell therapy) will require a waste
corridor because the risk of cross-contaminating with viral mate-
rialwas considered too high. Similarly, badge access control would
limit personnel movement between areas. Each room has its own
air handler dedicated to each suite. However, the pressure cas-
cades: the supply-sideairlocks operate as pressure sinks to prevent
air getting to the common supply corridor where operators from
different suites can mix.

High-risk manufacturing modalities are isolated and multiple
higher-risk modalities do not share locker rooms. It was deter-
mined that one manufacturing process should use the entire floor
and not have multiple higher-modality processes adjacent to each
other. If the floor was too large for a desired modality (e.g., autolo-
gous CAR-T), thenthe process should beaccommodated elsewhere
in a dedicated building. As there is only one suite on a floor, the
HVAC strategy can be simpler, with a dedicated air-handling
strategy for this floor.

Naturally, the preceding overview is quite simplified for the
purposes of this article, with many details excluded for brevity.
The key point is noting which higher-risk scenario engineering
controls must increase to mitigate higher risk. A completed
assessment should conclude with architectural layouts, includ-
ing area classifications, personnel, materials flows, and HVAC
zone and pressurization drawings. The assessment must also
include warehouse and quality controlareas that will shareareas
and functions.

CONCLUSION

Itis possible to develop abasic set of guidelines toaccommodate
multiple modalities within the same facility once that facility’s
main purpose has been established. But to do so, it is important
tounderstand whatboundaries may exist. For example, thereis
clearregulatory guidance on which modalities require separate
facilities. The approach outlined in this article identifies some



basic guiding principles, working within the regulations that
apply, and develops a basic risk profile to determine how best to
accommodate the different modalities given any facility con-
straints that may exist (see Figure 4).

The proposed six-step approach is designed to help under-
stand which modalities may be suitable for a given facility, and
how those modalities may be accommodated. Although each
facility may be different, with a different set of recommenda-
tions, the described approach can be used during early feasibil-
ity. It is worth noting that, as with all early feasibility studies, it
is important to reassess the outcome and recommendations as
more concrete process information becomes available and as
QRM is applied. &
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% SUPPORTING CELL AND
BENE THERAPY

Through Multimodal and
Flexible Facilities

By Stephen Judd and William Whitford

Cell and gene therapies (C&GT) have unique
needs in manufacturing suites that differ from
those for classic product biopharmaceuticals.
Facilities must be created with flexibility in mind,
able to run multiple products and production
types to remain viable.

ell and gene therapies are part of advanced therapy medicinal
products (ATMPs) and offer great potential for regenerative
medicine, including ways to treat and cure a variety of acquired
and inherited diseases. C&GT sponsors currently address
numerous emerging pharmaceutical entities, as well as manufactur-
ing platforms, modes, and scale. This can require special manufac-
turing considerations less common in well-established biopharma-
ceuticals, such as enzymes or monoclonal antibodies (mAbs).

These considerations include processing safety (e.g., levels of
biological, chemical, and solvent handling safety), multiple
scaled-out batches, and the requirement for end-to-end aseptic
processing. C&GT is still a relatively young field and therefore
continually evolving, which has resulted in diverse research pipe-
lines, entity types, manufacturing technologies, clinical trials,
and commercial scale facility designs. For all these reasons, C&GT
have unique needs or require special considerations in manufac-
turing suites beyond those for classic products. This article dis-
cusses types of facilities and design considerations for C&GT.

FLEXIBLE FACILITIES

In many C&GT processes, success is dependent on the ability to
efficiently deliver new genetic material to the target cells. This can
be challenging for many reasons: it can be difficult to estimate the
size and number of polynucleotides to transfer, the efficiency of
thevectorinthe particular cellsaddressed, the scale of production

24 PHARMACEUTICAL ENGINEERING

required, and whether a patient’s immune system will respond to
vector particlesasamicroorganism. For such reasons,a number of
viral vector (VV) systems are currently in place, with many other
gene-vector systems in development.

This diverse landscape and process-specific supply-chain
issuesare driving the need for highly flexible facilities that may run
multiple products and/or production modes. The traditional, rigid
facility design approach associated with the well-defined processes
of classic products are not meeting the needs of the C&GT manufac-
turing field. Tables 1and 2 exemplify an aspect of this diversity in
only the most popular current VV methods. Each vector modality
presentsdistinct valuesin the current range of therapeutic entities,
clinical indications, cells to be modified, and evolving manufactur-

Table 1: Viral vectors by type in percent of worldwide assets
(c. 2021) [1].

Viral Vector Modality Zi:;?gt(;%e GPEGEINIE

Adenovirus 5
Adeno-associated virus 82
Lentivirus 10
Other 3

Table 2: Summary of viral vectors currently being used in clinical
trials (c. 2021) [2].

. . Number of Percentage of
I R T e Clinical Trials Total in Use (%)

Adenovirus 575 50
Adeno-associated virus 315 28
Lentivirus 250 22



Figure 1: Adjacency diagram for an autologous and allogeneic multimodal facility.
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ing methods. The most successful vectors to date have been
adeno-associated virus (AAV), adenovirus (AdV), and lentivirus
(LV). AAVvectors are commonly associated with in-vivo gene thera-
pies; AdV vectors show promise for vaccine applications including
oncolytic virotherapy; and LV vectors are commonly associated
with such ex-vivo approaches as CAR-T cell therapy.

The two sources cited for Tables 1and 2, while contemporary to
each other, show a slightly contrasting view of the current VV
landscape. This highlights yet another of the challenges for spon-
sors of new C&GT products: The facility and suite design must be
flexible to support many existing future unknowns, including the
following:
= Particular products successfully licensed
= Number and type of processes validated
= At-scale manufacturing operations and flow
= Timeframe oflaunch and capacity demand

MULTIMODAL FACILITIES

The requirements for a multimodal facility can be complex and
variable. They depend onsuch factorsas the particular focus of the
manufacturing company and whether that company is an owner-
manufacturer or a contract manufacturing organization (CMO).
Multimodal C&GT facility designs are outlined next, followed by
an overview of flexible facility design criteria.

CAR-T Manufacturing Facility

Although there is significant and exciting progress in a variety of
cellular therapy designs, all those currently approved for commer-
cial production involve autologous (cells from the patient) CAR-T
cells. Autologous therapies are effective, but present significant
limitations in sample logistics, manufacturing facility through-
put capability, and variability in the performance of cell samples

1.) Consumables pre-kitted and staged ready for use (all manufacturing suites).

2.) Process closure based on tube sealing / aseptic connectors

3.) Media prepared in common prep suite and staged in common coldroom area.

4.) Dedicated manufacturing suites for different products and modalities.

5.) Storage of donor material for allogenic processes to be fully segregated from patient
apheresate deliveries.

6.) Common filling suite for allogenic processes—automated filling system within a closed

1.) Filling suites for autologous manufacturing process where vial filling is
required—manual/semi-automatic filling process within a closed Isolator system.

8.) Where the DP is filled into bags this can be carried out in the applicable Cell
Processing Suite in a closed manner.
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from different patients. Allogeneic therapies (employing a master
cell bank from donor cells) offer the greatest potential for a scala-
ble, off-the-shelf solution, provided that the risk of identified
complications can be overcome.

Although there are many advances in cell isolation, activation,
transduction, and expansion technologies, currently popular autol-
ogous approaches demand a significant footprint for the manufac-
turing facility. Production of ~3,000 patient batches per year using
in excess of 100 pieces of specialist equipment requires a facility of
~4,500 m2 for an autologous therapy [3]. In comparison, Allogene
Therapeutics, for example, has indicated that their lead candidate
for an allogeneic therapy (ALLO-501A) may produce up to 20,000
patientdosesannually fora fraction of the equipment and manufac-
turing batches required for an autologous equivalent [4].

This potentialinspires many CMOs and owner-manufacturers
with multiple candidates in clinical trials to maximize the poten-
tials for their facility by engineering the ability to manufacture
either autologous or allogenic therapies, or both in parallel. The
current basis for design requires all individual therapies (each
having a distinct gene vector component) to be manufactured in
dedicated suites. To reduce risk of product cross-contamination
and protect chain-of-identity requirements, suites associated
with autologous operations also require segregation from alloge-
neic operations. However, support functions such as consumables
kitting and media preparation can be shared across such multi-
modal facilities.

The adjacency diagram in Figure 1illustrates one potential
layout approach for this type of facility. Unidirectional person-
nel flow should be maintained through the BSL-2 (or higher)
spaces to ensure containment of the suite through a bubble/sink
arrangement on (personnel airlock) PAL-In/PAL-Out. Product
and waste flows should be separated with dedicated transfer

NOVEMBER/DECEMBER 2022 28



COVER STORY BIOPHARMACEUTICAL FACILITIES

Figure 2: Development of a stable producer line for lentivirus production. (Source: Eureka Biotechnology [6]. Reprinted with permission.)

e
S
L

Fhaae i Fg - T S La | . :
LIRS P . B R . ..p
af min [N -
arere g 5% £ BY

L R

routes to prevent risk of cross-contamination. However, dedi-

cated supply and return corridors are not required. The circula-
tion corridors canbe designated asbidirectional common spaces,
provided that procedural controls are in place to ensure that all
in-process product and biohazardous waste materials are prop-
erly contained before transfer.

Viral Vector Manufacturing Facility

Both CMOs and owner-manufacturers with different production

modality candidates under consideration require maximal flexi-

bility to facilitate manufacturing of the different modalities with-

out the need for expensive and continued facility modifications.

Although there are anumber of new gene transfer technologiesin

development, current factors in flexible facility design require-

ments for VV manufacturing include the following:

= Productionbatchstrategy: Willthe facility operate onacampaign
basis with only one product manufactured at a time, or will dif-
ferent products be manufactured in parallel?

= Production modalities: Will there be distinct, unique produc-
tion processes and equipment employed either sequentially or
concurrently?

= Host cellline requirements: Will the manufacturing processes
allbebased on mammalian celllines or will insect celllines also
be employed?

= Cell culture mode: What are the requirements for adherent,
suspension, and/or continuous culture?

= Method of production: Willthe manufacturing operationssupport
thepopular transient transfection (TT), the newer stable producer
lines (SPL), or both?

= Yieldvsdemandvscapacity: Will the culture volumes and biore-
actor stylebe similar or divergent between products/modalities?

If manufacturing will operate on a campaign basis, then many

aspects of facility design can potentially be comparable to
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those of a single product facility, with a rigorous changeover
protocol required to sanitize manufacturing areas. If the
manufacturing operations are to include both insect and
mammalian cell lines, and it is only feasible for the company
to construct a single manufacturing train, then such a cam-
paign-based approachisrequired.

If manufacturing with different modalities is to occur concur-
rently, in parallel, then segregation requirements will depend on
whether the approach to viral production follows a TT or SPL
approach. Figure 2 depicts the process development roadmap asso-
ciated with an SPL. It is a regulatory requirement that different VV
types are manufactured in segregated manufacturing suites [5].
The TT approach requires introduction of plasmids to the N-stage
production bioreactor to produce the loaded viral particle. For an
SPL, the vector and transgene instructions are integrated into the
host cell genome, allowing induction of the complete viral product
once the required host cell density hasbeen achieved.

With the TT approach, where different products employ a simi-
larhost cellline, itis possible to operate the host cell expansiontrain
asfarastheN-1stageinaballroomarea, with multiple batchesbeing
manufactured in the same manufacturing suite in parallel on the
basis of closed processing. The product-specific aspect is intro-
duced at the N-stage bioreactor step through the addition of the
plasmid cocktail. Segregation of the manufacturing suites from
this step forward is required for parallel manufacturing of the dif-
ferent products. With an SPL, as both the vector instructions and
new genetic material are already present in the host cell seed stock,
end-to-end segregation of the manufacturing process is required
for the parallel manufacturing of different products.

Another factor to be considered is the design of downstream
processing (DSP) suitesand spaces. Maximizing the throughput of
a multi-train upstream processing (USP) area will likely result in
the USPtrainsoperatedinastaggered fashion. The DSP operations
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here often take between fourand sevendaysand, if the Takt (cycle)
time associated with the USP operations is greater than this, then
only one DSP train will be required to ensure full “temporal segre-
gation”betweenbatches. Arigorous changeover protocol will then
be required to sanitize the DSP area before processing of the next
batch. However, the most flexible and streamlined design of the
DSP area is to have the full DSP train in a single ballroom suite.
Thisapproach can be facilitated by ensuring that, through one ofa
variety of means, fully closed process operations are maintained
throughout the DSP train.

An additional factor to consider is adventitious virus safety;
closed processing will guard against the potential ingress of other
product- or process-related agents. This is an important factor in
many cases because, due to the size of the viral particle, only an
AAV process can include a virus filtration step. Therefore, if a
multi-vector mode facility will potentially be manufacturing AAV
inaprocess thatincludesa virus filtration step, it may not be prac-
tical to segregate the pre-viraland post-viral areas.

The risk mitigation measures here therefore need to be
designed into the manufacturing operations, and not based upon
their physical segregation. Figure 3 presents a series of adjacency
diagramsthatdepict the potential approach tomultimodal facility
designbased on the preceding discussion.

Viral and Non-Viral Modalities Facility

Critical preprocessed ingredients associated with C&GT manu-
facturing operations, such as plasmids for TT processes and LV for
CAR-T cell therapies, can present supply-chain issues if provided
by third-party vendors.

Oneapproach to protecting the integrity of this supply chainis
to bring the operations for these key modalities in-house. For
example, if the therapeutic product is a CAR-T cell therapy based
on a TT modality, then having a facility supporting plasmid and
lentivirus vector manufacturing, as well as the cell therapy pro-
cess, would provide significant advantages.

Such a facility would require three defined and fully segre-
gated manufacturing areas: plasmid manufacturing is E. coli,
microbial fermentation based; LV vector manufacturingis animal
cell, virally positive based; and autologous cell therapy (CT) pro-
cesses involve blood product directly from the clinical patient.
Designs ensuring the lowest risk of cross contamination between
thesedifferent manufacturingareasare essential,and achievable,
provided there is sufficient space associated with the new facility.

The approach to segregating the different areas may be through
either vertical or horizontal integration. Having a vertically inte-
grated facility, with the different manufacturing areas on different
floors, has the advantage of requiring a smaller overall footprint,
which canbebeneficialif thesiteboundaryareaislimited. Ahorizon-
tallyintegrated facility, withallmanufacturing on the same floor, can
potentially optimize the material, product, and waste flows.

FLEXIBLE FACILITY DESIGN CONSIDERATIONS

Demands for flexibility derive from requirements to support
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Figure 3: Adjacency diagrams for VV multimodal facility design
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diverse or emerging therapeutic entities, processing modalities,

equipment design, security of supply, and manufacturing scales.

Some key factors associated with the design of such a flexible

facility include:

= Suite design for multiple process train support

= Suite design for modular and smart automation [7]

= Equipment capable of multiple, diverse applications

= Manufacturingtraindesignforeaseof modificationandchangeover

= Minimizationof cleanroomgrading, supporting ease of operation,
divergent closed operations, and streamlined activities when
relocating equipment

= Facility design to support compliance of the most stringent
biological, chemical, and solvent handling safety requirements
of the modalities envisioned

Beyond facility design and process flows, C&GT production
equipment is becoming commercially available to support the
development of multimodal and flexible facilities. Both systems
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and equipment are emerging to support modularity of opera-
tions; ballroom application; and ease of scale-up/down and
scale-out/in. Respective equipment is engineered with sample
number, production volumes, flow rates, and/or turndown ratios
to enable variability in capacity.

Single-Use Technology

Single-use technology (SUT) is typically used across C&GT facili-
ties, and it offers many advantages that support process/product
flexibility. These advantages include inherent process closure, as
well as reduced cross-contamination risk, suite classification,
servicerequirements, and time in changeover.

Product contact componentsassociated with SUT are disposed of
after use, eliminating the requirement for the cleaning and steriliza-
tion of equipment, as well as for related validation studies. SUT facili-
tates fully closed process operations using aseptic connectors, tube
welding, and aseptic disconnect methods (i.e., tube sealing or crimp-
ing). Fully closed operations enable the downgrading of cleanroom
classifications, concurrent disparate manufacturing processes, and
streamlined equipment move in/move out activities.

Unidirectional personnel, in-process product, and waste flows
are required for the V+ (BSL-2 or greater) areas, illustrated in
Figure 3. Transfers between single-use systems (SUS) require
specific suite adjacencies compared to stainless steel facilities,
wherehard piped transfer lines can potentially be run indefinitely
across a facility. These unidirectional flow demands, combined
with SUS suite adjacency requirements, can add complexity to
facility layouts when considering how transfer tubes need to run
between suites, particularly where multiple USP suites all feed
into a single DSP suite. Ideally, a transfer tube should run through
the wall between directly adjacent suites. Where this is not possi-
ble, the transfer tubes can potentially be brought at a high level
over short distances through a transition corridor, with isolatable
tubing pass-throughsinstalled in each cleanroom wall.

Emerging Standards and Equipment

Emerging standards in design elements, such as physical connec-
tors and service specifications, are occurring in such areas as data
transmission and curation that support process-related analytics,
equipment maintenance, and process monitoring and control.
Although more can certainly be done, a growing number of equip-
ment and instrumentation specifications can be vendor agnostic.
Intra-vendor plug-and-play equipment connectivity is currently
available for some processes, and there is less need for customiza-
tion of some assets.

Equipmentisbeing designed to support flexibility in the scale-
out or reconfiguration of a process. Individual components, skids,
and modules can be added, removed, or rearranged with minimal
customization. These equipment design elements also allow a
system to operate in a different geographic setting or service con-
ditions than its initial establishment and validation. Especially
when employed in the growing number of podular suites, this
promotes ease of the worldwide transport of such processes.
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Utility Panel Design and Optimization
Partially automated SUT-based equipment is “plug-and-play” and
relatively straightforward to move in and out of a manufacturing
suite as equipment train modifications are required. Ease of
equipment changeout without the need for suite modifications is
supported by the design and set-out of utility panels (UPs) and
access supporting such equipment.
UPs provide the services required to operate relevant SUT and
semi-automated equipment, including power, data connections,
process control systems (PCS), process gas supplies, jacket service
connections, and liquid waste connections. UPs can be wall- or
ceiling-mounted. Example determining factors for UPlocationare
that ceiling-mounted panels allow flexibility in the equipment
layout without the need for long, trailing cables, but equipment
requiring drain connections should be associated with a wall
panel. Key features maximizing the flexibility of the UPs include
maintaining a common design approach, and ensuring that the
process automation design associated with such equipment as
customized SUT cell-processing carts and mixers is related to the
UPs, as opposed to the individual equipment.
Common design approach:

= Avoid unique UPs designed specifically for an individual piece
of equipment

= Limit the number of different UP types, and select the most
appropriate type for each manufacturing area/operation

= Accept that the full range of services associated with each type
of panelneed notberequired for each piece of equipment poten-
tially connected

Relate PCS connections to the UP:

* Processautomationisassociated with the UP, not the equipment
connected toit(standardized instrument transmitter connections
ateach UP)

= Single-use mixers (SUMs) and custom-designed process carts
will bring the instrument connections to the UP with a heavy
duty, plug-and-play electrical connector

= The specific SUM or cart will be recognized by the PCS through
an automated signal or scanning of a quick response (QR) code
onthe equipment frame

= Different SUMs and carts will have different instrument
requirements and the PCS will recognize the equipment
currently connected

A thorough assessment is required to determine the necessary
level of flexibility across the manufacturing area. The number of
services associated with each panel are factors in their size and
cost, and there should be a trade-off between the maximum possi-
ble level of flexibility and what is sensibly required.

Cleanroom Grading Approaches

Early commercial-scale C&GT facilities favored a conservative
approach to cleanroom grading, whereas processes that involve
open handling of sterile operations are now commonly performed



in abiosafety cabinet (BSC). Grade B cleanrooms are therefore rel-
atively commonplace, yet these tend to limit flexibility due to the
constraints around maintaining the associated stringent environ-
mental controls. Operating a C&GT facility, suchasa VV manufac-
turing facility, with Grade C or potentially even Grade D manufac-
turingsuitesisaviable option when using SUT (and closed-process
operations), as described above and highlighted in Figure 3.

For the smaller-scale cell therapy operations, the transition
away from the use of BSCs in Grade B suites can be achieved using
isolator technology, such as custom isolator systems designed
around the specific process. These may include cell culture opera-
tions such as cell factories and incubators, or filling operations
carried out using automated and semi-automated systems. The
ergonomics of the isolator systems can be optimized through
effective selection of the glove material, with thinner and more
flexible materials now available for undertaking the delicate tub-
ing manipulations associated with CT processes.

Anisolator canbe categorized as providing full aseptic segrega-
tion of the operations inside the unit, reducing the required envi-
ronment classification, as compared to operating a BSC. Isolator
technology can facilitate different products or platforms being
operated in the same area in parallel by installing multiple isolators
in a single ballroom suite, potentially operated as a Grade D envi-
ronment. This approach will maximize the flexibility of the area by
minimizing the operational footprint from walls and airlocks.

Arecentindustry survey conducted on the C&GT marketplace
indicates that only around 25% of CT companies currently operate
Grade C cleanrooms with such closed-process operations [8].
However, based upon the continually advancing manufacturing
technologies, it is expected that there will be a significant shift
toward reduced suite classification in the future.

Biosafety Design Considerations
Biosafety plays another key role in the design of a multimodal
facility. As mentioned, designs must comply with the most strin-
gent biosafety product and production requirements anticipated.
Furthermore, geographic regions and internal company
standards impose different biosafety requirements. Corporate
strategies have often been based upon the regulations of the most
stringent region that the company operatesin, regardless of where
aparticular facility islocated.
Examples of regional differences:
= TheBSLassociated with genetically modified HEK293 (or equiv-
alent)celllinesusedin TT processesare classified as BSL-linthe
EUand BSL-2inthe US.
= Third-generation lentiviral vector systems have recently been
downgraded to BSL-1 (ML-I) in the Netherlands, but remain a
BSL-2 materialin otherregions [9].

One common approach is to use the classification BSL-2+, which is
arisk-based approach that implements certain BSL-3 require-
ments above a BSL-2 baseline. As the majority of C&GT modalities
fallwithin the BSL-2 category, BSL-2+ provides arobust strategy to

Table 3: Guidelines for the classification of VV materials [10].

Type

ARV BSL-1 Based on the use of a helper plasmid
AAV BSL-2 Based on the use of a helper virus

W e
Lv BSL-2/ 2+ Recently reduced in the Netherlands
Retrovirus BSL-2/2+

HSV-1 BSL-2

ensure the facility will be suitable for a wide range of modalities.
The nature of VVs puts them among the more biohazardous mate-
rials in C&GT operations, and a guideline for their BSL classifica-
tion is outlined in Table 3.

To ensure containment of the suites to surrounding corridors,
eitherrecirculation or once-through air design can be considered in
heating, ventilation, and air conditioning (HVAC) associated with
higher biosafety levels. A recirculation approach requires an indi-
vidual air handling unit (AHU) per manufacturing suite and may
increase cross-contamination risk for multi-product/modality
operations. A once-through air design can facilitate a single, larger
AHU supplying multiple manufacturing suites, but may increase
the utility demand compared to the recirculation approach.

High-efficiency particulate air (HEPA) filtration on the exhaust
air from a facility is not typically included with lower BSL or non-
biohazardous operations. The risk of exhausting biohazardous
material via the exhaust air from a facility supporting closed pro-
cess operations is negligible. It therefore follows that HEPA filtra-
tionisnot required for the exhaustair on such aroom or facility.

Product or equipment changeover for a manufacturing suite
should be arepeatable and validatable process. Suitable methods
include a vaporized hydrogen peroxide (VHP) fumigation of the
suite. VHP can be supplied by mobile generators within the suite
itself, or introduced to the suite via an inlet point in the supply
ductwork. Either approach necessitates full isolation of the manu-
facturing suite from the surrounding area. This is achieved using
such measures as isolation dampers on ductwork and interlocked
airlock doors with gas tight seals to isolate the VHP vapors. VHP
fumigation of a suite is an example of a BSL-3 requirement that
may be implemented as part of a BSL-2+ strategy.

Waste Handling Considerations

Single-use consumables used in the main manufacturing opera-
tions of any C&GT process require handling as biohazardous
waste following the BSL classification of the particular process.
Decontamination / disposal methods vary, and they can have sig-
nificant implications for the facility design and operation. The
principal method employed is through the use of an onsite
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decontamination autoclave. These units can be large and have
significant utility demands and lengthy cycle times, but the waste
canbe subsequently disposed of as inert plastic waste.

An alternative is to transfer the functional responsibility for
decontamination and disposal to a specialist waste management
contractor. Factors affecting the choice of approach include con-
sideration of the legal or regulatory responsibilities, decontami-
nation of reusable gowning materials, the volume of waste being
handled, and the available frequency of collection by the contrac-
tor. If genetically modified organisms containing biohazardous
materials require prolonged storage before collection, a
temperature-controlled waste staging areaislikely to be required.

If onsite decontamination is employed, the location of the
required facilities can impact the flexibility of the site. Lower BSL
ratings (BSL-1) indicate the decontamination facilities must be
available somewhere at the production site. More stringent guide-
lines (BSL-3,and potentially BSL-2+) state that the decontamination
facilities are at the boundary of the specific BSL zone. How the spe-
cific BSL zones are defined, e.g., whether there are multiple segre-
gated manufacturing areas in the same facility, can dictate where
the decontamination facilities should be installed to promote flexi-
bility. Examples of this include facilities for the manufacture of
both viral and non-viral modalities, and how a facility is operated
with respect to the common support areas and circulation spaces.

Installation of a decontamination autoclave at the boundary of
a specific manufacturing area, as opposed to installing in a com-
mon waste area, can increase flexibility. This approach provides
robust protection against cross-contamination in other areas of
the facility, but potentially necessitates additional decontamina-
tion autoclaves, increasing cost and spatial considerations. An
alternative approach involves detailed procedures ensuring
robust waste material containment before transport to a common
area. The most suitable approach should be determined through a
structured risk assessment during the facility design phase.

For a facility that includes multiple defined manufacturing
areas, careful consideration is required in the design of liquid
waste systems. Either separate biowaste waste systems must be
provided for each area, or the piping design needs to guarantee no
possibility of backflow or crossflow between waste headers from
differentareas.Ifacommonwaste systemisdesired, thenseparate
headers should be run from each area that connect independently
into the waste collection tank/treatment system.

Process Modeling and 3-D Design
Effective upfront planning is required to ensure optimal flex-
ibility in a multimodal facility. Detailed process and struc-
tural models allow comparison of different manufacturing
scenarios to determine the optimal approach for a particular
site, while not limiting manufacturing capabilities or incur-
ring excessive costs.

Process modeling software allows different processes to
be built out and then scheduled in campaign or parallel manufac-
turing scenarios. This supports optimization of specific
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throughput requirements following each stipulated design con-
straint and priority rank. Such software can be used to not only
model the known processes associated with the facility, butalso to
run theoretical scenarios to plan for potential or yet unknown
future products. The outputs from these models will determine
equipment requirements, identify bottlenecks, and “right size”
utility and waste systems. Facility and equipment layout designs
that support existing needs and outputs from theoretical scenar-
ios guide proper sizing and spatial planning of manufacturing
suites and support future changeout or expansion.

Advancesin process modeling and building information man-
agement software now allow development of a true digital twin of
a facility to be developed. Discrete event simulation (DES) soft-
ware can model the suites and process flow of manufacturing
operations as sequences of events over time. This provides an
accurate picture of the equipment requirements and of howall the
manufacturing and ancillary operations fit together to produce
the desired throughputs and other goals for a facility. This is par-
ticularly powerful for more labor-intensive processes such as CT
modalities. Planning the movement of operators through the
facility brings significant benefit to spatial planning of both the
manufacturing suites as well as such ancillary areas as airlocks,
main gowning areas, and locker rooms.

When it comes to the design of the facility itself, this is almost
exclusively now done using three dimensional (3-D) modeling
software tools. Different engineering disciplines, such as archi-
tectural and process piping, may use different software packages,
which can then be combined into a single coordinated model. The
end result is a 3-D model of the facility in which people can “walk
around” to get a feel for how each area will look and adjust spatial
arrangements to optimize ergonomics. The output from the DES
software is an animated model that uses 3-D objects to illustrate
the orientation and placement of manufacturing and support
equipment, as well as to show how the operators will interact and
undertake their activities. The 3-D objects used in the model can
be customized to show a true representation of the specific equip-
mentand anactual 3-D model of the building can be imported into
the DES model. The consequent amalgamated in silico model (a
digital twin) then provides a precise virtual depiction of how the
facility will both appear and operate. This very powerful tool can
show how the introduction of different equipment, manufactur-
ing modalities, and processes will affect requirements of the
facility compared to the start-up conditions and enable companies
to plan accordingly.

Digital Biomanufacturing

Finally, such comprehensive digital initiatives as Industry 4.0 are
now making serious inroads to biopharmaceutical manufacturing.
The digitalization of biomanufacturing is supporting flexibility in
multiple product/process facilities. Structured, segregated, and
distributed modeling of cell cultures and the hybrid (mechanistic
and data-driven) model-based control of bioproduction is enabled
by advances in culture omics, process analytics, and data science.



Edge computing, the Internet of Things (IoT),and machinelearning
(ML)-supported digital twins are advancing capabilities in plant
maintenance and systems control, procurement, process schedul-
ing, prediction and control, and changeover ease. &
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FEATURE OLIGONUCLEOTIDE MANUFACTURING

GONUGLEOTIDES:

A Cornerstone for Therapeutics

and More

By Brendan Nichols

Resounding clinical successes and maturation of
extensive therapeutic pipelines have catapulted
oligonucleotides from a fringe modality to
therapeutic relevance in just a few short

years. Oligonucleotides are a cornerstone of a
burgeoning class of drugs classified as nucleic
acid therapeutics. These therapies interact with
DNA and RNA targets rather than traditional
protein therapeutic targets. Oligo therapies offer
access to gene regulation mechanisms that were
previously inaccessible for treatment. Oligos are
also a key component of gene editing systems,
serving as the guiding instructions for DNA and
RNA editing technologies.

he oligonucleotide therapeutics industry has been around
since the mid-1980s but had a period of relative stagnation for
years. Much of the 2000s and 2010s were fraught with clinical
setbacks and companies exiting the space. A few innovators
have shepherded this industry through these down years and man-
aged to build impressive pipelines. Since 2016, drug approvals per
clinical campaign have outpaced the average across all modalities,
resulting in 11 FDA-approved therapies in that span. This platform

technology is being adopted by growing ranks of large pharmaceuti-
cal manufacturers via licensure and acquisitions and by dozens of
innovators. As of earlier this year, 80 molecules were in phase IT and
phase IlI clinical trials, with many more molecules in development
[1]. There has been significant global interest in investment to rap-
idly expand commercial and clinical manufacturing capacity [2].
The industry is responding to the lack of manufacturing capacity
with creative science and engineering solutions.

OVERVIEW

The oligo manufacturing platform has been developed based on
solid phase synthesis, which consists of a series of chemical reac-
tions that covalently link modified nucleotides to create a mole-
cule of appropriate length, all while anchored to a solid support.
Synthesis is typically followed by a cleavage reaction, which
cleaves the molecule of interest from the solid support, and a sub-
sequent deprotection reaction, which removes protecting groups
and renders the molecule biologically active. Typically, the drug
substance is then purified via one or more chromatography steps,
concentrated via ultrafiltration, and isolated via lyophilization.
The active pharmaceutical ingredient (API) drug substance (DS)
from lyophilization is then transported to a fill/finish facility for
final formulation and filling into vials for sterile injection. Figure 1
shows a typical block flow sequence of unit operations. In this
article, we’ll explore some innovations and improvement oppor-
tunities in the science, manufacturing processes, and facilities
that produce these therapies.

Figure 1: Block flow diagram for a common oligonucleotide DS manufacturing process.
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Figure 2: Multipurpose reaction equipment: Features of a highly flexible reaction setup for oligo manufacturing.
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SYNTHESIS AND REACTION

The solvent burden in oligonucleotide production is significant,
owinginlarge part to the solid phase reaction platform where reac-
tants are repeatedly flushed from the synthesis column. Solvent
usage per kg of API produced can easily exceed 3,000 liters, much of
which isacetonitrile. The demand for acetonitrile from the oligonu-
cleotide industry may soon outpace the global production capacity,
soreduction of solvent usage is a point of emphasis.

One approach to reducing solvent usage is to reduce the dose
size of therapies. There have been promising developments in the
industry to maximize the effect of these molecules without paral-
lel increases in toxicity. Nucleotide modifications, whether by
alteration of synthesis starting materials or alternate reactive
chemistries, can help achieve this goal. Experimentation with
mesyl backbone modifications has demonstrated a significant
broadening of the therapeutic index in preclinical studies [3].
Wave Life Sciences haslikewise reported advantages with a nitro-
genated backbone, and Alnylam has demonstrated promising
results with (E)-vinylphosphonate backbones [4, 5]. Many innova-
tions in base chemistry have been developed and implemented in
recent years; a notable example is bridged/locked nucleic acids
(BNA/LNA), which confer increased stability to molecules. The
full clinical benefits of these chemistry advancements have yet to
berealized, but there is tremendous promise.

For many of these cases, the production nuance all exists in the
starting materials, where convoluted manufacturing processes
drive up pricing but produce starting materials using classical
reaction and isolation equipment via organic chemistry. These
high-value molecules can then be integrated into a synthesis cycle
with ease via a simple substitution of reactant solutions. However,
the use of new base chemistries sometimes requires unique
engineered solutions. In the case of mesyl azide, liberated nitrogen
during the coupling reaction must be removed from a closed, pres-
surized system and excess reactant requires quenching prior to
disposal, resulting in a need for specialized equipment upstream
and downstream of the synthesis column.

Other work seeks to overcome drug delivery challenges to limit
dose sizes. Significant investment has been made in expanding the
targeted delivery of oligos to muscle, heart, lung, skin, and brain
tissues, among others. Conjugation of oligos to targeting ligands
such as peptides, antibody fragments, aptamers, and proteins can
unlock these areas of disease relevance to access disease targets
that were previously difficult or impossible to reach. Endosomal
escape mechanisms are also being utilized to enhance bioavailabil-
ity of these medicines. Studies have shown thata vast majority of an
administered siRNA or antisense oligonucleotides (ASO) dose that
is transported across the cell membrane is trapped and degraded
prior to exiting the endosome, thus never reachingits target [6].

Engineered molecules with a knack for breaching endosomes
are being developed to significantly increase the proportion of a
dosethathastherapeuticeffect. Theseinnovationsrequireadiverse
chemical manufacturing toolbox, elements of which are displayed
in Figure 2. Stirred tank reactors are needed to forge covalent link-
ages between oligonucleotide and targeting ligands. Broad pipe-
lines require facilities to be designed with a large degree of flexibil-
ity to support anything from mild reaction conditions to the use of
potent or highly biologically active compounds. Large walk-in fume
hoods are organized to support a variety of unit operations. Cone-
bottom reaction vessels can provide the turndown required to pro-
cessavariety of scalesand handle different reactions.

PURIFICATION AND ISOLATION

Purification of oligonucleotides generally results in multiple elu-
ate fractions of inconsistent purity and yield. As a result, analytical
timelines to verify eluted purity and concentration of full-length
product often bottleneck facility production. To combat this, facili-
ties must be designed with appropriate capacity to handle the inten-
sive analytical burden, and additional tankage is often required for
simultaneous in-process storage of multiple eluate batches.

Many innovations commonly adopted in biologics production
are starting to find footing in oligo facilities. Use of buffer concen-
trates combined with inline dilution allows a significant reduction
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Figure 3: Optimizing chromatography.
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Figure 4: High-throughput synthesis operation.
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in capital equipment to support high-throughput chromatography
and ultrafiltration operations. Buffer tank sizes can be reduced
significantly or eliminated entirely. Multicolumn chromatogra-
phy systems are receiving increased attention to drive to higher
purities and yields. Some systems are designed to recycle off-peak
side fractions that are normally discarded, increasing yield
[7]. Ultimately, focused process development is required to take
advantage of these opportunities. Figure 3 highlights opportuni-
ties for optimizing chromatography.

LYOPHILIZATION

Lyophilization has been the classic unit operation of choice for iso-
lation of oligonucleotides prior to formulation and filling.
Unfortunately, lyophilization is energy intensive and time
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consuming, often requiring 3 to 5 days to complete a batch. Oligos
generally have excellent stability in aqueous solutions, and
lyophilized oligos are dissolved in aqueous formulation buffers for
preparation of the final dosage form anyway. As a result, some com-
panies have challenged the paradigm by forgoing lyophilization
entirely, opting to provide solution phase API to drug product facili-
ties for filling and packaging. Some regulatory hurdles remain
around classification of solution phase oligo as API versus drug
product intermediates [8].

GETTING MORE FROM FACILITIES

Lack of manufacturing capacity on the market encourages the
intelligent use of a facility that removes bottlenecks from produc-
tion schedules and ensures high utilization of high capital cost
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Figure 5: Optimized block flow for oligonucleotide manufacturing.
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equipment. Maximizing production of a synthesizer is essential.
Figure 4 highlights opportunities to do just that. Synthesis with
multiple columns in various stages of processing (packing, syn-
thesis, and cleaning) can maximize equipment occupancy.
Synthesis columns have historically been limited in size due to
weightandbulkaswellas effectiveness of column seals. Synthesis
using multiple columns in parallel can allow for larger batch sizes.
Rotating multiple columns through various stages of packing,
synthesis, cleavage and deprotection, and cleaning can allow for
synthesis to be essentially continuous.

The synthesis unit operation routinely takes 8 to 12 hours start
to finish, but it can take 3 to 5 days between batch starts using a
single synthesis column. Cycling through columns can drastically
increase synthesis output.

Combining the incremental process improvements previously
mentioned resultsinan optimized facility, with the adjusted block
flowshowninFigure 5. Multiple alternate flowpaths existbetween
downstream operations, as indicated by the dotted lines. The
facility footprint is focused on high throughput and high utiliza-
tion of expensive process skids. The facility providesahigh degree
of processing flexibility to account for the variation in molecules
and delivery technology, producing liquid phase DS at high purity
andyield.

REDEFINING THE STANDARD

Companies have been looking for scalable alternatives to solid
phase synthesis in hopes of drastically reducing solvent usage,
whether through adaptation of existing biological mechanisms
for nucleic acid production or completely novel innovation.
Enzymatic synthesis techniques are being explored in the hope
that this field’s future may look like that of mRNA synthesis,
where relatively small batch reactors can produce large quantities
of mRNA via assembly of unmodified nucleotides with polymer-
asesand template RNA.

Significant barriers remain to applying this biological approach
to oligonucleotides, which are, by their nature, heavily chemically
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modified for nuclease resistance. At scales approaching tens of
kilograms per batch, liquid phase convergent chemical synthesis
may prove to be an attractive option. This approach would link
fragments 3 to 5 nucleotides long, where the fragments could be
manufactured at large scales. This could eliminate the need for
highly specialized equipment during synthesis, instead using
batch reactors [9]. Ligation of duplex molecules such as siRNA from
several starting material fragments is being explored as another
approach to convergent synthesis. Any successful enzymatic
approaches could augment the efficiency of convergent synthesis.

This article primarily addresses manufacture of therapeutic
targets at a length of 1,830 nucleotides per molecule, which
encompasses most sSiRNA and ASOs. These lengths confer good
overall reaction yields while utilizing solid support that can be
densely loaded. Synthetic guide RNA (sgRNA) molecules are a
notable exception to this category of oligos. With lengths often
approaching or exceeding 100 nucleotides, sgRNA manufacture
by solid phase synthesis exacerbates the problem of high solvent
usage; longer synthesis cycles require an increase in reagent and
solvent usage proportional to theincrease inlength.

That solvent usage per gram of usable product is further
impacted by reduced overall yields of full sequence length
molecules due to accumulated incremental yield loses per cou-
pling. Solid supports for sgRNA have much lower loading relative
to shorter molecules due to steric interference at linkage sites,
resulting in less moles of product per unit volume of synthesis
column. Thisin turnincreases solvent usage per cyclerelative toa
shorter molecule due to rinse efficiency of the proportionately
larger volume beds per gram produced. This increase results in
sgRNA manufacturing facilities having a disproportionate sol-
vent and reagent support infrastructure relative to that of an ASO
or siRNA manufacturing facility at similar batch sizes.

CONCLUSION

The recent expansion of global oligo manufacturing demand has
presented numerous opportunities to design better molecules,



better processes, and better facilities. Better molecules are being
designed by taking advantage of chemistry to reduce toxicity,
increase bioavailability, and promote interaction with unique cell
types. Better processes are being designed to produce more mate-
rial faster, at lower cost, driving efficiency for these high-value
facilities. Better facilities are being designed to increase flexibility
to accommodate these process and chemical improvements, to
handle variation in chemistries, and to increase throughput. The
future for oligonucleotide therapies, and the patients who will
receive this combination of best-in-class and first-in-class
treatments, is undeniably bright. &
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FEATURE DIGITAL HEALTH TECHNOLOGIES

GHALLENGES AND OPPORTUNITIES

iIn Emerging Digital Health

Technologies

By Ryan A. Hoshi, PhD, MBA, and James P. Wabby, MHMS

Digital health is transforming the health

care landscape through new technologies

and platforms in patient care management,
conducting of clinical trials, patient data
collection, and the diagnosis and treatment of
disease. Emerging digital health technologies
(DHTs) may improve the quality of life for
patients with chronic and debilitating diseases
and provide novel health care solutions for
patients with unmet medical needs. As digital
health sits at the intersection of technical,
scientific, and regulatory disciplines involving
medical devices, drugs, and biologics, the
successful development of novel DHTs will
require significant collaboration with health care
stakeholders to overcome regulatory, technical,
and life-cycle management challenges.

he COVID-19 pandemic underscores the importance of DHTs
through the increased reliance on telemedicine services and
remote patient monitoring programs to ensure patient safety
and triage scarce hospital resources [1, 2]. Given the public
health emergency, health authorities offered greater flexibilities
inthe use of digital health platforms and technologies such as:
= Enhanced HIPAA (HealthInsurance Portabilityand Accountability
Act of 1996) flexibilities in the use of telemedicine services [3]
= Emergency useauthorization (EUA) toincrease theavailability
of remote or wearable monitoring devices to treat patients and
reduce the risk of exposure of health care providers to SARS-
CoV-2[4, 5]
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= Regulatorydiscretionintheuseof virtual patient monitoringand
remote clinical outcome assessments for clinical trials during
the COVID-19 pandemic [6]

Moving forward, the health care community should adopt impor-
tant lessons learned from the pandemic by leveraging DHTSs to
accelerate research and development of new medical therapies,
supporting evidenced-based and data-driven health outcomes,
and empowering patientsin their health care management.

WHAT IS DIGITAL HEALTH?

Digital healthisabroadly defined topic that encompasses the appli-
cation of digital technologies in health care, living, and society to
help deliver or provide access to health care products and services
[7]. DHTs may include mobile medical applications, health informa-
tion technology, wearable devices, wireless sensors, telemedicine,
electronic health records (EHRs), digital therapeutics, software asa
medical device (SaMD), and artificial intelligence and machine
learning (AI/ML)technology[8,9]. More broadly,a DHT may refer to
a system that uses computing platforms, connectivity, software,
and sensors for health careand related uses [10]. Given the prolifera-
tion and confusion of various digital health terms, this article
includesa compiled glossary of core DHT terms and definitions (see
Table 1). Together, DHTs may be intended as a medical product to
improve the prevention, diagnosis, treatment, monitoring, and
management of health-related issues; an adjunct to other therapies
such as devices, drugs, and biologics; a tool to collect and analyze
data as part of a clinical study; or an aid to monitor and manage a
patient’slifestyle or habits[6, 11].

DHTTOOLS

In December 2021, the US FDA issued a cross-center draft guid-
ance with recommendations on the use of digital health technol-
ogy tools (DHTTSs) to acquire data remotely from participants in



DHT

Artificial intelligence (Al)/machine
learning (ML)

Digital health technology
tools (DHTTS)

Digital therapeutics

Electronic health record (EHR)

General wellness apps

Health information technology (IT)

Medical device data systems
(MDDSs)

Maobile medical application (MMA)

Software as a medical device (SaMD)

or software in a medical device
(SiMD)

Telemedicine or telehealth

Wearables

Wireless medical devices

Table 1: Terms and definitions for DHTs.

Al: The use of algorithms or models to mimic human capabilities or behaviors such as learning, making decisions, and making predictions.
ML: Subset of Al that contains a model or algorithm that enables a computer to perform a task without being explicitly programmed.
An ML-enabled medical device uses ML, in part or in whole, to achieve its intended medical purpose [12].

The term “DHTTs” is used to differentiate from the broader category of DHTs, but these two terms are often used interchangeably. As clarified in
this article, DHTTs are electronic technology tools intended for use in clinical investigations (inclusive of clinical trial and post-market settings)
or clinical practice [7].

Digital therapeutics are a subset of SaMD with the primary function of delivering software-generated therapeutic interventions directly to
patients to prevent, manage, or treat a medical disorder or disease [7] . An example of a digital therapeutic is EndeavorRx, which is a video-
game-based digital therapy for treating patients with attention deficit hyperactivity disorder (ADHD) [13].

An EHR is a subset of health information technology and consists of an individual patient record contained within an EHR system. A typical
individual EHR may include a patient’s medical history, diagnoses, treatment plans, immunization dates, allergies, radiology images, pharmacy
records, and laboratory and test results [14].

General wellness apps are low-risk products that promote or encourage a healthy lifestyle (general wellness) and are not involved in the
diagnosis, cure, mitigation, prevention, or treatment of a disease or condition [15].

Health IT encompasses the use of computer hardware, software, or infrastructure to record, store, protect, and retrieve clinical, administrative,
or financial information. These can include the use of EHRs and electronic prescriptions [16].

MDDSs consist of hardware and software that is meant to transfer, store, convert formats, and display medical device data or medical imaging
data. These devices are generally considered low risk if they are not meant to interpret or analyze clinical data [17].

MMAis a software application that can be run on a mobile platform that incorporates device software functionality that is to be used as an
accessory to a regulated medical device or to transform a mobile platform into a regulated medical device [18].

SaMD relates to software that is intended for one or more medical purposes without being part of a hardware medical device.

SiMD relates to software that is intended for one or more medical purposes that is used to control a hardware medical device or is necessary
for a hardware medical device to achieve its intended use. SaMD and SiMD are also referred to as medical device software under the European
Union Medical Device Regulation and In Vitro Diagnostic Regulation [17, 19, 20].

Telemedicine or telehealth is technology that enables patients to connect with their health care providers through live phone or video confer-
encing, secure messaging, and remote monitoring [21].

Wearables are a type of digital technology that users can wear and are designed to collect data or to inform users of their personal health and
wellness [7].

Wireless medical devices use wireless radio frequency communication such as wifi, Bluetooth, and cellular/mobile phone technology [22].

clinical investigations for medical products [23]. DHTTSs are elec-
tronic technology tools intended for use in clinical investigations
(inclusive of clinical trial and post-market settings) or clinical
practice [7]. The FDA’s draft guidance provides additional clarity
on the regulatory expectations for selection of DHTTs used in a
clinical investigation, for those used in verification and validation

activities, use of DHTTs in collection of clinical trial endpoints,
and identification and management of associated risks with the
use of the DHTT. As the guidance notes, the DHTT requirements
may vary depending on whether the DHTT meets the definition of
adevice and if the DHTT is only meant to be used in the context of
aclinicalinvestigation.
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Table 2: Risk-based framework for DHTs.

. A Moderate or High-Risk
Low-Risk Attribute Attribute

Intended to collect, interpret, and/or
analyze data solely as part of exploratory
scientific research.

Health care provider can independently
review the basis of the DHT recommenda-
tion or output.

Use of the DHT does not pose additional
unnecessary risks to the intended user
(e.g., invasive monitoring).

Intended to transfer, store, convert, or
display health care data.

Intended solely for promoting or supporting
a healthy lifestyle (general wellness).

Uses ML algorithms to make decisions and
predictions for a noncritical, nonserious, or
nonlife-threatening disease or condition.

Intended to collect, interpret, and/

or analyze data to support regulatory
decision-making, such as a tool used ina
clinical investigation to support a medical
product marketing authorization.

Intended to diagnose, cure, mitigate, treat,
or prevent a disease or condition.

Interpret or analyze patient or clinical
laboratory test data.

Health care provider relies primarily on the
DHT recommendation to make a clinical
diagnosis or treatment decision.

Intended to be used with another medical
product that is essential for its safe and
effective use.

Uses ML algorithms to make decisions
and predictions for a critical, serious, or
life-threatening disease or condition.

The European Medicines Agency (EMA) has also issued regu-
latory considerations on the use of DHTTSs to study or monitor
medicinal products [24]. DHTTs subject to EMA regulatory over-
sight include DHTTs used in the development of a medicinal
product or monitoring of a medicinal product before or after
authorization, or any DHTT having an impact on the benefit-risk
assessment of a medicinal product marketing authorization appli-
cation (MAA). Important considerations as part of the EMA quali-
fication processinclude ensuring the technology is fit for purpose,
whether the measurement of interest is clinically meaningful,
and whether the underlying methodology is reliable and robust.
However, beyond qualification of the DHTT as part of a medicinal
product development program, EMA guidanceislimited onhowto
apply applicable regulatory requirements for DHTTs classified as
medical devices, compliance with EU data protection regulations,
and other ethical guidelines.

Expanded adoption and use of DHTTs may accelerate the drug
development process by more efficiently collecting and analyzing
large amounts of patient-generated data, enhancing pharmacovigi-
lance capabilities, and offering greater participation from diverse
groups of patients who may have limited access to clinical investi-
gation sites. However, several challenges and uncertainties remain
with the use of DHTTs in clinical investigations because global
health authorities have not harmonized on regulatory require-
ments and standards, nor have they clearly defined regulatory poli-
cies on DHTTs based on context of use. There are important
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considerations if the DHTT is classified as a medical device, which
may change the level of regulatory controls and evidentiary
requirements to supportits appropriate use, such as off-label versus
on-label use of a device with prior marketing authorization. As
global health authorities develop DHTT regulatory requirements,
they need to find the appropriate balance to foster innovation while
maintaining product safety, efficacy, and quality.

RISK-BASED FRAMEWORK

To support digital health innovation, a risk-based framework is
needed to identify and understand the critical attributes that
inform the level of controls to ensure safe and appropriate context
for use of the DHT (see Table 2).

Forexample,a DHT may havealowerriskifitisintended solely
for exploratory scientific research and have a higherlevel of risk if
itisintended for collection and analysis of a clinical trial endpoint
to support a marketing authorization. Another consideration is if
the health care provider uses the output of the DHT as supporting
information (lower risk) versus using the DHT output as the sole
basis for makinga clinical diagnosis or treatment decision (higher
risk). Additionally, the use of AI/ML algorithms in a DHT may not
necessarily pose higher risks if the output is used to inform a non-
serious or nonlife-threatening condition.

The application of risk management principles for DHTs is
not clearly defined and depends on whether the technology is
classified as a medical product based on its intended use.
However, for certain DHTSs classified as devices or SaMD, ISO
14971:2019 specifies the terminology, principles, and process for
application of risk management [25]. Furthermore, the
International Medical Device Regulators Forum (IMDRF) pro-
posed a possible risk categorization framework for SaMD based
on a four-tiered system (category I having the lowest level of
impactand category IV having the highestlevel of impact), based
on the combination of the significance of information provided
by the SaMD to the health care decision as well as the context in
which the SaMD will be used [26]. However, this framework is
limited because it does not consider DHTs that do not meet the
definition of SaMD, nor does it provide recommendations on how
category I products should be regulated. Also, this framework
does not include considerations for using DHTSs in the context of
aclinical investigation or as exploratory scientific research.

ADHT should notautomaticallybe classified asamedical device
and not all software that is used in the health care setting is consid-
ered tobe a SaMD. The DHT classification depends on the intended
use, potential risks, and specific software functions, where applica-
ble. Understanding DHT regulation and classification under a med-
icaldeviceregulatory framework is complex given thelack of global
harmonization and regulatory guidance. For example, although the
21st Century Cures Act (Cures Act) in the United States and the
European Union Medical Device Regulations and In Vitro
Diagnostic Regulations (EU MDR/IVDR) both include provisions
for DHTs classified as medical devices, these two regulatory frame-
works are unfortunately not fully aligned.
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Section 3060(a) of the Cures Act amended the Food Drug and
Cosmetic Act (FD&C Act) to exclude certain software functions
from the statutory definition of a device [27]. This includes certain
DHTs that are used for administrative support, maintaining a
healthy lifestyle, EHRs, and software that is intended to store or
display health care data. The Cures Act also defined clinical deci-
sion support (CDS) software that may be excluded from device
regulations based on certain lower-risk criteria [28].

Adding to the complexity of the FDA’s digital health frame-
work are certain DHTSs that meet the definition of the device, but
the FDA chooses to apply enforcement discretion given the low
risk to patients. The FDA describes these products under enforce-
ment discretion if they are intended to inform clinical manage-
ment for nonserious situations or conditions, help patients
self-manage their disease or conditions without providing specific
treatment, or automate simple tasks for health care providers [18,
28]. However, additional clarity is needed for industry in under-
standing the scope of DHTs under the FDA’s enforcement discre-
tion policy, exemptions under the Cures Act, and those DHTs that
meet the statutory definition of a device.

In contrast to the US regulatory framework, the EU MDR/
IVDR implemented more stringent qualification and classifica-
tion criteria for software regulated as medical device software
(MDSW). Unlike the FDA'’s risk-based framework for exercising
enforcement discretion and exclusion of certain software func-
tions from FDA regulations, under EU MDR/IVDR, the risk of a
software product’s harm to patients and users is not a criterion for
whether the software qualifies as a medical device, nor are there
exemptions for certain low-risk medical device software func-
tions [29]. For example, although certain CDS software is excluded
from medical device regulations in the US, under EU MDR Rule 11,
any software that is intended to provide information to assist in
making decisions for diagnosis or therapeutic purposes or that is
intended to monitor physiological processes is classified at mini-
mum as a class Ila device requiring a notified body conformity
assessment [29].

Additionally, certain MDR/IVDR requirements also apply if
the software is meant to process, analyze, create, or modify medi-
calinformation withamedicalintended purpose, orif the software
isintended to drive or influence the use of a medical device [29].
Similar to the US regulatory framework, software with a nonmed-
ical intended purpose or software meant for simple search, data
storage, archival, or communication is not considered medical
device software under EU MDR/IVDR, nor are EHRs, telemedi-
cine,and administrative hospital information systems.

Regulatory divergence with US and EU regulatory require-
ments makes DHT development and adoption more challenging.
To better understand the differences and similarities in how cer-
tain DHTs are regulated and classified, Table 3 provides a sum-
mary of two hypothetical examples of products that are used to
calculate insulin dosing. Table 3 describes the application of
three different SaMD frameworks: the IMDRF SaMD Risk
Categorization Framework, the US FDA Framework, and EU
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The health care community
should adopt important lessons
learned from the pandemic by
leveraging DHTs to accelerate
research and development

of new medical therapies,
supporting evidenced-based and
data-driven health outcomes,
and empowering patients in their
health care management.

MDR/IVDR Framework for an insulin dosing calculator and an
insulin management system. Table 3 illustrates the regulatory
divergence for certain products under the US and EU systems and
the limitations of the harmonized IMDRF SaMD Risk
Categorization Framework. Also,as shownin Table 3, the product’s
intended use, technological characteristics, and application of
regulatory guidelines can have a significant impact on the prod-
uct’sregulatory burden.

Life-Cycle Management

Effective DHT life-cycle managementrequires integrated product
development and close collaboration with stakeholders (e.g.,
users, patients, and health care providers) to ensure effective
product design, safety, and quality. Given the rapid and iterative
nature of DHTSs, organizations need to effectively respond to
potential cybersecurity threats, software updates, customer com-
plaints, adverse events, and other potential safety concerns.

To adapt to the rapid and iterative nature of new and updated
software, the FDA created the Software Precertification Pilot
program [30]. This pilot aims to have a flexible regulatory frame-
work to reduce the time and cost of market entry for software
developers that have a demonstrated a culture of quality and
organization excellence. The pilot program takes a total product
life-cycle (TPLC) approach by ensuring continued monitoring
and evaluation of a product’s safety from the pre-market
development phase through post-market surveillance [31].
However, it remains unclear which types of regulated DHTs may
become eligible for FDA precertification and if the excellence
appraisal system can adequately safeguard against potential
product safety and quality issues.

Beyond a potential precertification DHT regulatory scheme,
the current quality management system framework for medical



Table 3: Example classification of DHTSs.

- Insulin Dosing Calculator Insulin Management System

« Intended for use by a health care professional.

« Calculates insulin dose based on accepted clinical practice guidelines

« Intended for use by a health care professional.

« Calculates insulin dose based on a proprietary algorithm that incorporates

Description - ; real-time data and historical patient data from EHR to provide adaptive insulin
and published literature. dosing to support intravenous insulin regimens and optimizes management of a
. Does not control or connect to a medical device. patient’s blood glucose in a hospital setting. Insulin delivery is independent of insulin
management system.
IMDRF SaMD Risk  Category I: SaMD that provides information to inform clinical management fora  Category Il: SaMD that provides information to drive clinical management
Categorization disease or condition in a nonserious situation or condition is a Category landis  of a disease or condition in a serious situation or condition and is considered to
Framework [26] considered to be of low impact. be of medium impact.
Excluded from the definition of a medical device because it meets all Meets the definition of a medical device and does not satisfy criterion 1and 4
four criteria for CDS described in Section 520(0)(1)(I) of the FD&C Act: for CDS described in Section 520(0)(1)(E) of the FD&C Act:
1. Not intended to acquire, process, or analyze medical images or v 1. Intended to process and analyze a patient’s real-time blood glucose
signals. measurements.
USFDA CuresAct 2. Intended for the purpose of displaying, analyzing, or printing 2. Intended for the purpose of displaying, analyzing, or printing medical v
Framework [28] medical information about a patient. information about a patient.
3. Intended to provide recommendations to a health care professional v 3. Intended to provide recommendations to a health care professional about v
about prevention, diagnosis, or treatment of a disease or condition. prevention, diagnosis, or treatment of a disease or condition.
4. Health care professional can independently review the basis for the 4. Health care professional cannot independently review the basis for the
recommendation. recommendation.
Example of software qualified as medical device software (MDSW) under EU MDR: MDSW that provides insulin dose recommendations to a patient regardless of
the method of delivery of the prescribed dose, whether via an insulin pump, insulin pen, or insulin syringe.
Covered by Medical Device Regulations according to decision tree per Medical Covered by Medical Device Regulations according to decision tree per MDCG
Device Coordination Group (MDCG) Guidance 2019-11: document 2019-11:
1. Is the product “software” according to the definition of MDCG YES 1. Isthe product “software” according to the definition of MDCG 2019-117 YES
2019-11?
EU MDR/IVDR 2. Is the software an “MDR Annex XVI device,” an “accessory” for NO 2. Isthe software an “MDR Annex XVI device,” an “accessory” for a medical NO
Framework [29] a medical device according to Art. 2(2) of the MDR or IVDR, or device according to Art. 2(2) of the MDR or IVDR, or “software driving or

“software driving or influencing the use of a (hardware)
medical device?”

3. Is the software performing an action on data different from storage,
archival, communication, or simple search?

4. Is the action for the benefit of individual patients?

5. Is the software MDSW according to MDCG 2019-11?

influencing the use of a (hardware) medical device?”

YES 3. Isthe software performing an action on data different from storage, YES
archival, communication, or simple search?

YES 4. s the action for the benefit of individual patients? YES

YES 5. Is the software MDSW according to MDCG 2019-11? YES

Note: The FDA also intends to exercise enforcement discretion for software functions that perform simple calculations routinely used in clinical practice [18].

devices needs to be adapted for DHTS to ensure adequate surveil-
lance based on risk. Although the consensus standard, IEC
62304:2006, provides a framework for life-cycle management
activities and tasks to ensure safety and performance of medical
device software, the framework may not be appropriate for DHTs
not classified as medical devices [32]. Also, given the scope and

breadth of DHTs using connected systems and platforms, the roles
and responsibilities of DHT manufacturers and developers need
to be clearly defined to support life-cycle management issues.
Additionally, DHT product malfunctions, errors, and adverse
events need to be appropriately reported and investigated in a
timely manner as part of the continuous improvement process.
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Vendor Considerations

To advance digital health innovations, the pharmaceutical indus-

try needs to effectively partner with third-party vendors of novel

DHTs. Digital health vendors may have expertise in developing

software tools using agile development processes with quick

turnaround, but this partnership framework needs to account for
patient safety, effectiveness, and product quality.

HealthXL published industry guidance outlining 13 different
categories on digital health vendor assessment for clinical trials
spanning such issues as quality management principles, data
handling, interoperability, and cybersecurity [33]. However, in the
context of this article, we propose three key criteria as part of due
diligence activities to happen before DHT vendor qualification by
apharmaceutical organization. These due diligence efforts should
be commensurate with the “intended use” of the DHT and associ-
ated patientharm.

Three key criteria in the vendor evaluation process include
technical, quality system, and regulatory expertise:

1. Technical expertise: The vendor should have subject matter
expertise and experience in development, launch, and mainte-
nance of the relevant DHT. For example, if consideringa DHTT
for remote patient temperature monitoring, the vendor should
have technical understanding of the temperature sensors, data
acquisition, visual display of outputs, and wireless connectivity.

2. Quality system expertise: The vendor should have adequately
established processes, procedures, and responsibilities related
to the DHT. In the case of a remote temperature monitoring
example, processes need tobe in place for managing HIPAA and
general data protection regulation (GDPR) requirements for the
productasrequired.

3. Regulatory expertise: The vendor should have experience in
interacting with health authorities and submitting pre-
submissions and marketing authorization applications. The
vendor’sregulatory experience can enable a better understand-
ing of the appropriate regulatory requirements and pathways
forusing and commercializinga DHT.

MARKET ACGESS AND REIMBURSEMENT

Beyond marketing authorization, DHTs also need to satisfy payer
evidence requirements for reimbursement and pricing, which are
essential to gain marketaccess. Policiesand guidelinesare needed
notonly for reimbursement of DHTs used as medical products, but
also when DHTs are used to generate clinical evidence for medi-
cines. Adding to these challenges, pricing and reimbursement
processes remain dependent on regional and country-specific
requirements. For example, although a product may be CE marked
under EU MDR/IVDR, reimbursement and pricing requirements
are not harmonized across EU member states, which makes plan-
ning and launching products a major challenge.

DHT developers need to evaluate pricing and reimbursement
options as early as possible for cost evaluations and options. In
various geographies, the pricing and reimbursement process is
less well known or challenging due to political and economic
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Table 4: Process for DHT systematic evaluation.

One Marketing Authorization Evaluation of a technology’s safety and
efficacy profile to support authorization
for use. Marketing authorization does
not ensure the technology will be
adopted for use in the country’s national
health care system.

Two Health Technology Assessment  The bridge between research and

decision-making to inform policy makers
of their recommendations for use and
reimbursement under evaluation.

Three Utilization Decision-Making Assessment if the new technology pro-

vides any incremental benefit compared
to current practice as an economic
analysis is executed.

circumstances. Health care delivery depends largely on the tech-
nologies available at the point of care. The accessibility of new
technologies within health care depends on the availability of the
technology to patients. For a technology to be considered in a
country, the technology’s safety and efficacy need to be evaluated
to support the authorization for accessibility. Once the technology
has received authorization, it will follow additional assessments
to ensure it is a wise use of resources before receiving support for
adoption and use within the country. This includes cost-of-illness
analysis, cost-benefit analysis, and cost-utility analysis. To under-
stand the challenges with development, coverage, and adoption of
DHTs, we outline a three-phase process for their systematic evalu-
ation: marketing authorization, health technology assessment,
and utilization decision-making (see Table 4).

The Centre for Innovation in Regulatory Science (CIRS) pub-
lished areport on digital technologies for clinical evidence gener-
ation, which identified opportunities for reducing barriers for
DHTs used in the review and reimbursement of medicines [34].
One of the key recommendations included developing a common
digital infrastructure to improve data accessibility, trust, and col-
laboration between regulators and HTA organizations. Also, the
limited knowledge and familiarity of DHTs within the HTA com-
munity underscores the need for greater education and harmoni-
zation on DHT terms and concepts among stakeholders.

In the US, reimbursement and coverage of breakthrough and
innovative medical devices and DHTs remain uncertain with the
proposed rule by the Centers for Medicare & Medicaid Services
(CMS)torepealafinalruletitled “Medicare Coverage of Innovative
Technology (MCIT) and Definition of Reasonable and Necessary”
[35]. The MCIT final rule would have established a Medicare cover-
age pathway for innovative technologies based on the FDA’s mar-
keting authorizations of breakthrough medical devices. DHTs
would have benefited from the MCIT rule as several notable DHTs
classified, as medical devices have obtained FDA breakthrough
device designation in recent years [36, 37]. However, with the
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proposed repeal, CMS noted that there islimited clinical evidence
of Medicare beneficiaries in the clinical trials as the basis for FDA
approval, and the FDA and CMS operate under different statutory
and regulatory standards for marketing authorization and cover-
age. Given the ongoing challenges with DHT reimbursement, the
proposed repeal of the MCIT rule may be a significant setback for
DHT adoption.

CONCLUSION

The COVID-19 regulatory flexibilities, risk-based framework, medi-
cal product development considerations, life-cycle management
issues, vendor due diligence, and market access challenges and
opportunities discussed in this article provide important reflec-
tions on the successful development and adoption of novel DHTSs.

However, despite the enormous potential of emerging DHTs,
access to essential health care services and great health dispari-
ties within and across both developed and emerging economies
remain huge challenges. With a growing digital divide, health
authorities, health care providers, patientadvocacy organizations,
and industry stakeholders need to collaborate to develop appro-
priate guidelines and best practices to foster DHT innovation and
ensure access to high-quality medicines.

Recognizing this urgent need, the World Health Organization
(WHO) Global Strategy on Digital Health advocates for the devel-
opment of sustainable digital health ecosystems, robust govern-
ance structures, and patient-centered approaches to management
of DHTs [38]. As digital health continues to transform the health
care landscape, DHTs will significantly improve the quality of life
and lifespan of patients with chronic and debilitating diseases as
long as the health care community develops and uses DHTSs to
empower patients with their health care decisions while main-
taining privacy, transparency, and integrity. &
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GONFERENGE:

Ongoing Growth and Development

By Susan Sandler

More than 400 attendees learned about the
latest developments in biopharmaceuticals, cell
and gene therapy, and ATMPs at the 2022 ISPE
Biotechnology Conference, held 28-30 June in
Boston, Massachusetts.

he conference focused on the ongoing development and

growth in these technologies, and featured speakers on a

broad range of topics, including advanced manufacturingand

howlessonslearned from COVID-19 vaccine development can
apply to biologics development. Highlights from several plenary
sessions and keynotes are provided here; the sidebar addresses a
panel discussion about addressing risk management as biophar-
maceuticals continue to move forward.

THE ROAD TO ADVANCED MANUFACTURING

The conference opened 28 September with a keynote address by
Peter Marks, MD, PhD, Director, Center for Biologics Evaluation
and Research (CBER) at the US Food and Drug Administration
(FDA). He presented “Advancing the Manufacturing of Complex
Biologic Products” and discussed the potential of advanced
manufacturing, case studies in COVID-19 and individual gene
therapy, and resources from the FDA for product developers.
Marks described some of the successes and challenges of the
vaccine production in response to COVID-19. Process develop-
ment and scale up of manufacturing have been the greatest
challenges to COVID-19 vaccine development and deployment,

G0 PHARMACEUTICAL ENGINEERING

Figure 1: The FDA's Peter Marks gave the opening keynote
address at the conference.
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Marks noted. He observed how the development of COVID-19
vaccines was able to compress the traditional de-risked approach

to vaccine development to meet the needs of the pandemic.
“Condensing phases of development and concomitant manufac-
turing development can be done, and Operation Warp Speed
essentially did this” through Phase 1, 2, and 3 trials, and when
data supported good immune response, scale-up occurred. He
emphasized that millions of vaccines were produced, found
effective and safe, and were rapidly rolled out. “The ability to do
so probably saved lives.”

The process was not without challenges, Marks noted.
Bottlenecks occurred and insufficient raw materials, such as



lipids early on for mRNAs, took some time to resolve. A dearth of
disposable supplies and plasticware was another challenge, as
were bioreactor capacity and the need for well-trained individuals
to make the vaccines. Marks said sterile techniques are a little
different for the vaccines than in other areas of manufacturing.
“One thing I never thought a lot about until the pandemic was
fill-finish capacity, which turned out to be quite limiting early on.
Also having enough glass vials to put the vaccines in! That is one
reason why there were multiple-dose presentations, since there
were not enough glass vials for single doses.” He remarked that
having a sufficient skilled workforce to complete all that was
necessary was a tremendous challenge.

These challenges can help in the industry transition to
advanced manufacturing, such as improved agility, flexibility,
reliability, and reduced costs of the manufacturing process for
biological products by continuous or semicontinuous produc-
tion, he said. There is potential for vaccines, cell- and gene-based
therapies, and other complex biologics.

Vaccine supply could more easily be ramped up on short notice
and more rapidly modified for emerging infectious diseases, he
suggested, saying that many such diseases come in waves, so a
baseline production at 25% to 50% capacity could be in place that
could ramp up when an infectious disease surge occurs.

Marks spoke about the promise of advanced biologics manufac-
turing, giving an example of a bioreactor harvest and feed directly
into a purification system, ultimately to be able to formulate into
drug product and fill-finish it. Such a concept could help address
some of the challenges experienced during the COVID-19 vaccine
development, and help essentially decrease the footprint of produc-
tion. Advanced manufacturing that could work with a prefabricated
clean room could allow more distributed manufacturing closer to
where the product is going, and could distribute manufacturing
more evenly across a country or multiple countries.

The opportunity to produce on a small scale could help with
therapies for rare diseases and disorders, Marks said, foreseeing a
possible paradigm ahead to move into genome editing to try to
correct more common diseases.

Individualized therapies that create the right drug to reach
each patient are another challenge in manufacturing because
commercial manufacturing has setup costs, such as capital
investment to build a site and buy the equipment required to pro-
duce the drug. These costs cannot be recouped if productionisless
than a few hundred doses per year. The technology is there to cre-
ate small numbers of drugs, but the need is to make these at a cost
thatis viable to try to treat patients and with capacity todosoona
lot of small-scale dosing regimens. He said leveraging validated
processes can potentially facilitate the development of new
products.

Devices may be a way to move ahead for upstream production
of vectors and for downstream purification. Such devices are
being worked on by academics and companies, Marks said.
Standard methods for bespoke gene therapy could be a way to
make it easier.

Advanced manufacturing
offers potential for improved
agility, flexibility, reliability,
and cost reduction

At the FDA, Marks said the agency is thinking about ways to
streamline some regulatory aspects. In appropriate situations,
nonclinical data and manufacturing from one product may be
able to be leveraged to another (possibly where an original prod-
uct was already approved). The FDA is working with the National
Institutes of Health onabespoke gene therapy consortium thatis
a public/private partnership. Other support includes CBER
Advanced Technologies Team (CATT) meetings that can benefit
those interested in looking at advanced technologies for product
manufacturing technologies or platforms. Early and ongoing
interaction with CBER before filing a regulatory submission
allows for informal interaction that is nonbinding. The FDA'’s
Initial Targeted Engagement for Regulatory Advice on CBER
Products (INTERACT) program allows early dialogue to set peo-
ple up for success.

Advanced manufacturing offers potential for improved agil-
ity, flexibility, reliability, and cost reduction for manufacturing
biological products, Marks said in summary, and he looks for-
ward to working with science and manufacturing communities
inthisarea.

Narendra B. Bam, PhD, Senior Vice President, Medicine
Development and Supply at GlaxoSmithKline, was the next
speaker in the opening session, with a presentation on “Biopharma-
ceutical Manufacturing on the Horizon.” He reviewed some work
underway at GSK, including innovation in continuous small mole-
cule manufacturing with continuous integrated drug substance
and continuous drug product manufacturing; small molecule
continuously manufactured product recently launched; and
applying the learnings to biopharmaceuticals. GSK is developing
anintegrated drug substance manufacturing platform with, what
Bamsaidwas, asignificantlylower capital/footprintandincreased
flexibility. (He said the bioreactor size could be reduced to under
900 kg per year production rate, which is becoming a “sweet
spot.”) The company is also working on increased process control
with steady-state, highly automated, PAT-enabled production to
reduce residence time and help eliminate intermediate holds;
supply chain velocity with a scaled-out model for replication; sim-
plified tech transfer; and mitigation of scale-up risk. Bam said,
“We hope to make supply chains completely agile!”
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Risk Management: Tackling the Unknown

to Save Lives

n executive panel on “Risk Management for Future

Disruptions” on 30 June addressed the lessons of
COVID-19 vaccines and therapies development and how
the industry can prepare to respond to future needs.
Highlights of the discussion follow.

Collaboration. Scott Billman, VP, Global Engineering,
Pharmaceutical Services, ThermoFisher Scientific, noted
the tremendous collaboration that contributed to the
success of developing vaccines and treatments. He
continued that now the industry needs to be able to
achieve that level of collaboration in other endeavors.

Inspection adaptations. Seneca Toms, MS, RAC, Drug
National Expert, FDA Office of Regulatory Affairs, noted
that the US FDA used new and innovative ways to conduct
inspections and for data flow and that the pandemic

sped up these steps. Both the FDA and the industry are
considering the next step: prioritizing innovation and
technology, and using alternative methods to conduct
evaluations of firms, for the best use of resources.

Materials and supply chain. Several participants noted
the importance of being able to access needed supplies.
It’s key, in the focus of large issues, to ensure even small

Condensing phases of
development and concomitant
manufacturing development
can be done, and Operation
Warp Speed essentially did
this” through Phase 1, 2, and 3
trials, and when data supported
good immune response,
scale-up occurred.
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supplies are not lost sight of, said Marco Cacciuttolo,
Senior Vice President, Novovax. Partnering with

suppliers that can keep the necessary items coming is
critical. International sourcing to be able to work around
challenges such as the war in Ukraine is also necessary, as
are alternate sources and materials when possible, several
speakers said.

Efficiency for responsiveness. Several participants agreed
that although supply chain is important, other efficiencies
and planning are needed, such as within digital operations,
ensuring proper planning, being proactive, and employing
other technologies to support efficiency.

Workforce issues. Oliver Hennig, Senior Vice President,
Operations, BioNTech, pointed out that it is important to
get and keep the skilled workforce necessary to address
future challenges, and to ensure the environment is a safe
one. His company does a lot of cross training so that there
is flexibility in addressing the needs of multiple stations
and sites and so that skill sets can be broadened.

—Susan Sandler, ISPE Senior Director, Editorial

TWO JOURNEYS TO VACCINES AND BEYOND

A Foundation for the Future

In the opening session on 28 June, Oliver Hennig, PhD, Senior
Vice President, Operations at BioNTech SE, presented on
“Manufacturing of High Precision mRNA Medicines Against
Cancer.” His talk traced achievements of BioNTech in develop-
ment of the mRNA vaccine for COVID-19 alongside its partners,
and looked at the road ahead in applying the science and technol-
ogy tonew areas, including oncology.

He gave an overview of the company’s development from its
launchin 2008 through Project Lightspeed for the development of
the mRNA COVID-19 vaccine. He noted the great importance of
risk consideration, having a process to assess and understand it,
and discussing it, which enabled and empowered decisions.
Partners—including Fosun Pharma, Pfizer, and regulatory agen-
cies—collaborated and participated in the development and roll-
out of the vaccine in just 11 months.

Thenew class of medicines possible through mRNA is creating
huge opportunities for the entire industry, Hennig said, including



vaccines, protein substitutes, and reprogramming for treatment
of cancer, infectious and autoimmune diseases, and regenerative
medicine. “mRNA isjust getting started,” he said.

The mRNA manufacturing process allows for rapid expan-
sion, which may be helpful in responding to the needs in cancer
therapy for individualized approaches and fast production.
BioNTech has two mRNA platforms for cancer: FixVac, an off-
the-shelf indication-specific mRNA cancer vaccine platform
targeting a fixed combination of shared antigens, and iNeST, an
individualized mRNA cancer vaccine platform, targeting 20
neoantigens unique to each patient. These are the basis of the
company’s work to expand offerings and make them available
broadly around the world through its BioNTainers concept, a
modular and scalable vaccine production approach for which
models are being developed. Smaller-footprint standard manu-
facturing with ready-built modules that can be shipped to differ-
ent locations is the goal, he explained, although it will not be
suitable for all manufacturing needs.

Building a New Platform

Juan Andres, Chief Technical Operations and Quality Officer,
Moderna, gave the closing keynote on 30 September, “Ideas to
Performance: The Impossible Journey.” He traced the journey of
Moderna through its achievement of producing a vaccine for
COVID-19 (which turned out to not be an impossible goal!). He
spoke about the first decade of Moderna and its work with mRNA,
and the path to preparing the vaccine and then ramping up distri-
bution, as well as current realities and the path forward.

The journey began with the idea that making mRNA work for
one solution could provide opportunities to apply it to many other
solutions. This was not without risk; as Andres noted, risk
management is essential to the work of building a new class of
medicine. Moderna approached its development with the idea of
building a manufacturing site that could scale up quickly,
choosing from the start to work with an MES system, in a paper-
free environment, and by monitoring movement of people to
determine placement of equipment. All of these early decisions
helped the company tremendously in its approach to creating a
fullyintegrated and digital facility to produce mRNA and applying
itasaplatformtoaddressrare diseases.

In 2015, Moderna introduced its first development candidate
in its prophylactic disease modality, an H1ION8 flu vaccine candi-
date; the next year, it began to build its Norwood, Massachusetts,
facility, which opened in 2018. The ongoing development required
every decision to consider both funding and technology focuses,
he said. By 2019, among other achievements, the company
announced dosing of its first monoclonal antibody encoded in
mRNAinaclinical trial.

By January 2020, discussions were underway about whether
the company was going to become involved in developing a vac-
cine to combat the “new virus,” COVID-19. Although there were
concerns that the company was not ready to produce product at
the needed level, it decided to proceed. Within days, it had several

The mRNA manufacturing
process allows for rapid
expansion, which may be
helpful in responding to the
needs in cancer therapy for
individualized approaches
and fast production.

mRNA candidates to consider. Its mRNA platform and technology
helped the company be able to move swiftly to a first GMP batch on
7 February 2020, with clinical trials started in early March 2020.
The science, previous work on mRNA, and prior collaboration with
the government were all helpful, Andres noted, despite the lack of
scale, infrastructure (including people), and funds.

Through Marchand April 2020, Moderna employees worked
seven days a week for up to 14-hour days. The company had
experience with preclinical and clinical batches, and CMC vari-
ability was top of mind. The kit concept was established—a
standard drug substance production train linking mRNA and
lipid nanoparticles (LNP) manufacturing—to allow for repro-
ducible production to permit broader-scale production. After
success at small-scale production, Moderna joined forces with
partners, including Catalent and Lonza, as the vaccine pro-
gressed through Phase Il and then emergency use authoriza-
tion (EUA) status. Having experienced partners was necessary
to success, he noted, and included Operation Warp Speed
officials as well as suppliers. Shortages of materials (including
plastic and glass), funds to purchase equipment, and the wait
for equipment were also challenges.

The launch of the vaccine was a collaborative effort, he noted,
with great commitment from Moderna employees and those
working with its partners. The lessons learned during those
months have potential to be applied elsewhere. Moderna has
grown from 300 people to 3,000 and has over 40 programs under-
way in vaccines as well as immunology, oncology, and rare dis-
eases. “This s just the beginning,” he said. &
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COMMUNITIES OF PRACTICE PROFILES:
Shaping the Future of the

Combination Products Industry

By Marcy Sanford

Combination Products is one of ISPE’s newest
Communities of Practice (CoPs). It started as

a Special Interest Group to help people in the
industry collaborate and learn from each other.

ccording to ISPE Combination Products CoP Chair Susan

Neadle, “a combination product is composed of two or more

differently regulated medical products, i.e., constituent

parts, thatare to be used together, or are being studied for use
together, to achieve an intended use, indication, or effect. Given
terminology differences across jurisdictions, these products are
sometimes more broadly referred to as ‘combined use systems.’

“Such combined use inherently raises questions that need to
be considered and that may lead to a range of risk management
approaches during product development and postmarket life
cycle. There are a plethora of examples spanning a wide gamut of
therapeutic areas: for example, drug-prefilled syringes and auto-
injectors, metered-dose inhalers, medicinal patches, drug-eluting
discs, drug-eluting stents, and, increasingly, connected health
applications. The regulatory frameworks for these products vary
from country to country. In the US, each constituent part retains
its regulatory identity in a combination product. The cGMPs that
apply to each constituent part of a combination product also apply
to the combination product, and necessitate assessment of, and
controls for, any potential interactions of the constituent parts.”
The Combination Products CoP is “focused on the evolution of

combination products technology and combined use systems, as
wellastheshifting globallandscape of regulatory expectations for
these products,” Neadle said.

CoP DEVELOPMENT

“Ibecame active in the combination products space during my
26-year career with Johnson & Johnson,” Neadle said. “While
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there, I provided end-to-end global functional and program lead-
ership for drug-device combination products, establishing an
integrated cross-functional business model to meet combination
products’ health authority regulations while still ensuring the
business sustained growth momentum.

“I saw an opportunity to collaborate with and support col-
leaguesacrosstheindustryinthis spaceand gotapprovaltostarta
special interest group in ISPE. We started with about eight people
five years ago, and now are a full-fledged CoP, with more than 55
active members from US, Europe, Canada, and India.”

In addition to serving as Chair of the CoP, Neadle is Principal
Consultant, Combination Products Consulting Services, LLC; she
also serves as lead author on both the ASTM International
Combination Products Standard and AAMI Combination Products
Committees, teaches a master’s curriculum on combination prod-
uctsat University of Maryland Baltimore as part of ISPE Workforce
of the Future initiative, serves on AAMI faculty, and is active on a
number of other impactful industry committees.

Pharmaceutical Engineering®recently spoke with Neadle about
the CoP and issues related to the importance of combination prod-
uctsintheindustry.

Why is your CoP’s work critical to ISPE

and the industry?

Combination products are designed to offer greater benefits than
the drugs or devices acting alone, and increasingly, drugs are
dependent on medical devices for their administration. This is
particularly the casein therapidly growingbiologics space. Couple
this with connected health and the promise of improved health-
care through digital technologies, and the possibilities seem end-
less. Health authorities recognize that bringing together these
drug and device systems brings more risk and complexity, and
they are shifting their regulatory frameworks to ensure safety,
efficacy, and functionality of the combined use systems.



Our charter includes four main priorities. We want to (1) raise
awareness regarding the evolving global combination product
regulatory landscape; (2) help shape evolving regulations through
commenting, industry publications, and advocacy—we have
already submitted comments this year on evolving regulations to
the European Medicines Agency, Health Canada, USFDA, and the
World Health Organization; (3) educate our members by sharing
best practices, supporting successful combination product devel-
opment through postmarket life cycle management; and (4) be a
space for combination products networking and collaboration.

What is most important for ISPE members to

know about the CoP?

We have industry representatives spanning international phar-
maceutical, biotech, and device companies, as well as consultants.
We have monthly presentations onarange of interest areas by CoP
members and guest speakers covering current state-of-the-art
technology, quality, and regulatory hot topics.

Our CoPalsohas subteams. For example, we have a subteam on
regulatory intelligence and another that is supporting the ISPE
effort to develop a streamlined Module 2 QoS to incorporate com-
bination product considerations.

The CoP meets monthly. Our agenda always includes at least
onehottopic presentationbyindustryleaders. For example, Edwin
Bills, Principal Consultant, ELB Consulting, presented on risk
management and ISO 14971:2019 at a recent meeting. I presented
on the US FDA’s proposed rule for 21 CFR 820 and global combina-
tion products harmonization efforts. Jennifer Riter, Senior
Director, West Pharmaceutical Services, presented on extracta-
bles and leachables in primary containment systems and medical
devices. We have also had presentations on combination product
essential performance requirements, human factors, post mar-
keting safety reporting, digital health, reliability, and validation.
The presentations are recorded and minutes issued so that CoP
members have access to the great presentations and discussions
after the meetings.

Another way that we have shared information about combina-
tion products is through blogs on iSpeak. For example, one of our
CoP members, Ryan Hoshi, Director, Regulatory Policy and
Intelligence, AbbVie, recently published a blog on digital health.
We are also planning to submit articles to Pharmaceutical
Engineering on combination product EPRs, human factors, and
digitalhealth.

At the 2022 ISPE Annual Meeting & Expo in Orlando, Florida,
representatives from the US FDA commented on evolving regula-
tions and enforcement, and Boaz Eitan, CTO, Eitan Medical, pre-
sented on evolutions in technical solutions for medicinal
therapies.

How can ISPE members become involved

in the CoP?

Just reach out! You can email me directly at sneadle@
combinationprod.com.

Combination products are
designed to offer greater
benefits than the drugs or
devices acting alone, and
increasingly, drugs are
dependent on medical devices
for their administration.

The connections I've made through this CoP have meant a lot
to me. The group has developed friendships and a wonderful net-
work of people withlikeinterests. Thereare somany opportunities
for knowledge networking and helping one another. It is very ful-
filling to see what we are accomplishing and knowing we are
making a collaborative positive impact on the industry and the
patients we all serve. &

About the author

Marcy Sanford is ISPE Publications Coordinator.
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Enabling More Efficient and Effective

C&Q Through GEP

By Chip Bennett and Jorg Block

When the ISPE Baseline Guide Vol. 5:
Commissioning & Qualification, 2nd ed. was
published in 2019, most of the attention

was focused on the incorporation of quality
risk management (QRM) into the integrated
commissioning and qualification (C&Q)
approach. That attention was merited, as

the guide established the industry-standard
approach, strategy, and rationale for

science- and risk-based design and delivery

of engineered systems. However, equally
important from both a business and regulatory
perspective, the guide established good
engineering practice (GEP) as a key enabler for
the integrated C&Q process. Just as QRM drives
effectiveness of the integrated C&Q process,
GEP drives the efficiency of that process.

he 2021 publication of the ISPE Good Practice Guide: Good
Engineering Practice, 2nd ed., (GEP GPG) updated the defini-
tion and understanding of GEP within a regulated industry,
establishing GEP as a life-cycle approach supporting the
effective, efficient design and delivery of engineered systems
and enabling the QRM-based integrated C&Q process.
Aneffective C&Q processresultsin systemsthatareinstalled
and operating in a manner fit for intended use and meeting all
user requirements and stakeholder expectations. For critical
systems, fitness for intended use is defined by system critical
design elements (CDEs) being installed and operating in a man-
ner to deliver system critical aspects, which ensures system per-
formance to control critical process parameters (CPPs) and pro-
cess performance to produce product meeting its critical quality
attributes (CQAs).
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Aligning with the ISPE Baseline Guide Vol. 5, Commissioning &
Qualification, 2 ed., the GEP GPG recognized GEP as a life-cycle
approach, encompassing “all aspects of engineering related to the
design, delivery, and operation of facilities and engineered sys-
tems, from conceptual design to retirement.” Maintaining the
qualified state of critical systems with focus on CDEs throughout
their operational lifetime is in the scope of qualification per good
manufacturing practices (GMP), whereas maintainingengineered
systems installed and operating in a manner fit for their intended
use falls under the scope of GEP core concepts and practices. This
article discusses the application of GEP to enable more efficient
and effective C&Q primarily within the scope of the design and
delivery of engineered systems (i.e., through system acceptance
andrelease).

SYSTEM LIFE-CYCLE PROCESSES

Application of engineering change management (ECM), engi-
neering document management, and engineering issue manage-
ment throughout the C&Q process can significantly reduce time,
cost, effort, and risk. These systems ensure that management
efforts are properly scaled to risk, complexity, and system life-
cycle stage and that management decisions are risk-based and are
led by appropriate SMEs. Appropriate ECM and document man-
agement ensures that proposed changes are identified, assessed
for impact, implemented, and verified. Appropriate engineering
issue management, including issues, punch lists, and discrepan-
cies, ensures that observed issues are properly identified, man-
aged, investigated, resolved, and verified (see Figure 1).

During the requirements definition and specification and
design stages, ECM ensures that changes to key documentation,
including user requirements specifications (URS) and the design
development, are managed appropriately. Engineering issue
managementensures that designissuesidentified through design
review are tracked and managed to resolution.

During the build/construction, installation, and verification
stages, project ECM ensures that changes to design and imple-
mentation are managed appropriately, with quality oversight



Figure 1: Overview of life-cycle change management and issue management processes.

focusing on CDE-related changes only. Punch list management
ensures that issues observed during build, construction, and
installation are managed appropriately. Discrepancy manage-
ment during verification ensures that verification testing and
documentation discrepancies are documented and resolved
appropriately.

Documentation of these changes and issues provides tracea-
bility of the system state throughout the design and delivery pro-
cess and as such is critical to eventual acceptance and release of
systems. The acceptability of documented engineering manage-
ment of system and documentation changes and design/build/
verification issues represents a key driver of system acceptance
andreleaseto manufacturingby the quality unit, which ultimately
defines the effectiveness and efficiency of the C&Q process.

PROJECT ENGINEERING-RELATED PRACTICES

Robust application of risk management through the project exe-
cution plan, including use of a project risk register, can help iden-
tify, prioritize, and control project risks to scope, schedule, and
budget, aswellasrisks to the quality of the delivered system. Risks
identified early in a project are generally easier and mostly less
costly to control. Rigorous control, monitoring, and reporting of
project costs drives cost-effective delivery of engineered systems.

SYSTEM DESIGN-RELATED PRACTICES

Since rigor of system design and delivery must be commensurate
with risk (particularly risk to product quality and patient safety),
correct identification of systems and process functionality that
potentially impact product quality and patient safety play a signif-
icantrole in ensuring that overall effort and documentation of the
C&Q process is right sized in terms of scope, schedule, and cost.
Accordingly, determination of systemboundaries and appropriate
definition of system user requirements directly impacts the strat-
egy, effectiveness, and efficiency of the C&Q process. System

boundary definitions should consider inclusion/exclusion of
CDEs, system intended use, anticipated future system modifica-
tions, physical interfaces to other systems, and linkages to auto-
mation, control systems, and data handling and storage.

A typical industry example is design of cleanrooms and the
HVAC systems that supply them, where the cleanroom is the qual-
ity impacting system and the HVAC system is a separate system
with a terminal HEPA filter at the system boundary. Where the
system boundary can be defined such that the HEPA filter is
included in either the cleanroom or the HVAC system, the bound-
ary decision will have significant impact on the scope, schedule,
and cost incurred in design and delivery of the two systems. This
typically is decided in an early stage of the project. Including the
HEPA filter with the cleanroom ensures that all CDEs for the two
systems are contained within the boundary of a single, direct-
impact system (the cleanroom), resulting in the HVAC system not
being direct-impact and significantly minimizing the rigor and
documentation required to design and deliver the HVAC system.
Alternately, including the HEPA filter with the HVAC system
results in CDEs being included within the boundaries of both sys-
tems, which are then both direct-impact systems, significantly
increasing the rigor and documentation required to design,
deliver,and maintain the HVAC system.

System requirements definition through the URS should
align with system boundary definitions. The URS then becomes
the driver for demonstrating that a system is fit for intended use
through verification activities that document system installa-
tion and operation conform to the URS. Well-defined user
requirements thus drive the effectiveness and efficiency of the
C&Q process.

What is specified in the URS must generally be demonstrated
and documented through the C&Q process; therefore, the effi-
ciency of the C&Q process can be significantly impacted by the
scope and quality of the URS. The URS should include system/
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equipment CPPs traceable to product CQAs delivered or impacted
by the system. Requirements should focus on key stakeholder
requirements—what is required of the system—and should gen-
erally not include engineering standards/specifications, design
definitions/assumptions (how the system will be implemented) or
vendor contractual obligations. Requirements should be differen-
tiated between those that potentially impact product quality and
patient safety and those that do not, such as business- or safety-
related requirements. Requirement specifications should be
SMART: specific, measurable, achievable, realistic, and traceable.
SMART requirement specifications lead to SMART design specifi-
cationsand SMART verificationacceptance criteria, and therefore
directly impact the scope, time, and cost associated with system
design and delivery.

Design review plays one of the most critical roles in driving
effectiveness and efficiency of the C&Q process. A robust design
review process ensures that the design definition satisfies both
the quality impacting and non-quality impacting user require-
ments, identifies and manages design discrepancies to resolution
through application of engineering issue management, and there-
fore minimizes the time and cost associated with resolution of
design issues, particularly when compared to the cost of issue res-
olution during verification of systems following build/construc-
tion and installation.

SYSTEM DELIVERY PRACTICES

Applying risk management to vendor selection and management
can have significant impact on delivery of systems meeting user
requirements and on the suitability of vendor documentation to
demonstrate system fitness for intended use. Appropriate vendor
management can significantly impact overall time and cost for
system design and delivery. Ensuring vendors follow GEP for sys-
tem design and build, including vendor document, change, and
issue management, will reduce design/build time and cost, will
minimize issues that must be resolved later in the project (such as
during factory acceptance testing or post-delivery/site acceptance
testing), and will increase the likelihood of suitability of vendor
documentation to contribute to the overall verification effort and
documentation. Where vendor documentation is suitable for veri-
fication, non-value-added redundant verification testing and its
associated costs, schedule, and resources can be significantly
reduced or eliminated.

Established GEP procedures for construction, handover, and
startup similarly ensure that documentation produced during
these activities can contribute to the overall verification effort
while minimizing rework and testing redundancy.

ENGINEERING QUALITY PROCESS: THE ENABLER

Finally, development of an engineering quality process (EQP)
ensures that the quality unit is aligned with application of GEP to
design and deliver critical systems and that engineering docu-
mentation produced through the C&Q process is suitable to accept
and release systems for use in manufacturing. The EQP providesa
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means for the quality unit, through auditing and other appropriate
oversight, to develop trust in the established and maturing GEP
processes used to design and deliver engineered systems through
the C&Q process.

Unlike in the legacy C&Q process, where direct quality over-
sight (review, pre- and postapproval, and use of “quality” proto-
cols) was required to “leverage” engineering verification testing
and documentation into qualification, the QRM-based integrated
C&Q process applies the principle that engineering testing and
documentation produced by appropriate subject matter experts
and following appropriate, established GEP procedures stands on
itsown. The EQP provides the criticallinkage between established
GEPs that yield engineering verification testing and documenta-
tion and the requirements of the quality unit to accept it. As stated
in the GEP GPG, “The purpose of establishing an EQP is not to
introduce quality oversight and control of engineering activities
performed under established GEP, but rather to provide a mecha-
nism for quality to provide appropriate oversight of engineering
management and control of GEP processes, so that those GEP pro-
cesses can be applied by engineering in the delivery of critical
(quality impacting) systems through the C&Q process.” (ISPE GEP
GPG, 2nd Edition, Chapter 13, Enablers-Engineering Quality
Process [EQP], Section 13.1.1, Purpose).

CONCLUSION

The effectiveness and efficiency of design and delivery of engi-
neered systems and facilities play a crucial role in speed to patient.
Applying GEP ensures that design and delivery efforts are com-
mensurate with risk; engineered systems and facilities are deliv-
ered in a state of installation and operation fit for intended pur-
pose; and unnecessary overhead, oversight, testing and
documentation redundancy and overall scope, schedule, and cost
areminimized. &
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ISPE BRIEFS
New GPG Explores

Membrane-Based WFI Systems

ornearlya century, production of water for injection (WFI) was
universally accepted to be distillation-based. As emphasis on
costsand environmental concerns has grown, pharmacopeias
around the world have focused on the quality attributes of WFI
to allow for consideration of other production technologies.
In2017,the European Pharmacopoeiajoined the US,Japan,and
many other regulatory bodies (with the exception of China) in
accepting membrane-based technologies for WFI production. The
ISPE Good Practice Guide: Membrane-Based Water for Injection
Systems provides expert guidance on the design, operation, main-
tenance, and quality aspects of membrane-based WFI systems,
including generation, storage, and distribution.
“Membrane-based water for injection is a state-of-the-art
method that should be used whenever possible,” said Good
Practice Guide (GPG) Co-lead Fritz Roeder, Global Engineering
Manager, Merck Healthcare KGaA. “This GPG will be useful to

engineers, production, quality assurance, and quality control pro-
fessionals and regulators who have some water expertise.”

This is a first-of-its-kind guide that presents a global view of
membrane-based WFI generation technologies and their impact on
the storage and distribution system. It “provides an objective dis-
cussion of current best practices as well as critical technical infor-
mation pertaining to membrane-based WFI systems,” said Guide
Co-lead Brian Pochini, Principal Engineer, Sanofi. “The guide
reflects an industrywide collaborative effort by a diverse range of
experts that includes equipment providers, engineering firms,
consultants, and pharmaceutical manufacturers to present a holis-
tic view of the pros and cons of membrane-based WFI systems.”

For more information about the guide, visit ISPE.org/publica-
tions/guidance-documents &

—Marcy Sanford, ISPE Publications Coordinator

Meet the
ISPE STAFF

Tim Postiethwaite

In each issue of Pharmaceutical Engineering®, we
introduce a member of the ISPE staff who provides
ISPE members with key information and services.
Meet Tim Postlethwaite, Director of Technical
Communities.

Tell us about your role at ISPE: What do you

do each day?

My primary role is to work with more than 20 ISPE
Communities of Practice (CoPs) and Special
Interest Groups (SIGs) that generate much of the
key ISPE output: Guidance Documents, webinars,
PE magazine articles, iSpeak Blog posts, training
materials, and conference content. I meet through
standing meetings with the CoP Steering
Committees and SIG leadership teams, comprised
of nearly 350 ISPE member volunteers, to support
and guide their efforts, including generating and
executing annual content plans. I serve as a liaison
between the technical community members and
other ISPE staff members who facilitate content
delivery. I work with the ISPE Knowledge Network
Council, ISPE senior leadership, and the ISPE Board
of Directors to monitor the health of each commu-
nity, to sunset communities, and to establish new

communities as the needs of the pharmaceutical
industry evolve.

What do you love about your job?

Having spent time working in the pharmaceutical
industry prior tojoining ISPE, Ireally enjoy maintain-
ing contact with pharmaceutical professionalsacross
the globe daily. I am constantly astonished by the
commitment and knowledge our volunteers bring to
bear to create outstanding content to forward the
entireindustry. ISPE providesa place where technical
communities comprised of subject matter experts,
many from competing companies, come together to
share best practices and contribute to the betterment
of the industry. My role also provides the opportunity
to collaborate with most ISPE staff, which is a fantas-
tically supportive group of colleagues.

What do you like to do when you are not at work?
Having recently relocated to Lake County in central
Florida, I enjoy boating, bass fishing, dodging alliga-
tors, and DIY home projects. My wife and I enjoy
spending time with family and friends, traveling,
and keeping up with our daughter who is pursuing a
graduate degree at Florida State University.
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Al RETROHIT

Tack

ing Challenges with

Cutting-Edge Technologies

By Christian Stirnimann and Julien Janda

This artificial intelligence (Al) retrofit project
was a unique approach to implementing Al
technology in a pharmaceutical environment
within three months. This project tackles

a commonly known industry challenge by
integrating Al into an existing automatic
visual inspection (AVI) machine. The proof of
value allowed us to benchmark added value
through Al compared with state-of-the-art
automated visual inspection. We also gained
process and business insights that contribute
to Al implementation and strategy. Outcomes
derived in this project were transformed into
implementation guidelines and requirement
specifications to support Al in other initiatives.
Key success factors describe how to leverage
the powerful Al potential to create value for
patients.

isual inspection is an essential step in parenteral drug pro-

duction, as it ensures the safety of the drug product in its

container. Manual inspection and automated systems can

achieve a similar level of sensitivity, but there are specific
strengths and weaknesses for both methods. Pharmaceutical
companies rely on AVI to overcome challenges associated with
manualinspection, such aslow inspection throughput and perfor-
mance variations. However, AVI machines have a trade-off
between the configuration of the AVI sensitivity and the false
rejection rate (FRR). The more variations and details that an
inspection task considers, the higher the number of falsely identi-
fied defects in safe products. This article discusses a project that
explored Al capabilities to leverage the inspection performance
onanexistingapplicationand gainadditional businessinsightsby
tackling areal-world challenge.

PROJECT SCOPE

Glass ampoules, as illustrated in Figure 1, offer protection against
air and contaminations and are widely used as the primary pack-
aging for pharmaceutical drugs. They are hermetically sealed by
melting the thin top with an open flame, and once closed, provide
superior imperviousness to gases and liquids.

One specific defect in the inspection of ampoules are black
spots in the tip area (Figure 2), which occur during the fill and fin-
ish process. Today’s available machine vision technology is capa-
ble of catching these tiny black spots. The technology combines
high-resolution cameras with a backlight setup, which highlights
the tiny black spots as dark pixels on a white background in the
image. The challenge of such systems occurs when additional
bubbles of the liquid product stick in the tip area of the ampoule.
Based on their size, geometric form, and location, these bubbles
can look similar to black spots, which ultimately challenges

Figure 1: Glass ampoules for pharmaceutical products.

-
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classicmachine vision algorithms to distinguish between bubbles
and real defects. This common industry issue often results in an
increasein the FRR.

The optical setup provided the resolution to visualize defects
and therefore fulfilled the basic requirement of using advanced Al
algorithms to tackle a real-world challenge in an existing produc-
tion environment. Enhancing the inspection tasks with Al algo-
rithms covered the central part of the project scope. An agile
approach combined with specific requirements for a minimum
viable product (MVP) enabled the team to integrate the Al box,
collect images and store them in a classified image database, and
deploy the first Almodel within 24 hours. Following this approach
not only established a realistic benchmark using Al algorithms in
a qualified process, but also provided valuable business insights
regarding the inspection processin a GxP environment.

Figure 3: AVI and the machine vision process.
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technology.
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INTEGRATING Al INTO AN EXISTING AVI MACHINE

A successful AVI process, illustrated in Figure 3, ensures ideal
interaction between mechanical engineering, optical imaging,
image processing, and automation. In this project, the ampoules
are smoothly rotated and presented to the tip inspection stations,
which encompasses the pre-process automation step. Two cam-
eras capture the tip area from different angles, with five images
per camera, to establish a 360-degree view during rotation. After
processing these images and inspecting for defects, the AVI
machine rejects defective products according to the result of the
visualinspection process.

The main challenge in integrating the Al retrofit was deter-
mining how to enable access to the images in the vision system
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and then process them through a neural network and return a
result within the given timeframe of the AVI process. Different
solutions are available to solve this problem. The evaluation pro-
cess for this use case resulted in the integration of the deevio
AI-Box. The deevio Al-Box is a proprietary vendor solution that
provided a powerful Al platform equipped with all the necessary
interfaces to ensure a smooth integration into an automated pro-
cess that was parallel to the traditional image processing algo-
rithms, emphasized in the visualinspection process flow shownin
Figure 3. Additional pre-processing steps, such as cropping
images, furtherincreased the Al processing time by a factor of two
and optimized the bandwidth by focusing on the essential partsin
theimages.



Figure 4: Integration of the deevio Al-Box into the existing system architecture.
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Figure 4 illustrates the straightforward integration of the deevio
AI-Box into the existing system architecture by connecting the Al
box to the switching hub. A simple file transfer protocol and addi-
tional settings in the inspection stations relayed the images to the
deevio AI-Box, which processed these images through neural net-
works within milliseconds to comply with the given time constraints
of the machine. Finally, an inspection performance of 420 ampoules
per minute, or seven ampoules per second, was achieved.

KEY SUCCESS FAGTORS IN USING Al

The foundation for every successful Al project is to build a data-
base that consists of high-quality images and high-quality data
labels. Because the team used the existing vision system already
in production, the high quality of the images itself was given,
which made it easy for a human to distinguish between images
without any defects, classified as OK, and images containing
defects, which were classified as not OK (NOK). The starting point
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Camera 2
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to train the first Al model was the image collection of a test set of
ampoules, including defective samples and good samples, that
were processed through the machine. Having the Al box running
in parallel to production continuously increased the image data-
base with real production experience and consequently enabled
continuous but controlled learning of the algorithm. Figure 5
illustrates the Al learning approach within the continuous
improvement process.

Two factors improved significantly: the accuracy of the Al
model and the labeling process. First, it is imperative in the devel-
opment of the Al model to have the images labeled by subject mat-
ter experts (SMEs) who are familiar with the visual inspection
process, specifically with the defects. Second, determining how to
handle the sheer amount of data produced by an AVI machine
during the labeling process is also integral. During the MVP
phase, over 3,000 images were collected and classified into a sus-
tainable database. In addition to the user-friendly interface pro-
vided by deevio’s user interface tool, the confidence score of each
image was also archived, which enabled a pre-sort of the latest
images. This function made the labeling experience quite conven-
ient and allowed the team to efficiently maintain the database and
create a smooth labeling process.

PROOF OF VALUE

After the successful integration of the MVP, we had an Al system
running that enabled us to gain further understanding of AVIin
combination with AI. As a result, the project team started to
explore the proof of value by focusing on three specific use cases.

Use Case 1: Benchmark of an Existing System
Equipped with Al Algorithms

While the AVImachine ran in production, the Al system continu-
ously collected images in parallel. This setup allowed us to
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Figure 6: Benchmark Al performance.
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compare the detection rate (DR) and the FRR with an existing and
qualified system that was in production for over 6 years. Figure 6
shows the evolution of the inspection performance throughout
the project timeline. The goal was to outperform the average
baseline of 95% DR and 1.7% FRR generated on the AVI machine
specifically forblack spots. The first 3weeks after the implementa-
tion were used to collectimages and establish a database.

Optimizations on the first Al model achieved a DR of 99.2%,
which outperformed the baseline by 4.2%. However, the FRR of
6.2% needed to be improved during the following weeks. Adding
images, improving data label quality, and the recall optimization
approach of the AT model—which is the performance metric tar-
geted to decrease the FRR—were the primary goals in the
improvement process. Finally, 3 months after implementing the
deevio AI-Box, asecond Al model was deployed that outperformed
the baseline with a DR of 98.0% and a significant drop of the FRR
from 4.9% to1.3%, which is 0.4% better than the target FRR.

The performance of the Al model can still be further improved
by optimizing the recall of the Al model and providing more
well-labeled data in the future to decrease the FRR value close to
0%. The consequence might be that the DR value gets slightly
worse. However, the addition of further data can solve this prob-
lem. All decisions taken in the optimization cycle are risk based
and consider quality and business aspects. Creating a benchmark
of the two systems not only confirmed the positive impact of AI,
but also transformed the added value into tangible and compara-
ble data that can be useful for business case considerations.
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Use Case 2: Develop the Process Behind the
Technology

In addition to the performance of new technology, its integration
into an existing pharmaceutical environment is important,
including its challenges. Therefore, processes were developed to
integrate Al into a GxP environment. An important consideration
was the evaluation of the most suitable algorithms to solve the
specific problem statement. The deep learning (DL) method
seemed to be a promising approach for our use case. DLisbased on
neural network architectures with multiple layers and has been
successfully used to solve multiple problems inimagerecognition.
The visual inspection process illustrated in Figure 3 identified Al
algorithms as an algorithm set complementary to the traditional
machine vision algorithms. Therefore, the process to deploy Al
models according to Figure 5 was developed and adjusted to the
AVIstandard continuousimprovement process to enableasmooth
integration into the existing AVI process.

Previous experienceshave taught ustouseasupervisedlearn-
ing approach because of the possibility of freezing a model before
the deployment on an AVI system. This enabled controlled learn-
ing and was an essential outcome for the qualification concept of
an Al algorithm in a GXP environment. Furthermore, in the phar-
maceutical validation processes, it is crucial to understand how
and why Al models work. Therefore, integrated gradients were
introduced to answer these questions and increase the under-
standing of Al models. This function aims to explain the relation-
ship between a model’s predictions and its features by creating a



colored mask that is overlaid on the original image. Based on the
model’s decision, all important areas and pixels are then high-
lightedaccordingtoacolor schemethatisinstantly and intuitively
visible to the user, which ultimately provides a better understand-
ing of the model’s predictions.

Use Case 3: Business Insights from Implementing
Al Algorithms into Existing Equipment

This specific use case explored the business perspective derived
from the MVP. The development of an Al solution that was rela-
tively easy and fast to implement and test as well as being cost
efficient solved a real-world challenge. Further, it ultimately
increased the awareness and understanding of AI technology,
specifically the importance of image acquisition, capabilities of
the hardware components, integration in current system archi-
tecture, and handling of large data sets. All these outcomes were
consolidated and summarized as user requirements or implemen-
tation guidelines to support future Al projects. Finally, important
lessons were learned to support a data-driven and Al-enabled
organization, such as exploring required infrastructure, capabili-
ties, interfaces, and processes; defining an Al governance; and
establishing other valuable inputs to the Al strategy.

KEY TAKEAWAYS

The impressive performance achieved by the AI MVP outper-
formed the existing system in only 3 months and highlighted the
powerful potential of Al solutions. The Al retrofit project not only
confirmed an improvement in the inspection performance but
alsoenabled valuable insightsintoimplementing Altechnologyin
the manufacturing environment. On a technical level, user
requirements—such as the importance of high-quality image
acquisition, powerful hardware, and software components—were
identified. One key success factor was establishing and maintain-
ing a sustainable database, which set the foundation for other AI
solutions.

The implementation of Al into an existing AVI machine also
allowed us to develop guidelines and concepts to cope with existing
processes and pharmaceutical regulations. Another significant
outcome was using critical thinking and a risk-based approach
whenrelying on Alalgorithms. Itisnever a one-size-fits-all solution.
Finally, the Al retrofit approach started with a clear value proposi-
tion, but it also leveraged additional business insights to generalize
further Alimplementationsand enabled the organization toexplore
and improve Al capabilities for future projects.

NEXT STEPS

An essential next step for the project team is to tackle the technol-
ogy challenges identified during this project, such as the feasibil-
ity of updating the hardware componentsin the existing machine,
equipping the vision system with the needed computing power,
and integrating the Al solutionin the AVIsystem, including differ-
ent communication layers and user interactions (e.g., visualiza-
tion or recipe and user management). The project’s successful

outcome was also directly linked to the ability of the project team
to develop new out-of-the-box ideas beyond the Al retrofit project,
which consequently triggered new Al initiatives within the net-
work and identified opportunities to improve Al capabilities.
Finally, the project team is interested in fostering discussions
around Al topics with other pharmaceutical companies, Al suppli-
ers, and communities to exchange best practices and lessons
learned to drive Al solutions in the pharmaceutical industry. &
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REMOTE AGGEPTANGE TESTING

of Automation Projects

By John O’Sullivan, Tom O’Kane, and Brian O’Flaherty, MSc, PhD

Before the COVID-19 pandemic, it was
unthinkable for a system integrator to suggest
remotely conducting an acceptance test for
an automation project. This article shows how
automation engineers and client validation
personnel were successful in navigating
COVID-19 restrictions and overcoming
previously held preconceptions about remote
testing to meet end-user and regulatory
requirements. Although there were some
advantages, both testers and reviewers found
the experience inefficient and unsatisfactory in
terms of rapport and visibility.

efore the COVID-19 pandemic, acceptance testing of automa-

tion projects was conducted in person, with multiple subject

matter experts attending. Factory acceptance tests (FATS)

were conducted on the system integrator’s (SI) premises,
executed by a representative of the SI and witnessed by a repre-
sentative of the client. FATs could be a simulated operation of the
automation system on a bench or the full operation of a machine,
skid (prefabricated modular process), or system. Site acceptance
tests (SATs) were conducted on client sites in situ, after initial
commissioning and before operations. During SATs, all field
equipmentis connected and operational.

Acceptance test protocols are executed during FATs and SATSs.
They are approved before execution and during execution; the
testerand reviewer/witnessinitialand date each testand sign that
the tests were conducted correctly. The aim of the tests is to verify
thatthe system is compliant with the requirementsand the design
specification. The granularity of the requirements can vary
between industries. In the pharmaceutical sector, the ISPE Good
Automated Manufacturing Practice (GAMP) [1] is used asa guide.

Measures had been put in place to reduce the close contact of
engineers during COVID-19 restrictions, including working from
home, and this presented a unique set of challenges for those
working in the sector. The writing of requirements, design docu-
mentation, and test scripts, and the configuration of hardware and
software, can be conducted from home. However, conducting
remote factory acceptance testing requires a methodology to
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allow projects to proceed to the site for site acceptance testing for
validation before handover. The objective of our research: What
techniques and procedures are required to enable reliable remote
acceptance testing of automation projects?

Thiswasaqualitative field study conducted on five automation
projects across three SIs and four clients. One client is a medical
device manufacturer in Ireland. Another two clients are pharma-
ceutical manufacturers, also in Ireland. The fourth clientis a
waste recycling company in Australia. Seven interviews with
automation testers and client reviewers were conducted.
Qualitative data analysis using the thematic analysis methodol-
ogy was performed. As reported by Pazhayattil and colleagues,
remote testing of biopharmaceutical manufacturing facilities has
been successfully executed [2].

Due to the COVID-19 pandemic and associated restrictions,
remote acceptance testing was the only way these tests could be
conducted. In these scenarios, the tester is present with the equip-
mentandthereviewerisremote, eitheratwork orathome. Computer
screens are shared via remote viewing software; equipment is
viewed using webcams, smartphones, or wearable cameras; and
participants communicate using telephone, voice over internet
protocol (VOIP), or text message. Despite the prevalence of remote
acceptance testing in the COVID-19 pandemic, a search for litera-
ture on remote acceptance testing yielded no appropriate results.

RESEARCH OBJECTIVE

The research objective is to determine the techniques and procedures
that are required to enable reliable remote acceptance testing of auto-
mation projects while maintaining compliance with regulatory
requirements and industry norms. During the COVID-19 pandemic,
the USFDA issued guidelines for remote evaluations of drug manufac-
turing and bioresearch facilities [3]. Thisis preliminary research based
onalimited number of participants with a view to prompt publication.

Research Questions

The following research questions serve to achieve the research

objective:

= What techniques and technologies are employed to facilitate
remote testing?

= What are the advantages and disadvantages of remote testing
compared to in-person testing?

= How are projects affected from commercial, quality, and
schedule points of view?



RESEARCH DESIGN

Asasociotechnical system, research in the field of information sys-
tems needs tobe defined ina number of ways in order to establish the
bestapproach, methodology, data collection, and analysis choices.

Philosophical Overview

The philosophy chosen, and hence the methodology, depends pri-
marily on where the research sits on the objectivism-subjectivism
continuum. Without goinginto the detail of how it was established,
the author chose a value-free axiology, a conventional ontology,
and an opinion-based epistemology [4]. The combination of regu-
lation and subjectivism leads to an interpretivist philosophy of
research [5]. In this article, the phenomenologist paradigm
approach is taken, i.e., using the lived experience of the partici-
pants to understand the phenomena. Trustworthiness and
authenticity are measures of quality in interpretivism [6].

Theory Development and Methodology

In this research, themes emerge from the data collected, which in
this case were interviews with practitioners. This is the definition
of the inductive approach to theory development. The methodol-
ogy, strategy, and time horizon were chosen with the development
of a timely report in mind. Forgoing the luxury of triangulation,
due to limited access because of COVID-19, a monomethod was
chosen. As the research lent itself to a qualitative study, the quan-
titative strategies of experimentationand survey were discounted.
Itwas decided thata case study [7] of recently executed acceptance
tests would be the most practical approach. Asthe scopeand depth
of the investigation is narrow, it has been considered an explora-
tory field study. In order to produce a timely report, it was decided
to take a cross-sectional approach. Future research could be con-
ducted after the COVID-19 pandemic for comparative results.

Data Overview

Accesswaslimited to existing contacts including work colleagues
and clients of the researcher. This enabled short lead times to con-
duct interviews and had the further advantage of a familiarity
with the context. The personal credibility of the researcher and
the goodwill between the researcher and the participants aided
theaccess to participants and data collection.

The sampling was of a nonprobability nature, purposive and
typical case, selecting engineers who had performed remote
acceptance testing since the start of the pandemic. Participants
were asked to recommend other participants and one extra con-
tact was found using this snowball method.

Seven remote video conference interviews were conducted
with participants of remote acceptance tests using Microsoft
Teams. Four were testers, three were reviewers. All were male. The
range of experience varied, with two having over 20 years of indus-
try experience, three having approximately 10 years of experience,
and two havingless than 5 years in the industry. Seven companies
were represented: two automation and control SIs, four clients, and
a project management company. The client companies were two

Table 1: Interview data.

Interviewee Project Duration of Word Count
Interview

Tester 1 Project 1 16m28s 1,823 words
Tester 2 Project 3 12m19s 1,386 words
Tester 3 Project 2 9m7s 1,268 words
Tester 4 Project 4 21m22s 2,044 words
Reviewer 1 Project 2 14mb57s 1,370 words
Reviewer 2 Project 2 12m10s 1,581 words
Reviewer 3 Project 5 21m36s 2,678 words

Table 2: Phases of thematic analysis.

Phase [ Descriptn __________|

1: Familiarizing Transcribing data (if necessary), reading and rereading the data,
yourself with the data ~ and noting down initial ideas.

2: Generating
initial codes

Coding interesting features of the data in a systematic fashion
across the entire data set, and collating data relevant to each code.

3: Searching for
themes

Collating codes into potential themes, and gathering all data
relevant to each potential theme.

4: Reviewing themes  Checking if the themes work in relation to the coded extracts
(Level 1) and the entire data set (Level 2), and generating a

thematic “map” of the analysis.

5: Defining and
naming themes

Ongoing analysis to refine the specifics of each theme, and the
overall story the analysis tells, and generating clear definitions
and names for each theme.

6: Producing the
report

The final opportunity for analysis. Selection of vivid, compelling
extract examples, final analysis of selected extracts, relating
back of the analysis to the research question and literature,
producing a scholarly report of the analysis.

pharmaceutical manufacturers, a medical device manufacturer,
and a waste recycling company. One reviewer worked for a project
management company on behalf of the pharmaceutical client. The
remote testing discussions were conducted on five projects. Three
were in Ireland, one was in Australia, and one was in Germany. For
the German project, the reviewers were based in Ireland and for the
Australian project, the tester was based in Ireland.

The interviews ranged from just under 10 minutes to just over
20 minutes, resulting in transcripts with word counts from
approximately 1,200 words to over 2,500 words. In total, approxi-
mately 2 hours of recorded interviews resulted in 12,150 words,
transcribed (Table 1).

Qualitative Data Analysis

There are a number of qualitative data analysis techniques availa-
ble: grounded theory [8, 9], thematic analysis [10], narrative analy-
sis [11], discourse analysis [12], content analysis [13], and interpre-
tative phenomenological analysis (IPA) [14]. The chosen one should
suit theresearch design. Thematic analysis was chosenbecause of
its flexibility and adaptability, being independent of any research
philosophy [5]. Thematic analysis as outlined by Braun and Clarke
[10] uses six phases, as shown in Table 2.
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Table 3: Codes.

Advantages

Agreement

Audio-visual communication
Change of mind
Commercial

Delays

Disadvantages

Feeling curious

Feeling strange

First remote test

Guessing and assumptions

Hiding

Paperwork writing and signing
Personal property

Physical human interaction
Planning preparation
Positive sentiment

Previous experience
Professionalism

Quality

Remote test after COVID - No
Remote test after COVID - Yes
Roles

Schedule impact - longer

Improvement suggestions Schedule impact - shorter
International Stress

Internet connection Success

Language Surprise

Location Text communication

Mistakes Time saved on travel

Mixed sentiment Trust honesty

Multitasking Using camera or smartphone camera
Negative sentiment Using remote desktop viewing
New company View only

New country Visibility

Table 4: Themes and subthemes.

Subthemes Further Themes
Analysis

Technology and communications requirements

Procedural requirements - ’ Requirements/
Human factors enablers
Negative sentiment

Positive sentiment _} Sentiment

Ambiguous sentiment

Future

Time —_) Miscellaneous

Miscellaneous

All six phases were used in this field study. The interviews
were transcribed and read to gain familiarity with the data. The
transcriptions were imported into the computer-assisted qualitative
data analysis software (CAQDAS) NVivo [15] to generate initial
codes from the transcripts. Once generated, the codes were col-
lated into themes and the themes were again categorized and a
thematic map was created.

68 PHARMAGEUTICAL ENGINEERING

CAQDAS is a tool for transparent display of codified data but
the researcher still uses the data analysis method of choice and
sets up the CAQDAS to accommodate that method [16]. The
CAQDAS provides a transparent and portable audit trail of the
researcher’s efforts.

Ethics

The research was submitted to the University College Cork (UCC)
Social Research Ethics Committee (SREC) for approval. The partic-
ipants are either work colleagues or clients of the researcher/
interviewer, which could be perceived as a conflict of interest in
that the results could be manipulated to benefit the company. A
perception of coercion to participate could also arise. These con-
siderations were mitigated by giving full transparency of the
nature of the research to all participants and receiving signed
informed consent forms.

Confidentiality concerns were addressed by the anonymiza-
tion of all persons and organizations in the transcripts, the dele-
tion of interview recordings after transcription, and the plan to
destroy the interview transcripts after publication. All emails
scheduling the interviews were deleted. Interview recordings and
anonymized written transcripts are stored on the university’s
secure server before destruction. There should be no General Data
Protection Regulation (GDPR) concerns, as anonymized data do
not fallunder GDPR regulations.

RESULTS
Codes
After the initial search, 46 codes emerged. These are shown in
Table 3.

The codes were then distributed across nine subthemes, and
the subthemes were further analyzed and organized under three
main themes, as shownin Table 4.

Three Pillars of Remote Acceptance Testing

The requirements to enable remote acceptance testing were col-
lected into the subthemes of technology and communication
requirements, procedural requirements, and human factors.
These were collected into the theme “requirements/enablers.”

Technology and communication requirements

Essential to the operation of remote testing, the technology and
communication requirements include the ability of the partici-
pants to see and hear each other, to see graphical screens, to see
equipment installed and operational, and to view documents
being completed and signed. This is achieved by off-the-shelf
technology. Zoom, MS Teams, and Webex are some of the video
conferencing systems used successfully. Webcams, smartphone
cameras, and sports action cameras were also used to allow equip-
ment to be inspected remotely. This was used to confirm that the
correct hardware was installed, that it was constructed correctly,
and thatit used the specified techniques.



The objective of our research: What
techniques and procedures are required
to enable reliable remote acceptance
testing of automation projects?

Procedural requirements

During in-person testing, test protocols are completed (pass/fail, initial and date) by
the tester, and the reviewer signed that they are satisfied that all testing is complete
and successful. For remote testing, several procedural changes have been made to
accommodate the capturing of document approval. For some, the protocols were
signed on camera. In other cases, the tester signed the protocol and the document was
scanned and emailed to the reviewer daily, weekly, or on completion. In some cases,
the tester was granted the authority to sign on the reviewers’ behalf once the reviewer
was satisfied.

Human factors

The participants described various ways in which the lack of personal interaction

hindered the testing. The rapport established during in-person testing is missing.

= Reviewer 3: “In a real FAT, you go have dinner, you have a few beers, and the next
day, you’d be on firstname terms. When you’re doingaremote, that doesn’thappen.”

The lack of the firsthand experience meant that more explicit explanation was

required.

= Tester 2: “In some ways, you needed longer to explain things. If a client had been
there, sitting there, doing it, interacting with it themselves, they would have seen
it more clearly and you might not have had to spend more time explaining it then.”

With the lack of rapport, more effort had to be made to establish trust between the

participants. This was made all the more difficult by the perceived ease with which

mistakes could be overlooked in the remote scenario.

= Tester2:“Youdoneed understanding from customersthatwillhavethatlevel of trust
and give you credit for being honest. When you build relationships with people, it’s
easy for them to do that.”

= Tester 2: “It was the customer who mentioned it in this case, that there has tobe a
degree of trust. And they trusted that I was being honest in what I was saying.”

= Reviewer 1: “I'vebeen surprised about the professionality and honesty of the people
involved.”

Sentiment
Codes were organized into the subthemes of positive, negative, and ambiguous senti-
ment. These subthemes were collected into the theme “sentiment.”

Real-Time
Release Testing

with

Sievers Instruments

Improve operational
efficiencies

Lean out processes
Lab optimization
Accurate robust data
Meet data integrity
requirements

watertechnologies.com/applications/rtt
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Figure 1: Tester and reviewer sentiment toward remote
acceptance testing.
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Figure 2: Tester and reviewer estimates of time taken to conduct
remote acceptance testing relative to in-person testing.
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Figure 3: Tester and reviewer preference to conduct remote
acceptance testing after COVID-19 restrictions have lifted.
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Some examples of negative sentiment include the lack of

visibility.

= Tester1:“Maybefromthe pointof view of seeing what he wanted
toseeor experiencing whathe would have wanted to experience,
it probably wasn’t ideal. Certainly not as effective as in-person
testing.”

Another disadvantage was thelack of the personal connection.

= Reviewer 2: “It’s a disadvantage that I couldn’t actually meet
the clients in person or the people I've been working with. The
personal communication, the personal touch.”

Positive sentiment included the ability to multitask and the ability

to have subject matter experts attend for short productive spells:

= Reviewer2:“Yes,somaybewiththelikesof online, we didn’thave
towastetime. Whilehewasdoingthat,Iwasable todo otherwork.”

= Reviewer2: “Like my supervisor could havedialedin. AllThad to
dowasIMhim, ‘could youdialinforaminute?’and he cameinfor
10 minutes to figure out the problem and he could go away then
again with his day’s work and he’s not tied up all day ata FAT.”

The remaining codes were collected into subthemes of future,
time, and miscellaneous. These subthemes were collected under
“miscellaneous.”

Time saved traveling to and from the test site was seen as an

advantage.

= Reviewer 3: “That would normally be a full-day exercise, aflight
over the night before. And we got it done in 2.5 hours.”

= Tester 3: “Not so much for us, but long term if there was another
FAT andithad tobe at the client side or abroad, you’re looking at
time saved traveling, hotels, money, all that.”

Some ambiguity was expressed.
= Reviewer 1: “Twould say that pros and cons were really 50/50.”
= Tester 2: “Plusses and minuses in that way, really for me.”

Tensions

Once coding was complete, the data were queried using a matrix
coding query to establish agreements and tensions between the
testers and the reviewers. A matrix coding query creates a table to
find intersections of codes, to discover patterns [15]. Tester senti-
ment was split evenly between positive and negative sentiment,
but reviewers had an overwhelmingly negative sentiment about
the experience (Figure1).

When asked if remote testing took more or less time than
in-person testing (not including time saved on travel), both
reviewers and testers were divided in their opinions on an almost
equalbasis (Figure 2).

Testers and reviewers overwhelmingly agree that they would
prefer not to continue using remote testing when the COVID-19
restrictions are lifted. Both groups would prefer to return in-
person testing (Figure 3).



CONCLUSION

The ability to perform remote acceptance testing has been imple-
mented as a work-around in the period of travel and meeting
restrictions imposed by the COVID-19 pandemic. It has allowed
automation projects to progress to site. Methods, procedures, and
techniques that would have been rejected as unacceptable before
the COVID-19 pandemic are now de rigueur.

However, after analyzing the data collected in the seven inter-
views, it is clear that the engineers involved would prefer to conduct
the testing in person. They felt that the rapport between colleagues
working together builds trust which, along with the unrestricted vis-
ibility available in situ, allows for a more efficient and effective test.
The major advantage identified was saving time and cost associated
with travel to test sites. When one or more partiesis required to travel
internationally, the savings can be considerable. The savings may
outweigh other considerations after COVID-19 restrictions are lifted.

Avenues for future research include investigating the savings
to be made by reducing international travel and accommodation
costs, studying the dichotomy between the commercial savings
and the inconvenience of the testers, and researching the impact
of reduced communication and relationship building resulting
from remote testing. &
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