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14 FRONT-END DESIGN OF PERSONALIZED MEDICINE FACILITIES

The commercialization of personalized medicine has ushered in demand for a new type of facility—
personalized medicine facilities—which can produce thousands of small-scale batches per year. There are
currently only a handful of these sites, but many more are in various stages of design and construction.
Designing these personalized medicine facilities presents new challenges, and a different design approach
is necessary. Cyclic scheduling can produce high-quality models rapidly and aid collaborative design. A focus
onroom and zone availability and movements can prevent bottlenecks in corridors, gowning, and airlocks to
streamline production.

22 POST-APPROVAL CHANGE MANAGEMENT FOR CELL AND GENE
THERAPY PRODUCTS

Cell and gene therapy (C&GT) products represent a significant step forward in patient treatment and often
offer unique patient benefits. However, product developers face significant hurdles within the regulatory
landscape. The tools laid out in the International Council for Harmonisation of Technical Requirements

for Pharmaceuticals for Human Use (ICH) Q12 guideline: “Technical and Regulatory Considerations for
Pharmaceutical Product Lifecycle Management” could provide novel ways to manage the regulatory interface
for C&GT products in a proactive science- and risk-based manner.

28 IN-SILICO DATA-DRIVEN MECHANISTIC MODEL-ASSISTED

PROCESS VALIDATION

The US Food and Drug Administration (FDA) advocates for the integration of quality by design (QbD) principles
throughout the pharmaceutical product development landscape, aiming to elevate both process understanding
and product quality. Key challenges to the process control strategy include navigating time- and resource-
intensive processes. One solution is digital shadow technology which, when constructed using mechanistic
models, offers many benefits throughout the product life cycle.

ON THE COVER This cover captures the small-scale operations and the focus on flow of personalized medicine production.
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35 CONTINUOUS BUFFER
MANAGEMENT SYSTEM: LARGE-
SCALE BUFFER PREPARATION

Although traditional tank farm systems have

long been the cornerstone of buffer preparation,
they face challenges that have grown with the
expansion of processing scale in the industry. This
article explores the concept of the continuous
buffer management system (CBMS) as an
alternative to traditional buffer tank farm methods.
We analyze the historical progression of buffer
preparation, highlight the advantages and
challenges of the CBMS, and present an overview
of its hardware components, system design, and
process control strategies to demonstrate the
viability of the CBMS as a robust and cost-effective
solution for biopharmaceutical buffer management
at production scale.

44 BUILDING BETTER
THERAPIES WITH ANTIBODY

ENGINEERING

Antibody engineering has transformed the
development of therapeutic antibodies, enabling
the creation of specific and effective treatments
for a range of diseases. These antibody-based
therapeutics are advancing in clinical development
at a rapid rate and are being approved in record
numbers. Currently, more than 100 monoclonal
antibodies (mAbs) have been approved for

the treatment of various disease conditions,
including cancers, autoimmune diseases,

and chronic inflammatory diseases. However,
traditional antibody discovery processes have
limitations. Computational approaches have
helped researchers overcome those challenges
and cleared the way for future discoveries of
therapeutic antibodies.
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49 CELL CULTURE MEDIA
MANUFACTURING CONTROLS
FOR BIO-MANUFACTURING

Advanced therapy medicinal products (ATMPs)

and cell and gene therapies (C&GTs) represent

a promising medical product class that employs
gene therapy, cell therapy, or tissue engineering to
address various diseases and injuries. One critical
aspect of ATMP and C&GT manufacturing is using
cell culture media. With thousands of ATMPs and
C&GTs in clinical trial phases, the role of cell culture
media has become even more significant to the
biopharmaceutical industry.

56 QUALITY RISK
MANAGEMENT FOR
BIOPHARMACEUTICALS

In the dynamic and highly regulated world of
biopharmaceutical manufacturing, maintaining
and ensuring quality is a critical success factor.
An effective quality risk management (QRM)
system is a key component in the overall quality
management infrastructure of biopharmaceutical
organizations. It offers a structured, scientific,
and risk-based approach to decision-making,
addressing potential quality issues during
manufacturing. High performing organizations
effectively implement QRM into overall quality
policies and procedures to enhance and streamline
decision-making.
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MESSAGE FROM THE CHAIR By Scott W. Billman

ATMPs and
Biotech in 2024

Scott W. Biliman

It is hard to believe that we are halfway through the year for the
ISPE programs and the Board of Directors in 2024. We have
continued to progress through the 2023-2025 ISPE Strategic
Plan with engagement from Chapters, Affiliates, the ISPE
Foundation, and ISPE committees and volunteers.

he professional society was built and is run by its amazing volunteers. ISPE’s

communities of practice (CoPs), training, and guidance documents come from

the dedication and energy of the volunteer membership. All the Chapter, Affiliate,
and international leadership and committee chairs are volunteers who dedicate their
free time to support and share their knowledge across the membership. In each issue,
we spotlight some of those volunteer members. Please make sure to check out those
articlesin thisissue.

NEW GUIDANCE

The biopharmaceutical issue of Pharmaceutical Engineering®is always a publication
filled with interesting articles. Biopharmaceutical manufacturing and the challenges
and advances in that area have been at the core of ISPE and throughout the history of
our trainings, publications, and discussions. You will find several articles on advanced
therapy medicinal products (ATMPs) in this issue of PE. They range in topics across the
basic discovery, technical steps in manufacturing, and how to document and manage
riskin the manufacturing of these therapies.

Biopharmaceutical topics in this issue include the
basic discovery, technical steps in manufacturing,
and how to document and manage risk in the
manufacturing of these therapies.

Atthebeginning of 2024 ISPE published two new guidesin this area: the ISPE Guide:
ATMPs - Allogeneic Cell Therapy and the ISPE Guide: ATMPs - Recombinant AAV Comparability
& Lifecycle Management. These guidesare inaddition to the original ISPE Guide: ATMPs -
Autologous Cell Therapy. At the end of 2023, the third revision of the ISPE Baseline® Guide
Vol 6: Biopharmaceutical Manufacturing Facilities was published. In addition, ISPE has
developed training courses in the areas of biotechnology and ATMPs. These trainings
come from our dedicated volunteers and through the biotechnology and ATMPs CoPs.
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MESSAGE FROM THE CHAIR

The 2024 ISPE Biotechnology
Conference will be held in Boston,
Massachusetts, 17-18 June.

2024 CONFERENCES

The 2024 ISPE Europe Annual Conference in Lisbon, Portugal,
was another great forum for our membership to get together and
sharetheir thoughtsontheindustry. We were able to hearindustry
experts speak on topics like digital transformation projects,
artificialintelligence (AI) use cases, sustainability,and perspectives
from regulators. Through the ISPE Foundation Grant program,
we again sent students and recent graduates to the conference,
free of charge, to engage with ISPE membership and learn more
abouttheindustry.Itis only through the generous donations from
members and corporate sponsors that we can continue to grow
this program. It has been an invaluable benefit to those who have
been able to participate.

We will once again come together to discuss biotechnology
and ATMPsat the 2024 ISPE Biotechnology Conference in Boston,
Massachusetts, 17-18 June. This will be a place for our membership
to get together and engage on these topics, and many more. We
will have sessions across the spectrum of biotech technologies,
facilities, manufacturing, AI, and sustainability.

I have been amazed at the variety of topics and the level of
expertiseand interactionThaveseenatthelocalandinternational
conferences and events this year. As a longtime member and
volunteer with ISPE, this year has seemed to be full of new and
exciting topics. The continued advancement of our digital journey,
and the growing use of Al is a topic generating a lot of buzz and
engagement.

Hearing how others in the industry are thinking about this
and discussing use casesand the future potentialhasbeen great.
Ilook forward to more interaction with the membership on topics
like AI, Annex 1, and biopharmaceutical manufacturing as the
year continues. I hope you enjoy the articles in this issue, and I
look forward to talking with you at an upcoming conference. &

Scott W. Billman is Corporate Vice President of Global Engineering, Real Estate, and Facilities Services at
Solventum and the 2023-2024 ISPE International Board Chair. He has been an ISPE member since 1996.

Please Join Us in Thanking ISPE's Corporate Partners

& ISPE.

Through the ISPE Corporate Partnership program, these companies have committed to
supporting and contributing to ISPE's mission within the pharmaceutical industry.
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WOMEN IN PHARMA® EDITORIAL By Vivien Santilan

Vivien Santillan

The emergence of new modalities and
innovations on drug development and research,
such as advanced therapy medicinal products
(ATMPs) and personalized and precise therapies,
presents new opportunities for the treatment
and management of diseases and injuries.

As these innovations continue to evolve, the
regulatory landscape likewise evolves and this
has led to the production of higher-quality, safer,
and more efficacious medicines.

ATMPs: CHALLENGES AND SOLUTIONS

Recent studies indicate that investment in ATMPs is expected to
spawn growth in terms of the establishment of research facilities
andrelatedinfrastructure. However, challengesin manufacturing
sector flexibility are expected astheindustryadapts tothe newand
emerging technologies. These challengesinclude standardization,
interoperability, integration of legacy systems tonew technologies,
regulation, and security, among others. It is therefore imperative
that these factors be given serious consideration along with the
perceived improvements, efficiencies, and benefits.

Among the equally important aspects that can bring about
effective technology diffusion and adaptation are capacity devel-
opment in human resources, improvements in infrastructure
and research facilities, education, and knowledge management,
whichmustbe supported byrelevantand responsive government
regulatory policies.

Of these, human resource capacity development is where an
organizationhasdirect controland influence.Inrecent times, itisno
longer sufficient to have aworkforce with appropriate skill sets. The
globallandscape requires the organization to empower the same
workforce not only with knowledge on technology innovations
but with awareness of market and social developments as well.
This is where the organization can have meaningful impact.

MAKING A DIFFERENCE WITH ISPE WOMEN IN PHARMA®

ISPE is acknowledged as a forerunner in scientific, technical, and
regulatory advancement throughout the entire pharmaceutical

10 PHARMACEUTICAL ENGINEERING

AN'ERA OF INNOVATION AND
EMERGING TEGRNOLOGIES

Adapting to change and enabling
the organization for continuous
improvement will lay the foundation
for an engaged and responsive
workforce.

life cycle. As a global leader, ISPE offers its members different
platforms to obtain technical proficiency.Itisalsoa great resource
fortrainingand workshop requirementsintheindustry. Consistent
to the demands of the global market, ISPE members are trusted to
provide relevant and responsive solutions and perspectives to the
ever-changing landscape of the pharmaceutical industry.

Women in Pharmaisa community within ISPE that provides a
forumfor collaborations on technicaland careeradvancement topics
thataimstobalance the needsfor personaland professional growth.
Its programs include mentorship of its members, promoting safe
space for meaningful conversations, and fostering partnerships,
among others. This community offers a venue to pursue personal
development throughbuildingrelationshipsto create socialimpact.
It also seeks out opportunities to lead and make a difference to
shape the future of pharma. It is cognizant of the important role
thatthe workforce playsinorganizationsand endeavorstoleverage
diversity, equity, and inclusion to drive operational excellence
within the workplace.

Adaptingtochangeand enabling the organization for continuous
improvementwilllay the foundationforanengaged and responsive
workforce. Organizations must not only have an awareness of this
dynamic but should also be mindful of its essential requisites.
The benefits of a workforce with the necessary skill sets and a
well-rounded perspective of the needs of the market will redound
notonlytothe organization, but totheindustryaswell. Thisiswhere
ISPE and Women in Pharma can help. Let us connect, collaborate,
and inspire our workforce and the future generations to adapt by
continuously seeking knowledge. &

Vivien E. Santillan is Regional Director for Asia at Novatek International and the 2023-2024
Chair of the Women in Pharma International Steering Committee. She has been a member of ISPE
since 2012.
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ERGING LEADERS EDITORIAL By Monique L. Sprueil

Monique L. Sprueill

It is an exciting time to be an ISPE Emerging
Leader! With conferences, professional
development support, mentorship, and other
opportunities, joining ISPE as an Emerging
Leader can help boost your career and expand
your network.

ISPE CONFERENGES

The 2024 ISPE Europe Annual Conference in Lisbon, Portugal, was
amazing. As part of the Professional Development Grant Program,
approximately 15 students and Emerging Leaders were sponsored
by the ISPE Foundation. Travel, accommodations, conference fee,
and membership dues (as needed) were covered for grant recipi-
ents. Students and recent graduates collaborated and networked
during the Hackathon. They built lasting relationships and made
connections that may lead to future opportunities.

The Professional Development Grant application process
recently opened for the 2024 ISPE Annual Meeting & Expo. The
conference will take place in Orlando, Florida. Visit www.
ispefoundation.org and submit your application for the
Professional Development Grant. Award recipients will be
notified in the summer, starting in July.

As we approach the 2024 ISPE Biotechnology Conference in
June, there are additional opportunities to gain or enhance skills.
Workshops are offered that will highlight new technologies, inno-
vative methods, and state-of-the-art facilities. ISPE members are
performing work that willresultin better outcomes for and extend
the life of patients. As Emerging Leaders, you are an integral part
of shaping the future of this industry.

BIOLOGICS, CELL AND GENE THERAPIES, AND ATMPS

Biologics, cell and gene therapies, and advanced therapy
medicinal products (ATMPs) will continue to grow and expand
to address the needs of patients. ISPE Communities of Practice
(CoPs) host forums for industry professionals to discuss
advancement, challenges, and lessons learned. These pro-
grams allow participants to gain knowledge that will enhance
job performance, resulting in more visibility, and open the
door to new experiences.

12 PHARMACEUTICAL ENGINEERING

5Pt UPPORTUNITIES FOR
GROWTH IN 2024

ISPE MENTORSHIPS AND OPPORTUNITIES

Areyou trying to navigate your career and need some guidance? Are
youdealing withadifficult work-related situation and not surehowto
manage it? Looking to broaden your understanding of the industry
onaninternational level? Are you thinking about taking a course or
getting a certification? ISPE’s Women in Pharma® sponsors a mentor
program, Mentor ISPE, that introduces Emerging Leaders to profes-
sionals who can help with career development and promotion.

In addition to the Professional Development Grant, the
Foundation also provides access to scholarships and internship pro-
grams. Donations to the Foundation are used to help students and
Emerging Leaders gain skills, experience, and visibility that will
drive professional growth. Learn more at www.ispefoundation.org

Join ISPE as an Emerging Leader to help boost your career and
expand your network. You can network with other professionals,
gain amentor, and take your career to the next level.

Some key advantages of joining Emerging Leaders are:
= Professional development

= Accessto Emerging Leader member-only resources
= Opportunities to establish and grow your network

= Exposure to thought leadership events

= Participation in Hackathons

= Career solutions to promote advancement

If you are not a member of ISPE, join today at www.ispe.org and:

= Actively participate in Emerging Leader activities in your local
Affiliate or Chapter

» Gainaccess to Good Practice Guides and educational resources

= Join CoPs and connect with other industry professionals

= Add content, ask questions, and post your ideas on Engage

= Write ablog or article

= Talk with your manager and colleagues about presenting your
project at a conference or local program

For more information about ISPE’s Emerging Leader community,
visitispe.org/membership/emerging-leader

Monique L. Sprueill, CQA, CMQ/OE, PMP, is a Quality Risk Management Leader and the
2023-2024 International Emerging Leaders Chair. She has been an ISPE member since 2002.
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Easy production tracking, conflict Tracking demand for resources Managing inventories for input,
resolution and rescheduling (e.g., labor, materials, utilities, etc.) intermediate, and output materials

SuperPro Designer is a comprehensive process simulator that facilitates modeling, cost analysis, debottlenecking, cycle
time reduction, and environmental impact assessment of integrated biochemical, bio-fuel, fine chemical, pharmaceutical
(bulk & fine), food, consumer product, mineral processing, water purification, wastewater treatment, and related processes.
Its development was initiated at the Massachusetts Institute of Technology (MIT). SuperPro is already in use at more than
500 companies and 900 universities around the globe (including 18 of the top 20 pharmaceutical companies and 9 of the top
10 biopharmaceutical companies).

SchedulePro is a versatile production planning, scheduling, and resource management tool. It generates feasible
production schedules for multi-product facilities that do not violate constraints related to the limited availability of equipment,
labor, utilities, and inventories of materials. It can be used in conjunction with SuperPro (by importing its recipes) or
independently (by creating recipes directly in SchedulePro). Any industry that manufactures multiple products by sharing
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FRONT-END DEsIGN

of Personalized Medicine

Facilities

By Sean Tully and Tom Bannon

The commercialization of personalized medicine
has ushered in demand for a new type of
facility—personalized medicine facilities—which
can produce thousands of small-scale batches
per year. There are currently only a handful of
these sites, but many more are in various stages
of design and construction. Designing these
personalized medicine facilities presents new
challenges, and a different design approach

is necessary. Cyclic scheduling can produce
high-quality models rapidly and aid collaborative
design. A focus on room and zone availability
and movements can prevent bottlenecks in
corridors, gowning, and airlocks to streamline
production.

PERSONALIZED MEDICINE FACILITIES AND BULK DRUG
SUBSTANCE PRODUCTION

Theindustry’s collective understanding of personalized medicine
facilities is relatively immature, especially when compared to
more established platforms for bulk drug substance production.
Examples of more established platformsinclude, butare notlimited
to, small-molecule chemical active pharmaceutical ingredient
(API), monoclonal antibody (mAb), and bacterial fermentation.
The processes employed to make personalized therapeutics are
alsorelativelyimmature,and we seeagood deal of fluxin process
development during design.

CAR T Facilities
Of particular interest are autologous chimeric antigen receptor
(CAR) T cell therapies. As of January 2024, there are only six such
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therapeutics approved by the US Food and Drug Administration
(FDA) [1]. Accordingly, there are only a small number of facilities
producingthesetherapiesatscale. Alarge-scalefacilitywould typically
be capable of producing 4,000-10,000 patient batches per year.

Thefocusof thisarticleis on production-scale CART facilities,
which produce atleast several thousand patient batches per year.

We have completed several front-end designs for large-scale
CART facilities in recent years. From our experience, we have
observed that such facilities require a different design approach
thanbulk APIfacilities.Inthisarticle, we outline these differences
and identify some common pitfallsand key design considerations.
Many of the issues relate to the scaled-out nature of production
and are equally applicable to other similarly sized gene therapy
facilities operating on other modalities.

We have also encountered challenges in creating scheduling
models for these facilities using currently available software. In
response to this, we have developed a proprietary approach for
rapid generation of production scheduling simulations, which
we outline in detail.

DESIGN APPROACH

The main high-level difference between the production of bulk
drugsubstancesand personalized medicineisinscale, specifically
scale-up vs. scale-out. Bulk drug substance production requires
large equipment, withreactorsinthethousands, or tensof thousands,
oflitersand with 10 ormorebatches per year. Personalized medicine
produces small-scalebatches, typically nomorethanafewhundred
grams, butit produces perhaps tenthousand suchbatchesperyear.

With the scaled-up nature of bulk drug substance production,
the focus is on equipment sizing, and the general approach is
that we design around the needs of the core process equipment.
With personalized medicine, considerations such as personnel
and material flow, which are usually peripheral to the design of
abulk facility, are of critical importance. The two approaches are
contrasted in the following section.



Bulk Drug Substance Approach: Focus on Equipment
As process engineers, we have developed mature procedures for
facility design centered on our many years of experience with bulk
APIfacilities. Withsmall-moleculechemical APIfacilities,designsoften
accommodatemany differentshortcampaignstomakeintermediates,
withanygivenreactorusedforseveraldifferentreactions. The complete
processtomakethedrugsubstanceisgenerallybrokenup intomany
subprocesses, with theintermediatesbulked and stored inbetween.

Thesefacility designs oftenneed toaccount formultipleinterme-
diate productionrecipes, withastrongfocusontherequirements for
campaignchangeoverandline clearance. Agreatdeal of designfocus
isalso centered on utilities, solvent storage, emissions, and waste.

Withbulkbiologics (e.g., mAband bacterial fermentation), the
focusis generally centered on efficiency and throughput. Batches
tend to be run straight through from vial thaw to drug substance
formulation. Core equipment tends tobe used once perbatch. Design
challenges revolve around the size and count of upstream trains,
and the sizing of downstream equipment, withafocusonbalancing
equipment size against utilization. The sizing and scheduling of
solution preparationisalso akey consideration.

Core equipment vs. support equipment

Itisimportant, atthispoint, todifferentiatebetween core equipment
and support equipment. Core equipment is the equipment that is
usedinthe coreprocessand typically has physical contact with the
work-in-progress batch. Support equipment comprises utilities,
waste management, clean-in-place (CIP)skids, solution preparation
and hold vessels, and tank farms.

With bulk facilities, the primary challenge during front-end
design is to optimize the sizing and count of the core equipment
to meet throughput requirements in an efficient manner. In
general, the design of core equipment should not be constrained
by any outside factors. Having done this, the design scope widens
to encompass the design of support equipment, such as solution
preparation and utilities.

In the front-end design of bulk facilities, labor and discrete
movementsare oftennotakey design consideration. In general, the
core equipment has primacy, and the assumption is that adequate
labor willbe provided to ensure the process runs smoothly. Changes
to labor requirements tend to have a minimal impact on cost and
layout, being perhapslimited to some scaling of gowning areas.

Althoughbulkfacilitiesdoinclude discrete material movements,
such as powder containers, movable equipment, and single-use
consumables, it is unlikely that the facility will be bottlenecked by
logistical concerns.

Risk and redundancy

Afinaldesign considerationisaphilosophyonriskandredundancy.
For bulk facilities, this is primarily an economic consideration:
balancing the cost of providing redundancy against the probability
and cost of a failed batch due to equipment unavailability or
breakdown. In general, for bulk facilities, there tends not tobeany
redundant core equipment, unless a particular piece of equipment

has many units in parallel (such as, occasionally, reactors and
bioreactors) or has complex routine maintenance requirements
(such as centrifuges). We would typically see some redundancy in
clean utilities, solution preparation, and CIP skids.

Bulk drug substance facility design

Bulk drug substance facility design typically proceeds as follows.

First, identify overarching design goals and degrees of freedom.

Questionsin this step caninclude:

= Whatarethroughputrequirements;aretheyspecified in terms of
batch quantity or volume or mass of product?

= Arewe designing for one or more products?

= Doweneedtoaccommodate processvariability, e.g., titerranges?

= Isaphaseddesignrequired to meetademand ramp?

= Arekey equipment sizes and counts fixed, or are they a degree
of freedom?

Next, prepare parameterized mass balances to size primary equip-
ment. The mass balance should be easy to scale if, e.g., batch size or
equipment size is varied. Prepare production schedules to validate
and optimize sizing of core equipment. This can be challenging if
complex changeover scenarios are a feature, but the task is usually
straightforward for single-productfacilities because core equipment
should not wait for anything.

Next, use the production schedule and mass balance to size
utilitiesand supportequipment. Thisissignificantlymorechallenging
thanthe previous stepbecause non-core equipmentoftenexperiences
competition from multiple sources.

Finally, we consider supportequipment. Consider support vessels
first (e.g., solution preparation), followed by cleaning systems, then
cleanandblack utilities.

Personalized Medicine Approach: Focus on Flow
Large-scale personalized medicine production facilities present
very different design challenges. Adopting an equipment-focused
approach can trip up designers due to the more profound impact of
personnel and material flows.

Thesefacilities typically produce thousands of batches peryear,
perhaps two orders of magnitude more thanatypical bulkbiologics
or chemical APIfacility. The processesinvolved are currently very
labor-intensiveandatypical batch may require over 100 individual
consumables, typically packedintokits. Eachbatch produces perhaps
a dozen quality control (QC) samples, giving tens or hundreds of
thousands of samples per year. It is clear from the scale of these
discrete movements that they will have a much greater impact on
facility design than in a bulk facility that makes a few batches per
week and relies mainly on piped transfers.

Facility layout

In bulk drug substance facilities, the size and layout of the
facility is primarily driven by equipment requirements and
adjacencies. In personalized medicine facilities, we still need to
accommodate the process equipment, but we are often dealing with
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Table 1: A summary of the key differences between bulk drug substance and personalized medicine production facilities.

Bulk Drug Substance Facility Personalized Medicine Facility

Scale Large process equipment, relatively small count of core process equipment

Material Transfers Mainly piped

Throughput 10-100 batches per year
QcC Hundreds of tests per year
Key Considerations Equipment sizing, solution preparation, utilities, solvents, and waste

amixofbenchtop equipment, biosafety cabinets, gloveboxes,and
stackable incubators. Of equal importance in a room is a focus on
headcount, ergonomics, and staging space.

In personalized medicine facilities, corridors, gowning, and
airlocks can become bottlenecks in the process. The ability to
deep-clean spaces with sporicidal agents needs to be considered
early in the design, as this may prevent personnel from accessing
rooms and corridors for several hours a week. If these features are
not considered thoroughly throughout the design process, a facility
canbecome bottlenecked by its infrastructure, rather thanits core
process equipment.

One key degree of freedom, when designing for scaled-out
production, is the tradeoff between room size and room quantity.
Fewer, larger roomslead toamore space-efficient designbut makeit
difficulttocarryoutcleaning. Usinganincreased number of smaller
roomsreducesthelikelihood of cross-contaminationand reducesthe
riskof equipment, suchasairhandlingunits, failing. However, this
strategy alsorequires more space and complexity and canhamper
flexibility. Abalance mustbestruck toarriveatareasonable design.

Material movements

Theimpactof discrete materialmovementscanhaveaprofoundeffect
onlayoutandfacility size. Largerrooms mayrequire multiple material
airlocks (MALs) or personnel air locks (PALs) so that materialand
personnel movements donotbecome a production bottleneck. The
space required for kitting and movement from non-graded space
into the suite can be substantial. As a result, we require data on
the scheduling of material movements early in the design process.
This usually comes in the form of a bill of materials (BOM), plus a
separate BOM for discrete waste streams.

Personalized medicine facility design

Personalized medicine facility design typically proceeds as follows.

First, identify overarching design goals and degrees of freedom.

Questionsin this step caninclude:

= Whatare the throughputrequirements?

= Doweneed toaccommodate process variability?

= Isaphaseddesignrequired to meetademand ramp?

= What are redundancy requirements (at room, suite, workstation,
and equipment levels)?
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Mainly benchtop equipment, high degree of scale-out with 10 or more
parallel equipment items

Mainly discrete movements
1,000-10,000 batches per year
Thousands or tens of thousands of tests per year

Equipment and suite counts; movement of kits, personnel, samples, and
product; and ability to clean rooms and corridors

Next,a BOM and waste BOM should be drawn up (a detailed mass
balanceisnot typically required). Prepare production schedules
to validate and optimize count of suites and equipment. Several
optionsmaybeinvestigated here,soastructured approachshouldbe
takentoallow for multiple models tobe maintained simultaneously
with minimal duplication of data.

Then, add detail to the production schedule, such as material
movements and personnel requirements. Consider room and
corridor cleaning requirements and the capacity of MALs, PALs,
rooms, corridors, and gowning. Some iteration will be required to
arrive at one or more viable solutions.

CAPACITY MODELING

Toproveafacility designisviable,acapacitymodelisrequired. Theaim
of acapacity modelistodemonstrate how therequired throughput
can be scheduled on equipment in the facility while ensuring
that demands for material movements, labor, and cleaning can be
reasonably met. Wehave considered developing production models
using several methods. We found that recipe-based scheduling
software is too slow to solve problems, and that discrete-event
simulations are too slow to build and their complexity is a barrier
to collaboration.

Evaluating Existing Techniques
Recipe-basedschedulingsoftwareisubiquitousinthe pharmaceutical
industry and is widely used to aid in the design of bulk substance
production facilities. We have found that this type of software does
not perform well when there are many simultaneous batches in
processatagiventime. Take, forexample, alarge-scale CAR Tfacility.
Ifitproduces 10,000 batches per year,and abatch takes two weeks
toproduce, therewillbe over 400batchesinproductionatany given
time. The number of batches to be scheduled will be even greater
thanthis, 500 or 600 to give a few days of fully occupied steady-state
production in the middle of the scheduled campaign.
Evenwithstraightforward models, withzerodegreesof freedom,
we are seeing solution times running into hours, making this
approachintractable for rapid design development. Furthermore,
the clash-resolutionalgorithmsinthistype of softwareare of limited
efficacy when batches overlap considerably. This is a limitation
of the technique, rather than the software; the mathematical



complexity of this form of scheduling tends to make solution times
grow exponentially with model size [2].
Discrete-event simulation (DES) can also be used to model
large-scalepersonalized medicinefacilities[3]. DESsarestructurally
very simple [4]:
= Aclockstartsat time zero and keeps track of current time.
= Aneventinthe model consists of anactionandatime.
= Adatastructure called a “priority queue” keeps track of future
events and keeps them in order.

= The model is run by continuously popping the next event from
the head of the queue, setting the clock time to the event time,
and then executing the event actions. This is repeated until the
queueis empty.

= Notethateventactionsofteninvolve the creation of more events.
Forexample,ifthemodel executesa“startincubation”action, this
may add a “finish incubation” event to the queue to be executed
inthe future.

DES solution times tend to scale linearly with problem size and
therefore can deal well with large models. DES software can be
used tocreateincredibly detailed models of personalized medicine
facilities, including 2D and 3D dynamic models. Such models tend
to be complex to build, requiring a good deal of decision-making
about movements and operating rules. Although the models they

produce canbe powerful tools for optimizing and understanding
thesefacilities, they remain too slow and complex to build (rather
than solve) and are accordingly not a good fit for short-duration
front-end design.

Anotherimportantfactoristherelatability of themodel.Isitina
formatthatthe client caninteract withand understand?Isitsimple
enough to explain and defend in a short presentation? Is it easy to
read theinputand outputdata? Because DES is quiteunstructured,
itcanbedifficult to explainand characterize amodel. Itis difficult
for a client to see all the data in the model and to understand the
rulesimplemented within.

Duringfront-end design, when thereisrapid churn,itiscritical
tohave amodel that canbe modified in nearreal time, sothat both
the designerand the client can coalesce ona workable design. Itis
our view that DES would represent over-simulation at this phase
of design, requiring a great number of philosophical decisions to
be made regarding movements, staging, and interactions. DES does
remain a valid tool for detailed design or for modeling an existing
facility in operation.

A Cyclic Approach to Scheduling

For alarge-scale personalized medicine facility, we are generally
considering 24/7 production and a few dozen batches per day. It
is reasonable to assume, therefore, that every day is scheduled

?&
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Figure 1: Input data model entity—relationship diagram.
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identically (with adequate downtime each day for cleaning and
routine maintenance). Furthermore, we can usually assume that
thenthbatchonanygivenday willalwaysuse the same equipment.

Finally, we are usually in the situation where all process
procedurestakelessthanaday (apart fromincubation). Thisallows
us to make an important simplification. Instead of looking at a long
scheduling horizon of several weeks and hundreds of batches,
we need only consider a 24-hour window. This window captures
steady-state production, with the assumption that the 24 hourson
either side of this window will be identical, and so on.

Borrowing from recipe-based scheduling software, we can
define the production recipe, and its durations, but then use
modulararithmetic towrap the schedulearound onitself and just
focus on this short, repeating window. Note that in principle, the
approach couldbe extended to considerlonger or shorter repeating
periods (e.g., weeks), with an accompanying increase or decrease
inmodelsize.

The Input Data Model

To develop a capacity model on the preceding premise, we must
firstcreateaninput data model tomake sense of datarequirements.
Consider this to be like a database, with tables of related data.
(Indeed,adatabaseiswell-suited to capture such data, butitcould
more easilybebuilt using tablesinaspreadsheet or plaintext files.)
Ahigh-leveldatamodelisshowninFigure1. The terminology used
inthismodel isbased on the ISA-88 standard [5].
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A summary of the tables is given next:

Equipment

This can represent a single piece of tagged equipment (e.g., a cell
counter)oracollection of equipment (e.g.,aworkstationincludinga
tube welder, some process equipment, and a cell counter).

Rooms and room zones

These constructsallow us to specify where equipmentis,allowing
us to planidle time for cleaning. By grouping rooms into zones, we
can see when the entire zone is available to be cleaned.

Recipes

Arecipe is the top-level of a set of instructions for how to make a
singlebatch.Inatypical model, wemayjusthaveasingle production
recipe (whichisrunmanytimesperday)andadaily-taskrecipe (e.g.,
for daily setup or restocking tasks).

Procedures

Eachrecipe consists of many procedures (e.g., “activation” or “trans-
duction”) thatinvolve constraininga single piece of equipment for
their duration.

Operations
These are the building blocks of procedures (e.g., “setup,

»“mix”
“teardown”) and can be linked to other operations in various
ways. Durations are defined at the operation level. The scheduling



Figure 2: Typical equipment schedule plot shows equipment occupancy as a function of time over a 24-hour period.
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of a procedure is calculated from the scheduling of its constituent
operations.

Labor

Labor requirements are attached to operations. More than one
category of labor may be required for a given operation, and the
quantity of each category can be specified.

Movements

Movementsareattached tooperationsandareassumed tobeinstan-
taneous. Thistableisused totrack the movement of work-in-progress
batches, samples, and kits from the point of view of process demand
(i.e., whenthe processneedsakit oremitsasample). During front-end
design, it is unlikely there will be sufficient time to work thorough
exactlyhoweachmovementisstaged. It should be sufficient totrack
when the movements occur fromthe point of view of the process,and
to consider, for example, hourly averages by room when looking at
MAL or corridor utilization.

Batches

Batchesareinstancesof therecipe, scheduled tostartat particular
times during the 24-hour window, with the assumption that similar
batchesstartat the same time and use the same equipment every
day. Our first important degree of freedom is in how batches are
scheduled and staggered throughout the day.

Scheduled procedures
This table specifies the equipment required to carry outa particular
procedureinaparticulardailybatch, forming the second major degree
of freedom in the model.

Scheduled operations
This table is used to tweak the scheduling of particular batches
by, for example, delaying or pulling forward tasks or modifying the

duration of tasksby some delta. Ideally, everybatch willbe scheduled
identically relative to its batch start, but occasionally it is useful to
have this additional degree of freedom to resolve minor clashes.
Incubation durationsare usually defined asarange, so some of this
rangeability can be used to resolve short-duration clashes.

From the input data model, it should be clear that we have all
thedatanecessarytocalculate the exacttiming of every procedure,
labor requirement, and movement requirement in our repeating
24-hour window. Although we are not going to derive the sort of
clash-resolution algorithms found in recipe-based scheduling
software, we have found that this is unnecessary.

Inany case, suchsoftware strugglestoresolve clashesinmodels
of thisscale.Itis possibleto createamodelinaspreadsheet (without
recoursetoanymacrosorscripts)thatcanfully describe theschedule
and highlight clashesvisually and calculatealmostinstantaneously.
Thisallowsustoresolve scheduling clashes manually and rapidly
byassigninga procedure to different equipment or by delaying or
pulling forward an operation.

Outputs

The most important output is a plot showing a clear equipment
schedule (for the 24-hour repeating window). Thisisnot something
thatis possible to donatively with thelimited plotting capabilities
of spreadsheet software, but we have found an approach using
conditional formatting that allows us to create clear plots. This s
done by discretizing equipment occupancy into, for example, 5- or
10-minuteblocksand coloringin cells (using conditional formatting)
to compose the plot. See the example in Figure 2.

Inthe equipment schedule plot example, each row represents
tagged equipment. Colored blocksindicate procedures occurring
inequipment. The plot can be filtered by room or equipment type.
The available time for cleaning is shown in green; lighter green
blocks indicate the room is free and darker green blocks indicate
that the room and zone are both free. This allows us to identify
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Figure 3: A typical movement chart showing movements in and out of a particular room.
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Figure 4: A typical incubator occupancy chart showing the quantity of incubator slots occupied as a function of time.
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blocks of time where deep cleans of corridors can be scheduled.

Inaddition to the scheduling of equipment, the resolved model
givesusdataonpersonneland movementscheduling. Wecangenerate
useful graphical outputs from this, such as pivot charts that allow
us to see labor requirements by room and/or labor category. Labor
demand islinked to operations. Based on the resolved schedule, we
can calculate the start and finish times for each use of labor. We can
then trend labor demand over time. With labor requirements, we are
typically interested in real-time demand to allow us to identify, for
example, peaks in room occupancy.
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We can also generate similar charts showing movements
in and out of rooms by category. Movements are assumed to be
instantaneous in the model. Based on the resolved schedule, the
time for each movement occurrence is known. With movements,
we typically sample overlonger periods for the purposes of plotting.
Forexample, we may be interested in the movement countsin each
hour, broken down by category, for a particular room.

Thislongerintervalismoreappropriate,asthescheduleonlytells
us when the process consumes or emits a material, and we are not
at the stage in the design where we are ready to reason about how



exactly kits and waste are ordered, staged, or removed. What we
areaiming forisanindication of busy periodsin MALSs so that we
candecide qualitativelyif thereisbroadly sufficient MAL capacity
and staging to allow some movementsintooccurahead of timeand
some movements out to be delayed. A typical movement chart is
shownin Figure 3.

We can treat long-duration procedures such as multiday
incubationasaspecial case. Withinaroom, we count totalincubator
slot occupancy, rather than trying to model each individual slot
within the banks of incubators. This canbe displayed asabar chart
or step function plot, as per Figure 4, which shows the quantity of
slots occupied asa function of time.

Benefits of Cyclic Scheduling

The following list includes some of the many benefits of cyclic

scheduling:

= Awell-defined input data model can drive the handover of infor-
mation from the clientin a clear manner.

» Eachtableintheinputdatamodel canbe easily implemented in
aspreadsheet, givingboth the designerand clientaresourcethat
ishuman-readable and easy to check.

» The modelresolves in seconds and highlights clashes, enabling
rapid design development. (We have found that it is responsive
enough to allow updatesinreal time during design workshops.)

» Theequipmentscheduleplotprovidesacleartooltovisualizethe
operation of the facility.

= Theability tovisualize room and zone availability aids the devel-
opment of a cleaning philosophy.

» Theabilitytoplotdailytrendsinmovementsand headcountallows
constraints in labor, MALs, and Kkitting to be factored in earlier
during the design process.

CONCLUSION

We have highlighted the differences between designing a bulk
drugsubstance production facilityand alarge-scale personalized
medicine facility. In particular, designers need to account for the
large number of discrete movements and must allow adequate
time in the production schedule for room and corridor cleaning.

Faced with the challenge of designing scaled-out personalized
medicinefacilitiesagainsttightfront-end design timelines, wehave
found thatexistingmethodsareabottleneck to the design process.
By developing a modeling philosophy around cyclic scheduling,
we candevelop high-quality models rapidly. These modelsareina
format thatiseasytocomprehend, without stakeholders needing
familiarity with complex software packages. This approach aids
collaborative design. By focusing on room and zone availability
and movementsas partof our design, we can preemptbottlenecks
particular to personalized medicine facilities. &
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PUST-APPROVAL GHANGE

MANAGEMENT

for Cell and Gene Therapy Products

By Peter Millili, PhD, Andrew Chang, PhD, Stuart Finnie, PhD, and Maria Amaya, PhD

Cell and gene therapy (C&GT) products
represent a significant step forward in patient
treatment and often offer unique patient
benefits. However, product developers face
significant hurdles within the regulatory
landscape. The tools laid out in the International
Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human
Use (ICH) Q12 guideline: “Technical and
Regulatory Considerations for Pharmaceutical
Product Lifecycle Management” [1] could provide
novel ways to manage the regulatory interface
for C&GT products in a proactive science- and
risk-based manner.

REGULATORY CHALLENGES FOR C&GT PRODUCT DEVELOPERS

Developers of C&GT products face significant complexity within
the regulatory framework. This field is relatively new and less
established than other traditional biotechnology fields. Therefore,
both development and regulatory frameworks are evolving
continuously in line with emerging information. This leads to
a complex and uncertain regulatory landscape with significant
hurdles. Lack of international harmonization across regulatory
agencies on approaches to these products adds to the challenges,
particularly in the post-approval space. For future development
of these products, speed and agility should be considered in the
context of this framework.

One possible solution to these challengesis the Post-Approval
Change Management Protocol (PACMP) concept, as outlined in
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the ICH Q12 guideline. This concept could be used in novel ways
andleveragedtofacilitate the updating of certain product quality
attributes, suchasproduct-related impurities specifications, based
upon evolving understanding and increased clinical experience
and product manufacture. This conceptisoutlined in thisarticle.

ICH Q12 AND THE PACMP

The ICH started work on a specific guideline to address the issue
oflife cyclemanagement fromascience- and risk-based approach
in 2014. This resulted in the ICH Q12 guideline, which reached
Step 4 in 2019 and has been in ongoing implementation globally
since this time. ICH Q12 sets out to provide a framework for the
management of post-approval change andisdesigned toincrease
the predictability and transparency of change proposals, both for
thelicense holder and the competent authority.

ICH Q12introduces several tools for the management of regula-
tory change. Of particularinterest to thisdiscussionisthe PACMP.
Toolslikethe PACMPhavebeenavailableinsomejurisdictions for
many years, so technically thisis not an innovation.

Traditional Post-Approval Change
In a traditional post-approval change interaction, the applicant
makesonesubmissiontotheagencyinwhichthescopeofthechange
isoutlined, includingan outline of experimental and confirmatory
work necessarytosupportthe changeand the datafrom thiswork.
For a change to a well-characterized biotechnology product, this
would entail a description of the change, arisk assessment of the
impactof the change,a presentation of the comparability activities
and data (as envisaged in ICH Q5E), and data from any stability
studies considered necessary.

Therearetwomajorissueswith thisapproach. First, logistically,
theapplicant mustwaituntilall the datais gathered before making
a submission to an agency. Given the potential requirement for



stability data, waiting for this data can significantly lengthen the
process. Second, theagency reviewsboth the applicant’s strategy
forthe changeand theresulting data correspondingtothatstrategy
atthe same time.

Consequently,iftheagencyhasissueswiththe paththeapplicant
has taken and believes that additional or different experiments
are necessary to support the change, this could jeopardize the
approvability of the change and lead to significant delays in
implementation. This canbe especially troublesome in situations
where the change is complex or where there is limited guidance.

Post-Approval Change Under the PACMP

With the PACMP, the applicant makes two submissions: one
outlining the scope and strategy for evaluation of the change and
the supporting work to be performed and a second subsequent
submission providing the resulting data from the agreed-upon
supporting work. Although this may seem to be double work, this
approach offers transparency, predictability, and efficiency over
the traditional approach.

First, the submission of the strategy is freed from the need to
wait for generation of all the data. Thus, this can be done at any
time once the strategy for the change and therequired supporting
information has been established. Not having to wait for the data
constitutesasignificant time savings [2]. Second, provided that the
datameetstheagreed-upon protocol, the subsequent implementing
submission is expected to be a lower category of change, usually
moving from prior approval category to a notification, providing
asignificant efficiency once the appropriate results are available.

Finally, and perhaps most important, the applicant and the
agency have a chance to discuss and agree on an appropriate
packageof information to support the change beforeany significant
work has been initiated. Crucially, this agreement is binding,
coming as it does from the approval of a regulatory submission.
The probability of any agency queries sufficiently major enough to
derailthe progress of the changeis, therefore, markedly reduced so
long as the agreed-upon strategy and data package are delivered.

Inaddition, ICH Q12 makesit clear that the PACMPneed notbe
confined to one change only. Written well and with the appropriate
justification,a PACMP has the potential to cover similar changes
multiple times for a single product or similar changes across
multiple products. PACMPs are increasingly seen as a useful tool
by many agencies and almost as a first step into implementing
ICH Q12 globally.

Several pilot programs have included the use of PACMPs, and
there is increasing interest in PACMPs across many agencies.
Indeed, theuse of PACMPsasatransparentand efficient regulatory
instrument hasbeenreflected in the European Medical Agency’s
PRIME toolbox [3] asa useful way to manage the kinds of complex
changes envisaged in accelerated development scenarios.

OPPORTUNITIES WITH PACMPS
The ICH Q5E guideline “Comparability of Biotechnological/
Biological Products” [4]iswidely regarded asareliable framework

Use of PACMPs offers a structured
and systematic approach to managing
changes in product quality attributes,
and specifications, over time.

for assessing comparability in biotechnological and biological
products, suchas monoclonalantibody therapies. This framework
should be applied to C&GT products, using a risk-based approach
that considers their unique characteristics.

Duetotheinnovative nature of C&GTs, flexibility isnecessary
tomaintain high-quality standards because traditional methods
of demonstrating comparability may notalwaysbe appropriate. It
iscrucial toadaptand tailor the assessment process to effectively
address the specific challenges associated with C&GT products,
thus ensuring their exceptional standards are upheld.

Use of PACMPs offersastructured and systematicapproach to
managing changesin productqualityattributes,and specifications,
over time. This proactive strategy not only allows for adjustments
driven by advancements in manufacturing knowledge but also
enhances productadaptability tomeet evolvingregulatory require-
mentsand patientneeds.Inthisarticle, we propose transformational
use of PACMPs for effective management of specification changes
for C&GT products.

Specifications

Current state manufacturing processes for autologous chimeric
antigenreceptor (CAR) T cell productsoftenresultinalargedegree
of nonconformingresults. Thisis due to theinherent variability in
the cellular starting material for the process (i.e., patient material
including those with significant illness). Initial specifications of
these products are often based on limited clinical experience,
resulting in the setting of limits that are frequently not reflective
of the process capability.

If an out-of-specification (OOS) resultis observed for a patient
lot,aquality eventisinitiated withlaboratory and manufacturing
process elementsinvestigated. Eachbatch that generatesan OOS
resulthasanindividualimpactassessment performed. Inaddition
totheimpactassessment, batchesundergoreview throughrelevant
safetyand quality committees toassess the manufacturing/testing
process in conjunction with the medical status of the patient
to determine a recommended action plan for batch disposition
determination.

At this point, if the product poses a safety concern to the
patient, then the batch is not administered. However, if there is
a high degree of confidence that the benefit-risk balance favors
continuing with the batch, oftentimes a physician is contacted,
and optionsarereviewed for their decision onacceptability of the
material. In the event a physician chooses to still administer the
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Figure 1: lllustration of EAP with the FDA.
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Figure 2: Creation of post-approval clinical data pool from nonconforming autologous CAR T products via EAP/sIND release pathways.
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nonconforming product, exceptional release of these batches is
often pursued through a single patient clinical protocol (single
subject investigational new drug [SIND]) or a managed access or
expanded access program (MAP/EAP) of the manufacturer. Such
pathwaysare outlinedin 21 CFR 312 Subpart I for “Expanded Access
to Investigational Drugs for Treatment Use” [5].

The EAP in the US, summarized in Figure 1, “is a potential
pathway forapatient withaserious orimmediatelylife-threatening
disease or condition to gain access to an investigational medical
product (drug, biologic, or medical device) for treatment outside
of clinical trials when no comparable or satisfactory alternative
therapy options are available” [6]. Many products in this space
are only approved for later lines of treatment, resulting in patient
populations that fit this description.

Productsthatfailthe commercial specification can often meet
the envelope of specifications used in the clinical investigations,
whichwere thebasis for regulatory approval. Additionally, clinical

24 PHARMACEUTICAL ENGINEERING

specifications are often established earlier in the product devel-
opmentlife cycle and therefore are broader.

Asaresult, significanteffort by companiesis often putinto the
EAP. Through this process, alignment with health care providers
(HCPs) and regulators on patient suitability is reconciled with
quality/GMP release considerations as quickly as possible to
serve the patients in need. Over the course of the product’s life
cycle, significant data is accumulated for lots outside of the
commercial specification. Assuch, an opportunity presentsitself
toexploreutilization of this data set, where clinically relevant data
is accumulated as a direct consequence of continuous process
performance and patient need (see Figure 2).

Additionally, the goal of the third stage of process validationis
“continual assurance that the process remainsinastate of control
(the validated state) during commercial manufacture” [7]. An
ongoing programto collectand analyze product and process data
that relate to product quality must be established [8].



Figure 3: Outline of the proposed PACMP to support specification change for C&GTs.
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CPV: continuous process verification; CQA: critical quality attribute

In the instances where exceptional release is pursued for
nonconforming CAR T products, a manufacturer can leverage
clinically relevant data outside of commercial specification to
ultimately expand the specification range of that attribute while
demonstrating control. Anonclinical protocol tracking the safety
and efficacy performance of these OOSlots can capture this data.
This will build the necessary rationale to produce a statistically
and/or clinically relevant specification range more reflective of
the process capability while demonstrating no patient impact.

APACMP couldbeanappropriate way to negotiate changesto
specificationsleveraging thelargeand evolving post-approval data
gathered onthese products. APACMP couldillustratetoanagency
howacompanyintendstousethisdatatomodify the specification.
This could be negotiated between the applicant and the agency,
and a suitable path forward agreed upon, including the potential
to downgrade the implementing submission.

Elements used for specification changes
Havingclinicallyrelevantspecificationsreflective of thetrue process
performance also allows manufacturers to focus resources on
moreimpactfulinvestigations pertaining totrue outliers fromthe
process, notmarginal OOS events from commercial specifications
based on limited data that ultimately have no impact on patient
safety and efficacy.

A conceptual outline of a PACMP for thiskind of specification
change could pull this information together to support a change,
asillustrated in Figure 3.

Stage 1is the design and submission of the protocol proposed
for the change. This protocol is structured as follows:

1. Outline the scope of the change in detail. (For example, the
scopeof thechangeislimited totheacceptancelimitorrangefor
the specification. Critical quality attributes and the analytical
methods used for the attribute will not be changed.)

2. Discuss the potential risks in making this change and how
these canbemitigated, takingaccount of therisks and benefits
to the patient.

3. Outline the criteria that will be used in the assessment of the
change.

4. Proposethe contents of theimplementing submissionand the
reporting category.

Stage 2 is the gathering, review, and assessment of the data
aligned tothe protocol and the subsequent submission of thisdata
toaregulatory agency.

Aspreviously stated, assessing comparability for C&GTsisnot
simple and can require a combination of both analytical data and
some confirmatory data from clinical use. In the PACMP, it would
beanticipated that the applicant would illustrate how ajustifiable
number of batches could be assessed to establish an appropriate
range of acceptability. This range of acceptability may be related
to either the clinical materials or to a range of OOS material,
shown duringlong term follow-up (LTFU)activities to present low
probability of clinical risk to patients. All of this would be outlined
with appropriate justification in the PACMP, which is subject to
regulatory approval.
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Upon accumulation of sufficient data, as agreed on in the
PACMP, aspecification change (traditionally filed asa priorapproval
supplement [PAS]) can be pursued as a lower reporting category
(i.e., CBE-30). Furthermore, over the course of the product life
cycle,asadditionaldataisaccumulated as part of the post-approval
clinicaldatapool,additional CBE-30s canbe submitted, modifying
specifications and enabling a cycle of continuous improvement
and understanding of the product.
Given the frequency of nonconforming commercial products
in traditional autologous therapies, a future state quality system
inclusive of amanufacturing outcomes-based approachisdesirable
to minimize the need for EAP or sIND avenues. By having clear
pathways to establish patient-centric specifications, the burden
on sites, HCPs, and patients can be reduced and treatment options
canbeaccelerated.
Furthermore, significant advantages exist pertaining to
simplifying the notification process of release for OOS products. By
linking this process simplification withacycle of data collection/
specification refinement, great benefit to patients through
expanding access to these innovative, lifesaving treatments
can be achieved. Future autologous products should consider
defining such quality strategies proactively as part of their quality
management system (potentially through PACMPs), leveraging
risk management principles. Key questions to consider as part of
this strategy development include:
= What is the appropriate nonclinical tracking mechanism for
patients receiving nonconforming products during LTFU?

= How many data points are needed to justify expansion of com-
mercial specifications?

= The goal of the third stage of process validation is continual
assurance that the process remains in a state of control (the
validated state) during commercial manufacture. A holistic
picture of the manufacturing process and its performance
relative to the specifications is needed to justify further mod-
ification. What models and/or principles can be applied to
furtherbolster theargument of modifying specifications while
maintaining control?

= Byimplementinga cycle of continuousimprovementbased on
theincreasingclinical data poolaccrued by nonconformances,
how are process changesand improvementsbeing factoredin
toreduce and ultimately eliminate the need for such a cycle?

Life Cycle Management

The rapid advancement of scientific understanding within the
pharmaceutical sector has paved the way for ground-breaking
modalitieslike C&GTsand personalized medicines. However, this
surge in innovation is placing increasing strain on the current
process of justifying specifications between health authorities
and applicants.

The rapid pace of scientific advancements necessitates an
alternative approach to effectively navigate the evolvinglandscape
of pharmaceutical developmentand regulatory processes. Typically,
numerous C&GTsare approved for the market withalimited data
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setand onasmallscale. Consequently, changesarebound tooccur
asmore datais gathered about the product, as the manufacturing
process is improved, and as the scale of production expands.
The scientific knowledge that the pharmaceutical industry
is gaining in the field of C&GTs opens possibilities for increased
collaborationbetween industryandregulators. This collaboration
canresult in the formulation of specifications that prioritize the
quality, safety, and effectiveness of new medicines, ultimately
meeting the needs of extremely ill patients.
Additionally, it can play a vital role in establishing resilient
supply chains, enhancing the accessibility of these medicines for
patients in need. Due to the limited number of clinical lots and
process characterization data available during the submission
stage of C&GTs, regulators and industry may collaboratively set
interim commercial specifications.
These specifications are determined based on the potential
risks to patients and are supported by existing knowledge. This
approachallows for thelaunch of the product while ensuring patient
safety, with the understanding that further data and refinement
will be undertaken as more information becomes available.
The adoption of patient-centric specifications, which incor-
porate scientific knowledge and insights gained throughout
the development and life cycle of a pharmaceutical product as a
standard in pharmaceutical manufacturing of C&GTs, offersadual
benefit forbothindustryandregulators. Byaligning the objectives
of ensuring quality patient care and optimizing manufacturing
efficiency and control, patient-centric specifications contribute
to awin-win situation for all stakeholders involved.
The concept of reusing well-designed PACMPs, as discussed in
ICHQ12,holdsparticularsignificance for C&GTs. These PACMPs can
serveasaframeworkintheabsence of specificguidance, providing
ageneral understanding of how comparability willbe addressed.
Although certain cases may require more specific protocols, having
anagreementonbroad termsfor comparability canstill prove tobe
avaluabletool. Thisapproach promotes efficiency and consistency
inassessingand ensuring the comparability of C&GTs throughout
their life cycle. The implementation of a PACMP offers several
advantages for applicants. It allows them to:
= Define the level of risk associated with a change or multiple
changesinrelation to patient safety

= Use their knowledge and expertise to demonstrate how the
impact of a change can be assessed, providing insights into the
management of residual risks

= Determine appropriate tests to be conducted to evaluate the
change, as well as establish suitable boundaries for these tests
and provide rationale for their selection

» Reachanagreementwiththe competentauthority onthestrategy
for managing the change, along with the reporting category for
subsequent confirmingdata. Thisapproach fosters certainty for
boththeapplicantand thereviewer, enablingimproved planning
and execution of changes throughout the productlife cycle

= Facilitate continuous improvement to ensure ongoing patient

supply



CONCLUSION

C&GTs are a vital and growing part of the modern approach to
therapy. The tools outlined in ICH Q12 provide insights into how
this post-approval data could be used tofacilitate change for these
products. In particular, the PACMP could be used to leverage
ongoing monitoring datain transparentdiscussions withagencies
and thereby progress changes in an efficient manner, ultimately
providing a mechanism to maintain products in a state of control
and ensure a continuous supply to patients.

C&GTs are generally produced in small batch quantities,
necessitating the production of multiple batches to adequately
support early phase clinical trials. As the product advances to
the commercialization stage, the demand for C&GT batches
significantly rises due to data generated from a larger patient
pool, thereby providing opportunities to enhance knowledge on
the relationship between product quality attributes and clinical
outcomes.

The generation of a substantial database during the life cycle
management of C&GTs serves as a crucial resource, enabling the
justification of post-approval changesand facilitating the continu-
ous improvementof the product. Moreover, the combination of data
from chemistry, manufacturing, and controls (CMC), and patient
experience provides compelling evidence thatany manufacturing
changes do not have an adverse impact on the product.

The establishment of data ecosystemsbecomes imperativeas
anextensive volume of datais continuously being gathered,aiming
to a future state where correlations between CMC and clinical
data can be identified. Implementing suitable data and analytics
ecosystems, such as those facilitated by artificial intelligence,
will make it feasible to monitor and compare safety, efficacy, and
patientbenefits with corresponding product quality information.
Thisintegrated approach ensuresacomprehensive understanding
of product performance and supports a high-level analysis to
facilitate life cycle management.

The PACMP presents a unique opportunity for collaborative
effortsbetween theindustryandregulatoryagenciesto streamline
life cycle management. This initiative aims to identify pertinent
CMCandclinical data, fostering the establishment of an effective
platform for improved communication between regulators and
theindustry.

Acrucialaspectofthisendeavoristoencourage the adoption
of industry best practices. This ensures the collection of com-
prehensive information throughout the product life cycle and
establishes strong connections between the data and clinical
outcomes. By joining forces, stakeholders can proactively enhance
theunderstanding of product performance, safety, and efficacy,
which leads to more efficient and informed decision-making
processes. &
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The US Food and Drug Administration (FDA)
advocates for the integration of quality by design
(QbD) principles throughout the pharmaceutical
product development landscape, aiming to
elevate both process understanding and product
quality. Key challenges to the process control
strategy include navigating time- and resource-
intensive processes. One solution is digital
shadow technology which, when constructed
using mechanistic models, offers many benefits
throughout the product life cycle.

uccessful QbD implementation requires a comprehensive
S understanding of the intricate relationship between critical
quality attributes (CQAs), critical performanceindicators (CPIs),
key performance indicators (KPIs), and variability in process
parameters and raw materials [1].
The essential milestones and objectives for achieving QbD
include [2, 3]:
= Defining CQAs, CPIs, and KPIs and their acceptable ranges and
identifying process parameters, material attributes, and the
ranges thatinfluence them
= Establishing process understanding on how process input
parametersimpact CQAs, CPIs, and KPIs
= Formulating control strategies and process capability

CHALLENGES TO THE PROCESS CONTROL STRATEGY

Oneof the mostformidable challenges on the path todeveloping the
process control strategyliesin the demandingand resource-inten-
sive nature of wetlabexperimental process characterization studies
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(PCS). Atthe core of this process, the design of experiments (DOE)
emergesasapivotaltool, empowering the development of process
knowledge while uncovering the complex multivariate impact of
process parameters to product quality and process performance.

Following the design of these experiments, the lab work
commences; the scale of the experimentation is typically quite
significant, which reflects the complexity of the process tool. For
example, a unit operation with five potential process parameters
requiresaround 50 runsto effectively encompass quadratic effects
and multivariateinteraction effects. Furthermore, even moreruns
can be required to define the process parameter range used to
define the DOE. These runs entail a substantial time investment.
For example, each chromatography unit operation can take
approximately five to eight hours to finish.

In addition, extensive resources are also required to generate
feed materials for the PCS and qualify analytical methods to test
PCS samples. This poses a significant challenge and concern
to company resources, considering a complete manufacturing
process typically includes six to nine unit operations. In some
instances, when a different product or process follows similar
pathways, a cost-effective “platform” approachisused tostreamline
process validation and minimize development expenses. When
implementing thisapproach, itisessential to ensure the common
elementsidentified are trulyapplicable to various products, without
compromising the unique characteristics of each product.

Another hurdle encountered by clinical and commercial
manufacturing is impact assessments due to process-related
deviations. Historically, root cause analysis and process/product
assessment heavily relied on the process knowledge of subject
matter experts (SMEs), but it takes time for SMEs to acquire the
appropriate knowledge. In some cases, the process experience is
tacit knowledge that is difficult to transfer to others. This can be
detrimental to the manufacturing process because inaccurate



conclusions may result in additional deviations reoccurring in
subsequent cycles or batches if process history and knowledge
arenot well maintained.

To target these challenges, this article explores the strategic
integration of digital shadow technology into various stages of
process validation by defining a digital shadow-assisted process
validation framework. Ahighlight of thearticleisthe demonstration
of apowerful surrogate model through the fusion of digital shadow
technology and statistical methodologies, which enables more
efficient and accurate process characterization.

Digital Strategy (Digital Shadow) with

In-Silico Models

As the biopharmaceutical industry embraces Industry 4.0, more
optionsareemerging toaddressthese challenges, with the concept
of a digital shadow emerging as a disruptive tool. This concept
encompasses a system-level, in-silico model that has proven
itselfasapredictive powerhouse for evaluating process dynamics
and performance. Regulatory authorities have also encouraged
the integration of mathematical models to support bioprocess
development and manufacturing efforts, leading to a surge of
studies centered around in-silico models [4].

Statistical and Mechanistic Modeling

Under this concept, two predominant modeling techniques provide
the in-silico framework: statistical modeling and mechanistic
modeling. Statistical models exhibit exceptional computational
efficiency and facilitate automation, thus positioning themasideal
tools for real-time process monitoring and control. However, their
predictive scope mustbe confined to the validated operating space,
necessitatingasubstantial amount of experimental datafor model
training [5]. In contrast, mechanistic modelsare rooted in physical
andbiochemical principles. They havebeenastandard methodin
chemical engineering for decadesand continue toadvance within
the biopharmaceutical industry [6, 7).

Mechanistic models afford profound and scientific process
understanding derived from principles governed by naturallaws.
This imparts longevity to their validity and extends their utility
beyond the range of the design space used for model calibration.
Consequently, mechanistic models emerge as robust tools for
processoptimization, deviationanalysis, scale-up/-down studies,
and process characterization [8]. Furthermore, the number of
experiments required for model calibration and validation is
substantially lower than statistical models, showcasing the
additional benefit of efficiency and resource economy.

Surrogate Models

InPCS, statistical analysis playsacrucial role in determining how
processinput parametersimpact CQAs, CPIs,and KPIs. Asurrogate
modelisacombination of bothmodeling methods. Inthisapproach,
amechanistic model is used to assist in conducting DOE studies
alongside laboratory experiments. The result is then input into a
statistical model for data analysis, leading to the formulation of

As the biopharmaceutical
industry embraces Industry 4.0,
more options are emerging to
address these challenges, with
the concept of a digital shadow
emerging as a disruptive tool.
This concept encompasses a
system-level, in-silico model
that has proven itself as a
predictive powerhouse for
evaluating process dynamics and
performance.

prediction expressions for CQAs, CPIs, and KPIs. The surrogate
modelharnesses the advantages of both modeling methods while
mitigating their respective limitations.

DIGITAL SHADOW—ASSISTED PROGESS VALIDATION

Toachieve themilestonesin QbD,arobustand systematic process
validation framework is imperative and would include [9]:
= Processdesignwith scaled-down models
= Designproduction processand process control to ensure that
thedrugsubstances/products meet safety,identity, strength,
purity, and quality targets
* Build and maintain process knowledge and understanding

= Process qualification with at-scale runs
» Demonstrate the process can consistently produce drug sub-
stances/products with target product qualities
= Demonstratethatthe commercial manufacturing processcan
consistently meet the predetermined process performance
with the established process control strategy

= Continued process verification during commercial operations
= Continuedassurancethattheprocessremainsinastateof control
(thevalidated state) duringroutine commercialmanufacturing.

In many of the previously mentioned steps, a digital shadow can
be implemented alongside lab work to significantly reduce the
resources needed toimprove process understanding and establish
process control strategy. We propose a digital shadow-assisted
process validation framework, which is shown in Figure 1.
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Figure 1: Digital shadow—assisted process validation framework for a cation exchange chromatography (CEX) unit operation.
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The steps in the process validation workflow where digital

shadow assistance can be beneficial are highlighted:

= Process characterization: This step includes process develop-
ment, scale-down model qualification (SDMQ), and pre-process
characterization failure mode effect analysis (FMEA). Digital
shadow canbe employed for process optimization, determining
parameter criticality, defining initial process control strategy,
and scale-based effects de-risking.

= Process performance qualification (PPQ) readiness: Digital
shadow can assist in establishing controllimits and identifying
edge-of-failure.

= PPQexecutionand continuous processverification: Digital shadow
canbe used for deviation investigations.

Further details on these functions will be elaborated on in the
following sections.

USING DIGITAL SHADOW IN PROGESS DESIGN

The first stage of process validation is process design, and a suc-
cessful validation program depends oninformationand knowledge
from process development, clinical, and/or engineering runs.

Typically, the process design phase involves the following
key steps:

1. Identification of critical aspects: Identify CQAs and CPIs/KPIs
and their corresponding specification limits.

2. Parameter mapping: Identify the potential critical process
parameters, key process parameters, critical material attributes,
and key material attributes.

3. Modelscaling: Designascale-down model (SDM) and demon-
strate thatitis representative to the eventual operations at the
commercial scale.
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4. Design of experiments: Formulate a comprehensive DOE and
execute it with the qualified SDM.

5. Statistical insight: Employ statistical analyses to identify the
criticalities and relationship of the process parameters.

6. Control strategy formulation: Develop the control strategy based
on outcomes of the DOE and process knowledge.

Defining the In-silico Model for a CEX Unit Operation
Inthedigital shadow-assisted process design, thein-silicomodel
needs to be defined. The steps for defining the model are shown
in Figure 2.

1. System, column, and biomolecule characterization: Several
initial experimentsare needed as the first step to gain system-,
column-, and biomolecule-level understanding.

2. Model selection: The complexity of the model is subsequently
determined by specifying the mass transferassumptionsinthe
mobile phaseand stationary phase. Thisstepwilldetermine the
calculation time and model accuracy.

3. Parameter estimation: Experimental results are used to
calibrate/train the model through parameter estimation.

4. Model validation: A new set of experimentsisused for model
validation by running the model with the corresponding
processparameters (e.g.,load capacity,impurity concentration)
and comparing simulation results and experimental data
(e.g., yield, purity).

Unit operation characterization

Inchromatography, threelevels of unit operation characterization

need to be done for model calibration and validation:

1. System-level characterization: Onetracerrunisneededfordead
volume calculation.



Figure 2: Steps for digital shadow development shown for a CEX unit operation.
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2. Column-level characterization: Two tracer runsare needed for
the porosity determination and one titration run is needed for
ionic capacity.

3. Biomolecule-level characterization: In most cases, two elution
runsand one high-load run are needed for isotherm parameter
calibration.

Ofallthe experimentsrequired, the tracer runs canbe performed
rapidly and do not need to be repeated for different products,
assumingthatthe same systemand columnsare used. The elution
runs, however, are unique to different products and impurities as
they provide information on the physiochemical interactions of
the protein and resin.

As the application of mechanistic models is not constrained
by the model calibration design space, experiments conducted
under any process condition can be used for model validation.
For instance, experimental runs conducted during the process
development stage can be directly applied, eliminating the need
for additional experiments.

Following the validation of the model, it transforms into the
digital shadow for this unit operation. A complete digital shadow-
assisted process characterization platformis shown in Figure 3.

Digital Shadow-Assisted Process Characterization
After the digital shadow is set up, it can be employed to offer
recommendations for the DOE design space with initial runs.
Subsequently, an I-optimal DOE is structured to capture both
the quadratic and interactive effects of process parameters.
The digital shadow is then used to execute the experiments
within the DOE.
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Building a Surrogate Model

Theresultsfrom thein-silicoruns canbeused tobuildasurrogate
model with statistical methods that describe the relationship
between the process parameters and, hence, how the process
responds to variations in process input parameters. With this
in-silico process, the criticality of the process parameters on
performanceand qualityattributes canbe evaluated. Thisapproach
provides mechanisticunderstanding for optimizinglab experiment
selection, enabling efficient acquisition of valuable results with a
minimal number of lab experiments.

The surrogate model can also be used to predict the proven
acceptablerangesof the critical process parametersandkey process
parameters, and then the predicted proven acceptable ranges are
confirmed with lab experiments. On top of the impact of single
parameters, the surrogate model canalsoreveal the significance of
multivariateinteractions. Insituations where significantimpacts
areidentified, an edge-of-failure analysis can be carried out. Lab
experimentscanthenbe conductedattheidentified edge-of-failure
parameters to confirm the outcomes from the surrogate modeland
to make the final refinements to the control strategies. With this
approach, the amount of effort, cost, and time needed to develop
the process validation control strategy can be reduced by 75%
compared to a pure lab-based approach [10].

Expected Process Capability Analysis

Upon finalization of the control strategy, the digital shadow can
also be used to generate an expected process capability analysis.
Employing the Monte-Carlo method, a series of random runs with
different combinations of process parameter values within the
control strategy can be generated and evaluated with the digital
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Figure 3: Digital shadow-assisted process characterization platform.
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shadow. The outcomes from these runs will thenbe used to conduct
acomprehensive process capability assessment.

BENEFITS OF EXECUTING PGS WITH DIGITAL SHADOW

Executing PCSwith theassistance of digital shadowis expeditious.
With theknowledge gained from in-silico runs, the amount of lab
work can be significantly reduced, and the in-silico run time is
negligible. Typically,amodel-assisted DOE canreduce 40%-80%
of experimentsneeded inthe upstream domain [11]. This providesa
significantadvantage compared to the conventional practice today
thatexclusively relies onresource-intensive wetlab experiments
for the entire DOE design space.

Oftentimes, PCSworksinindustryare constrained by limited
resources, resulting in a DOE with low statistical power. This,
in turn, necessitates more runs during PPQ. However, with the
help of digital shadow, the quality of the DOE canbe significantly
improved with the same resource level, ultimately reducing the
number of runs required for PPQ. In cases where a “platform”
approach is employed, the digital shadow is also a cost-effective
and time-saving tool to identify the commonalities and unique
properties of new products.

DIGITAL SHADOW IN PROGESS DESIGN AND SCALE-DOWN
MODEL QUALIFICATION

SDMQiscritical for process characterizations. Traditionally, both
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lab-scaleand at-scaleruns would be performed and datafromboth
scalesisanalyzedstatisticallytoassessanyscale-induced disparities.

With the digital shadow-assisted SDMQ, a digital model for
commercial-scale unitoperationneedstobe defined. Asthe process
scalechanges, therearedirectimpacts onthefluid dynamiceffects
caused by differences in equipment geometries. To illustrate in
the context of chromatography, columns withidenticalbed height
and smaller inner diameter are normally used as SDMs. In this
scenario, columndifferences (like wall effects, or flow distribution
and radial dispersion effect differences) and system differences
(like pressure profile or precolumn dispersion and system flow
pathdifferences) maylead to different column performance such
as peak shape, step yield, and impurity clearance.

It is important to recognize that although fluid dynamic
effects are scale dependent, thermodynamic elements (such as
protein-resinadsorptionisotherms)remaininvariant. Asaresult,
while implementing a mechanistic-based digital shadow, the
adsorption model parameters derived from lab-scale calibration
experiments canbe directly transferred to the commercial scale,
requiring only the calibration runs to characterize system and
column levels [12,13].

In the case of an observation of discrepancies during chro-
matography SDMQ, an offset is commonly applied to the SDM.
The defined digital shadow with both scales can thenassistin the
mechanisticunderstanding of the scalingimpact reflected by the



offset parameter. One example is from the study by Benner et al
[14].Itusesamechanistic model to elucidate the impact of scale on
elution pool volume by systematically analyzing the mass transfer
phenomenonunder different scales. Leveraging the Peclet number
(Pe), thestudyyielded afundamentalinsight of relative significance
of axial dispersion vs. convection across different scales.

DIGITAL SHADOW IN PPQ AND CONTINUED PROGESS
VERIFICATION

Process-related deviations thatoccur during PPQrunsandroutine
commercial manufacturing could impact product quality and/or
process performance. For example, in chromatography, factors
including column life cycle and process variation can lead to
atypical chromatograms, resultingin poor product purity or yield
[15]. Ininstances of such deviations, theroot cause must be identified
swiftly to facilitate corrections in subsequent cycles or batches.
Following the process design, a digital shadow for the com-
mercial unit operationhasalreadybeenbuiltand validated. Once
validated, the digital shadow can be used to support process and/
or product impact assessments, which are important elements
in process-related deviation investigations. The first step of root
causeanalysis(RCA)isimplementingatoollikeafishboneanalysis
toidentify the potential parameters that mightbe the underlying
causeof thedeviation. After the parametersareidentified,aninverse
modeling method can be employed. This involves systematically
altering these identified parameters within the digital shadow to
alignwiththe observed unit operation performance thusdiscerning
which factor or factors potentially led to the deviation [16].
Furthermore, deviations occurring in a unit operation may
stem from variancesoriginating froma preceding unit operation.
As alibrary of digital shadows of distinct unit operations are
established for the process, they canbe interlinked into an end-to-
end, process-level digital shadow. This model can be employed to
evaluatehowthe process parameters of one unit operationinfluence
the outcomes of another. The same inverse modeling method can
be used to identify root causes in the connected digital shadow.
RCAisavital partof continuous processimprovement, aimed
atidentifying and addressing underlying inefficiencies or
weaknesses thathinder process optimizationand product quality.
One of the primary objectives of RCA is the implementation of
correctiveand preventive actions (CAPAs), which serve toaddress
immediate issues and prevent their recurrence.
Throughtheapplication of CAPAs,amore stableand dependable
manufacturing process is created. Furthermore, the process
understanding gained during RCA, particularly when using
the digital shadow for RCA, paved the way for ongoing process
refinement. This understanding can be extrapolated not only to
rectify the deviating processesbutalso toenhance other processes,
thereby facilitating continuous enhancements.

CONCLUSION

A digital shadow constructed using mechanistic models offers
many benefitsand advantagesacross various stages of the product

life cycle. Once the model is established and validated, its utility
spans the entirety of the process validation cycle and commercial
production, creatingarigorous scientificapproach with improved
mechanisticunderstandings. Thisresultsinanelevated assurance
of product quality while significantly reducing the cost of goods
sold (COGS). &
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asingle unit operation. Brian has a PhD in chemical engineering.
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LONTINUOUS BUFFER
MANAGEMENT SYSTEM:

Large-Scale Buffer Preparation

By Zuwei Jin, PhD

Although traditional tank farm systems have

long been the cornerstone of buffer preparation,
they face challenges that have grown with the
expansion of processing scale in the industry
[1—4]. This article explores the concept of the
continuous buffer management system (CBMS)
as an alternative to traditional buffer tank farm
methods. We analyze the historical progression of
buffer preparation, highlight the advantages and
challenges of the CBMS, and present an overview
of its hardware components, system design,

and process control strategies to demonstrate
the viability of the CBMS as a robust and cost-
effective solution for biopharmaceutical buffer
management at production scale.

n the realm of biopharmaceutical downstream processing, the

continuous pursuit of technologicaladvancementshasgivenrise

to innovative approaches that redefine conventional practices.
One such transformative development could be the CBMS, a
revolutionary departure from traditional tank farm methods. We
explore the multifaceted landscape of the CBMS, shedding light
onitsinception, evolution, and transformative impact within the
biopharmaceutical industry.

Recognizing the limitations of these conventional methods,
the introduction of inline dilution skid technology marked a
significant leap toward more streamlined and efficient buffer
management [2]. However, it was the CBMS that truly set the stage
for a possible paradigm shift in how buffers are prepared and

used in the biopharmaceutical industry. A CBMS is essentially a
dynamic form of a buffer tank farm. Instead of using large hold
vessels, it uses much smaller vessels called relay tanks (usually
less than one-tenth the size of the hold vessels). These are filled
byaninlinemixing/dilution-based skid, enabling many economic
and operational benefits [5].
Thisarticleaimstoilluminatethepaththatled totheemergence
of a CBMS as a possible disruptive force in the field. By going
back to its historical development, we trace the evolution of
buffer preparation technology. Our exploration will unveil the
economicand operational benefits thata CBMS offers, providing
valuableinsightsinto howthisnovelapproach hasthe potential to
revolutionizebuffer preparation supportinthe processingindustry.

THE EVOLUTION OF BUFFER PREPARATION TECHNOLOGY

The evolution of buffer preparation technology within the bio-
pharmaceutical industry hasbeen a dynamicjourney, marked by
significant transitions fromtraditional methodstomoreinnovative
approaches. There are three main technologies related to this
journey, as shownin Figure 1.

Traditional Buffer Tank Farm

In the early stages of biopharmaceutical manufacturing, the
prevailing method for buffer preparation was the traditional tank
farm system. These systems resembled chemistry laboratories
withlarge-scalevesselsakintooversized beakersand flasks. Buffers
were premade and stored in substantial vessels, each designed to
accommodate the specific process it supported.

Following each use, these vessels underwent rigorous
cleaning-in-place (CIP)and sterilization-in-place (SIP) procedures
to ensure product integrity. Although this method serves its
purpose, it becomes more challenging to operate as the scale of
vessels expands, with some processes requiring vessels as large
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Figure 1: Historical perspectives on buffer preparation technology.
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as 20,000-30,000 liters to support commercial production of
chromatography processes [2, 3].

Introduction of Inline Dilution Skids

Approximately 20 yearsago, theindustry sawasignificant shiftwith
theintroduction of inline dilution skid technology. Thisinnovative
approachaimed toaddressthelimitations of traditional tank farm
systems by facilitating the inline mixing of concentrated buffer
solutions with a significant volume of water for injection (WFI) at
the point of use [3].

This method marked a departure from the large vessels used
in traditional buffer tank farms, replacing them with smaller,
more efficient systems. Inline dilution skids allowed for the
combination of specific processes with the associated buffer
preparation, commonly referred toasinline conditioning process
chromatography (ICPC). This marked a notable improvement in
efficiency and a reduction in the physical footprint required for
buffer preparation, which led to tremendous cost saving [3].
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Emergence of the CBMS

The culmination of the evolution of buffer preparation technology

hasled tothe development of the CBMS, asshowninFigure 2. Unlike
the preceding inline dilution skids, the CBMS represents a more
profound departure fromthetraditional buffer tank farm concept [5].
Ratherthanintegratingbuffer preparation with specific processes,
the CBMS uses inline mixing technology to prepare buffers for an
entire buffer preparation area.

Thisisachieved throughaseriesof smallvesselsknownasrelay
tanks, which canbelikened totheshift of playing videos from DVDs
tonetwork streaming. In this analogy, traditional tank farms are
akin to playing videos from DVDs, while the CBMS operates like
avideo streaming service. The relay tanks, managed by an inline
mixing system, ensure thateach vessel remains consistently filled
for use. By emulating the functionality of the larger vessels in
traditionalbuffer tank farms, the CBMS allows seamlessintegration
of itself into existing downstream processes. A more in-depth
exploration of the benefits and technical aspects of the CBMSasa



Figure 3: Functional modules in a CBMS.
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possible transformative solution inbiopharmaceutical downstream
processing is provided next.

BENEFITS OF THE CBMS

The adoption of the CBMS represents a significant leap forward
in biopharmaceutical downstream processing. In this section,
we delve into the benefits offered by the CBMS, emphasizing its
economic, operational, and potential regulatory advantages over
traditional buffer tank farm systems.

Capital Savings

Oneof the foremost advantages of a CBMSisits potential to revolu-
tionize theeconomicsofbuffer preparationinthebiopharmaceutical
industry. By transitioning from large traditional buffer tank farms
toamore compactand efficient CBMS, substantial cost savings can
beachieved [1-4,6] Thesignificantly reduced vesselsizes contribute
to a dramatic decrease in capital investment. It is reasonable to
expectsavings of up to 60%in capital expenditure simply based on
thereduction of current GMP (cGMP) space required for the vessels
when compared tothe traditional buffer tank farm setup [6]. Thisis
aremarkable shiftin cost dynamics, allowing biopharmaceutical
companies to allocate resources more efficiently.

Operational Savings

Beyond capitalsavings,a CBMSenhancestheoperational efficiency
of buffer preparation. The smaller vessels, combined with precise
inline mixing and control strategies, lead to a considerable
reduction in operating costs. The power consumption, reagent

Inline
Mixing

Concentrate
Preparation
Tanks

usage, and chemical consumptionrelated to CIPand SIP processes
are all significantly diminished due to the smaller vessel sizes,
resulting in substantial long-term cost savings in the range of
20% t050% [2, 6,7].

Enhanced Batch Documentation

A CBMSleveragesautomation tostreamlineand minimize manual
operationsassociated with traditional buffer preparation methods.
Theadoptionofadistributed controlsystem (DCS) platform provides
better dataloggingand dataintegrity, resultinginimproved batch
documentation. The precise control and real-time monitoring
capabilities offered by the CBMS ensure that datarelated to buffer
preparation is more accurate and easily accessible.

Expansion Versatility

Whether for greenfield projects or the expansion of existing
cGMP facilities,a CBMS’s small footprint provesanindispensable
option forbuffer preparation. The CBMS emergesasaversatileand
economically advantageous alternative to traditional buffer tank
farmsystems. Itsimpact extendsbeyond cost savings to encompass
enhanced operational efficiency, improved batch documentation,
and regulatory compliance.

TECHNICAL CHALLENGES OF BUILDING THE CBMS

The development of a CBMS is a relatively complex endeavor
that presents several technical challenges especially for the skid
manufacturers of many original equipment manufacturers (OEMs).
This section outlines these challenges and their intricacies.
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Figure 4: Complexity of system design for a CBMS.

1. Concentrate Preparation Tank + Hold Tanks

2. Inline Buffer Preparation
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System Design

CBMS design encompasses multiple modules, including inline
mixing, relay tanks, concentrate hold tanks, and in/out valve
matrixes—not to mention devices/IO (input/output) from different
vendors, whichinvolves compatibility and integration challenges
(see Figure 3). Depending on how concentrates are provided,
concentrate prep tanks and CIP stations could also be part of a
CBMS. Unlike standard skid-based systems, the CBMS’s scale
and intricacy make it an overwhelming undertaking for most
OEM manufacturers. The management of pumps, valves, flow
meters, analytical instruments, pipes, and connectors must also
meet stringent hygienic standards such as the American Society
of Mechanical Engineers (ASME) standard for Bioprocessing
Equipment (BPE) to maintain product integrity and safety [8].

Flow Rate Control

A critical challenge in CBMS development is the precise control
of flow rates of each mixing stream in the CBMS. Flow rate
accuracy is a pivotal factor in determining the specifications
of buffer solutions. Achieving this level of precision in flow rate
control necessitates advanced hardware design expertise, fluid
dynamicsknow-how, and an understanding of hygienic principles.
Inaddition to flow control precision atits stabilized state, the flow
controlloops need to performinaway thatis free from pressure
and flow disturbance in the system, which is paramount for
practical application of CBMS.

Process Control

Unlike simpler skid-based systems, CBMS involves managing
various units and modules, which requires coordination and
communication. Each unit in the system must harmoniously
interact with others and downstream process units to ensure
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smooth operation and inter-operations. The complexity arises
from the need to manage numerous variables as well as multiple
layers of functionality across these units. Amore powerful control
platform such as a DCS with batch management functionality
would be required for a CBMS and innovative control strategies
arekeystomaking a CBMS a practical solution.

Alignment with Plant Layout

The ability to tailor the system to the physical constraints and
requirements of agiven facilityisacrucialaspect of CBMSimple-
mentation. Many OEMs lack the engineering capability to adapt
such a solution to specific layout of individual plants.

Process Configuration

The CBMS’sinnovative use of relay tanks and the control strategies
thatenable efficientbuffer fillingare pivotal toits success. However,
these key process concepts were not available until recently. The
idea of using relay tanks to decouple buffer preparation from
specific processes and the control strategies that ensure reliable
buffer filling in multiple relay tanks area paradigm shiftininline
mixing buffer preparation.

The technical challenges associated with building a CBMS
are multifaceted and include system complexity, flow rate
control, hardware design, process control strategies, plant
layoutalignment, and the necessity of novel process concepts.
Overcoming these challengeshasbeeninstrumental in making
the CBMS a practical and robust solution.

COMPLEXITY OF SYSTEM AND HARDWARE

The hardware design of the CBMS plays a pivotal role in ensuring
the system’s effectiveness and reliability [3]. Additional intricate
details of the CBMS hardware are discussed in this section.



Figure 5: CBMS running as a service through a S88 batch recipe.
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Inline Mixing Module

The core of the CBMS’s hardware design is the inline mixing
module (see Figure 4). Thismoduleleveragesadvanced technology
to blend concentrated buffer components with WFI to create
ready-to-use buffer solutions. Ensuring accurate and reliable flow
ratesisessentialforachieving the desired specifications of buffer
solutions. Flow control loops—involving a series of diaphragm or
rotary lobe pumps, high accuracy mass flow meters, and control
devices—are intricately designed to maintain precise flow rates
under dynamic conditions.

Inline monitoring instruments such as pH and conductivity
meters are usually mandatory to ensure the buffer stays within
the specification in real time. Out-of-specification buffer will be
diverted towaste immediatelyand awarning willbeissued by the
CBMS. Besides inline monitoring, buffer-making performancein
inlinemixingisusually prevalidated based on the flowrate of each
mixing stream for making the buffer. Unlike traditional buffer
preparation, tracking of buffer made from the CBMS is based on
multiple high-performance mass flowmeters and inline pH and
conductivity monitoring.

Concentrate Tanks

The CBMShardware configurationincludesanarray of concentrate
tanks, each containing different buffer components. These
components may encompass 4 moles and 3 moles phosphoric

-
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acid, 2 moles citric acid, 2 moles acetic acid, 4 moles sodium
chloride, and sodium hydroxide, among others. These tanks
hold the concentrated solutions required for buffer preparation.
Although single-usebagscanbeusedas concentrate tanksinthe
CBMS, the tanks are sometimes made of higher alloy materials
suchas 904L or Hastelloy to accommodate the harsh chemicals.

Relay Tanks

A series of relay tanks play a central role in connecting the CBMS
with the downstream process operations. These relay tanks are
designed to continuously accommodate various buffer solutions
required for the downstream operation the CBMS is supporting.
These solutions include wash solutions, regeneration solutions,
elutionsolutions, storage solutions, CIP solutions, and equilibration
solutionsinatypical chromatography operation. The relay tanks
serve as a dynamic reservoir for buffer solutions, ensuring a
sustained supply to the downstream processes that the CBMS is
set up to support. Relay tanks can be single-use bags as well as
stainless steel vessels.

Valve Matrix

The CBMS incorporates a complex valve matrix responsible for
managing the flow paths of concentrates and buffer solutions.
This intricate network of inlet and outlet valves, involving up to
100 different valves, enables the distribution of buffer solutions
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|
The system and hardware design

of the CBMS are engineered to facilitate
the precise preparation, distribution, and

control of buffer solutions.
|

totheappropriaterelay tanks and downstream processes. Precise
and reliable control of these valves is essential to maintaining
the integrity of the CBMS and ensuring the buffers reach their
intended destinations.

Thesystemand hardware design of the CBMSare engineered to
facilitate the precise preparation, distribution, and control of buffer
solutions. These elements work in concert to ensure the system’s
efficiency, maintain the integrity of buffer solutions, and support
the overall objectives of biopharmaceutical downstream processing.

KEY PROGESS CONTROL STRATEGY

The success of the CBMS hinges on its robust control platform
and well-developed control strategy. In this section, we discuss
the intricacies of the CBMS’s control strategies and the software
platform that underpins its operation.

Software Platform

The CBMS control usually relies on more sophisticated DCSs,
whichallows oversight of itslarge number of components through
various IOsand many units whilealso implementingrecipe-driven
procedural controlacross multiple units. Ideally, the CBMS control
is integrated with the plant downstream DCS through a compact
DCScontroller,which canbe standalone or seamlessly incorporated
into a plant’s existing DCS.

Process Control Strategies
Given the CBMS’s extensive scope, process control strategies are
essential for maintaining the synchrony of various units and
modules within the CBMS and coordination with downstream
processing operations. Besides the equipment-based control for
flow rate, tank level, and valve position, batch-level control of
functionality must be part of the strategy.
Theinter-unitcommunicationbetweeninline-buffer preparation
and downstream processing has always been a major practical
challenge in plant operation. Inmany cases, thebatchrecipe must
beso process-specificand complicated thatalot of customization
hastobemade. The CBMShas, however, basically eliminated this
complexityandstandardizedthebatchrecipe. Thiswasaccomplished
by implementing an innovative buffer-filling strategy, which
allowsarelativelyindependentboundary of the CBMSinrelation
to downstream processing [5].

Unit Definition and Standardization
Tofurtherreducethe CBMS’sinter-unit communication complexity,
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another critical step is the redefinition and standardization of
equipmentunitswithinthe system [5]. Thisinvolves defining units
in terms of physical components and also redefining them in the
context of batch management, following the S88 standard (shown
inFigure 5). By adopting aninnovative buffer-filling strategy and
standardizing the units within the CBMS, the CBMS can be built
asarobustand manageable OEM product.

Batch Recipe

The CBMS leverages batch operation management to set up and
overseebuffer preparation. The systemrunsasaservicethrougha
S88recipethatsetsup thebuffer-filling service for the relay tanks.
Parameterssuchasbuffer ID, flowrate, and total buffer quantities
are configured at the beginning of each batch, ensuring that the
correctbufferissupplied to the appropriaterelay tanks. Thereisno
directcommunicationrequired betweenthe CBMSand downstream
processing except warnings and alarms.

The CBMS’s control platform and strategies are fundamental
to its success as a comprehensive buffer management solution.
The DCS platform provides the necessary industrial control
infrastructure, whereas unit standardization and buffer-filling
strategies ensure effective coordination between the CBMS
and downstream processing. These elements empower the
CBMS to deliver consistent and reliable buffer preparation to
the downstream operations it supports as if the CBMS were the
traditional buffer tank farm.

TECHNICAL DETAIL OF BUFFER FILLING

As discussed previously, one of the pivotal aspects of the CBMS
isits buffer-filling strategy. The CBMS does not need to directly
communicate with downstream processing. The CBMS managesto
filltherightbufferfortherighttankattheright timebyrespondingto
tankliquidleveland buffer priority. This development significantly
simplified the batch-level control logic between the CBMS and
downstream processing. In this section, we shed morelight on its
key concepts and principles.

Liquid-Level-Based Filling

The CBMS employs a liquid-level-based strategy to govern the
filling of relay tanks [5]. Eachrelay tankisassigned with different
liquid levels that correspond to specific flow rates for buffer filling.
These liquid levels trigger the system to initiate, stop, or alarm
the filling process.

Flow Rate Adjustment

Flow rate control is a critical factor in the CBMS’s buffer-filling
strategy. The precise control of flow rates is pivotal in achieving
the desired specifications for buffer solutions. The buffer-filling
process responds to various liquid levels within relay tanks by
adjusting flow rates accordingly, providing a safeguard against
overfilling or depletion [5]. Such flow rate adjustment is essential for
maintaining the effectiveness of multiple buffer filling throughout
the preparation and distribution process.



Figure 6: CBMS buffer preparation performance example.

Formula 1 (25 mM Citric Acid, 0.05 M NaCl, pH 5.8+0.1, Conductivity 10+1)

TargetConductivity  Actual Conductivity

Flow Rate Target pH Actual pH (mS/cm) (mS/cm)
Average pH: 5.76 N Average: 9.881
200L/H  pH5.8:0.1 Highest pH: 5.77 Confg:’:""ty‘ Highest: 9.981
Lowest pH: 5.76 Lowest: 9.677
e A -

Formula 2 (20 mM PB, 0.54 M NacCl, pH 7.9+0.1, Conductivity 45+1)

Target Conductivity Actual Conductivity

Flow Rate Target pH Actual pH (mS/cm) (mS/cm)
Average pH: 7.9 L Average: 44.977
Conductivity:
100 L/H pH7.9+ 0.1 Highest pH: 7.95 °”4suf ;V' y Highest: 45.053
Lowest pH: 7.87 h Lowest: 44.910
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Buffer Switching and Priority

Buffer-filling strategy addresses scenarios where multiplerequests
for buffer solutions may arise simultaneously [5]. To manage
these situations, the CBMS incorporates switching and priority
logic that ensures that buffer-filling requests are handled in an
organized and prioritized manner. When two or more requests
are made, a base logic for arbitration determines the sequence
inwhichbuffer filling should occur, preventing bottlenecks and
optimizing system performance.

Cleaning Between Buffer Switches

Asufficienthot WFIwashis performed intheinline mixing module
fora short period of time immediately after switching the buffer.
The cleanability is usually prevalidated. As the buffers made by
the same mixing module belong to the same chemistry group,
arigorous cleaning involving surfactant, base, and acid are not
required. In cases whereadifferent group of buffers with different
chemicalnaturesare present, multiple inline mixing modules will
have tobe implemented.

The CBMS’s buffer filling leverages tank liquid-level-based
control, flow rate adjustment, and logical arbitration to maintain
a steady and controlled supply of buffer solutions to relay tanks.
This strategy underpins the efficientand reliable operation of the
system, safeguarding the integrity of buffer solutionsand ensuring
they are readily available for downstream processes.

IMPLEMENTATION

Thesuccessfulimplementation of the CBMS across multiple projects
hasyielded substantial outcomes and benefits. In this section, we
presentanoverview of theresultsachievedinpractical applications
of the CBMS in the biopharmaceutical industry.

Project Scope and Versatility

The CBMS has been effectively implemented in approximately
20distinct productionlines, servingadiverserangeof clientsinthe
biopharmaceuticalindustry. These projects encompassed various
scales, involving both single-use bags and stainless steel tanks
and accommodating the requirements of different processes and
facilities. The adaptability of the CBMS to a multitude of projects
underscores its versatility and broad applicability.

Buffer-Making Performance

In comparison to traditional ICPC systems, the CBMS offers
enhanced performance. It mitigates pressure disturbances and
chromatogram artifacts during buffer switches. End users find
that the buffer solutions delivered by the CBMS are equivalent to
those obtained from traditional tank farm vessels, and the CBMS
was able to maintain product quality and consistency during
operation (see Figure 6).

GAMP® Execution and Validation
GAMP project execution is usually required for delivering CBMS
product to meet the stringent validation requirements of cGMP.

42 PHARMACEUTICAL ENGINEERING

GAMP execution ensures the functionality, compliance, relia-
bility, and safety of the CBMS in regulated biopharmaceutical
environments. By making the CBMS an OEM product through
standardization on system design and process control strategy,
validation support has been significantly simplified and product
delivery lead time can be greatly improved.

Onthe other side, engineering systems similar to the CBMS
wouldrequireayearslong,lengthy custom engineering or automa-
tion project to implement. ACBMS as an OEM product represents
anew option for pharmaceutical end users in a new plant design
or an expansion project for an existing facility.

Plant Layout Alignment

Another important aspect of the CBMS’s implementation is its
adaptability toa variety of plantlayouts. The capability of the OEM
vendor to align the system with the specific spatial constraints
and requirements of each client’s facility is essential for CBMS
implementation. This capability enables the CBMS to seamlessly
integrate into diverse production environments.

Economic and Operational Benefits
Althoughexactnumbersarestillunavailable, the implementation
of the CBMShas consistently yielded economicadvantages forend
users. The savings were considered tremendous [3]. Substantial
reductions in capital investment expect to be in the range of 30%
to 60% in comparison to traditional buffer tank farm systems
[6]. Operating costs have been reduced due to the use of smaller
vessels and smaller CIP processes [2]. General consensus on the
savings seemstobeintherange of 20% to50% [3]. These economic
advantages make the CBMSanattractive option for both greenfield
projects and the expansion of existing facilities.
Theimplementation of CBMShasshowcaseditsadaptabilityand
seamless alignment with different plant layouts. It has delivered
substantial economic benefits, automated manual operations,
improved batch documentation, and added data integrity and
accessibility. These outcomes underscore CBMS’s viabilityasarobust
solution forbuffer managementinthebiopharmaceuticalindustry.

CONCLUSION

The CBMS standsasatransformative solution that offers effective
buffer preparation in the biopharmaceutical industry. This compre-
hensive discussion highlights the system’s innovative approach,
its proven benefits, and ways around the technical challenges in
its development and implementation.

The CBMShasevolvedasadynamicresponsetothe conventional
buffer tank farmapproach.Itadoptsinline mixing technology and
aseriesof relay tanks to offer the capacity to preparebuffersforan
entire buffer preparation area. The CBMS decouples downstream
processing and buffer preparation, resulting in smaller vessels
and asubstantially reduced cGMP footprint. This shift empowers
the CBMS to deliver substantial savings in capital investment
and operating costs for greenfield projects and the expansion of
existing cGMP facilities.



The success of CBMS implementation is attributed to its
standardized system design, process control strategy,and GAMP
project execution. These elements enable the CBMS to operate
seamlessly, delivering consistentand high-quality buffer solutions
to downstream processing.

The CBMS’seconomicbenefits,improved batch documentation,
and enhanced performance have been demonstrated in various
client projects, providing a compelling economic incentive for
its adoption. The shift of CBMS toward a more automated and
data-centricapproachisalsoaligned with digital transformation
and Industry 4.0 effort in the pharmaceutical industry.

The CBMS represents a leap forward in buffer preparation
technology. Itis poised tobecome anessential elementin the quest
forongoingbioprocessintensificationand operational excellencein
thebiopharmaceuticalindustry. Thus, itinvites further exploration
and consideration as the industry continues to evolve. &
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BUILDING BETTER THERAPIES

with Antibody Engineering

By Amit S. Choudhari, PhD, and Vikal Tripathy, PhD

Antibody engineering has transformed the
development of therapeutic antibodies,
enabling the creation of specific and effective
treatments for a range of diseases. These
antibody-based therapeutics are advancing
in clinical development at a rapid rate and are
being approved in record numbers. Currently,
more than 100 monoclonal antibodies (mAbs)
have been approved for the treatment

of various disease conditions, including
cancers, autoimmune diseases, and chronic
inflammatory diseases. However, traditional
antibody discovery processes have limitations.
Computational approaches have helped
researchers overcome those challenges and
cleared the way for future discoveries of
therapeutic antibodies.

BACKGROUND ON TRADITIONAL ANTIBODY DISCOVERY

Traditional antibody discovery processes like phage, yeast,
and mammalian display technologies are time-consuming,
laborious, and possess severallimitations, suchasidentifying the
specificantibodybindingside (epitope) or obtainingantibodies with
optimal properties. Computationalapproacheshave playedacritical
role in this process, providing researchers with powerful tools to
design and optimize antibodies with improved properties. These
methodsinvolve the use of advanced algorithmsand computational
models to predict and model the behavior of antibodies, allowing
researchers to optimize key features of the antibody structure.
This article provides a description of therapeutic antibodies,
how they are developed, and challenges in the development of
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antibody-based drugs, and discusses the future roadmap for
discovery of therapeutic antibodies.

ANTIBODY: STRUGTURE, FUNCTIONS, AND DIVERSITY

Antibodies, also known as immunoglobulin, are protective/
disease-fighter protein molecules produced by B cells (specialized
immune cells) as a primary immune defense. When pathogens
such as bacteria and viruses invade our body, antibodies attach
to foreign substances (i.e., antigens) on its surface and help our
body togetrid of them. Structurally, antibodies are made up of four
polypeptide chains—twoheavy (H) chainsand twolight (L) chains
joined to form a Y-shaped molecule (see Figure 14).

The entire Y-shaped unit can be divided into two main parts:
thestemoftheY,knownasthe fragment crystallizable (Fc) region,
and the forks of the Y, known as the fragment antigen-binding
(Fab)region. The Fcregionis composed of portions of H-chainand
L-chain, which have constantamino acid sequences thatinteract
withthereceptors presentonthecell surfacetoactivate theimmune
system (i.e., effector function).

The Fabregioniscomposed of the remaining portion of H-and
L-chains that are divided into a constant and a variable region.
Within the H-chainand the L-chain of the Fab variable regionlies
a frequently mutated special amino acid sequence region called
hypervariable or complementarity-determining regions (CDRs)
(seeFigure1B). Thereare six such CDRs. Three of these are present
in the L-chain (CDR-L1, CDR-L2, and CDR-L3) and three in the
H-chain (CDR-H1, CDR-H2, and CDR-H3). These CDRs are critical
forrecognizingspecific configurations (i.e., epitopes, or antigenic
determinants) on the surfaces of antigens and stimulating an
immune response.

Moreover, antibody diversity is generated by the combination
of variableheavy(VH)and variablelight (VL) chainseither through
variable, diverse, and joining regions (V(D)J]), recombination,
or somatic hypermutation [1]. These two mechanisms together
can produce massive antibody diversity (10'2°%) by introducing



Figure 1: Antibody structure and underlining region/domain.
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Figure 2: Approaches for the development of therapeutic antibodies.
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mutations primarily in the CDR regions. Thus, it increases the Approaches for the development of therapeutic antibodies
probability of recognizing an arbitrary foreign antigen. include the following:

= Mousehybridomatechnique: Thismethodbeginsbyimmunizing

APPROACHES TO ANTIBODY DISCOVERY amousewith theantigen (Ag) of interest followed by isolation of

Therapeutic antibodies against specific disease targets are Bcellsproducingantibodies specifictotheantigen. These Bcells
developed in alaboratory by mimicking the biological process of are fused with cancer cells (myeloma) to produce immortal cells
thehumanbody and immune system [2]. The process begins with called hybridomas that persistently secrete antibodies.

the generation of hit moleculesby immunizing the host (animals) = Transgenic mice method: In this method, the mice are genet-
withtheantigen of interest. Some of the methods for hit generation ically engineered to produce human antibodies. The mice are
areshowninFigure 2. immunized with the target molecule and the B cells producing

MAY/JUNE 2024 45



FEATURE ANTIBODY ENGINEERING

Figure 3: Component and approaches for computational antibody discovery.
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Computational approaches to
designing and developing antibody
seqguence and structure are being
increasingly used to complement
traditional lab-based processes.

the desired antibodies are isolated and used to produce the
antibodies.

= Singlecellsortingmethod: Inthistechnique, Bcellsaredirectly
sorted from the human (donor) or an immunized animal and
screened for the ability to produce antibodies that bind to the
antigen molecule. Once a B cell producing a promising anti-
body is identified, its DNA is sequenced and used to produce
the antibodies.

= Phage display method: Also known as surface display method,
this technique involves introducing a library of genetically
engineered bacteriophages (viruses that infect bacteria) into a
sample containing the antigen molecule. The phage that binds
tothetargetisthenisolated and the DNA sequence thatencodes
thebinding peptides is determined.
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Each method hasits own advantages and disadvantages. The
method for developing antibodies is selected based on various
factors, such as the target molecule, the desired specificity and
affinity, and its intended clinical application. In the next phase
of the discovery, the emphasis is on optimizing the properties of
candidate moleculessothatitsucceedsinsubsequent preclinical
and clinical phases. This process is known as lead optimization.

The properties that canbe optimized include binding affinity,
specificity, selectivity, pharmacokinetics, aggregation propensity,
functional activity, and safety. One way of lead optimizationis to
alter the sequences of the antigen-binding regions (CDR regions)
of the antibody to enhance certain properties, such as binding
selectivity and affinity.

Inthisprocess, VLand VH chains of CDRregionsareanalyzed,
often by next-generation sequencing [3], followed by the creation
of variants via mutagenesis or by using synthetic DNA. Through
an iterative variant creation and subsequent screening process,
lead moleculesare selected to move forward in the workflow. These
leadsareusedininvivostudiestobetter understand the dynamic
interactions with thebiological system of interest. This thenresults
inatherapeuticantibody candidate and ends the discovery phase
of the drug development process.

COMPUTATIONAL APPROACHES TO ANTIBODY DISCOVERY

Computational approachesto designingand developing antibody
sequenceand structurearebeingincreasingly used to complement



traditionallab-based processes. The application of computational
biology, artificial intelligence (AI), machine learning (ML), and
deep learning (DL) methods to antibody discovery has rapidly
expanded in recent years to address various challenges in the
field [4, 5]. This includes, butis not limited to, the development of
antibody databases [6], molecular modeling and simulations (7],
and the use of advanced analytics (see Figure 3).

Homology modeling, molecular docking, and molecular
dynamics simulations are commonly used computational biology
approaches to predict the 3D structure of an antibody or antigen,
and predict antigen-antibody binding affinity and stability [8].
Apartfromtheseapproaches,various AI, ML,and DL methodshave
beenimplemented for prediction and optimization of antibodies.
ML and DL algorithms can be trained on the large data sets of
protein sequences, structures, and functions to identify patterns
and predict outcomes, which is crucial for the development of
effective antibodies. Some applications of DL models, such as
convolutional neural networksand generativeadversarial networks,
predictantibodybindersand generate syntheticantibodies [2] with
desired properties and high binding affinity [9].

Onerecentbreakthrough wasthe development of AlphaFold by
the Google company DeepMind. AlphaFoldis providedasanopen
accesstool to the scientificcommunity. Itisa DL-based prediction
toolthat canaccurately predict protein structurebased on multiple
sequence alignments [10].

Becausethe method relies on sequencealignments foraccurate
predictions, AlphaFold has limited usefulness in predicting the
structure of “orphan” proteins, which have limited sequence
information. This limitation is overcome by the development of
largelanguage models(LLMs). One example of an LLM is the protein
language models, which are trained on large datasets of protein
sequencesand structures. Recently, Metalaunched abreakthrough
model called evolutionary scale modeling (ESM). The ESMFold
protein language model harnesses the ESM-2 to learn sufficient
information to enableaccurate, atomic-level predictions of protein
structure directly from the individual sequence of a protein [11].

ProGen and IgLM are other examples of language models
that can generate novel antibody sequences when conditioned on
specificinputs. ProGen is a pre-trained language model that can
be fine-tuned to predict the binding affinity between antibodies
andtheirtargets[12], whereas IgLM istrained to generate synthetic
libraries of variable length antibody sequences [13].

KEY CHALLENGES AND A WAY FORWARD

Despite theimpressive progressintechnologiesapplied toantibody
engineering, developingantibodieswithhighspecificityand binding
affinityremain the challengesthatrequireattention. Inthefuture,
itmaybe useful to include codon optimization to finalize antibody
designs. Codon optimizationisthe process of modifying nucleotide
sequence of genes based on various criteria without altering the
amino acid sequence. Optimization of codon would result in an
improvementin protein expression,aswellasdesigningantibodies
with high specificity, binding affinity, and biological activity.

Anotherimportant outstanding challenge is the de novo loop
modeling of antibody CDRs—in particular, the CDR-H3. This is
partly due to the large number of degrees of freedom that need to
besampled. Although thereisanadvancein DL models for protein
modeling (AlphaFold2, OmegaFold, ESMFold, and Yang-Server)
and antibody modeling (IgFold, and NanoNet), modeling of CDR3
is still a big challenge [14]. As both quantum computing and AI
models advance, optimizing the CDR structure and predicting
amino acid substitution would be possible.

Theintroduction of sophisticated research technologies suchas
next-generationsequencing (NGS) hassignificantlyincreased the
speedandbreadth of research processesforantibody discovery. NGS
provides comprehensive sequence data, enabling theidentification,
optimization, and characterization of antibodies with desired
properties. This has exponentially increased the data volume,
which requires high-compute and high-storage solutions. As
projectsbecome collaborative in nature, it willbecomeincreasingly
critical to safeguard the integrity of data security and continuity
of operations.

The prospective solution for this would be to establish robust
decentralized ecosystemsbased onthe principlesof trusted research
environments (TREs)thatenable datatobejointly analyzed without
sharing all aspects of that data. Nevertheless, TREs would also
provideasecureand controlled environment without compromising
confidentiality [15]. This can allow researchers to work together
more effectively, accelerate the pace of research, and ultimately
lead to the discovery of new antibodies.

CONCLUSION

The use of computational approaches to design antibodies is
increasingand complementingtraditionallab-based processes. ML,
throughembeddingand generativemodelstrained onlargedatasets,
represents a new paradigm shift in this field. Biopharmaceutical
companies that can generate data at scale will have a significant
advantage over others,leadingtoafocus ondigital transformation
effortswithin theindustry. Thiswillinclude data storage, sharing,
and searching,aswellasderiving meaningfulinsightsbylinking
variousdatasets. Ultimately, the successful translation of Al-enabled
antibodies from bench to bedside in record time and at a reduced
cost will be the most accurate measure of success. &
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MANUFAGTURING GONTRO

for Bio-Manufacturing

By Ajay Babu Pazhayattil, PhD, Sarah Jennings, and Catherine Spengler

Advanced therapy medicinal products (ATMPs)
and cell and gene therapies (C&GTs) represent

a promising medical product class that employs
gene therapy, cell therapy, or tissue engineering
to address various diseases and injuries. One
critical aspect of ATMP and C&GT manufacturing
is using cell culture media. With thousands of
ATMPs and C&GTs in clinical trial phases, the
role of cell culture media has become even more
significant to the biopharmaceutical industry.

TMPsand CG&Tsareinnovative therapiesthat can potentially
Aprovide transformative treatments for numerous conditions,

including genetic disorders, neurodegenerative diseases,
cancer, and cardiovascular diseases. To ensure product consistency
and performance of lifesaving therapies, it is necessary to study
critical cell culture media process parametersand theirimpact on
the key culture media attributes.

There were 2,093 ongoing clinical trials globally at the end of
June 2022 (phase 1: 776; phase 2:1,117; phase 3: 200) suggestingthe
upcoming slew of approvals and predictable demand in their
commercialization. By region, North America leads with 808
active clinical trials, Asia Pacific has 640 trials, Europe has
329, and all other regions have the remainder [1]. However, the
developmentand manufacture of ATMPand C&GT products pose
unique challenges, including emerging regulatory frameworks
and complex manufacturing processes.

Cell culture media is crucial for ATMP and CG&T manufac-
turing, ensuring optimal cell growth and function by providing

essential nutrients, growth factors, and other components. The
media quality and composition can directly impact the product’s
characteristics, including yield, purity, and potency.

Therapies that require ex vivo cell expansion rely on cell
culture media as a critical raw material. For example, in the ex
vivo expansion of human mesenchymal stem cells, well-defined
serum-free formulationsare desired to supportefficient production
while maintaining cell properties. Therefore, proper selection
and optimization of cell culture media are vital. By using quality-
controlled, process-optimized mediaformulationsand customized
media, consistency and reproducibility can be maintained. This
ultimately benefits patients by providing safe and effective
therapies. Even with the same specifications, different media
formulations from different suppliers can lead to varied cellular
responses, growth patterns,and experimental outcomes. The choice
ofaculture medium should be based on the specificrequirements
oftheexperimentand the characteristics of the celllinebeing used.

REGULATORY SCENARID

Raw and ancillary materials, like cell culture media used in
manufacturing GMPs, are not explicitly discussed. However,
21 CFR Part 210 (210.3(b)3) touches on components, which these
productswould mostalign to per their definition [2]. Assuch, there
isanexpectation that the media manufacturers will comply with
general GMP sections. Media materials are indirectly regulated
byensuringadherence tostandards outlined in the United States
Pharmacopeia (USP), European Pharmacopoeia (EP), chemistry,
manufacturing, and controls (CMC) guidelines, and voluntary
consensus standards such asISO.

Inthe US, cell culture mediaisclassifiedasanancillary material,
whereasintheEU, itis considered a generalraw materialaccording
to GMP guidelines. In certain cases, device guidelines, such as
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Table 1: USP <1043> Ancillary Materials for Cell, Gene, and Tissue-Engineered Products [4].

Ancillary Materials Risk Tier Typical Use in Cell, Gene, or Tissue- Suggested Qualification or Risk Reduction
Engineered Product Manufacturing Activities

2
Low-risk, well-characterized materials with intended use as
ancillary materials, produced in compliance with GMPs

3

Moderate-risk materials not intended for use as ancillary
materials (frequently produced for in vitro diagnostic use or
reagent-grade materials)

4
High-risk materials

Cell culture medium additive (ex: tissue culture media)

Cell culture medium additives, induction agents, buffer
components (ex: purified chemicals, reagent-grade)

Cell culture medium additive (ex: recombinant growth
factors, cytokines, tissue culture media)

Process biological fluid employed in tissue transport, cell
processing, and purification (ex: process buffers)

Cell culture medium additive (ex: fetal bovine serum [FBS],
animal-derived, including human, extracts)

Refer to USP <1043>

No additional controls recommended

Drug master file (DMF) cross reference, certificate of analysis
(CoA), lot-to-lot effect on process performance, removal from
the final product, stability assessment, functional assay,
vendor audit, GMP manufacturing process, internal specs,
lot-to-lot biocompatibility, cytotoxicity, adventitious agent
testing

Same as 3, plus verify traceability to country of origin,
assure the country of origin is qualified as safe with respect

21 CFRPart820 [3], may apply. Hence, standard cell culture media
manufacturers apply fit-for-purpose (see Figure 1) sterile and
nonsterile GMPrequirements. The USP <1043> Ancillary Materials
for Cell, Gene, and Tissue-Engineered Products [4] compendia
classifies ancillary materials (media), as shown in Table 1 [4].

OVERCOMING RISK TO FINAL PRODUCT

Contamination

Sterility assurance is critical because it can significantly impact
the growth and behavior of cells and ultimately compromise the
outcomes. Contamination by microorganisms such as bacteria,
fungi, and viruses can result in reduced cell viability and pro-
liferation. Precautions such as applying aseptic behaviors and
techniques, maintaining a clean environment, implementing
engineering or procedural controls, and regularly monitoring for
signs of contamination (i.e., contamination control strategies [5])
are also essential during media manufacturing.

The potential to transmit adventitious agents exists with
the culture media. Hence, a risk-based control strategy must be
developed. To facilitate the reduction of viral risks, it is crucial
to establish strong supplier controls and perform assessments
specificallyaimedat clearing or reducing viral risks. Proof of viral
contamination controls are reviewed as part of the regulators’
safety assessment of the finished ATMP. Therefore, it is essential
tounderstand theimpact of cell culture media components when
determining the viral safety profile. Several clearance steps, such
as purification and filtration, may be part of the manufacturing
process. Hence, filter studies with viral spiking are part of process
development.

G0 PHARMACEUTICAL ENGINEERING

to source-relevant animal diseases, including transmissible
spongiform encephalopathy (TSE), adventitious agent testing
for animal source-relevant viruses

Typically, established controls involve the analysis of viral
contaminants performed at different stages under various con-
ditions. Further, adventitious agent testing is required per 9 CFR
Part 113 [6], the EMA’s “Guideline on the Use of Bovine Serum in
the Manufacture of Human Biological Medicinal Products” [7],
and other regulations.

Animal Origin Concerns
The International Conference on Harmonisation of Technical
Requirements For Registration of Pharmaceuticals For Human
Use (ICH) Q5A(R1) guideline describes the viral safety testingand
evaluation of biotechnology products derived from characterized
celllines of human or animal origin (i.e., mammalian, avian, and
insect).Itoutlinesthe datathatshould be submitted. Animal origin
(AO) components may impactbatch-to-batch variability, depending
on the source and processing method, and pose reproducibility
issues, resulting in a lack of product availability. There are also
associated ethical concerns and difficulties in characterization
due to the existence of many proteins and metabolites [8].
Onceidentified, these risks may be systematically addressed.
However, based onthe C&GT developer’srisk mitigation strategy
and criteria,animal origin-free (AOF) mediacanbeanoption. There
needstobetransparencyabout thebasisofan AOF claim. AOF refers
totheabsence of materials derived fromanimal sources, including
humansources, inaproduct or manufacturing process. Hence, the
processing, control, and qualification measuresneed tobe defined
by the supplier. Manufacturers should have a comprehensive
process to support the AO contamination controls, including
ensuring that materials are not secondarily exposed to AO.
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CUSTOMIZED FORMULATIONS FOR CELL CULTURE MEDIA

Choosing the right cell culture media for a specific cell type can
be a daunting task, but it can be made easier with the help of
mediaformulation experts from manufacturers who can provide
customized formulationswhennecessary.Itisimportant toconsider
the compatibility of culture media components with downstream
process materials and assays, such as polymerase chain reaction
(PCR), enzyme-linked immunosorbent assay (ELISA), or flow
cytometry, as they can interfere with the results. For this reason,
adjusting various attributes of the media—such as nutrient and
growth factor concentrations, trace elements, and pH—may be
necessary to achieve the desired outcomes.

Maintaining the culture media at precise pH and osmolality
levelsiscrucial for optimal cellgrowthand function. Manufacturers
implementin-processtesting controlstoensurethesecriticalquality
attributesare maintained. Bufferingagentsand salt concentration
adjustmentsare used tomaintain pHand osmolality ranges when
needed, as fluctuations can cause cell stressand impact outcomes.
Nutrient depletion canalso occur in culture media, reducing cell
growthand function. Stability datais generated to support proper
storage, establish expiration dates, and ensure adequate storage
and monitoring.

MINIMIZING VARIABILITY IN MEDIA MANUFACTURING

Inmanufacturing cell culture media, there canbe variability inthe
composition and quality within and between batches, which can
impact reproducibility. This variability can be caused by several
factors, including the input of raw materials (material); manufac-
turingequipment, change parts,and product contact components
(machine); process parameters (method); storage conditions
(nature); test methods (measurement); and operator-to-operator
differences (human).

To ensure consistent and high-quality cell culture media, it
is essential to understand the sources of variability and develop
arobust control strategy that minimizes both within-batch and
batch-to-batch variations. The total variability can be expressed
as the sum of individual component variations. This may be
mathematically denoted as [9]:

2 — Q2 2 2 2
N total — N material T S equipment +S processes +S test method T ***

— Q2 2
=S inter—batch +S intra—batch
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Figure 2: Media manufacturing process.
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LIQUID MEDIA PROCESSING PARAMETER CONTROLS

Forliquid mediamanufacturing, aseries of operations—including
raw materials and water for injection dispensing, formulation,
filtration, and filling—are executed with their established
parametersandattributesto produce the desired quality of media
product. To control the risk of cross-contamination and ensure
effective cleaning, qualified inline cleaning (clean-in-place) and
sanitization (steam-in-place) processes are to be employed where
appropriate.

Product Sterility

During liquid filling, aseptic practices and gowning procedures
aresstrictly followed, and cleanroom engineering controlssuchas
classified areasand laminar airflow unitsare used. The product’s
sterilityassuranceleveliscontrolled through the operations. Product
sterility can fail if sterilized components (media formulation,
container, and closure) arebrought together under contaminated
conditions. The aseptic processing operation is qualified using a
microbiological growth medium, such as soybean casein digest
medium. Theinitialand routine media-fill program considers the
risk factors for contamination ona productionlineand accurately
assesses the state of process control following the USFDA’s “Sterile
Drug Products Produced by Aseptic Processing — Current Good
Manufacturing Practice” [10].

Process Parameters

The variability in the cell culture media manufacturing process
is a subject for research & development and manufacturing
science, and technology study during process development and

G2 PHARMACEUTICAL ENGINEERING

technology transfer to the manufacturing floor. In particular, the
process parameters foragivenbatch size of media formulationare
examined,including weight, sealintegrity, charging, temperature,
tank volume, fill pump percentage, order of addition, mix time,
impellerspeed, dwelltime, and total production volume. Theimpact
of these parameters on the media quality attributesand the extent
of theimpactisthenevaluated for further optimization. Design of
experiments may be performed where applicable.

Subsequently, qualified recipe-based systems/skid controls
are developed to deliver consistent quality liquid media for the
filtration stage. The formulation tank and filtration equipment
requireaseptic connectionsand qualified filters. Where necessary,
it must be purged, wetted, and tested for filter integrity using
bubble point, diffusive flow, or pressure hold test. Bioburden
reduction, sterility, and contamination controls are achieved
through sterilization of equipment/components, the use of sterile
filters, controlled environments such as a cleanroom or isolator,
validated cleaning and sanitization procedures, and continual
environmentalmonitoringand testing for microbial contamination.

Sterilization

Container closure systems—such asbottles, drums, or bags—are
commonly used for liquid media and are filled using either
automated/semi-automated fillers or manual filling operations.
All equipment and components that contact the product during
the filling process must be sterilized to minimize the risk of
contamination. Aseptictechniquesshouldbeemployedinapplicable
segments of the manufacturing operations, such as component
sterility assurance, filtration, or the filling process. The filling



Figure 3: Life cycle approach to media manufacturing.
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manifolds mustbe wetted and purged where necessary. The auto-
filler parameters may include fill volume, fill speed, time, weight,
temperature, relative humidity, dosator pressure, or inert gas
purging pressure.

Finishing Operations

Finishing operationsaresetupinaseriesafterfilling. Finishing
parameters such as temperature, pressure, torque, speed,
count, weight variation, induction seal power/temperature,
and glue temperature are qualified. The filling assembly setup
parameters for bagsarealso critical. To ensure product quality,
astatistically sound sampling plan and sterile techniques must
be used when sampling for sterility testing, routine in-process
testing (e.g., appearance, conductivity, total organic carbon
[TOC], pH, osmolarity), bioburden, environmental monitoring,
and retention sampling. If intermediate stainless steel storage
tanks or linear low-density polyethylene (LLDPE) tanks are
used, hold times must be established to ensure the product is
stored under appropriate conditions.

POWDER AND GRANULE MEDIA PROGESSING PARAMETER
CONTROLS

Rise in Powder and Granule Media

In the biopharmaceutical industry, the use of powder or gran-
ule media has gained popularity due to its process flexibility
and elimination of excessive liquid culture media storage,
transportation, and handling issues. Dry media has become the
predominant type supplied on alarge scale, accounting for over
90% of media used [11].

- Utility qualification

- Facility qualification

- Equipment qualification
- System qualification

- Process performance qualification

DESIGN

Examples:

- Design review

- Design verification
- Design transfer

- Formulation development
- Process development

QUALIFICATION

The granule media format is a preferred choice among dry
media formats due to its enhanced solubility profile, improved
uniformity, and minimal variability achieved through gran-
ulation technologies. Granulation has allowed cell culture
mediamanufacturers to offera media format that canincrease
downstream ATMPand C&GT processefficiency, safety,and yield,
surpassing the performance of traditional dry media formats.
The operational consistency and reliability of the granule media
format enable ATMP and C&GT developers to expedite product
launches, ultimately benefiting patients.

Powder and Granule Media Process Parameters
Compared to theliquid media manufacturing process discussed
previously, the powder or granule manufacturing processes have
different processing parameters to be controlled, specifically
for milling, blending, and granulation unit operations. The
selectionand design of the mill (e.g., ball mill, Fitz mill), blender
(e.g., ribbon blender, slant cone bender), and granulator are
important elements and depend on the media formulation
specifics. The physiochemical attributes, including particle
size distribution (PSD), can vary widely, leading to challenges
inmediaformulation at scale due to varying flow propertiesand
powder rheology. Therefore, a comprehensive full-scale process
development characterization is necessary.

Milling equipment isemployed for size reduction. For example,
aball mill uses steel grinding balls to grind materials by rotating
a cylinder and causing the balls to fall back onto the material. A
Fitz mill uses a rotor with knives that cut and shear the material
into smaller particles within a feeding chamber.
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Fluid bed granulator parameters

The fluid bed granulator parameters that mustbe fixed or controlled
includeair flow, inlet air temperature, inletair dew point, product
temperature, exhaust air temperature, shake duration, shake
interval, atomization air pressure, spray rate, spray quantity, and
drying temperature. The inlet air temperature and velocity must
be carefully controlled to ensure that the granulation process
occursat the correctrate and that the granules do not become too
large or too small.

The position of the spray nozzle and the optimized spray rate
canensure thatthe granulesare formed evenly and that the trace
materials are distributed uniformly throughout the granules.
The PSD of the granules is assessed. Trial runs are conducted to
avoid granules being too dense or too porous. Finally, the drying
conditionsare optimized toachieve the desired moisture content
of the granules.

Blend process parameters

Blenders, suchasslant coneblenders, can ensure uniform mixing of
granules. Themixingvariations thatoccur duringthe finalblending
process canbereduced through theapplication of control strategies
that are based on well-characterized raw material properties,
robust manufacturing processes, and precise measurement
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systems. The granulesareloadedinto theblendersandareblended
by tumbling as the machine rotates at a fixed speed and time on
arotational axis. The blender’s geometry is symmetricin design,
with distinct hopper-shaped chambers. Sampling locations for
process qualification must consider granule flow dynamics, such
as those recommended in the statistically sound Grouped Area
Variance Estimate (GAVE) method [12].

Blend studies can establish blending process parameters,
including bin fill, order of addition, revolutions per minute, and
time. Operating parametersare finalized during scale-up. Controls
forfilling operationsand discharge operations, suchasdischarge
rate and height, are required due to the potential for variability
introduction. An advantage of granulation technology is that it
can produce granule media containing trace elements.

MANUFACGTURING PROCESS VALIDATION

Manufacturing technology, the manufacturing process steps
(see Figure 2),and formulation type significantly influence howa
media manufacturing process validation approach is developed.
Therefore, adopting the life cycle approach to process validation
is essential, because the approach is based on sound science and
data. The activities fall into three general categories of design,
qualification, and monitoring (see Figure 3).

CONCLUSION

The developmentand commercialization of the cell culture media
manufacturing process requires a life cycle approach [13]. As
such,itisimportant tostudy critical process parametersand their
impact on the key culture media attributes, as well as implement
a control strategy to ensure consistency and performance. The
use and role of cell culture media in biopharmaceuticals are
becomingsignificant,and theavailability of media with consistent
performanceisessential for bringinglifesaving ATMP and C&GT
products to market.

Asthisfield continuestoadvance, itis crucial toremainvigilant
of regulatory changesand implementrobust processesthatensure
thesafetyandefficacy of thefinal product. Thisrequirescollaboration
between stakeholders, including regulatory bodies, researchers,
and manufacturers, to establishbest practicesand standards that
guarantee the quality and safety of cell culture media. Ultimately,
these efforts willhelp toadvance thebiopharmaceuticalindustry
further and improve healthcare outcomes for patients. &
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FEATURE QUALITY RISK MANAGEMENT

JUALITY RIoK MANAGEMENT

for Biopharmaceuticals

By Michael Kuehne

In the dynamic and highly regulated world of
biopharmaceutical manufacturing, maintaining
and ensuring quality is a critical success factor.
An effective quality risk management (QRM)
system is a key component in the overall quality
management infrastructure of biopharmaceutical
organizations. It offers a structured, scientific,
and risk-based approach to decision-making,
addressing potential quality issues during
manufacturing. High performing organizations
effectively implement QRM into overall quality
policies and procedures to enhance and
streamline decision-making.

mplementingarobust QRM systemismore thanjustacompliance

requirement. It fundamentally contributes to the organization’s

commitment to patient safety, product quality,and data integrity.
Arobust QRM system consists of key characteristics with clearly
defined processes that contribute to the system’s success.

REVIEWING THE RISK COMPLIANGE DATA

The following graphical data shows the relative compliance risk
for pharmaceutical manufacturing organizations based on US
Food and Drug Administration (FDA) regulatory activity (see
Figure 1). Monitoring regulatory trends based on actual FDA
activity provides useful insight for evaluating internal quality
management system performance and proactively identifying
areas of opportunity to improve overall compliance. Six major
pharmaceutical regulation subparts are charted with relative
annualactivity increasing significantly from 2016 to 2020. During
that period, the Building and Facilities, Laboratory Controls,
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and Production and Process Controls subparts were the largest
areas, receiving 483 observations during regulatory inspections.

Those areas present increased compliance risk that would
benefit from a formal review, gap analysis, and remediation to
improve overall quality system performance and serveas priorities
for time and resources. Regulatory risk during the COVID-19
pandemicdecreased dramaticallyasthe FDA performed few, ifany,
on-site investigations. However, activity during 2022 represents
renewed on-site investigations with associated regulatory risk.

Figure 2 provides an annual trend of the top cited pharma-
ceutical regulations from 483 observations during regulatory
investigations. Theseregulationsare fromthe subpartsidentifiedin
Figurelandthelargest contributorstopharmaceuticalregulatory
risk. Any effortsto evaluate biopharmaceutical risk should consider
the specific requirements identified in these regulations and
address gapsidentified during formal review and gap analysis as
partofa QRM plan.

A CASE STUDY

This case study concernsamajor biopharmaceutical organization
thatspecializesin producing monoclonal antibodies (mAbs)used
inthetreatment of various autoimmune diseases. As part of their
commitment to quality and regulatory compliance, they have
implemented a robust QRM system.

Challenge

The organization’s production engineers identified a potential
risk in their manufacturing process. The risk was related to
variability in the cell culture phase, which could potentially lead
toinconsistencies in the final product’s efficacy and safety.

Risk Identification
The QRM teaminitiated theriskidentification processusing failure
mode and effects analysis (FMEA) and brainstorming sessions



Figure 1: Data from total Title 21 CFR Part 211 key pharmaceutical subpart citations showing relative compliance risk for pharmaceutical

manufacturing organizations.
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Figure 2: Title 21 CFR Part 211 pharmaceutical citation trends by year showing an annual trend of the top cited pharmaceutical regulations.
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with cross-functional teams. Theyidentified keyrisk factors, such
as pH imbalances, temperature fluctuations, and contamination
risks during the cell culture phase.

Risk Assessment

Using a risk matrix, the team assessed the potential impact and
likelihood of eachidentified risk. They determined that temperature
fluctuations posed the highestrisk due to their highlikelihood and
potential to significantly impact product quality.
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Risk Control

Theorganizationdecided toimplementadditional controlmeasures

to mitigate this risk:

= Enhanced monitoring: Installing advanced temperature moni-
toring systems with automatic alerts for deviations.

= Processimprovement: Optimizing the cell culture processtobe
more robust against minor temperature changes.

= Employee training: Conducting extensive training for staff on
theimportance of maintaining optimal temperature conditions.
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Risk Communication

The QRM team communicated theidentified risks, their potential
impact, and the planned control measures to all relevant stake-
holders, including the manufacturing team, quality assurance
department, and senior management.

Implementation

The proposed measures wereimplemented, and their effectiveness
was closely monitored. Thisincluded regular review meetingsand
updates to the risk management plan.

Outcome

The new control measures led to a significant reduction in
temperature-related variability in the cell culture process. Asa
result, the consistency and quality of the mAbsimproved, leading
to enhanced patient safety and regulatory compliance.

Lessons Learned

The proactiveapproachtoidentifyingand managingacritical risk
in their manufacturing process demonstrated the importance of
adynamicandintegrated QRM system. The casealso highlighted
the need for continuous monitoring and improvement in risk
management practices.

Case Study Conclusion
This case study exemplifies theapplication of astructured QRM pro-
cessinthebiopharmaceuticalindustry.Itillustratesthe importance
of identifying, assessing, controlling, and communicating risks
in a systematic manner to ensure the production of high-quality
biopharmaceutical products.

CHARACTERISTICS OF A BIOPHARMACEUTICAL QRM SYSTEM

Identification of riskisa cross-functional effort thatbeginsinthe
late development stages prior to technology transfer. In the early
stages, researchand development (R&D)is the main contributorin
theriskidentification process, which is facilitated by quality and
manufacturingwhoare participants. Asmanufacturing develops
detailed knowledge of the new process and technology, it provides
a strong perspective on potential issues and risks that may exist
in day-to-day manufacturing. At this time, all teams must
compromise to ensure the final technology and process transfer
meet the strategic goals of launching a new product.

Oncethetechnology transferis complete, manufacturing takes
thelead inmonitoringrisk, along with quality. The manufacturing
team also proposes any potential changes, which arereviewed by
R&D, quality,and, possibly, commercial participants. Performance
metricsare developed jointly between quality and manufacturing
and used to periodically report to cross-functional leaders.

The main characteristics of arobust QRM system for biophar-
maceutical manufacturersareidentified in the following sections.

Risk Identification
Theinitial stepinany QRM systemis theidentification of potential
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risks. It is necessary to understand what could potentially go
wronginthe manufacturing processtomanage and mitigate these
risks effectively. Elevated performance in risk identification is
demonstrated by organizations conducting riskidentification with
input from cross-functional subject matter experts.

This typically involves brainstorming sessions with relevant
stakeholders, analysis of historical data and problem reports,
and reviews of process documentation. Clear guidelines should
be established for what constitutes a risk, and all identified risks
should be documented and maintained in arisk register.

In addition to brainstorming sessions and historical data
analysis, other tools such as FMEA, hazard identification, or
process hazard analysis can be implemented for a systematic
approach. Expert opinions and predictive models can also be
used. Asuccessful processshould alsoinvolve reassessing therisk
landscape periodically and afterany significant changes. Changes
requiringrevalidationareanotable trigger toupdaterisk profiles.

Arobustbiopharmaceutical QRM system recognizes that the
processof riskidentification is continuousand dynamic, adjusting
to changes in procedures, equipment, materials, and the overall
businessenvironment.Italso considersbothinternaland external
sources of risk.

Risk Assessment
After identifying risks, it is crucial to evaluate them in terms of
their potential impact on product quality and the probability of
their occurrence. This allows the company to prioritize its risk
management efforts.

Risk assessment usually involves qualitative or quantitative
methods. Qualitative methods might include rating risks on
a scale from low to high, whereas quantitative methods might
involve statisticalanalysis or simulation. Riskassessmentisabout
creating an informed understanding of the risk and considering
the severity of the impact, the likelihood of occurrence, and the
detectability of the risk. This aids in prioritizing resources and
efforts for risk control.

Theprocessshouldincluderiskrankingorscoringsystemsthat
canobjectively evaluate and compare differentrisks. Detailed risk
maps or matrices can be created to visualize the risk landscape.
Risk assessments should be periodically reviewed and updated,
especially when new information becomes available.

Risk Control

This step involves deciding on and implementing measures
to mitigate the identified risks. Without this step, the risk
management process would beincomplete. Risk controlinvolves
not only mitigating risks but also deciding whether to accept,
transfer, or avoid certain risks. Risk control measures should be
proportional to the significance of the risk.

Riskcontrol couldinvolve anything frommaking changestothe
manufacturing process to training employees in new procedures.
Akey part of this step is documenting the control measures and
monitoring their effectiveness over time. After devising risk



control measures, a pilot test can be conducted for complex or
high-stake measuresto ensure their effectivenessbefore full-scale
implementation. The measures should also be reviewed and
updated regularly,and particularly after any significantincidents.

Communication and Consultation
Effective communication ensures all relevant stakeholders are
aware of the risks and the steps being taken to control them. This
not only fosters a culture of risk awareness, but also ensures risk
management efforts are coordinated across the organization.
Effective communication promotes a shared understanding
of risks, risk management practices, and individual roles and
responsibilitiesin managingrisk. It should involvealllevels of the
organization, as well as external stakeholders when appropriate.
This could involve regular meetings, reports, or automated
notifications. The key is to ensure that the right information
reaches the right people at the right time. The communication
process should be a two-way street, allowing feedback from all
stakeholders. In addition to meetings and reports, knowledge
management systems or collaboration platforms could be used to
facilitate communication. Clear protocols should be established
for escalation of high-priority risks.

Continuous Monitoring and Review
Therisklandscape can change over time, withnewrisks emerging
and old ones disappearing or changing in severity. Continuous
monitoring and review ensure that a QRM system stays relevant
and effective. Incorporating accurate trend data based on regu-
latory activity provides an additional level of input elevating the
effectiveness of risk management activities.
Thiscaninvolveregularriskassessments,audits,and reviews
of risk control measures. Any changes should be documented and
communicated to relevant stakeholders. Monitoring and review
processes shouldinclude therisks themselvesand the effectiveness
of the QRM system, changes in context, and the identification of
emerging risks.

Risk Management Integration

Riskmanagement shouldbeanintegral partof all organizational
processes—notaseparateactivity. Thisensuresrisk considerations
are a part of all decisions, rather than being an afterthought.
Integrating risk management with other business processes
ensuresriskmanagementisproactiveratherthanreactive.Itallows
risks to be addressed before they can cause problems.

This could involve incorporating risk management into
existing process documentation, training employees on risk
management, or establishing a risk management committee.
This could involve the use of integrated management systems or
embeddingriskmanagementintostandard operating procedures.
Cross-functional teams or committees could be established to
oversee the integration. Key performance indicators related to
riskmanagement should be established and monitored. Auditsand
reviews should be scheduled regularly and triggered by significant

changes or incidents. Feedback from these activities should be
used to drive continuous improvement.

Root Cause Analysis
Understanding theroot cause of a problemallows for more effective
risk management. It helps avoid merely treating the symptoms
of a problem, which canlead to recurrence. The goal of root cause
analysisis to prevent recurrence of problems by addressing their
underlying causes, notjust the symptoms. Itallows for more efficient
use of resources and improves process understanding.
Techniquessuchasthe fivewhysand fishbone diagrams,among
others, can be used to identify root causes. Once identified, these
root causes should be addressed in the risk control measures.
When conducting root cause analysis, it is important to ensure
ablame-free environment where all ideas are considered. Tools
suchas Pareto charts could be used to prioritize root causes. Root
cause prioritization may also reference regulatory trends based
on current regulatory activity. Corrective and preventive actions
should be devised to address the root causes.

Data-Driven Decision-Making
Decisionsaboutrisk managementshould bebased ondata, noton
gut feelings orintuition. Thisleads to more objective and effective
decisions. The use of data promotes objectivity, consistency, and
efficiency in decision-making. It also allows for tracking and
demonstrating the performance of the QRM system. An example of
data-driven decision-making used by high-performing organiza-
tions usesavailablenewsletters, visualizations,and trend tracking
regulatory data to provide accurate insights to compliance risk.
This might involve collecting and analyzing data on process
performance, product quality, and the effectiveness of risk control
measures. Decision-makingtoolssuchasdecisiontrees or Bayesian
networkscanalsobeused. Aneffective processshouldincludenotonly
collectionandanalysisof data, butalso datamanagement practices
to ensure data integrity and usability. Advanced data analytics or
artificial intelligence could be used for predictive risk modeling.
Regulatory trendsand currentregulatoryactivityarealsoindicators
providing insight into predictive risks of regulatory audits.

Quality Culture

A strong culture of quality fosters individual accountability,
intrinsic motivation, and proactivebehaviorinmanagingriskand
it ensures risk management is not the responsibility of just the
quality department. Successful organizations building a strong
culture of quality and compliance have notable focusand support
from executive leadership. A successful quality culture can only
succeed with outstanding supportfrom organizational executives.
The “tone at the top” significantly drives the performance and
adherence of the organization to quality principles.

This couldinvolve training, recognition programs, or changes
to organizational structure. It is important to regularly assess
the culture of quality and adjust as needed. Activities to foster
a quality culture could include workshops, training sessions,
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A robust biopharmaceutical QRM
system recognizes that the process

of risk identification is continuous

and dynamic, adjusting to changes in
procedures, equipment, materials, and

the overall business environment.
|

recognitionprograms,and team-buildingactivities. Regularculture
assessments could be conducted through surveys or interviews
and the findings used to inform culture improvementinitiatives.

Flexibility and Adaptability
Astheorganizationanditsexternalenvironment change, the QRM
systemneedstobeabletoadapt. Arigid systemthat cannothandle
change will quickly become ineffective. A flexible and adaptable
QRM system allows the organization to respond effectively to
changes and challenges, turning them into opportunities rather
thanthreats. Ithelps ensure the system’sresilience and long-term
sustainability. Using data-driven metrics and tracking tools
facilitates effective management of quality and compliance risk.
This can involve regular reviews of the QRM system and a
process for making changes to it. Feedback from stakeholders
should be actively sought and incorporated. Scenario analysis or
stress testing could be used to evaluate and improve the system’s
adaptability. Achange management process should be established
tohandlechangesinasystematicand controlled manner. Integral
to a change management process should be the incorporation of
riskassessmentand evaluationrelevanttoany proposed changes.

Compliance with Regulations

Biopharmaceutical companies operate in a heavily regulated
environment. Compliance withregulationsavoidslegal problems
and ensures productsare safe and effective. It also promotes trust
and credibility among stakeholders, and it provides a baseline for
risk management practices.

Compliance canbe ensuredbykeepinguptodatewithregulatory
changes, incorporating these changes into the QRM system,
and regularly auditing for compliance. Regular training should
be provided to keep staff current on regulatory requirements.
Regulatory intelligenceactivities could be conducted toanticipate
and prepare for upcoming changes.

Compliance checks should beintegrated into therisk assess-
mentand review processes. Additionally, compliance reportsand
newsletters summarizing regulatory activity provide valuable
insightintorisksand trendsassociated with regulatory compliance
for life sciences. Further expanding compliance data to broader
time horizons increases insights into longer-term trends and the
value of current trends in a historical perspective.
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Traceability and Documentation

Documentation providesevidence of the QRM system’sfunctioning.
Italsoallowsfortraceability, whichis crucial for root cause analysis
and for demonstrating compliance with regulations. Proper docu-
mentationallowstheteamtopreserveinstitutionalknowledge,learn
from pastexperiences,and demonstrate compliance. Traceability
is crucial for investigating incidents, validating processes, and
ensuring product quality.

Documentationshould be maintained forallrisk management
activities, includingriskidentification, assessment, and control. It
shouldbekeptinaformatthatiseasily accessibleand understand-
able. Traceability can be maintained through unique identifiers
forrisksand control measures,and bylinkingrelated documents.
A document management system could be used to manage and
control documents. The system should support version control,
approval processes, and easy retrieval of documents. Traceability
could be maintained through traceability matrices or dedicated
software systems.

CONCLUSION

An effective QRM system in biopharmaceutical manufacturing
is multifaceted, involving the identification and assessment of
potentialrisks, robust control mechanisms, effective communi-
cation strategies,and regular monitoring and review procedures.
The QRM system should be flexible and adaptable, grounded
in data-driven decision-making, and deeply integrated within
the organization’s culture and processes. The risk management
process, which includes risk identification and mitigation, is a
cross-functional effort requiring participation from R&D, quality,
and manufacturing, with metrics for monitoring and reporting
process effectiveness to cross-functional leaders.

Organizations performing at elevated levels consistently
demonstrate an ability to incorporate risk criteria into daily
operationsusingvarioustools toevaluateriskaccording to product
and patientimpact. Compliance withregulationsand maintaining
detailed traceability and documentation are also of paramount
importance. Althoughimplementing suchacomprehensive system
can be complex, the benefits of ensuring product quality and
safety,and ultimately patient health, are profound. The successful
deployment of QRM necessitatesacontinual commitmenttoeach of
these characteristics, fosteringa culture of quality that permeates
every aspect of the organization. &
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compliance best practices to deliver strategic plans for sustained quality management system
performance aligned with current Quality Management Maturity Model criteria. He is a patent
author for innovation of clean room biological safety cabinets. He has held executive quality
leadership roles in pharmaceutical and biologics organizations from Fortune 50 to startups and
contract manufacturers.
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Frances Zipp Receives 2023 Professional

Achievement Award

Frances (Fran) M. Zipp was awarded the ISPE
Joseph X. Phillips Professional Achievement
Award at the 2023 ISPE Annual Meeting and
Expo. The award is named in honor of Joe
Phillips, longtime supporter of ISPE and a leader
in establishing the Society as an “integrator” of
industry and regulators, both during his years of
service with the FDA and later when he became
International Regulatory Affairs Advisor to ISPE.

ran is President and CEO of Lachman Consultant Services,

Inc., which provides compliance, regulatory, and technical

consulting services to global pharmaceutical and related
industries, delivering strategic guidance and direction toward
implementation of effective solutions to client needs across the
biopharmaceutical network.

Franhasassisted and counseled senior-level managementina
broadvariety of areasinvolving corporate governance, compliance
enhancement, 483 and Warning Letter responses and corrective
actions, drug shortages, regulatory strategies, and compliance-
policy-related matters. Franhasbeen part of the biopharmaceutical
industry for over 40 yearsinboth pharmaceutical manufacturing
and consulting.

“As alongtime member of ISPE and former ISPE Board Chair,
Fran’s contributions to ISPE over the years have been remarkable
and she’sbeendirectly responsible for multiple initiatives in ISPE,”
said Thomas Hartman, ISPE President and CEO. “Sheis one of the
founding members of the ISPE Women in Pharma® international
program. Fran also provided her leadership in the ISPE Drug
Shortages Initiative and the ISPE Metrics Program.”

“Fran inspired the ISPE International Board to invest in
the workforce of the future,” Hartman said, “and through the
DAF-ACT enabled ISPE to play a key role in the COVID-19 industry
response and positioned ISPE for opportunities of this type with
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From left to right, ISPE Board of Directors Inmediate Past Chair Michael L.
Rutherford, Frances Zipp, and current ISPE Board Chair Scott W. Billman.

the government in the future. She has been instrumental in the
development of the Board Advisor program and ISPE Foundation.
She has been generous with her time to ISPE programs over the
years and these accomplishments demonstrate unprecedented
ambassadorship.”

Inadditiontotheseactivities, Franhasbeenaregular presenter
or moderator at many ISPE conference events, volunteered her
company’s time for GMP and data integrity training, has served
as an expert panelist or facilitator on multiple regulatory driven
events and webinars, and served as a reviewer for many ISPE
guidance documents.

ISPE staff talked to Franabouther career and what ISPE means
toher.

WHAT WAS YOUR FIRST JOB OUT OF COLLEGE?

Istarted outinalaboratoryinaquality controldepartment of Ciba
pharmaceuticals.Ionlyapplied for thejoband accepted the position
because of the location of the firm—it was close to my favorite
mall where [ held a part-time job. My first line supervisor was an
inspirational leader and he relayed to his team that we were an
importantelementinavailing drugsto patients.Iwas conducting
the now extinct United States Pharmacopeia heavy metal testing
on raw materials—not exactly glamourous or cutting edge—but
weknew ourrole wasimportantand we treated our tasks with the
utmost integrity and respect.

I would drive home from work every day convinced [ was
making a difference and that I had the best job in the world. We
wouldhaveweekly team meetingsin the contentuniformitylaband



our supervisor would explain how our work connected to patients.
Iwashooked. My minimum wage job was helping patients, it was
the mostimportant task I could do, and the pharma industry was
giving me thisamazing opportunity.Inever forgot thatand to this
day,Iam thankful every day that I had that experience.

AsIlook back after 40 years, I think it was my passion for
learningasmuchasIcouldabout thiswonderfulindustryand the
many opportunities I was offered, and also pushed to be offered,
thatallowed my career to spanacross departments, technologies,
and geographies within the biopharmaceutical industry.

TELL US ABOUT YOUR CURRENT ROLE AND WHAT YOU DO.

Once again, I have to start with how thankful I am for the role in
which I currently serve the industry and my team. Asnoted, Iam
the President and CEO of Lachman, and in this role, I have the
opportunity tosupportand interact withanamazing teamacross
the globe, all of whom share that same conviction I have carried
with me since I was in my twenties: working within the pharma
industry isa privilege and that industry makes a real difference.
Our team has, over 40 years, proactively partnered with the
industry to help our clients achieve product and quality system
excellence, enhance technologies, implement efficient and
effective processes and systems, and understand regulatory
challenges and opportunities. We never lose sight of why we do
this: Our clients are serving patients. At some point in our lives,
we all are patients or support loved ones who are. What could be
more personal orimportant? Our value proposition sums it up: “We
deliver high-value consulting, enabling clients toachieve product
and quality system excellence for the patients that they serve.”

WHAT DO YOU ENJOY MOST ABOUT YOUR WORK?

Everydaylamhumbledandinspired by theknowledge, drive,and
commitment of our industry.Ihavelearned so much from pharma
colleagues, industry groups, regulators, and my team. I still end
my workday, now not driving a short distance, but often running
throughanairport, thinking “I'have the best job in the world.” So,
answering what Ienjoy mostisatough question.IthinkwhatIam
most proud of, as I enjoy every aspect of providing support, often
in times of industry or client-specific challenges, is that I know
my team of industry and regulatory professionals and subject
matter experts shares my passion and commitment to excellence
inall services we provide. We know we must be proactive, remain
current on all aspects of our industry, give back to our industry
by mentoring and participating in industry forums, and, most
important, act with the urgency and integrity, which are the
cornerstones of the pharma industry.

TELL US ABOUT A PROJECT YOU'RE PROUD OF OR ENJOYED
WORKING ON.

Onefocusof ourteam thatIpersonally feel energized by involves our
workoneducating onandhelpingimplement practical solutionsand
controlsintheareasof dataintegrity,datagovernance,andartificial
intelligence-drivensolutionsin qualityand manufacturing. There

are somany opportunities for ourindustry, especially in controlled
and efficient use of cutting-edge technologies, to transform the way
ourindustry works—notonly in manufacturing, development,and
distribution, butinlaboratory and quality assurance activities.

Robustandtargeted regulatory compliant data, and the speed
of decision-makingbased onthisdata, supports the timely delivery
of quality products to patients. We allare aware of the shortage on
a global basis of critical medicines. Helping firms that are clearly
dedicated to addressing this crisis by partnering with them on
advanced solutions in a sustainably complaint manner is, well,
thrilling and a personal mandate.

WHAT DO YOU SEE NEXT FOR YOUR AREA IN THE
PHARMAGEUTICAL INDUSTRY?

With therate of changeinscienceand innovationin ourindustry,
itis paramount that companieslike ours [Lachman]area guiding
partner and leader for our clients. The world of pharmaceutical
innovationisborderless, with more and more collaboration between
regulators around the globe, and more access to technology
that drives new treatments and therapies. Groups such as ISPE
provide excellent forums for collaboration within our industry
and continued participation is critical. Our focus, as an industry
and industry partners, onbeing proud of what we do will continue
to drive our success.

WHAT ADVIGE WOULD YOU GIVE EMERGING LEADERS IN THE
PHARMAGEUTICAL INDUSTRY?

Be proud of what you do and approach your job with the highest
level of integrity and commitment. Network, push yourself, never
stop learning, be humble in the face of the accomplishments of
our industry, and be grateful that you can contribute and make a
difference. This difference not only helps othersbutwillalso guide
you through your career.

WHAT HAVE YOU ENJOYED ABOUT BEING A MEMBER OF ISPE?

Thereisreallynot one program or project that Thave enjoyed more
than another. It is the people and resources I have encountered
over my career. I always say, everything about work is personal,
and ISPE is very personal to me. I grew up in ISPE and would not
have had the opportunities Iwasafforded without the dedication of
somany people, the great programs, education, and partnerships.
L hope to continue to grow old (older?) with ISPE and continue
learning. Iwelcome any opportunities to give back and I value all
my interactions.

ABOUT THE ISPE INTERNATIONAL HONOR AWARDS

Award categories include the Max Seales Yonker Member of
the Year, Richard B. Purdy Distinguished Achievement, Joseph
X. Phillips Professional Achievement, Affiliate and Chapter
Excellence, Committee of the Year, and Company of the Year.
For more information and to nominate a colleague, Affiliate,
Chapter, committee, or company visit ispe.org/membership/
international-honor-awards &
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Laura-Ann Chin has more
than 12 years of inter-

national and domestic
contract and hands-on process engineering experience in the
designand construction of current GMPfacilitiesin the US, Europe,
and Asia. She specializes in single-use solutions and modular
technologies for scale-up, scale-out, and technology transfer in
maximizing the performance of advanced therapy medicinal
products, biotech, and bulk pharmaceutical facilities.

Aleader in the engineering design process, Laura-Ann is
currently the Director of Life Sciences at Barry-Wehmiller
Design Group and her enthusiasm for the industry grows
with every project she oversees. “My role is to essentially
marry business development with the technical side of project
execution. I thriveinanintellectually stimulating environment
and am motivated when I get to solve engineering design
challenges on a daily basis.”

“As a process engineer at heart, I am constantly driven to ask
the right questions to ensure each design is fully vetted. Ilike the
factthatnosingle projectisidentical, thingsarealways changing,
and I get to work with many different clients to build world-class
manufacturing facilities that improve the quality of human life
and produce lifesaving therapies.”

“IThad the honor of leading the process engineering design for
Merck’s Keytruda pilot facility, whichisadrugthathashadahigh
success rate when coupled with chemotherapy to treat non-small
celllung cancer. To hear firsthand success stories from people with
advanced-stagelung cancerthathavebeentreated with Keytruda
and have been able to have a second chance at life because of this
drug, tobe able to work with the very scientists thathave been the
drivers behind this lifesaving therapy, is an honor. As a cancer
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survivor, I know what it means to be given a second chance at life
and I don’t ever take that for granted. To be a part of the effort
that leads to a final drug product that can cure and save lives is
something I'm so proud of.”

Laura-Ann extends her enthusiasm and energy to her vol-
unteer work with ISPE. In addition to serving as co-chair of
the Biotechnology Community of Practice (CoP) Steering
Committee and being a member of the ISPE Biotechnology
Conference International Program Committee, where she serves
as an Education Track Leader, she is very involved with the
Delaware Valley Chapter.

Since joining ISPE in 2015, she has served as the Chapter’s
Executive Vice President, Treasurer, Membership,and Emerging
Leader chair. “One of the biggest benefits thatI get from being
on the CoP steering committee, as a Delaware Valley Chapter
board member, or on a conference committee, is that it’s an
extension of my passion beyond the workplace. I get to tap
into a global talent pool of like-minded and highly driven
individuals who are just so intentional about improving the
quality of human life.”

“Thave met some really awesome individuals through the CoP
and Delaware Valley Chapter, ones that Ilook forward to seeing at
conferences, or locally, ones that I trust and know I want to work
with. It’s an excellent community. You cannot build your network
overnight. You build it over years of relationship building. That
only comes through intentionally showing up at meetings or
conferences—that’s how you get to know people. I've been very
fortunate to meet some really wonderful individuals who I have
become lifelong friends with.”

— Marcy Sanford, ISPE Publications Coordinator




Glenn Lawrence’s first

position at Merck & Co. was
asashiftengineerforalarge
factory in Rahway, New Jersey. It was a great learning ground for
chemical processingand automation. Glenn wasin operations when
he was asked to join the engineering department, where he did
plant design for active pharmaceutical ingredients and vaccines.
He was then asked to take over the engineering department’s
process safety role, where he assisted Merck sites around the
world in the design and installation of containment exposure
engineering controls for potent compounds. At the same time,
he joined the ISPE Containment Community of Practice (CoP) to
increase his containment knowledge and expand his network of
subject matter experts.

Glenn saysthat one of the most meaningful projects he worked
onduringhis37yearsat Merck & Co.was during the AIDS epidemic.
“Atthe height of the AIDS epidemic, Merck developed anantiviral
therapy that prevented the HIV virus from replicating itself.
Getting the drug to market became the number one objective for
the company.”

Glenn was selected tolead the process design for the manu-
facturing facility. “My team worked with the chemical research
team duringearly clinical and technical trials tolay out how the
plant would be designed, allowing the design teams to move
quickly as soon as the clinical trials data showed that the drug
was effective.”

Merck & Co. held meetings with AIDS activists to assure them
that the company was working as fast as it could to get the drug
to market. Glenn says that the activists explained that every day
the drug was delayed, was the equivalent of a Boeing 747 full of
people crashing.

Merck & Co. started sourcing the drug out of their pilot plants
for compassionate need, though the supply was not nearly enough

GLENN LAWRENGE, PE, GPIP

GONTAINMENT COMMUNITY OF PRACTICE CHAIR

tomeettheneed. Once construction of the manufacturing factories
was complete, the team did not have enough people to complete
the commissioning, qualification, and startup and validation in
a timely manner due to the size and complexity of the facilities.
To help resolve this issue, Merck & Co. management sent anyone
at corporate headquarters who had an engineering degree or
manufacturing experience to help with the startup of the facility.
“Itwasaprojectthat wasvery complicated, very highlevel, and one
that changed and saved the lives of many AIDS patients. It was a
mission rather than a project.”

Duringhistenureat Merck, Glennheld avariety of critical roles
and gained technical expertisein vaccine processing, therapeutic
protein processing, chemical processing, sterile supply facilities,and
cleanutilities. He developed extensive knowledge in the designand
execution of modular process equipment, single-use bioprocessing
equipment, certified clean-in-place, sterilize-in-place, clean
rooms, and process safety.

After retiring, Glenn joined a consulting firm and worked on
projects for the Bill & Melinda Gates Foundation, the National
Institutes of Health,andlarge and small pharmaceutical companies,
includingMerck&Co. Sinceleaving the consulting firm, he continues
to volunteer with ISPE, serves on his university’s Chemical
Engineering External Advisory Committee, and is spending more
time with his family and honing his saxophone playing skills.

A member of ISPE since 2009, in addition to servingas chair of
the Containment CoP, Glenn was co-chair of the ISPE Good Practice
Guide: Containment for Potent Compoundsand ateam member of the
ISPE Good Practice Guide: Good Engineering Practice (Second Edition)
and the ISPE Baseline® Guide: Commissioning and Qualification (Second
Edition). Heis also active in the ISPE Delaware Valley Chapter.

— Marcy Sanford, ISPE Publications Coordinator
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Key Findings from the 2023
C&Q Baseline® Guide Survey

By the Commissioning and Qualification Community

of Practice Steering Committee

The ISPE Baseline® Guide Volume 5:
Commissioning and Qualification (Second
Edition) framework has gained significant
attention, use, and adoption since the
publication of the 2019 update. This article
presents the key findings from the 2023
survey and shows the necessity for a new,
more focused survey.

n 2023, a survey was sent to ISPE members to determine the

adoptionrate of thefundamentals described in the guide. Those

survey results offer insights to the guide’s implementation
across various organizations. A new survey would accurately
gauge the actual adoption rates and understanding of quality
riskmanagement (QRM)based commissioning and qualification
(C&Q)implementation.

KEY FINDINGS FROM THE 2023 SURVEY

Awareness of the 2019 Update

The survey revealed that a substantial 85% of respondents were
aware of the 2019 update to the guide. Thisindicatesahighlevel of
general awarenessin the professional community about thelatest
developmentsin adoption of QRM-based C&Q.

Transition to Risk-Based Approaches

Approximately 68% of respondents indicated plans to transition
from the traditional impact-assessment-based V-model to the
risk-based approach. This shift signifiesa growing recognition of
thebenefits of amore focused and flexible risk-oriented framework
onwhichtoapply projectmanagementandensurequalityassurance.

Implementation of QRM-Based C&Q

Most respondents are adopting QRM-based C&Q to align with
current industry best practices. This trend is driven by corporate
initiatives, speed to market, and regulatory expectation.

Knowledge Gaps in C&Q Baseline® Guide

Fundamentals
Despite respondents’ awareness of the C&Q guide, there’s a
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general lack of understanding of the guide’s fundamental
principlesintheapplication of QRM-based C&Q.Key gapsinclude
continued use of the unsupported, non-risk-based V-model; how
riskassessmentsare implemented to inform the manufacturing
process control strategy; how risk is mitigated through the
addition of controls; the role of quality in an integrated C&Q
process; and the identification and documentation of critical
process parameters (CPPs) in relation to product and process
and individual systems.

Variable Definitions of Risk-Based Approaches
Thedefinition of arisk-based approach varied amongrespondents.
Many believe they are using a true risk-based approach when,
in fact, they have merely modified past practices and guidance
without fully integrating QRM principles. There is an apparent
lack of understanding that the application of QRM isa prospective
approach to apply quality by design to the design development
process so that robust CPP control is optimized.

C&Q Costs Knowledge Gap

There’sanotablelack of understanding regarding the costs of C&Q
relative tototalinstalled with equipmentand systemsverified as fit
forintended purpose/qualified or total capital project costs, which
include performance qualification/process validation (PQ/PV).

Underuse of Good Engineering Practices (GEPs)
The survey indicated a limited application of GEPs and a limited
understanding of the concept of an engineering quality program
needed to support the use of commissioning testing and docu-
mentation to support qualification. Fundamentally, GEPs deliver
documented evidence such that installation and operation meet
requirements.

Benefits of Implementing QRM-Based

Integrated C&Q

For thosewhohaveimplemented QRM-based integrated C&Q, sev-
eral optimized methods have led to reductionsin cost and time.
Theseincludeoverallprocessriskassessments, criticalaspects(CAs)
and critical design elementsidentified through systemrisk assess-
ment (SRA), designreviewunder GEPs providing design qualification
asadeliverable, and focused quality reviews and approvals.



DELIVERABLE EXAMPLES

Did you know that there are a series of examples available as
companion content with the C&Q Baseline® Guide? Use these to
youradvantage. Examplesinclude userrequirement specification
(URS), SRA, design qualification, and acceptance and release
coveringsingle-usebioreactor, primary packaging (tablet blister),
and secondary packaging (blisters).

2024 SURVEY

Given these findings, it is evident that although ISPE members
are aware of the 2019 C&Q Baseline® Guide update, they have
a significant gap in understanding and proper implementation.
The current survey highlights several misconceptionsandincon-
sistencies in the application of C&Q Baseline® Guide principles,
especially regarding risk-based approaches and the integration
of QRM in C&Q processes.

A new ISPE survey is accessible now via the QR code with
the goal of more accurately reflecting industry understanding,
adoption, and use of the C&Q Baseline® Guide. We very much
appreciate your contribution to this survey, which willaid in our
ability to provide additional content, training, and guidance to
better equip industry to optimize C&Q and the overall project
delivery process. &

A new ISPE survey is accessible

now via the QR code with the goal

of more accurately reflecting industry
understanding, adoption, and use of
the C&Q Baseline® Guide.

Scan this QR code
to take the survey.

2024 ISPE

MEETING
& EXPO

13 - 16 October 2024
Orlando, FL, USA and Virtual

Learn More and Register at ISPE.org/AM24

MAY/JUNE 2024 &7



PEOPLE + EVENTS

New Guides Expand ATMP Knowledge

The ISPE Guide: Advanced Therapy Medicinal
Products — Allogeneic Cell Therapy and the ISPE
Guide: Advanced Therapy Medicinal Products

— Recombinant AAV Comparability and Lifecyle
Management were published earlier this year.
These guides add to ISPE’s library of knowledge
in the growing and ever-evolving advanced
therapy medicinal products (ATMPs) field.

ALLOGENEIC GELL THERAPY

& 1sPE
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Hedicinal Prodicts (ATMPE)
Allogenelc Cell Therapy

ATMP therapies include cells,
engineered tissues, or the
manipulation of the patient’s
genome. Autologous cells are
derived from a patient and
returned to the same patient
after in vitro manipulation. In
allogeneic therapy, cells are
collected from a donor. Then,
aftercellexpansionand possible
cellmanipulation, the final cell
therapy can be used to treat

many patients.

The ISPE Guide: ATMPs - Allogeneic Cell Therapy was writtenand
reviewedbyateam of industry expertsled by Komal Hatti, Director,
Process Architect, IPS; Ian Moy, Senior Project Manager, Catalent
Pharma Solutions;and Erik Steffensen, Managing Partner, Spot-on
Pharma Consulting. This guide focuses primarily on allogeneic
cell therapies, specifically manufacturing facility development
and design.

“For allogeneic cell therapies, the cells are the product,”
said Steffensen. “This requires special considerations when
designing the manufacturing process and the facility. In 2021,
ISPE published the ISPE Guide: ATMPs - Autologous Cell Therapy.
However, industry hasbeenlacking guidance for allogeneic cell
therapies where collected donor cellsare modified and multiplied
suchthatamanufacturedbatch canbe used for many patients.”

Allogeneic cell therapies have unique challenges due to the
small manufacturing scale, limitations in scale-up, the need to
manufacture multiple lots of products concurrently,and the need
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for flexibility to accommodate a varied and developing product
portfolio. “This guide covers common challenges with allogeneic
cell therapy facilities, design concepts specific to allogeneic
cell therapy facilities, and GMP layout and architectural design
development,” said Moy.

“This new guide builds on 30 years of manufacturing
experience within recombinant proteins and antibodies while
providing additional guidance for cell therapy specific issues,”
added Moy. “This guide provides valuableinsightintobest practices
for the design, establishment, and operation of allogeneic cell
therapy facilities.”

Althoughthisguidefocusesonallogeneic cell therapies to the
greatestextent possible, theauthorsrecognizeasignificantamount
of contentisapplicabletoother types of ATMPs, particularlyaround
regulatory compliance, technology transfer, utilities, HVAC, and
supply chain.

Hatti said the authoring team paid special attention to these
topicswhileresearchingand writing, “Byincreasing the knowledge
base for manufacture of allogeneic cell therapies, this guide takes
the industry closer to making cell therapies more affordable and
thereby widens the patient base. The content and structure of the
guideareorganized toreflect similaritiesand highlight differences
betweenautologousand allogeneic processesand facilities design.”

RECOMBINANT AAV COMPARABILITY AND LIFEGYLE MANAGEMENT

Comparability of an ATMP product is another area with little
industry guidance. As gene therapy productsrace toward clinicand
commerciallaunch, sponsor companiesare faced with significant
hurdles posed by evolving manufacturing platforms, process

& 1sPE

improvementsacross multiple
stages of development, and a

Advanced Thersgny rapidly growing tool kit for

Medicinal Products (ATMPE) he characterization of viral
Recombinant AAV Comparability the characterization of vira
and Lifecycle Management vectors. Taken together, this

createsacomplexlandscape for
demonstrating comparability
driven by process changes.
Written and reviewed by
industryexpertsled by George
Todorov, Senior Process
Technologist, IPS-Integrated

ProjectServicesLLC,and Lucile



Bessueille, Regional Head, Audit & Inspection, F. Hoffmann-LaRoche
AG, the ISPE Guide: ATMPs - Recombinant AAV Comparability and
Lifecyle Management provides guidanceinthisever-changingarea.

“Drawingonateam of industry experts with global experience,
the guide provides current understanding and best practices
on recombinant adeno-associated virus (rAAV) comparability
exercises, offering manufacturers a standardized approach for
developing processand product comparability strategies. It provides
considerations for evaluating rA AV vector products comparability
pre-and post-change to the manufacturing process and proposes
strategiestoaddresstheunique challengesposed by thisnewclass
of products,” said Todorov.

Bessueilleadds, “Theinformation shared in this guide enables
thereadertobetter manage rAAV comparability,and plan for the
safeand effective delivery of revolutionary medicines throughout
the productlife cycle.It providesaplaybook to help drug developers
assess the need for comparability studiesand design and execute
studies to successfully demonstrate rA AV product comparability
pre- and post-change.”

Afterreading this guide, the reader will understand:

= HowtoaddressrAAV comparability challenges

* Recommendationswhendesigningananalytical comparability
strategy for rA AV vector products

= CurrentunderstandingandbestpracticesonrAAV comparability
exercises

= Astandardized approach to develop process and product com-
parability strategies

In addition, the guide presents three realistic case studies for
changeslikely tobe encountered duringarAAV product’slife
cycle. They cover various phases (preclinical, clinical, and
commercial), detailing changes, how to assess them, what
kind of development and characterization data should be
generated, how the data informs the comparability protocol,
and what additional considerations should be included in the
comparability protocol.

For information about ISPE Guidance Documents, visit ispe.
org/publications/guidance-documents &

Join us at the

Annual ISPE Foundation

Golf Tournament
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Pharma 4.0™ Plug and Produce Working
Group Publishes Concept Papers

By Marcy Sanford

One of the primary technical objectives of the
ISPE Pharma 4.0™ Plug and Produce Working
Group is to assist the Pharma 4.0™ digital
transformation by enabling seamless integration
and interoperability between all systems
components and operational technology to
advance the overall digital maturity toward
predictive and adaptable operations.

o that end, the group recently published two new concept

papersauthored byadiverse group of subject matter expertsin

the field. Each paper builds on a concept presented in the ISPE
Baseline® Guide Volume 8: Pharma 4.0™ and presents a real-world
test case scenario.

“Thepapersaretheresultofaligned Pharma4.0™architectural
and connectivity concepts that were road tested in actual multi-
vendor equipment implementations to demonstrate horizontal
and vertical integration for plug and produce in the life science
industry,” said Pharma 4.0™ Community of Practice Co-Chair
Wolfgang Winter, Director at Agilent Technologies Deutschland
GmbH. “The ‘road testing’ happened in a combination of ‘Plugfests’
and proof-of-concept, or pilot installation, in collaboration with
selected pharmaceutical manufacturing sites.”

IT/0T ARCHITECTURES FOR PRESCRIPTIVE MAINTENANCE

The concept paper Pharma 4.0 - Towards IT/OT Architectures for
Prescriptive Maintenanceidentifiesthe principlesthatanarchitecture
shouldincorporate to move toward plug and produce capability. It
isdesignedtohelp thereaderunderstand theimportance of those
principles and apply them in the context of their unique starting
position on their journey to realize Pharma 4.0™.
“Wearenottryingto define anewindustry standard in this
concept paper—instead, we present concepts thatare informed
and take in existing, relevant approaches, technologies, and
standards where applicable,” said Josef Trapl, co-author of the
paper and Managing Director at Memo3 GmbH. “In the paper,
the implementation of the predictive maintenance use case
ata CMO [contract manufacturing organization], operating a
60 L pilot-scalereactor under GxP, demonstrated the feasibility
of using smart sensor data for prescriptive condition-based
monitoring of equipment that is outside of the typical system
constraints in the old ISA-95 automation pyramid. The paper
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successfully leverages the NAMUR Open Architecture, but
also reveals certain gaps in the existing approach. The team
therefore explored the Industry 4.0 concept of modeling and
transporting maintenance-relevant metadata through the use
of the asset administration shell.”

INFORMATION MODEL CONGEPT ON OPC UA FOR ALARMS
AND AUDIT TRAILS

Plugandplayingeneral describesapiece of equipment thatisready
touse upon connecting to a computer without any configuration,
like a home printer. Plug and produce has the same vision for
manufacturing and aims to enable straightforward integration
of new production equipment or a device to substitute or adapt
assembly line parts.

Concepts like OPC Unified Architecture (UA) and Modular
Type Package (MTP)are the groundwork for the standardization
of interfaces and data formats for shop floor manufacturing
equipment to enable plug and produce. However, current
standards focus either on technical integration concepts or
information structures.

Technical integration, information structure, and
biopharmaceutical-specific elements and documentation need
tobein placeto fully realize plug and produce. The concept paper
Process Events for the Life Science Industry-Information Model
Concept on OPC UA for Alarms and Audit Trails proves that a
standard model within OPC UA Alarms and Conditions (OPC UA
Part9)canbeleveraged torealize plugand produce for exchanging
pharmaceuticalalarmsandaudit trailsbetween OT manufacturing
equipmentand orchestration platformsorITserviceslikeelectronic
batch record or historian.

“We are extremely excited to see this work come to fruition
and are extremely proud of the team’s accomplishments to
make this happen,” said Winter. “With these released, we are
ready to tackle the next Plug and Produce concepts and POCs
on our roadmap.”

Other concept papers from the ISPE Pharma 4.0™ Plug and
Produce Working Group include Connectivity between Shopfloor &
Manufacturing Operations Management Systems with OPC UA - A
Tangible Step Toward Plug & Produce and A Simplified Integration
of Qualified Laboratory Devices with the Asset Administration Shell
as the Digital Twin.

Access to concept and discussion papers is an ISPE member
benefit. Papers can be downloaded at ispe.org/publications/
papers &
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2024 ISPE Biotechnology Conference Q&A

By Phillip R. Smith, PhD

The 2024 ISPE Biotechnology Conference will
be held 17-18 June in Boston, Massachusetts,
and virtually. Phillip R. Smith is the conference’s
Planning Chair. He shares what attendees can
expect at the upcoming conference.

WHAT ARE THE TOP THREE REASONS YOU WOULD TELL SOMEONE
THEY SHOULD ATTEND THIS CONFERENGE?

The ISPE Biotechnology Conference is known for its very strong
technical program;the track topicsand individual talksare highly
relevant to today’s biotech industry needs. The conference also
provides a unique opportunity to network with industry leaders
and peers and the exhibit hallis an excellent showcase of a broad
variety of new and important technologies and service offerings
thatare applicable across the industry.

WHAT ARE YOU MOST LOOKING FORWARD T0?

Iamreally looking forward to the keynote addresses. With topics
spanning healthcare access, global supply chain strategy, nano-
technology and mRNA, digital twins, and more, the keynotes
promisetobeexcitingandrelevant. 'm particularly excited for talks
addressing hot topics in the industry such as digital technology
transfer and advanced manufacturing technologies.

ANY ADVIGE FOR SOMEONE TO MAKE THE MOST OUT OF THE
CONFERENGE?

My advice is to read the program in advance, plan out the talks
and exhibition booths you will attend, and come prepared with
questions. This will enable you to extract the most value for you
and your company while contributing to the conference.

WHY D0 YOU THINK PROFESSIONAL DEVELOPMENT IS
IMPORTANT?

Weworkinafast-pacedandrapidly evolvingindustry. Technologies
arechangingfrequently,including newand advanced therapeutic
modalities, manufacturing equipment and facilities, digital
strategies, and quality and regulatory requirements. Focused
professional development, such as that available at the 2024 ISPE
Biotechnology Conference, enables one to stay abreast of these
and other emerging trends. The conference is a key opportunity

to develop in each of these areas, and, in addition, network with
theindustry’s best.

WHY DID YOU ACCEPT THE INVITATION TO BE CONFERENCE
CHAIR?

Taccepted theinvitation tobe the conference chair forafewreasons.
Ibelievein the potential of the conference tobe a driving force in
theindustry tobring forward and sharenewideasand technologies,
andIamhonored tobeapartof that. Additionally, the conference
providesanopportunity for Emerging Leadersto participate—they
arethefuture of thebiotechindustry.Ilook forward to seeing their
contributions. Finally, this conference brings together leaders,
experts, and practitioners from biotech companies, academia,
technology and service providers, and regulatory agencies. This
productive dialogue is critical to the advancement of the biotech
industry,and [ am excited to see it happen in June in Boston!

WHY DO YOU ENJOY BEING A MEMBER OF ISPE?

The ISPE organization has an amazing array of opportunities
for engineers across the biotech industry to leverage, from
Communities of Practice to technical reports and guidelines
and conferences and workshops. I value my past and present
interactions with members of ISPE. They are among the best and
brightest in the industry. I am honored to be a part of such an
organization that is focused on guiding the biotech industry in
bringing new and critically important medicines to patients in
need while providing opportunities for professional development
and fostering a collaborative environment. &

About the author

Phillip R. Smith, PhD, is the Director of Process Technology in the 6SK Biopharm R&D Clinical
Manufacturing Pilot Plant in King of Prussia, PA. He leads a team of scientists who conduct
technology transfer, facility fit, scale-up, and troubleshooting activities for drug substance
manufacturing processes. Other responsibilities include authoring of regulatory
submissions and industrialization of new processing technologies. Previous roles include
late-phase process development, characterization, and control strategy development for
downstream unit operations in 6SK Biopharm R&D, and early-phase downstream process
development and technology transfer at Bristol Myers Squibb. Phillip is also a leader in
quality by design practice within 6SK and a member of the Biopharm Sustainability team.
He regularly presents at industry conferences and participates in various industry
consortia. Phillip received his BS and MS in chemical engineering from Brigham Young University,
and a PhD in chemical engineering from Stanford University. He joined ISPE in 2014.
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Join us as we delve into essential topics that lie at the
intersection of innovation and regulation, including:

Artificial Intelligence (Al): Learn how Al

is helping optimize biotech manufacturing
processes, especially in innovative fields like
ATMPs and gene therapy.

Facility Design: Examine trends and regulatory
mandates in biopharmaceutical facility design
to ensure adherence to industry standards.

Novel Technology Innovations: Explore
cutting-edge advancements in biopharmaceutical
manufacturing that meet rigorous regulatory

requirements
Featured Speakers

Q8O

Sharmista Chatterjee, PhD Francesco Cicirello Richard Denk Robert Langer, PhD Piper Trelstad, Ph.D Rene-Pascal Fischer

Division Director CDER Senior Director, Quality Senior Consultant Institute Professor Head of Chemistry, Scientist & Software
FDA Compliance BioNTainer Aseptic Processing & Massachusetts Manufacturing & Architect
BioNTech US Inc Containment Institute of Controls Fraunhofer IESE
SKAN AG Technology Bill & Melinda Gates

Medical Research
Institute

Learn more and register at ISPE.org/Bio24
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2024 ISPE Facilities of the Future

Conference: Keynote Presentations
By Scott Fotheringham, PhD

The 2024 ISPE Facilities of the Future
Conference opened on 29 January in San
Francisco, California, with a series of six keynote
presentations on innovations that are leading

to advanced manufacturing facilities. Thomas
Hartman, President and CEO of ISPE, introduced
each of the keynote speakers.

KEYNOTE SPEAKERS

The first speaker, Karl Kogelmueller, Takeda Manufacturing
Austria AG, described the ways Takedais embarking onadigital
transformation journey to meet its goals of creating an uninter-
rupted supply chain, taking care of its internal resources, and
ensuring sustainability.

Carlos Santiago, of GlaxoSmithKline, outlined the design of his
company’s firstintegrated vaccinesandresearchand development
(R&D)building. Because almost three-quarters of the retrofit will
be dedicated tolab space, the design was optimized for efficiency
and includes offsite storage and service delivery.

CarlaJ. Lundi, Office of Quality Surveillance, FDA/CDER,
described the work of her office in supporting quality in phar-
maceutical manufacturing to counteract shortages of essential
medicines. Key to this work is CDER’s quality management
maturity program.

Patricia Martin, Martin Equity, LLC, spoke about the value
of thehumanresourcesthatare essential to the workforce of the
future. She spoke about worker dissatisfaction and aspects of a
work situation that can be controlled to mitigate this by factors
that are under the control of management.

Christian Randecker, Genentech, described the design of
anew clinical supply center, which is flexible, uses innovative
technologies, and can be replicated for clinical or commercial
production.

Deborah Donovan, Moderna, shared her company’sambitious
goal of achieving net zero emissions by 2030, mostly by reducing
energy use onsite, relying on renewable energy production, and
offsetting emissions with renewable energy certificates.

14 PHARMACEUTICAL ENGINEERING

END-TO-END SUPPLY CHAIN DIGITAL TRANSFORMATION

Karl Kogelmueller, Head of Transformation Strategy, Takeda
Manufacturing Austria AG

Kogelmueller outlined the ways Takeda, as a data-driven
organization, intendstousedigitalization and automation for cost
managementinits manufacturing operations and supply chain.
Helisted the external challengesimpacting biopharmaceutical
supply chains, focusing on increased economic, financial, and
geopoliticalrisksasaresult of thewarin Ukraine. Kogelmueller
then spoke of the four phasesinadigital transformation: building
insights with pilot projects, capturing value through scaling,
achievingscale,and becominga fully data-driven organization.
Unfortunately, he noted, half of companies are stalled during
the second phase.

Takedahasastrategytolinkaspectsofitsdigitalizationjourney
to its business goals, which include an uninterrupted supply
chain, investments in upskilling its people, and environmental
stewardship. Everythingiswrapped up inroadmaps the company
can refer to along its journey, not only at individual sites but
throughout the organization.

This is coordinated by an upgraded continuous improvement
program that starts with an architect workstream. It designs
blueprints for the future-ready areas in the sites. A builder work-
stream follows, in which engineers and manufacturing science
staff determine what technologies to use. The other two builder
workstreams focus on enterprise excellence and organizational
learning, ensuring continuous improvementsand organizational
change management and learning. Kogelmueller stressed that
continuousimprovementisthebaselinefortransformational changes.

Despiteits momentum, Takeda faces challenges. One of these
is the enterprise-wide complexity of having large numbers
of operating units in plasma biologics, molecules, and small
molecules; multiple sites; and thousands of SKUs. To overcome
this,itunderstandstheneed to systematically useits strategy and
value creation, and combine both, to prioritize initiatives. Digital
transformation requires a strong governance body—such as a
top-level steering committee—capable of making tough decisions.
By using all this, it can deal with that complexity and implement
thetransformationasplanned. Suchatransformationalsorequires



training employeesin new competencies, developing new ways of
engaging workers, and ensuring their well-being.

BUILDING A WORKPLACE OF THE FUTURE WITHIN A

RESEARCH SITE

Carlos Santiago, Vice President, Head of Americas,
GlaxoSmithKline (GSK)

Santiago described the creation of a workplace of the future for
GSK’sresearchscientistsbased onwhatthe companyhad previously
applied to its headquarters and some commercial facilities. This
isaretrofit designed for a roughly 200,000-square-foot building
in Cambridge, Massachusetts, to be used as the company’s first
integrated vaccines and infectious disease R&D center. Almost
three-quarters of the building will be dedicated to lab space. To
meet corporate sustainability goals, thisretrofit willleverage heat
recovery systems, use of sustainable materials, waste diversion,
and water reduction.

To accomplish this, vaccines R&D will be moved from an
existing facility—which will be decommissioned—into this
building. The transition requires change management to avoid
disrupting the existing pipeline by having two teams, integrated
plans, and redundancy in some equipment and science.

EMPLOYEE WELL-BEING IS IMPERATIVE

Knowing talent is tough to attract and retain, GSK aims to foster
an engaged workplace, using a design that focuses on worker
well-being and health. The space is designed to meet WELL Gold
standards, incorporating active design principles, integrating lab
spaces with the natural surroundings, ensuring good air quality,
and providing attractive amenities. Accessibility is ensured by
overcoming physical barriers, adding assistive equipment, and
including ergonomic workstations. Technology is used to simplify
the work environment, suchasacomprehensiveapp for wayfinding
and otherlogistics.

The design encourages collaboration and is flexible to meet
contingencies of geography and culture of this, or any, location.
With theadvent of more remote work, the designbuildsinallowance
for partialattendance to optimize the size of the space. The design
is flexible and, upon review, can be revamped over time to meet
different conditions.

Offsite Provisioning Hub

Working with service partners, GSK will create an offsite provi-
sioning hub to manage material storage and services that aren’t
required for just-in-time delivery. This optimizes the use of prime
real estate, improving efficiency in the lab.

BEYOND CGMP: PROACTIVE QUALITY PRINCIPLES TODAY FOR
FACILITIES OF TOMORROW

Carla J. Lundi, Senior Consumer Safety Officer, FDA/CDER,
Office of Quality Surveillance (OQS)

Lundi talked about the work of the OQS to promote and support
quality among pharmaceutical manufacturers. Currently,

A 2019 FDA report identified the
root cause of drug shortages as
the lack of quality management
that focuses on continuous
improvement and early detection
of supply chain issues.

the OQS is most concerned with the global shortfall of critical
drugs, particularly sterile injectables. The main reasons for
new shortages are quality issues and manufacturing delays.
She highlighted disruptions in the supply chain resulting in
recalls and shortages, such as manufacturing reliability, active
pharmaceuticalingredient (API)and key component availability,
aging facilities, natural disaster and public health emergencies,
economicupheaval, manufacturingsite closures, and geopolitical
issues. The top manufacturing compliance concerns contributing
to shortages include microbial contamination, poor excipient
quality, lack of data integrity, and inadequate controls.

FRAME Supports Viable Solutions
Apossiblesolutiontoshortagesistheuseofadvanced manufacturing
technologies. CDER applies the FDA Framework for Regulatory
Advanced Manufacturing Evaluation (FRAME)to supportindustry
by issuing guidance on emerging technologies, clarifying
regulatory and data requirements to support applications, and
publishing discussion papers on artificial intelligence (AI) and
machine learning. FRAME priority technologies are distributed
manufacturing, end-to-end continuous manufacturing, point-of-
caremanufacturing,and Al. Guidance documentsare designed to
addressregulatory concerns, including batch definition, process
dynamics, change in production output, and continuous process
verification.

The OQS currently focuses on opportunities for senior man-
agementoversightand manufacturing modernization, including
automation, isolator and barrier technologies to improve the
asepticmanufacturing of sterileinjectables,and advanced quality
management system approaches.

The FDA Quality Management Maturity (QMM)
Program

A2019FDAreportidentified theroot cause of drug shortagesasthe
lackof qualitymanagementthatfocuses on continuousimprovement
and early detection of supply chainissues. CDER hasdefined QMM,
whichisapotential solutiontodrugshortages,as “theextenttowhich
drugmanufacturingestablishmentsimplement quality management
practicesthat prioritize patients, drive continual improvement,and
enhancethesupply chainreliability through the strategicintegration
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of business decisions and manufacturing operations with quality
practices and technological advancements” [1].
The goals of the QMM program are to:
= Fosterastrong quality culture mindset
= Recognizeestablishmentsthatadvanceand continually improve
quality management
= Identify areas where quality management can be enhanced
= Minimizerisksto productavailability to ensure reliable market

supply

AFederal Register notification published January 2024 announced
thatthe FDAis soliciting drug manufacturing sites to voluntarily
participateina QMM program at CDER [1].

Lundi concluded by saying that quality assurance requires
everyone’s collaboration to protect the interests of patients through
proactive management of supply chain complexities to ensure the
availability of essential medicines.

WORKFORCE OF THE FUTURE: THE INFLUENGE AND IMPORTANGE
OF PEOPLE

Patricia Martin, Partner, Martin Equity, LLC

Martin divided her presentation about the current state of
workers and what they might need to evolve into the workforce
of the futureinto concerns, conundrums, and control. Shebegan
bylisting the most pressing employee concerns, whichinclude
thefear thatautomationis putting their jobsatrisk, that they’re
ready to be retrained, and that few will have stable, long-term
employment.

Martin shared survey results showing that, although only
11% of people work remotely, they report being the most satisfied
with their jobs, particularly when they get to make the decision
to work remotely. Results also showed that more than one-third
of those working onsite or hybrid are dissatisfied with their jobs.
Many don’t have a choice to work remotely, including those in
construction, labs,and manufacturing. Thisdissatisfaction could
be duetoseveralfactors, butemployersshould consider what their
workforce needs for their companies to deliver.

What Can They Control?

This level of job dissatisfaction matters to those in the pharma-
ceutical industry who are delivering the facilities that make
essential medicines. Having a motivated and satisfied workforce
canmake orbreakaprojectand candirectlyimpact the delivery
of medicines to the people who need them most.

Martin used The 7 Habits of Highly Effective People, by Stephen
Covey, to show what can be controlled to impact employee satis-
faction. She talked about the need for people managers to focus
on three things related to their workforce: concern, influence,
and control. What are employee concerns? What influence doesa
manager have? What is under their control? She shared two tools
to provide some control over the outcome.

The firstis trust. Martin has found that trust depends on high
credibility, reliability, and intimacy. Just as importantly, it relies
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on a low level of self-interest—a worker interested in the good
of their team and their company is easier to trust. Trust is more
difficult to establish for remote workers because they have fewer
opportunities to interact in person.

The other tool she shared, called “getting the cow out of the
ditch,” was a humorous, three-step process for problem-solving.
Martinusesthistoresolve critical problems, suchasthe time when
her former employerwasfaced withaninability tomakean essential
portfolio drug product. The process involves the following steps.
1. Getthe cow out of the ditch, i.e., find an immediate solution
2. Then, figure out how the cow got there
3. Only then, determine how to keep the cow out of the ditch the

nexttime

These tools work together. Trust is important because rela-
tionships with people are one-on-one, and a team can get out of a
“ditch” if they give each other ahand.

FACILITY OF THE FUTURE DESIGN PHILOSOPHY TENSIONS FOR
GENENTECH'S NEW CLINICAL SUPPLY GENTER

Christian Randecker, Senior Director of Operations Process
Support and Process Engineering, Genentech

Randecker shared the design of Genentech’s new clinical supply
center, which ran its first current Good Manufacturing Practice
(cGMP) batch in 2022. Genentech bucked its history of using
stainless steel equipment forlarge-scale production. This allowed
thetransitionin this facility to products for much smaller patient
populations and more potent products with improved titers and
yields. The mission was to build an agile, small-volume facility,
leveraging new technologies, atunprecedented speed. The template
design can be copied anywhere for commercial production.

Can Single Use Be Sustainable?

The facility relies fully on single-use technology (SUT), meaning
nothingrelated toprocess or productisreused and, withnostainless
steel, thereisnoneed for clean-in-place, a parts washer, steam,
orautoclaves. Alife cycleassessment demonstrated that,although
SUT generates considerably more solid waste, it has significant
reductionsintheuseof energy and water,aswellasaqueous waste,
which tips the sustainability scale in its favor.

Flexible Design for Clinical and Commercial
Production
The constraint of needing one design for both clinical and
commercial productionled toinnovation. Utilitiesrequirements
were tweaked so clinical processes in one workcell could operate
successfully at 50- to 2,000-liter capacities, with the option to
reconfigure the layout without restrictions. By reconfiguring the
layout, a consistentlayout for commercial production was produced.
This design can be replicated identically in a new facility,
including standard automation, equipment, consumables, proce-
dures,and training. At the highestlevelis a single enterprise risk
management (ERM) tool for taking in all process definition data,



then pushingit out to execution and control systems. This givesa
common feel for operatorsin this orany copy facility and provides
modular components, a flexible and adaptable system,and amore
efficient and scalable network.

An Inspection-Ready Ballroom Design

Closed processingallowedanISO9ballroomdesign, whichmaintains
flexibility, optimizes material flow into and waste out of the facility,
and improvessightlines. Compliance concerns, particularly about
thelack of awallbetween pre-and post-viral steps, were overcome
by developingalayers-of-protectionapproach, withmultiplelayers
of controlsto preventfailures, followed by continuousimprovement.

EXPANDING GLOBALLY WHILE ACHIEVING NET ZERD

Deborah Donovan, Senior Vice President of Environment,
Health & Safety, Moderna Therapeutics

Donovan outlined Moderna’s plan to meet its goal of net zero
emissions by 2030 while expanding globally. Although its overall
emissions have increased since 2021, mostly due to expansion of
its existing facility, the global expansion—four manufacturing
facilities under construction, two laboratories, corporate head-
quarters, and R&D headquarters—has contributed little to this
increase due to sustainability initiatives incorporated into the
new buildings.

Moderna’s strategy encompasses sustainability by design,
natural resource conservation, and decarbonization of the value
chain.Ithasthebenefit,asaplatform company, of needingalimited
number of materials and suppliers, most of which already have
science-based targets and are committed to net zero themselves.
The sustainability strategy depends on data to assess the current
state, quantify carbon emissions, and monitor, manage, and control
emissions to continuously improve.

All the company’s scope 2 emissions (i.e., from purchased
energy, including electricity) are offset by purchasing renewable
energy certificates. Scope 3 emissions are more than 90% of
Moderna’semissions, thelargest of whichis purchased goodsand
services, including from contract research and manufacturing
organizations and clinical activities.

Overthenexttwoyears, Modernawill focusonenergyefficiency
projectsatitsexistingsite. Thiswill then allow it to transition from
natural-gas-fired equipment to heat pumps, having determined
electricity needs and sized the necessary equipment. This gives
the local utility company time to upgrade its equipment to meet
the facility’s future electricity demands.

Sustainability and LEED standards were incorporated into
the design of the new buildings. There is one design for three of
the facilities, all of which are electric. Its corporate headquarters
is slated to be the most energy-efficient building in Cambridge,
Massachusetts. Sustainability measureswillbebuiltin, including
a focus on embodied carbon, design for resilience in case of a
natural disaster, and aims for Fitwel and WELL certification, as
well as LEED Platinum and LEED Zero once in operation. It will
have heat pumps to provide both heating and cooling throughout

The 2025 ISPE Facilities of the
Future Conference will be held

in San Francisco, California,
27-28 January.

the lab building, solar panels on the roof, harvested rainwater to
supply the chiller plant, and electric vehicle charging. Electricity
will be supplied by onsite and offsite renewables.

Theroadmap to netzeroincludesstarting up the new facilities,
gathering baseline information, submitting a greenhouse gas
roadmap for validation by the Science-Based Target initiative (SBTi),
and continuing to enhance energy programs and greenhouse gas
management programs.

EXECUTIVE FORUM PANEL

Supported by ISPE’s Women in Pharma®, this panel of six industry
leaderswasmoderatedbyJames Breen, ISPE Foundation Board Liaison
and Vice President, Global Engineering and Technology at Johnson
&Johnson Innovative Medicines. Martin, Lundi,and Donovan, who
also gave keynote presentations at the conference, participated in
the panel. The other speakerswere Melody Spradlin, Vice President,
Global Workplace Services, KLA; Katrina Moseley Journey, Vice
President of Commercial, Luminopia Inc.; and Muriel Campbell,
Senior Director of External API Manufacturing, Eli Lilly & Co.

Inawide-ranging and lively discussion that lasted more than
anhour, the speakers provided arange of viewpointsbased on their
expertiseinsustainability, engineering, regulations, marketing,
and investing. They shared insights into the ways in which the
transition tofacilities of the futurehasimpacted their careersand
how they have responded to it, the ways others can prepare foran
increasingly uncertain future, and how the industry can ensure
sustainability is achieved. Here are a few of the many highlights
from this discussion.

When Martinwas asked how she thought people should prepare
themselves for the coming changes, she joked that they should get
acrystalball. Then, seriously, she recommended gatheringaswide
arange ofinformationas possible,and notlimiting it towhatisfed
tous or what we already know.

Campbell, whowastrained in PuertoRicoandraised her young
family there, shared a pivotal moment in her career when she was
recommended for anassignment in Indianapolis. It meant moving
her three school-age daughters to a new place, but the move took
her out of her comfort zone and expanded what she knew. She said
it had been a big leap but is working out for the best for her family
and her career.

MAY/JUNE 2024 1



PEOPLE + EVENTS

Given the uptick of remote work, there is a concern about
maintaining engagement for older workers who may prefer remote
work and younger workers who may struggle networking when
theyaren’t with their colleaguesin person. Moseley Journey, who
works for a healthcare tech company with a multigenerational
workforce, said she makes a point of meeting with others to
give them a connection to the company and help them get more
comfortable expressing themselves. She believes it’s incumbent
upon the leadership team to reach out to younger or new staff to
ask questions that are not about their core job such as, “What do
you want to do with your life?” and “How are you thinking about
the world around you?”

Many panelists wanted to answer what the biggest thing
is that they’ve learned from being involved in ISPE. Spradlin
credited ISPE as one of the reasons she was able to move ahead
in her career. She referred to the network of women who were
leadersacrossthe country and who were involved in supporting
everythingfromchildcare when membershad toattend meetings
to career advice.

Wrapping up the forum, each panelist was asked to provide
one word to define the facility of the future. The words chosen

Megt the

were resilient, connected, flexible, human, people-oriented,
and resource—words that could easily be used to describe these
panelists. &

About the author

Scott Fotheringham, PhD, is a freelance medical and science writer who works with clients
in the life sciences. Scott’s interests span fields as diverse as pharmaceuticals, biotechnology,
molecular genetics, food and beverage manufacturing, and medical cannabis. Scott has beena
contributor to Pharmaceutical Engineering® since 2015.

Disclaimer

This article contains an unabridged, unofficial summary of regulators and industry panelists’
presentations and discussion during a panel dialogue at an ISPE conference that has not been
vetted by any agency or organization. The responses are an informal and brief synopsis of the
panel’s views and do not represent official guidance or policy of any agency or organization.
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ISPE STAFF

Matt Lehmann

In each issue of Pharmaceutical Engineering®, we
introduce amember of the ISPE staff who provides
ISPE memberswithkeyinformationand services.
Meet Matt Lehmann, Custom Training Manager,
Professional Development.

Tell us about your role at ISPE: What do you
do each day?

Daily, my role typifies ISPE’s tagline: connecting
pharmaceuticalknowledge, bybeing partofateam
that helps pharma and biotech clients select a
custom, privately delivered training course toattain
theirlearningand developmentgoals. Onceacourse
isdetermined,Icontactqualifiedinstructorstosee
iftheyareavailable todeliver thetraining material
ontherequested dates.

I also support all aspects of onboarding new
instructorsand providea Train-the-Trainer course
when theybecome qualified.Iwasatraining facil-
itator most of my 28 years in the pharma industry,

PHARMACEUTICAL ENGINEERING

solhaveanaffinity for trainersbecause of mylove
for helping peoplelearn.

I often network on LinkedIn with potential
clients and industry colleagues, informing them
onwhat ISPE offers for professional development,
conferences, publications, memberships, and
programs.

What do you love about your job?
Ilovebeing part of the Professional Development
team, supporting organizations to help them
meettheir training goals,and working alongside
trainers who possess incredible knowledge and
expertise and are willing to share it.

What do you like to do when you are not at
work?

I enjoy spending time with my wife, being in-
volved in church ministries, playing guitar,
and traveling.
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2024 Category Winners
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ISPE Facility of the Year Awards

ISPE’s Facility of the Year Awards (FOYA) is an annual program that recognizes state-of- the-art projects utilizing
new, innovative technologies to improve the quality of products, to reduce the cost of producing high-quality
medicines, and demonstrate advances in project delivery. For nearly 20 years, FOYA has been recognizing

innovations in the biopharmaceutical industry.

Submissions are reviewed by recognized industry leaders from all regions of the world, and both small and
large pharmaceutical and medical device companies. These leaders have extensive global experience in their
fields—engineering, manufacturing, supply chain, and quality. They are experienced, knowledgeable, and
understand the global landscape. They have had the privilege of personally working on and delivering many

innovative projects.

INNOVATION

OPERATIONS -

Project Execution e

OPERATIONS -

Facility Fit

Eli Lilly Kinsale Limited

PROJECT
IE2b

LOCATION
Kinsale, Ireland

Pfizer Asia Pacific
Manufacturing Ltd

PROJECT
Pfizer API Facility Extension

LOCATION
Tuas, Singapore

Takeda Austria GmbH

PROJECT

beePFS - Prefilled Syringe
Filling

LOCATION

Linz, Austria

SOCIAL IMPACT -

Chugai Pharma
Manufacturing Co., Ltd.

PROJECT
UK4 Project

LOCATION
Tokyo, Japan

United Therapeutics
Corporation
PROJECT

Lightyear

LOCATION

Research Triangle Park,
North Carolina, USA

Zydus Pharmaceuticals
Ltd.

PROJECT

Oral Solid Dosage
Manufacturing Facility
LOCATION

Gujarat, India

Learn more at ISPE.org/FOYA and register for the 2024 FOYA Banquet & Awards

Celebration where the 2024 FOYA Overall Winner will be announced.
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959 Concord Street

Suite 100

Framingham, MA 01701
+1508-532-6760
www.dpsgroupglobal.com

Etcetera BioProcess
Services, LLC

1201 Fannin St.

Suite 262

Houston, TX 77002
+1346-440-1450
www.etcbioprocessservices.
com

ENGINEERING & DESIGN SERVICES
HIPP Design + Consulting
2301 Rexwoods Dr

Suite 200

Raleigh, NC 27607

+1919-755-1033
www.hipp-usa.com

INFORMATION TECHNOLOGY
COPA-DATA
Karolingerstrasse 7b

Salzburg, Austria 5020
+43 662-43-1002-0

www.copadata.com

PROCESSING & MANUFACTURING
MFG Tray Company (Molded
Fiber Glass Tray)

6175 US Highway 6
Linesville, PA 16424
+1814-683-4500

www.mfgtray.com

SOFTWARE SIMULATION &
PROGESSING SYSTEMS
Intelligen, Inc.

2326 Morse Avenue
Scotch Plains, NJ 07076
+1908-654-0088

www.intelligen.com

WATER/STEAM SYSTEMS
STILMAS AMERICAS
6-3250 Harvester Road
Burlington, ON L7N 3W9,
Canada
+1833-784-5627

www.stilmas.com

WATER TREATMENT & PURIFICATION
Elettracqua Srl

Via Adamoli 513

16165 Genoa, Italy

+39 010-8300014

www.elettracqua.com

VALIDATION - SERVICES
(QUALIFICATION/COMMISSIONING]

Rees Scientific

1007 Whitehead Rd Ext
Trenton, NJ 08638
+1609-530-1055
www.reesscientific.com

PLEASE SEE THE ADS FOR EACH OF
OUR ADVERTISERS INTHIS ISSUE.
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nvesting in People.
Buillding the Future.

Please consider making a charitable donation
to the ISPE Foundation.

Your donation is needed to help fund key
Foundation programs that positively impact
patient populations across the globe both now
and in the future.

WAYS TO DONATE
*Online at ISPEFoundation.org/donate
*Scan the QR code

ISPE.

FOUNDATION




A ARCADIS

Delivering sustainable success
at the speed of science
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Personalized se:kices with local expertise
delivered on a global scale. |
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Architectural and engineering design
Commissioning, qualification, and valldatlon

~ Construction management ' ' l
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- Technical services j TR o f .
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