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FOREWORD

Raw & starting materials for cell 
and gene therapies

GARY C DU MOULIN, PhD MPH, RAC retired as Vice 
President, Quality Operations at Genzyme Biosurgery and 
Senior Director of Quality Aseptic Control for Genzyme (A Sanofi 
Company) after a 20 year career in the development and execu-
tion of quality systems for Genzyme’s products including biolog-
ics and the FDA approved cell based therapeutics, Carticel and 
Epicel. Previously, he served as Vice President, Quality Operations 
at Cellcor, a pioneering company in the field of somatic cell immu-
notherapy based upon the infusion of T cells that have been acti-
vated ex vivo using a combination of previously generated cyto-
kines and an anti-CD3 monoclonal antibody. Before entering the 
field of cell therapy he began an academic career on the faculty 
of Harvard Medical School and has 160 publications in the areas 

of microbiology, epidemiology, and the regulation and quality control of living cells as a thera-
peutic modality. Dr du Moulin received his graduate degrees from Northeastern University and 
Boston University School of Medicine. Dr du Moulin has served on US Pharmacopoeia’s Gene 
Therapy, Cell Therapy, and Tissue Engineering Expert Committees and chaired the ad hoc advi-
sory panel for fetal bovine serum. He currently serves on the Modern Microbiological Methods 
Expert Panel. He has served on the editorial board of Regenerative Medicine and is RAC cer-
tified and past Chairman of the editorial board of the Regulatory Affairs Professionals Society 
Magazine, RAPS Focus. Dr du Moulin was appointed to the Grants Review Working Group of the 
California Institute for Regenerative Medicine (CIRM). He is retired from the  US Army Reserve 
at the rank of Colonel after 38 years of service. He has held academic appointments at Harvard 
Medical School, Boston University School of Medicine, Northeastern University, and most re-
cently has completed a teaching assignment at the Massachusetts College of Pharmacy and 
Health Sciences University where he taught graduate pharmacists a course entitled, “Principles 
of Quality Assurance and Quality Control in a Regulated Environment”. Dr du Moulin continues 
to consult in the cell and gene therapy sector and helps develop STEM programming for youth-
based non-profit organizations.

Cell & Gene Therapy Insights 2022; 8(2), 211–217

DOI: 10.18609/cgti.2022.031

RAW & STARTING MATERIALS
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The cell and gene therapy industry is facing a 
highly complex and rapidly evolving discovery 
path very different from conventional drug or 
biologic development. Engineering biology is 
reshaping translational medicine yielding an 
opportunity to address hundreds of disease ar-
eas. As a result, thousands of clinical trials are 
underway within this new paradigm. The Al-
liance for Regenerative Medicine’s 2022 state 
of the industry address reported that at present 
there are 2261 global clinical trials underway 
with six new regenerative medicine products 
approved by US and international regulatory 
bodies in 2021 [1]. The raw and starting ma-
terial supply chain needed to support these 
trials is an enormous challenge but is critical 
if patients are to have access to these therapies, 
safety is to be ensured and if efficacy of these 
therapeutic modalities is to be validated.

Gene therapy manufacturing processes are 
complex and may be comprised of multiple 
biological manufacturing processes produc-
ing such critical components and starting 
materials as media, plasmids and viral vec-
tors. The gene therapy product involves the 
convergence of these processes with the drug 
product manufacturing process. Ultimate-
ly, the production of a cell and gene thera-
py product can comprise hundreds of raw 
and starting materials, a multitude of man-
ufacturing steps including open and closed 
manual or automated operations performed 
by many personnel in a variety of manufac-
turing establishments. Quality control ana-
lytics supporting these processes also requires 
a host of media, reagents, and consumables. 
Significant biological variability is pervasive 
throughout these manufacturing processes. 
Moreover, patient specific therapeutic pro-
grams accentuate process variability which 
can impact the drug potency due to a patient’s 
unique medical condition. Finally, multiple 
organizations involved in producing the final 
therapeutic product could exhibit significant 
compliance or GMP deficits that ultimately 
affect the product’s quality and patient safety. 
The FDA’s compliance actions with a number 
of these organizations is already a matter of 
record.

Reliance upon a consistent supply of raw 
materials is critical for developing successful 
cell and gene therapy products. While the cell 
and gene therapy industry have made signif-
icant strides to ensure regulatory compliance 
and patient safety, the challenges surrounding 
scalability and consistency of raw materials 
remains, now taking place in a world facing 
a global pandemic. Often, GMP-compliant 
raw materials either do not currently exist 
or are only available ‘off the shelf ’. In house 
modifications to these materials increase the 
possibility of user error and adds complexi-
ty when scaling up the manufacturing for 
complex processes such as plasmid and viral 
vector production. Box 1 presents a partial 
list of common raw and starting materials 
commonly used in the production of cell and 
gene therapy products.

The sponsor’s quality assurance systems are 
tasked with responsibility and control of the 
immense challenge of selecting and qualify-
ing these raw materials. Patient cells and tis-
sues as starting materials of biological origin 
only add to the level of scrutiny and qualifi-
cation required before they can be confident-
ly used in manufacturing. Phase appropriate 
GMP clinical investigation mandates that 
all raw and starting materials are sufficiently 
qualified to ensure safety and potency prior to 
the onset of human clinical trials [2–5]. Miti-
gating the variability and managing the con-
sistency of these materials at an early product 
development cycle is a huge responsibility 
fraught with great risk if not well managed. 

REGULATORY CONSIDERATIONS
US FDA regulatory guidance, European 
Union’s directives, and ISO standards, ICH 
and PIC/S Annex 1 GMP guidance’s provide 
an important baseline for developers estab-
lishing the manufacturing processes for plas-
mids, viral vectors, or cell and gene therapy 
products. Moreover, the  US and European 
Pharmacopeias have published multiple gen-
eral chapters and monographs defining steps 
in creating a robust quality management risk 
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strategy with qualification criteria for a num-
ber of critical materials. Available US and 
international guidelines that address raw and 
starting materials are listed in Box 2.

DEVELOPMENT TO 
COMMERCIALIZATION: MATERIAL 
QUALITY RISK MANAGEMENT 
CONSIDERATIONS
The principles of Quality by Design In accor-
dance with ICH Q8-Q10 should be applied. 
A risk based approach should be used when 
performing process validation studies. Mate-
rials used in the manufacturing process can 
represent a significant source of risk that may 
impact the product’s Critical Quality Attri-
butes (CQAs). In order to mitigate risk the 
overall raw material control strategy needs to 
be assessed. By evaluating types of risks the 
necessary control to ensure robustness of the 
process and safety of the product can be de-
fined. Issues such as scalability is one consid-
eration when you design the manufacturing 
process. At early points in the product devel-
opment process the Quality Target Product 

Profile (QTPP) must be determined that de-
fines the desired product characteristics and 
sets goals for all developmental phases. For 
example, what raw and starting materials, 
reagents and consumables would be required 
to dose 200 patients/year with 1014 viral ge-
nomes (vg) / patient. Thorough understand-
ing of the Product’s CQA and Critical Pro-
cess Parameters (CPP) must be determined. 
Granularity of this process can only serve to 
better define the quality attributes one hopes 
to build into the product. This could include, 
for example, compatibility of product contact 
with process equipment related leachables 
(PERLs) required to qualify plastic compo-
nents such as single or multiple use systems. 
Risk assessment tools such as those described 
by the  US Pharmacopeia General Chapters 
<1043>, <665> and <1665> or the Raw Ma-
terial Sourcing, Quality and Volume Team 
within the Cell and Gene Therapy Phorum 
[6–9]. In fact, the Regulatory Governance 
Team in BioPhorum recently published a 
document entitled, “BioPhorum approach to 
the registration of innovative raw materials 
using Quality by Design principles” which 
introduces the terminology, “Target Material 

  f BOX 1
Partial list of common raw and starting materials that may express inherent 
variability in cell and gene therapy product manufacturing

 f Media components (animal component free)

 f Glucose

 f Glycerol

 f Salts and minerals

 f Amino acids

 f Yeast extract

 f Animal derived materials

 f Human albumin

 f Exchange chromatography resins

 f Plasmids

 f Cytokines

 f Monoclonal antibodies

 f Cell lines (animal, insect or human derived)

 f Viral vectors

 f Buffer components

 f Transfection reagents

 f Purines and pyrimidines

 f Polyethyleneimine (PEI)

 f Polyethylene glycol (PEG)

 f Detergents (SDS, Triton X-100)

 f Dimethyl sulfoxide (DMSO)

 f Antibiotics

 f Tangential flow filters

 f Growth factors

 f Digestive enzymes

 f Recombinant proteins

 f Lipid nanoparticles

 f Single use disposables

 f Antibody-coated beads
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Profile” or TMP consistent with QbD prin-
ciples that would systematically assess the in-
tended use, quality, safety and other criteria 
for raw materials used in cell and gene thera-
py manufacturing[10].

In February 2021, regulatory guidance 
from the European Medicines Agency was 
issued providing interpretation of the princi-
ples of Good Manufacturing Practice for the 
manufacturing of starting materials of biolog-
ical origin used to transfer genetic material for 
the manufacture of ATMPs [11]. While not 
requiring a GMP certificate for manufacture 
and testing sites, compliance with the prin-
ciples of GMP are considered mandatory by 
the ATMP manufacturer, sponsor, marketing 
authorization holder or importer to the Euro-
pean market.

In selecting raw and starting materials, ap-
plication of the principles of GMP reflect a 
level of flexibility based on a Risk Based ap-
proach. It is inherent upon developers, espe-
cially at early stages of CGT development to 
inculcate a risk based decision making pro-
cess that is well established and operational 
by trained staff within their establishments. 
Without these procedures in place GMP 
flexibility cannot be adequately quantified or 

defended. Quality, safety, and efficacy of the 
finished pharmaceutical dose can be jeopar-
dized impacting the success of the entire de-
velopmental endeavor.

Risk factors that should be assessed when 
selecting raw and starting materials are iden-
tified in Box 3. If significant risks to the prod-
uct are identified, measures must be taken to 
control risks with mitigation efforts defined 
and implemented.

It should be noted that the Internation-
al Council for Harmonization (ICH) has 
recently issued a revision of the Q9 guide-
line, “Quality Risk Management”, that aims 
to address the shortcomings of the current 
guideline [13]. Shortcomings of the current 
Q9 document have included, high levels 
of subjectivity in risk assessments and in 
QRM outputs, failure to adequately manage 
supply chain and product availability risks, 
lack of understanding as to what constitute 
formality in QRM work, and lack of clari-
ty on risk based decision making. The ICH 
Q9 (R1) guideline was published on the 
European Medicine Agency (EMA) website 
on 16 December 2021, following ICH en-
dorsement of the revision in mid-November. 
The document updates the original ICH Q9 

  f BOX 2
Gene therapy regulatory guidance that address materials used in manufacturing human cell and gene therapy 
products

 f FDA: Chemistry, Manufacturing, and Control (CMC) Information for Human Gene Therapy Investigational New Drug 
Applications (INDs): Guidance for Industry, January 2020.

 f USP: General Chapters <1046> Cell Therapy Products, <1047> Gene Therapy Products, <1043> Ancillary Materials for 
Cell, Gene, and Tissue Engineered Products, <1024> Bovine Serum, <90> Fetal Bovine Serum – Quality Attributes and 
Functionality Tests

 f EU: The Rules Governing Medicinal Products in the European Union, EudraLex Volume 4, Part IV. Guideline on Good 
Manufacturing Practice Specific to Advanced Therapy Medicinal Products, Directive 2001/83/EC, Ph.Eur. Chapter 5.2.12, 
Raw materials of biological origin for the production of cell-based and gene therapy medicinal products, Specific monographs, 
e.g. insulin, CSF, etc., EMA/CAT/852602/2018 31 Jan 2019 Guideline on quality, non-clinical and clinical requirements for 
investigational advanced therapy medicinal products in clinical trials.

 f PIC/S: GMP Annex 2A Manufacture of ATMPs for Human Use

 f ISO: ISO/DIS 20399 Biotechnology-Ancillary Materials present during the production of cellular therapeutic products and 
gene therapy products (Draft International Standard)

 f ICH: ICH Q7A: Good Manufacturing Practice for Active Pharmaceutical Ingredients (Principles important although document 
excludes cell and gene therapy products)

 f Note: US FDA regulatory guidance, EU directive and ISO standards are consistent about the definition of raw materials (also 
called ancillary products): ‘Material that comes in contact with the cell or tissue product during cell processing but is not 
intended to be part of the final product formulation’.
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guideline, which is now 16 years old. Plans 
are to issue the Step 4 guideline by June 
2022. Cell and Gene Therapy developers 
should familiarize their organizations with 
the new guidance and incorporate its con-
tent in revised organization specific standard 
operating procedures.

LIST OF CONTENT & 
PARTICIPANTS FOR THE MARCH, 
2022 ISSUE
This month’s Bioinsight Spotlight is dedicated 
to a further deepening of the understanding 
of the complex issues surrounding raw and 
starting materials. We are fortunate to have 
notable authorities actively working in this 
industry agree to discuss these critical issues 
in much greater detail. Here is a brief summa-
ry of their contributions to this issue.

In their excellent Commentary, Lim and 
Goojar from the UK’s Advanced Therapy 
Manufacturing (GMP) Unit of the Nation-
al Institute of Health Research describes 
the challenges in qualifying raw materials 

in ATMP applications. These scientists pro-
vide a comprehensive and globally focused 
summary of the available guidance and risk 
management approaches developers can 
pursue to ensure the highest quality in raw 
materials required for ATMP production. 
There is a special focus on risk minimization 
in controlling raw materials of biological ori-
gin. There are three superb papers on the col-
lection and qualification of cells required as 
starting materials. Melissa Carpenter, CSO of  
Elevate Bio describes their approach to pro-
duce GTP, GMP compliant clinical grade in-
duced pluripotent stem cells (iPSC), a chal-
lenge for many developers requiring these 
cells as starting material. Barbara Seymour, 
Senior Director of Manufacturing at Gen-
eration Bio discusses some of the consider-
ations and challenges they face with sourcing 
donor supplied human stem cells for use in 
allogeneic cell therapies. Joseph M Roig of 
BMS provides a critical assessment of the 
challenges in managing variability in autol-
ogous apheresis products that collect periph-
eral blood mononuclear cells (PBMCs) as 
a raw starting material. The interview with 

  f BOX 3
Partial list of risk factors for consideration when assessing raw and starting materials for a 
cell and gene therapy product

 f Transmissible spongiform encephalopathy

 f Potential for viral contamination and cross contamination with other vectors or other genetic material

 f Replication competent virus (in case of replication-deficient viral vector). It should be demonstrated the absence of 
formation of replication competent virus at the level of the viral production system used.

 f Potential for microbiological (e.g. Mycoplasma) or endotoxin/pyrogen contamination

 f Potential, in general, for any impurity originating from the raw materials, or generated as part of the process and carried 
over

 f Sterility assurance for materials claimed to be sterile

 f Potential for any impurities carried over from other processes, in absence of dedicated equipment and/or facilities (for 
instance residual DNA (antibiotic resistance gene, residual DNA from potentially tumorigenic cell lines, etc.), substance of 
animal origin, antibiotic, etc.)

 f Environmental control and storage/transportation conditions including cold chain management if appropriate

 f Stability

 f Supply chain complexity and integrity of packages

From EMA/246400/2021, Inspections, Human Medicines, Pharmacovigilance and Committees Division – 24 February 2021 [11,12].
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Dennis Royal of NKarta describes his con-
cerns in maintaining the supply chain for 
Phase 1 clinical trials in a post pandemic 
world. John Duguid, Senior Director of Re-
search and Development at Vericel Corpora-
tion, also describes the potential for supply 
chain disruptions due to the COVID-19 
pandemic and how the cell and gene therapy 
industry must develop, in addition to rou-
tine raw material qualification procedures, 
emergency response mechanisms to reduce 
risk and maintain an adequate safety stock. 
Biswarup Dasgupta provides his perspectives 
on ensuring GMP compliance as these nov-
el AAV vector-based gene therapies move 
through the regulatory pathway. Dr Fouad 
Atouf, Vice President of Global Biologics at 
the U.S Pharmacopeia (USP) describes his 
role at the USP in providing scientists, de-
velopers, manufacturers, and regulators with 
document and reference standards to ensure 
the quality and development of novel biolog-
ical advanced therapeutics. Gosse, et al, from 
Alcyone Therapeutics discusses in clear, con-
cise terms plasmid DNA manufacturing and 
the evolving regulatory guidance depending 
upon the function of DNA plasmids as raw 
materials, intermediates, drug substances or 
products.

CONCLUSIONS
Manufacturers of cell and gene therapies must 
ensure that all components used are appropri-
ately qualified and consistent with the Quality 
Target Product Profile (QTPP). Quality speci-
fications for gene therapy raw materials should 
confirm the product’s quality, patient safety, 
product efficacy, and process consistency.

Characterization of the gene therapy prod-
uct early in development can serve to: 

1. Improve manufacturing practices to 
increase productivity and process recovery,

2. Reduce variability and optimize analytics 
for characterization, quantitation, and 
functionality,

3. Assess and mitigate risks by analyzing 
failure modes and stability profiles,

4. Standardize ancillary materials to facilitate 
consistency in manufacturing of finished 
products (USP guidance),

5. Facilitate early scale up and engagement of 
commercialization partners,

6. Create a robust Quality Agreement with 
CDMOs and suppliers that will build trust 
and communication transparency, minimize 
risks and costs, and maximize yields and 
results.
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EXPERT INSIGHT

Considerations for use of 
hematopoietic stem cells in 
allogeneic therapies
Barbara Seymour

This article reviews some of the considerations and unforeseen challenges with sourcing 
and preparing regulatory filings using donor supplied Hematopoietic stem cells (HSCS) in 
novel allogeneic cell and gene therapies. There are unique complications not seen with au-
tologous therapies as developers must understand the regulatory requirements for donor 
sourcing, testing and isolation of CD34+ cells for IND submissions. Finding the right part-
ner for sourcing as well as lot release testing is discussed. Understanding the procurement 
requirements for the starting cells and the manufacturing process used is reviewed. This 
article covers some of the areas that organizations may miss when developing these types 
of cell and gene therapy products for the first time.

Cell & Gene Therapy Insights 2022; 8(2), 261–267

DOI: 10.18609/cgti.2022.040

Hematopoietic stem cells (HSCs), discov-
ered in the 1960s, have seen an increase 
in the number of indications for oncolo-
gy and regenerative medicine due to the 
unique self-renewal potential and multi po-
tent potential of these cells [1,2] (Figure 1). 
The World Marrow Donation Association 

matches more than 50,000 patients world-
wide with transplants every year [3]. Beyond 
using HSCs for hematopoietic cell trans-
plantation (HCT) after cancer therapy, 
many biotechnology companies have looked 
to capitalize on the use of donor HSCs for 
novel cell and gene therapy products. Use of 
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an allogeneic starting material like HSCs as-
sumes a cost of goods saving with large-scale 
manufacturing potential that makes these 
products very attractive for biotechnology 
companies. Understanding the procurement 
and regulatory demands of human cells, tis-
sues, and cellular and tissue-based product 
(HCT/P) which are considered than mini-
mally manipulated per FDA 2020 guidance 
[4] is essential for a successful clinical and 
subsequent commercial program.

DONATION TYPES
Developing successful products using do-
nor-based HSCs for allogenic clinical appli-
cations must be strategically planned to meet 
regulatory requirements and eventual scale-up 

demands as products move into commercial-
ization. There are three major sources of he-
matopoietic stem cells (HSCs); bone marrow 
harvested by aspiration from the cavity of the 
ilium (hipbone), peripheral blood obtained 
through leukapheresis, and umbilical cord 
blood (UCB) collected from the placenta af-
ter childbirth [6]. Bone marrow (BM) aspira-
tion is a surgical procedure that takes place 
in a hospital operating room. A peripheral 
blood stem cell (PBSC) apheresis takes place 
at a donation center and requires donors to 
be treated with a cytokine and small mole-
cule regimen to mobilize HSC from the BM 
into the peripheral blood. There are different 
types of mobilization schemes for a PBSC 
donation, the most traditional being daily 
injections of a recombinant human granu-
locyte colony-stimulating factor (rhG-CSF) 

 f FIGURE 1
Hematopoietic stem cell differentiation. 

Differentiation of hematopoietic multipotent stem cells into progenitor cells which then differentiate into distinct hematopoietic 
lineages [5].
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for 5 days. This can also be paired with Mo-
zobil a CXCR4 chemokine receptor which 
is shown to be the best regimen for obtain-
ing the highest total nucleated count and 
CD34+ percentage [7]. Side effects of mobi-
lization are typically skeletal pain or flu like 
symptoms [8].

The source of the starting material should 
be evaluated by the team developing the 
product and be based on critical quality at-
tributes. Use of UBC provides an alternative 
to the invasive extraction of BM or exposure 
to mobilizing agents prior to the collection 
of HSC from PBSC. While quantitatively 
limited, the collection of UCB takes noth-
ing away from the neonate or the mother, 
therefore donor safety is a major advantage 
[9]. A study was done using the same donor 
to collect BM and then PBSCs after mobili-
zation with glycosylated G-CSF for 4 days. 
The report found BM collections to contain 
a higher proportion of CD34+cells (1.3% vs 
0.7%, P < 0.0001) and a comparable pro-
portion of CD3+ cells (median 29% vs 26%, 
P = 0.4) however the absolute numbers of 
CD34+ and CD3+ cells were several times 
higher in PBSC collections [10].

SOURCING STRATEGIES
Sourcing strategies must be considered early 
in the product lifecycle to ensure HSCs are 
available for development, clinical and on-
going commercial supply. The donor pop-
ulation of an allogenic starting material can 
be dramatically limited if a universal donor 
is required for the allogeneic cell product(s). 
Programs such as a red cell therapy may re-
quire an O negative blood type which limits 
the total pool to about 7% of the population. 
On average only 5% of the population is will-
ing to donate whole blood, [11] and asking 
a donor to be mobilized in a multi-day pro-
cedure further reduces this population to ap-
proximately 4% [12].

Donors must then be evaluated for suit-
ability by:

1. Detailed medical history, supported by a 
standardized questionnaire;

2. Physical assessment with special 
consideration of peripheral veins;

3. Electrocardiogram (ECG) at rest; 

4. Ultrasound examination of the upper 
abdomen with measurement of spleen 
diameter;

5. Laboratory examinations including 
complete blood count with differential, 
clinical chemistry (liver enzymes, 
electrolytes, metabolic parameters, 
serum protein electrophoresis), urinalysis, 
infectious disease markers (hepatitis 
A/B/C, HIV, human T-cell lymphotropic 
virus type (HTLV) I/II, syphilis, 
toxoplasmosis, Epstein-Barr virus (EBV), 
cytomegalovirus (CMV), blood group/
Rh testing, and pregnancy test in women 
of childbearing age (urine or serum)[7] 
Compounding requirements for age and 
health and CMV negative status further 
cuts this limited pool in half again, to 
less than 0.15% of the population [13] 
(Figure 2).

There are a number of centers across the U.S. 
who will manage the screening and collection 
of mobilized PBSCs from consented healthy 
donors (All Cells, Be the Match, Key Biolog-
ics, BloodWorks NW). The clinical sponsor 
will need an approved Internal Review Board 
(IRB) Collection Protocol for these sites to 
use and therefore are responsible for any ad-
verse events to the donors. Many sponsors 
have limited a donor to one mobilized dona-
tion per lifetime. 

The collection is considered part of the 
manufacturing process with the regulatory 
expectation that the IND will include the 
procedures for collecting, testing, shipping, 
and storing the apheresis starting material. 
The IND should also include the Informed 
Consent Form (ICF) used by the dona-
tion site. The sponsor is also responsible for 
qualifying the incoming starting material 
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and demonstrating that donor testing is per-
formed according to 21 CFR Part 1271, 
Subpart C [14], including a negative Zika 
virus test (Table 1). Requirements for a buc-
cal swab for COVID 19 screening has been 
revised a few times over the past year and are 
currently not required by FDA as the donor 
must be in good health and meet all donor 
eligibility criteria on the day of donation (21 
CFR Part 630, Subpart B [15]).

ISOLATION OF CD34+ CELLS
After the collection of the UCB, BM or 
PBSC, cells can be frozen prior to selection 
of the CD34+ cells or shipped to a location 
(manufacturing site) for isolation of the fresh 
cells. Transport of the UCB/BM/PBSC cells 
(if performed prior to isolation) must be in 
a validated container. A description of the 
facilities, equipment, and procedures that 
are in place to ensure aseptic processing of 
the product and to prevent contamination, 

cross-contamination, and mix-ups must be 
included in the IND. The sponsor will also be 
required to describe the procedures that are in 
place for environmental monitoring, product 
segregation and equipment / facility cleaning. 

Time to transport and condition of trans-
port has been documented in several publica-
tions but should be confirmed by the sponsor 
for the starting material and differentiating 
process they are running. Cord blood has 
been documented to show an increase in 
CD34+ cells after room temperature storage 
for 48 h [16]. Bone marrow should be stored 
at room temperature and processed within 24 
h, [17] while data shows a mobilized apheresis 
collection should be stored at 4°C for up to 
48 h [18,19]. 

The method used for isolation of the 
CD34+ cells will need to be described in the 
IND along with all equipment and reagents. 
If an automated system is used, the sponsor 
should obtain a letter of authorization (LoA) 
from the vendor to the Biologics Master File 
(BB-MF) of the instrument. 

 f FIGURE 2
Donor population estimations.
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Some of the current reagents used for 
CD34+ isolation are of human (IgG, albu-
min) or murine origin (CD34 reagent kit) 
and will also need an LoA or a Humanitarian 
Device Exemption Number from the vendor 
included in the IND. Most teams will cryo-
preserve isolated CD34+ cells after isolation 
in aliquots for later use. The cryoprotectant 
should be in an animal origin free solution as 
much as possible. If the collection was frozen 
prior to isolation, the sponsor should show 
data that the additional cryopreservation step 
will not have a negative impact on the start-
ing CD34+ cells. Following the isolation, the 
CD34+ cells must be qualified prior to use 
in the manufacturing process. Table 2 lists a 
standard set of specifications for these cells as 
a starting material. 

USING ALLOGENIC HSCS FOR A 
GMP MANUFACTURED PRODUCT
Donor to donor differences will need to be 
addressed in the development of the manu-
facturing process. Having a consistent manu-
facturing process that does not require surface 

marker or growth-based decisions is preferred 
with contract manufacturing organizations 
who plan room allocations and staff on a day-
by-day basis. A well-designed manufacturing 
process that takes into account differences be-
tween donors may require using more cells to 
start the run than a typical characterized cell 
bank. The starting material can also be pre-
screened prior to use on the manufacturing 
floor to determine the number of vials needed 
to initiate a run, thus saving cells and reduc-
ing waste. 

Testing of an allogeneic product beyond 
the standard lot release testing for sterility, en-
dotoxin, mycoplasma, potency, identify and 
purity must also include tests for the presence 
of the following human viruses to reduce po-
tential risk to clinical trial subjects:

 f Human immunodeficiency virus (HIV)1/2

 f Human T-cell leukemia virus (HTLV)1/2

 f Hepatitis C virus (HCV)

 f Hepatitis A virus (HAV)

 f Hepatitis B virus (HBV)

 f Cytomegalovirus (CMV)

 f Human herpes virus (HHV)6/7/8

 f Herpes simplex virus (HSV)1/2

 f Parvovirus B19 (B19)

 f Epstein-Barr virus (EBV)

 f West Nile Virus (WNV)

These tests can be carried out using Poly-
merase Chain Reaction technology by major 

  f TABLE 1
Infectious disease testing for HSC Donation*.

Test description Acceptance 
criteria

Hepatitis B Surface Antigen (HBsAg) Nonreactive
Hepatitis B Core Antibody (Anti-HBc) Nonreactive
Hepatitis C Virus Antibody (Anti-HCV) Nonreactive
Human Immunodeficiency Virus Anti-
body (HIV-1 /2)

Nonreactive

Human T-Lymphotropic Virus Anti-
body (HTLV-I/II)

Nonreactive

Syphilis Nonreactive
Trypanosoma cruzi Antibody Nonreactive
H Human Immunodeficiency Virus -1 
NAT

Negative

Hepatitis B NAT** Negative
Hepatitis C NAT Negative
West Nile Virus NAT Negative
Zika NAT Negative
Anti CMV antibody Negative

* Other infectious agents may be required as defined by local 
regulations
** NAT – Nucleic Acid Test

  f TABLE 2
Specification of CD34+ Cells.

Parameter Specification

CD34+ Viability ≥ 70%
CD34+ Purity FIO* (typically >90%)
CD45+ Viability ≥ 70%
Sterility No growth
Endotoxin FIO
Mycoplasma Negative

* In early phases of a program, CD34+ purity after isolation is typically 
left as For Information Only (FIO) until sufficient runs are performed 
to allow a specification to be set.
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testing labs such as Charles River, Eurofins, or 
BioReliance. These companies should be able 
to provide a testing panel capable of detect-
ing a broad range of Herpesviruses is used, 
as Herpesviruses can remain latent in various 
cell compartments (for example Epstein-Barr 
Virus in B cells and CMV in hematopoiet-
ic cells). These panels can detect the follow-
ing: Herpes Simplex Virus (HSV) 1, HSV 2, 
Epstein Barr Virus (EBV), Cytomegalovirus 
(CMV), Human Herpes Virus (HHV) 6, 
HHV 7 and HHV 8, among others. 

All tests should be performed using either 
FDA licensed, approved or cleared test kits, 
and the tests should be performed in a CLIA 
certified or equivalent laboratory. 

SUMMARY
The use of allogenic HSCs in developing novel 
cell and gene therapies has promise and poten-
tial to treat a variety of oncology conditions or 
as a regenerative therapy. The perceived cost 
of goods savings on production of large-scale 
batches of allogeneic products is slightly off-
set by the additional testing requirements of 
the donors and final product cells. Obtaining 
strategic partners to help source donors and 
perform the isolation of CD34+ cells, as well 
as release testing, is essential for long term sup-
ply and success of the programs. Information 
of the starting process from donor selection 

onward must be included in the CMC section 
of the IND. The IND sponsor is responsible 
for all aspects of the trial including the health 
of mobilization of the donors (if performed). 

TRANSLATION INSIGHT
The use of donor material as a starting source 
for small scale clinical runs can present a num-
ber of challenges to success for long-term, 
large scale commercial programs. Depending 
on the program and use of the starting cells, 
the number of runs possible from one dona-
tion can be large or small, but it will always 
be finite. Developing programs using stem 
cells from donors has limitations that were not 
present in the development of monoclonal an-
tibodies where master cell banks and working 
cell banks could be created. Thinking about 
ways to generate alternate cell sources (such as 
iPSC) or looking at ways to increase the yields 
of the isolated CD34+ cells or in expansion of 
these should be determined early in the devel-
opment lifecycle. Making a change to a critical 
starting material after initial proof of concept 
may require additional arms in a clinical study 
for comparability purposes. Developing an 
immortalized HSC for use in therapeutic in-
dications may be the benchmark, but there are 
very high hurdles to confirm these cells will be 
suppressed once used therapeutically and not 
contribute to the development of cancer. 
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Regulatory & supply chain 
implications for plasmids as 
critical starting materials in the 
manufacture of viral vector  
gene therapy products
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Plasmid DNA is actively being used as starting material/intermediates, drug substance, 
and/or drug product in the manufacture of several therapeutics including DNA vaccines, 
viral-vector and non-viral-vector gene therapies, and mRNA vaccines. Since plasmids have 
a large range of uses, there have been various plasmid guidelines released from the differ-
ent agencies. Specifically for gene therapy, recent guidelines have tried to provide clearer 
guidance, however there is still ambiguity around quality requirements. For example, the 
specifications for the release of plasmids from a plasmid manufacturer and the facility re-
quirements for accepting these plasmids for use in viral vector manufacturing are not always 
aligned and can cause disconnect in the supply chain. For a sponsor managing plasmid man-
ufacturing for use as starting material in viral vector manufacturing, it is important to be 
aware of these differences in requirements ahead of time. The current manuscript highlights 
these regulatory differences and calls out the importance for a sponsor to build a robust 
supply chain between the plasmid manufacturer and the viral vector manufacturer well in 
advance to minimize bottlenecks due to quality requirements and timelines.
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Plasmids are small, circular, extrachromosom-
al DNA that replicate independently of the 
host DNA. They occur naturally in bacteria 
like E. coli and provide the host a competitive 
advantage including antibiotic resistance and 
the ability to survive extreme environments 
[1]. Plasmids have become fundamental tools 
for recombinant DNA technology; given their 
smaller size and greater number than the host 
chromosome, they can be easily isolated in 
pure form. Additionally, they are stable and 
easy to manipulate and replace non-essential 
genetic material with therapeutic genes of in-
terest [1]. At a therapeutic level, plasmid DNA 
(pDNA) is being actively used for DNA vac-
cines and gene therapies against several infec-
tious-, acquired-, and genetic-diseases. In addi-
tion, pDNA is used as critical starting material 
for viral vector vaccines, mRNA vaccines, and 
viral vector gene therapies (Box 1) [2].

Plasmid DNA manufacture is critical when 
viral vectors are produced via transient trans-
fection. Manufacture of these viral vector 
products involves the transfection of mam-
malian cells utilizing one pDNA containing 
the genetic elements including the therapeu-
tic gene of interest to be incorporated into 
the viral vector, and one to three additional 
pDNAs containing the helper functions for 
viral vector production [3]. Manufacture of 
these plasmids poses regulatory challenges 
since plasmid DNA manufacturers maintain 
their own manufacturing processes and differ 
in their quality and testing approaches. These 
regulatory challenges are discussed further in 
the sections below. Guidances for plasmid 
manufacture focus primarily on their use as 

therapeutics [4–6]. However, plasmids also 
function as critical starting materials in viral 
vector production [7]. Given the increasing 
regulatory stringency in subsequent stages of 
clinical development, it is important to rec-
oncile the production and procurement of 
pDNA by evaluating the different needs from 
a quality and testing perspective.

Depending on the type of plasmid use 
(whether utilized as starting/critical raw ma-
terial, intermediate, drug substance, or drug 
product in drug development), not only are 
there different agencies pushing different 
guidelines, but there are also different spec-
ifications applicable to the release product, 
from manufacturer, to its acceptance down-
stream. This clearly causes a disconnect in the 
supply chain of these plasmids, as it will be 
discussed further in the sections below.

PLASMID DNA DESIGN & 
MANUFACTURE OVERVIEW
While individual plasmid producers utilize 
their own platform process for the design and 
manufacture of plasmid DNA, the basic prin-
ciples are the same as shown in Figures 1 & 2.

At a high level, the backbone for each re-
combinant plasmid contains an origin of rep-
lication, an antibiotic resistance gene for selec-
tive pressure during replication, and optimized 
genetic elements (promoters, enhancers, help-
er genes, vector transgenes, etc.) needed for vi-
ral vector production (Figure 1). Recombinant 
plasmids are used to transform appropriate 
strains of E. coli. and clones of transformed, 
antibiotic-resistant E. coli are selected. The op-
timally producing clones are then expanded to 
produce master and working cell banks used 
for further plasmid production [8].

The manufacturing process utilizes 
high-density fermentation conducive to the 
production of supercoiled plasmid DNA 
(Figure 2). During downstream purification, 
the bacterial cells are pelleted, lysed, and pro-
cessed through one or more chromatography 
steps to enrich super-coiled plasmid DNA 
away from host cell impurities, and linear, 

  f BOX 1
Therapeutic uses of plasmids.

DNA vaccines and gene therapies for: 
 f Infectious diseases

 f Acquired diseases

 f Genetic diseases 
Critical starting material for:

 f Viral vector vaccines

 f mRNA vaccines

 f Viral vector gene therapies
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nicked, and open/closed plasmid forms [8]. 
Regulatorily, there is gathering impetus to use 
single-use systems to produce plasmids used 
in viral vector manufacture.

GUIDANCE FOR USE OF 
PLASMIDS IN VIRAL VECTOR 
MANUFACTURE USING 
TRANSIENT TRANSFECTION
Utilizing phase appropriate quality systems 
for the release of plasmid DNA in viral vector 
production is important, as the regulatory ex-
pectations around plasmids used for transient 
transfection in manufacturing viral vectors, 
continue to evolve. Plasmids for vector man-
ufacturing are clearly defined as a starting ma-
terial for advanced therapy medicinal prod-
ucts (ATMPs) (not as a raw material) via the 
Annex to the EU Directive 2009/120/EC, 
Part IV, Section 3.2 [9] and referenced in the 
EMA’s (European Medicines Agency) 2018 
guideline [10]. However, the FDA (United 
States Food and Drug Administration), has 

referred to these plasmids as intermediates 
in the 2020 FDA Chemistry, Manufactur-
ing, and Control (CMC) Guidance for Gene 
Therapy IND (investigational new drug) ap-
plications [11]. An intermediate is defined in 
ICH Q7 as a material produced during steps 
of the processing of an API (active pharma-
ceutical ingredient) that undergoes further 
molecular change or purification before it be-
comes an API [12]. In comparison, ICH Q7 
defines a starting material as a material that 
is used in the production of an API and is 
incorporated as a significant structural frag-
ment into the structure of the API [12].

In April 2021, the EMA announced the 
availability of a Questions and Answers 
(Q&A) Guidance around the grades of plas-
mids required for the production of ATMPs 
[7]. Specifically, the EMA states that while a 
GMP (good manufacturing practice) certif-
icate is not required for manufacturing and 
testing sites of starting materials for ATMPs, 
these sites should conform and comply with 
principles of GMP. The EMA also clarified 
that a QP (Qualified Person in the EU) 

 f FIGURE 1
Plasmid DNA – design and optimization. steps involved in design, selection and optimization of E. coli containing recombinant 
plasmid.
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release would not be needed. Table 1 is pre-
sented in the Q&A Guideline to help clarify 
the EMA’s expectations around the level of 
GMP controls needed for different products 
using plasmid DNA. A gradient system is 
used to define the level of control: dark gray 
is used to denote where GMP manufactur-
ing is applicable, and light gray is used to 
denote where GMP principles should be ap-
plied. As an example, for in vivo viral vector 
gene therapy ATMP manufacturing, plasmid 

manufacturing is shown in light gray, indicat-
ing GMP principles should be followed and 
full GMP procedures are not required.

The 2021 EMA Q&A Guideline also gives 
guidance on how to select the GMP principles 
to be followed using a risk-based approach. In 
summary, the starting material manufacturer 
should be qualified by the ATMP manufac-
turer. The ATMP manufacturer should have 
an agreement in place with the starting ma-
terial manufacturer regarding procedures to 

  f TABLE 1
Table from 2021 EMA Q&A on the principles of GMP manufacturing of starting materials of biological origin 
used to transfer genetic material for the manufacturing of ATMPs [7].

Example 
Products

Application of GMP to manufacturing steps is shaded in dark blue 
GMP principles should be applied where shaded in light blue

Starting material – active substance – finished product

In vivo gene 
therapy: mRNA

Plasmid man-
ufacturing and 
linearizion

In vitro transcription mRNA 
manufacturing and 
purification

Formulation 
filing

In vivo gene 
therapy non-viral 
vector (e.g. naked 
DNA)

Plasmid 
manufacturing

Establishment of bacterial bank (MCB, 
WCB)

DNA 
manufacturing, 
fermentation and 
purification

Formulation 
filing

In vivo gene ther-
apy viral vectors

Plasmid 
manufacturing

Establishment of a cell bank (MCB, WCB) 
and virus seed when applicable

Vector 
manufacturing and 
purification

Formulation 
filing

Ex-vivo genetical-
ly modified cells³

Donation 
procurement 
and testing of 
tissues/cells1

Establishment of a 
cell bank (MCB, WCB) 
and/or vector expan-
sion and virus seeds 
when applicable

Plasmid 
manufacturing
Vector 
manufacturing 

Genetically 
modified cells 
manufacturing 

Formulation 
filing

In the table above, the AMTP starting materials are underlined and the ATMP active substances appear in bold. The construction of the plasmid 
by in silico and molecular biology methods occurs before the plasmid manufacturing and is considered research and development. Therefore it 
is not under the scope of the current Q&A.

 f FIGURE 2
Plasmid DNA - Manufacturing Overview.  Expansion of master cell bank, high density fermentation and downstream 
purification
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follow. Those procedures should be propor-
tionate to the potential impact of the starting 
material in the quality, safety, and efficacy of 
the finished medicinal product. In addition, 
the Q&A Guidance states that sterile or low 
bioburden starting materials which can be 
sterile filtered should follow relevant steril-
ization guidelines and aseptic manufacturing 
practices.

While this guidance helps clarify EMA’s ex-
pectations, the latest from the FDA regarding 
plasmid controls comes from the 2020 guid-
ance [11]. The FDA refers to plasmids used 
for transient transfection to manufacture viral 

vectors as ‘intermediates’ and specific GMP 
requirements are not defined. The 2020 guid-
ance mentions the plasmid DNA should be 
made from qualified banks and the manu-
facturing procedures, reagents, and specifi-
cations should be listed in the IND. Testing 
suggested for the plasmids to include sterility, 
endotoxin, purity, and identity. See Table 2 
for examples of release test methods for these 
assays. It is also noted that the MCB (master 
cell bank) for a bacterial bank of a plasmid 
intermediate may not be necessary for early 
phase, but that the details around the history 
and derivation of materials used to generate 

  f TABLE 3
Analytical Tests and Example Methods for release of E. coli. master cell bank used in plasmid 
manufacture. 

Analytical test Example methods
Identity Restriction Fragment Length Polymorphism (RFLP), 

Sanger Sequencing, Next Generation Sequencing (NGS)
Host Cell Identity Confirmation of Species by API 20 Test

Confirmation of Gram-negative rod form by Gram staining
Colony Morphology
Confirmation of Phenotype

Plasmid Retention Confirmation of drug resistance by antibiotic typing 
Viable Count Microbial enumeration and counting
Purity Test Microbial enumeration to detect absence of bacterial and/or fungal, and bacteriophage 

contamination
Plasmid Copy 
Number

qPCR/ddPCR

  f TABLE 2
Analytical Tests and Example Methods for release of Plasmid DNA used in viral vector manufacture.

Analytical test Example methods 
Identity Restriction Fragment Length Polymorphism (RFLP), 

Sanger Sequencing, Next Generation Sequencing (NGS)
DNA Concentration UV spectrometry
Purity UV spectrometry (OD 260/280), 

Agarose Gel Electrophoresis (% supercoiled DNA, total DNA), 
Capillary Gel Electrophoresis (% supercoiled DNA)

pH USP<791>
Osmolality USP<785>
Residual Kanamycin qPCR/ddPCR
Residual host genomic DNA qPCR/ddPCR
Residual host cell protein ELISA, micro BCA
Residual RNA RTPCR, 

reverse phase HPLC, 
Agarose gel electrophoresis stained with SYBR Gold

Bioburden/Sterility USP<61>/USP<71>
Endotoxin USP<85>
Mycoplasma USP<63>
Appearance Visual Inspection
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a bank should be described in the IND. The 
guidance also lists some recommended testing 
for bacterial cell banks used to manufacture 
the plasmid intermediate, including but not 
limited to, bacterial host strain ID, plasmid 
presence, cell count, plasmid ID by restric-
tion enzyme (RE) analysis, plasmid sequenc-
ing and host strain purity  (Table 3).

Considering the various recommenda-
tions given by the EMA and FDA, contract 
plasmid manufacturers must decide the lev-
el of controls they will put in place for their 
platform plasmid manufacturing process 
and their testing strategy. Plasmid manufac-
turers must consider the types of plasmid 
products they intend to manufacture, which 
include starting material plasmids for viral 
vector manufacturing, in addition to other 
plasmid DNA therapies and vaccines [4–6]. 
Since the guidelines put the responsibility on 
each manufacturer, plasmid manufacturers 
may leverage the ICH Q6A and Q11 guid-
ance and may consider the manufacture of 
plasmid DNA as a bulk drug substance with 
more stringent quality controls rather than a 
starting material [13,14]. In this scenario, the 
plasmid would be filled into bulk drug sub-
stance containers as low-bioburden material 
due to the downstream steps occurring under 
non-sterile conditions (e.g., column purifi-
cation and tangential flow filtration). A fill/
finish step is generally omitted because: 

1. Large volumes are needed of the 
plasmid when using it for viral vector 
manufacturing, 

2. Fill/finish capabilities for these large 
volumes are not available or easily 
accessible and add unnecessary cost

3. The plasmid is not the final product being 
given to patients, but a starting material/
intermediate for the viral vector product. 

Filling into bulk drug substance containers 
could be considered sufficient in this context. 
In addition, as part of the viral vector manu-
facturing process, an additional filtration of 
the plasmids through a sterilizing grade filter 

should be leveraged to further reduce risk of 
contamination.

Alternatively, viral vector manufacturers 
have their own requirements for receiving 
plasmids into their facility for use in the drug 
substance manufacturing process. Most vi-
ral vector manufacturers require sterility as a 
plasmid release test to accept plasmid DNA 
into their facility. However, per ICH Q6A, 
bioburden, not sterility, should be used to 
release a low-bioburden bulk drug substance 
[13]. It is considered standard in finished 
product manufacturing that sterility is not 
imparted to a finished product because it has 
been tested for sterility. Sterility assurance 
comes from a combination of quality controls 
and demonstration of sterility through media 
fills and appropriate testing. Manufacturers 
of plasmids used as starting material, may be 
hesitant to test for sterility of the starting ma-
terial to avoid any misnomer or representation 
of the same level of sterility control as would 
be expected for a finished product. Therefore, 
it is not uncommon to see a bioburden limit 
of <1 CFU/10 mL on plasmid bulk drug sub-
stance. This limit means the material is free of 
microbial contamination, however it cannot 
be claimed as sterile because it was not manu-
factured under the same level of quality con-
trols and media fill demonstrations as would 
be expected with sterile finished product.

For a sponsor managing plasmid manufac-
turing and viral vector manufacturing at two 
different CMOs, it is important to be aware 
of these requirements ahead of time to reduce 
any delay of bringing the plasmid DNA into a 
viral vector CMO. These discrepancies could 
be overlooked at first glance.

CONCLUSION
Plasmids are a crucial starting material for 
viral vector manufacturing . It is important 
for a sponsor to build a robust supply chain 
between the starting material manufacturer 
and the ATMP/viral vector manufacturer well 
in advance to minimize bottlenecks in quali-
ty management and timelines. Additionally, 
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there is gaining impetus for further harmoni-
zation of the guidance for plasmids as start-
ing material/intermediates in the viral vector 

manufacturing process, and for manufactur-
er alignment on best practices and unifying 
standards [15].
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“Prediction algorithms based on the patient’s 
cell count that consider the apheresis device 
collection efficiency can be used to calculate 

the blood volume to process to collect a desired 
target cell yield”
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There is a growing interest in the Aphere-
sis and Cell/Gene Therapy communities to 
standardize one of the main contributors to 
the variability of the manufacturing process 
of autologous cell & gene therapy products, 
most of them based on peripheral blood 
mononuclear cells as a raw starting materi-
al, which is the apheresis collection. Manu-
facturing processes, particularly for CAR T 
cell, have been designed in accordance with 
Good Manufacturing Practices to mitigate 
the impact of the variable content of apher-
esis products on the final drug product. For 
example, including a cell expansion step of 
the transduced cells or adjusting the quantity 
of viral vector used depending on the actu-
al CD3+ cell content. Even so, these manu-
facturing processes still could benefit from 
more homogeneous apheresis products. To 
ensure more homogenous and uniform start-
ing material for genetic modification, T cell 
enrichment can be introduced in the CAR 
T manufacturing process. In the case of gene 
therapy products, the standardization of the 
CD34+ cell content would for sure minimize 
manufacturing failures associated with a low 
cell dose starting material, given the fact that 
these manufacturing processes do not include 
a cell expansion step and the overall cell re-
covery is generally low.

Prediction algorithms based on the pa-
tient’s cell count that consider the apheresis 
device collection efficiency can be used to cal-
culate the blood volume to process to collect 
a desired target cell yield. Also, very reliable 
prediction algorithms based on the linear re-
gression between the patient’s cell counts and 
the number of collected cells per liter of blood 
processed can be easily built using retrospec-
tive data with the same purpose. Whereas 
these algorithms can be successfully applied 
to the majority of cell collections, however, 
some disease-specific co-morbidities that alter 
the physical or biochemical characteristics of 
blood may limit their usefulness. Of course, 
not every characteristic of the apheresis prod-
uct can be standardized. There is very little 
that can be done regarding the quality of the 
cells collected from the very sick patients to 

be treated with CAR T cell therapy. Regula-
tory agencies’ clearances given to these drug 
products (DPs) require that patients must 
have been treated unsuccessfully with other 
conventional therapies (e.g., autologous stem 
cell transplant, chemotherapy) prior to being 
treated with CAR T cell therapy. The use of 
very aggressive chemotherapy regimens that 
severely impact the CD3+ cell health in terms 
of cell senescence & exhaustion make these 
CD3+ cells less than optimal for the CAR T 
cell manufacturing process. A possible solu-
tion here would be to extend the washout 
period between the last treatment and the 
apheresis collection.

On a different note, apheresis collection 
centers are being increasingly overwhelmed 
by the number and diversity of apheresis 
collection protocols and audits proposed by 
the industry (either in the research, clinical 
or commercial stage), which end up consum-
ing a disproportionally high share of their re-
sources in terms of staff, time and money. At 
the same time this can easily cause confusion 
and undesired deviations given the number of 
differences between these protocols. The root 
cause is that the apheresis collection manuals 
developed by different companies have been 
written independently, and at the time of 
writing this editorial no standardization ini-
tiative has been implemented yet.

This may change in the relatively near 
future. In the recent 2021 Association for 
the Advancement of Blood & Biotherapies 
(AABB) Meeting there was a session specif-
ically dedicated to the standardization of 
apheresis collections. 

In one presentation, a British group named 
SAMPLE (Standard Approach to ATMP 
tissue colLEction) described the factors im-
pacting the variability of the apheresis prod-
ucts, making an emphasis on the variation 
amongst manufacturer’s requirements. They 
proposed a series of recommendations geared 
towards to reducing unnecessary complexity 
and variation in apheresis collections, increase 
harmonization and ultimately improving effi-
ciency in apheresis collection to increase ca-
pacity within the apheresis collection centers.
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During a second presentation, a US group, 
the Standards Coordinating Body (SCB) 
with the Foundation for the Accreditation of 
Cellular Therapy (FACT), Parenteral Drug 
Association (PDA) and AABB as co-sponsors, 
presented the results of two surveys devel-
oped by a group of experts from the cell ther-
apy industry, apheresis centers, accreditation 
bodies and others. The first survey was sent 
to the industry and the second one to apher-
esis centers. Questions were similar for both 
groups and included questions about audits, 
accreditation/registration, SOPs, required 
patient data, collection parameters, labelling 
& packing. The results of these surveys con-
firmed that apheresis centers are already over-
burdened, and that there is little consensus 
on basic parameters and procedures between 
apheresis centers and industry. Respondents 
agreed that the standardization of require-
ments and parameters to simplify audits and 
SOPs could address the biggest burdens to 
apheresis centers. The final recommendations 
from the SCB group reflected the respon-
dents’ opinion and highlighted the benefits of 
reducing the current burden for the apheresis 
centers.

More recently, the American Society 
For Apheresis (ASFA), with the support of 
FACT, AABB, ASTCT (American Society 
for Transplantation and Cellular Therapy), 
NMDP (National Marrow Donor Program) 
and ISCT (International Society for Cell 
and Gene Therapy) has written a guidance 
document for the cell therapy industry in 
white paper format that has been accepted 
for publication by Cytotherapy [1]. The doc-
ument describes best practices for the cell 
therapy industry when writing an apheresis 
collection manual or protocol and identifies 
the same issues affecting apheresis collection 
centers described by the SAMPLE and SCB 
groups. The document goes in detail through 
all the steps from on-boarding and cell col-
lection to quality assurance and auditing, 
proposing specific measures to ensure a sig-
nificant degree of standardization in every 

step, particularly the cell collection. Among 
other key recommendations, the document 
highlights the importance of including a pa-
tient readiness or acceptance criteria based on 
hematological parameters, a collection target 
(preferably a cell dose), the optimal/suggested 
apheresis machine settings as well as allow-
ing the apheresis center to take samples from 
the collected product to assess its quality and 
calculate the collection efficiency of the pro-
cess. The utilization of prediction algorithms 
to facilitate achieving the collection target is 
mentioned throughout the document. Ad-
ditionally, it is mentioned in the white pa-
per that the NMDP launched a centralized 
quality system audit program, called the “Be 
the Match Bio Therapies Quality System 
Audit Program”, to help reduce redundancy 
with the many audits that apheresis centers 
are required to host. The program, endorsed 
by ASFA, includes a standardized biennial 
audit whose results will be made available 
to the industry. The ASFA white paper fur-
ther highlights the importance of identifying 
trained staff (including medical personnel, 
allied health staff, registered nurses) and con-
tinuously educating them with professional 
knowledge. 

Based on ongoing research and published 
data, a list of recommendations has been 
presented by scientists to minimize the dif-
ferent sources of variability and to help stan-
dardize the processing of apheresis products 
from start to finish. This include fully doc-
umenting the apheresis collection process 
with patient, collection, and product data, 
using recommended apheresis collection 
device settings from one procedure to the 
other, and using prediction algorithms to 
determine the volume of blood to be pro-
cessed. In summary, recognizing the issues 
associated with the lack of standardization of 
autologous apheresis cell collections for the 
cell & gene therapy industry, both apheresis 
centers, accreditation bodies and the indus-
try are finally working together to identify 
and implement solutions.



CELL & GENE THERAPY INSIGHTS 

192 DOI: 10.18609/cgti.2022.037

AUTHORSHIP & CONFLICT OF INTEREST

Contributions: All named authors take responsibility for the integrity of the work as a whole, and have given their approval for this 
version to be published.

Acknowledgements: None.

Disclosure and potential conflicts of interest: The author have no conflicts of interest. 

Funding declaration: The author received no financial support for the research, authorship and/or publication of this article. 

ARTICLE & COPYRIGHT INFORMATION

Copyright: Published by Cell and Gene Therapy Insights under Creative Commons License Deed CC BY NC ND 4.0 which allows 
anyone to copy, distribute, and transmit the article provided it is properly attributed in the manner specified below. No commercial 
use without permission.

Attribution: Copyright © 2022 Roig JM. Published by Cell and Gene Therapy Insights under Creative Commons License Deed CC BY 
NC ND 4.0.

Article source: Invited; externally peer reviewed.

Submitted for peer review: Jan 24 2022; Revised manuscript received: Feb 17 2022; Publication date: Feb 21 2022.

REFERENCES
1. Liu HD, Su L, Winters JL et al.; on behalf of the 

Immune Effector Cell Therapies Subcommittee, 
Clinical Applications Committee, American 
Society for Apheresis. Immune Effector Cell 
Therapy Collections: A White Paper from the 
American Society for Apheresis. Cytotherapy 
2022.

BIOGRAPHY 

Joseph Roig obtained his BSc in Science of 
Chemistry in 1980 (University of Barcelona) 
and started his professional career at Coulter 
(Beckman-Coulter nowadays), where he 
worked in the blood cell counting and flow 
cytometry fields. He joined COBE BCT 
(currently Terumo BCT) in 1991 to help the 
company start operations in Spain, moving 
to the US to continue working for the same 
company in 2000. During the years that he 
worked for COBE/Terumo BCT he was in-
volved with all existing apheresis variants 
(donor collections, leukapheresis, therapeutic 

apheresis) as well as cell processing. He joined 
the Terumo BCT Scientific Support group in 
2012 and the Medical Affairs group in 2016, 
the same year he got a Masters in Transfusion 
Medicine and Advanced Cell Therapies (EM-
TACT) by the Autonomous University of 
Barcelona. He became an independent apher-
esis consultant in 2019 and consulted for sev-
eral cell & gene therapy companies including 
CRISPR Therapeutics, BioNTech, BlueBird 
Bio, PACT Pharma, Editas and Aruvant 
among others. He started working for Bristol 
Myers Squibb in 2020 and he is still working 
there as the Associate Director of Apheresis 
for Global MS&T (Manufacturing Science 
and Technology).

AFFILIATIONS

Joseph Roig 
Associate Technical Director of  
Apheresis for Global Manufacturing  
Science and Technology, 
Bristol Myers Squibb



www.insights.bio   251

CELL & GENE THERAPY INSIGHTS

RAW & STARTING MATERIALS

INTERVIEW
David McCall, Editor, Cell and Gene Therapy Insights, speaks to  
Fouad Atouf, Vice President, Global Biologics, United States 
Pharmacopeia

Standardization & analytical tool 
innovation in the cell & gene 
therapy field

FOUAD ATOUF is Vice President, Global Biologics, for USP. 
He leads all scientific activities related to the development and 
maintenance of documentary and reference standards for biolog-
ics and advanced therapies as well as the oversees biologics lab-
oratories in USP–US and USP–India. Dr Atouf has been at USP 
for over 15 years and served in a variety of scientific leadership 
roles including being the regional champion for the Middle East 
and North Africa Region, where he helped facilitate, programs de-
signed to enhance the understanding of the role of regulations and 
standards in the registration of medicinal products. Dr Atouf has a 
strong background and experience in the development and stan-
dardization of cellular and tissue-based products. Prior to joining 
USP in 2006, his research at the US National Institutes of Health 

focused on developing methods for the in vitro generation of cell-based therapies for diabetes. 
Dr Atouf is the author of numerous publications in peer-reviewed journals and a frequent speak-
er at national and international scientific conferences. Dr Atouf earned his Master’s degree in 
Biochemistry and his PhD in Cell Biology from the Pierre & Marie Curie University, Paris, France. 

Cell & Gene Therapy Insights 2022; 8(2), 251–256

DOI: 10.18609/cgti.2022.041



CELL & GENE THERAPY INSIGHTS 

252 DOI: 10.18609/cgti.2022.041

 Q What are you working on right now?

FA: In my current role, I oversee the overall operations for biological standard-
ization at the United States Pharmacopeia (USP). We are implementing a strategy that I 
helped launch in 2017, which covers the overall biologics landscape. Our focus is documentary 
standards aimed at advancing quality topics, and reference standards for measuring the per-
formance of assays and processes. This type of work requires engagement with stakeholders, 
leading collaborations and partnerships. 

In addition to advanced therapies, the scope of standards we cover includes other biologics 
like recombinant proteins, hormones, peptides, heparin, and vaccines. We are also looking 
at analytical tools for these products, and exploring cross-cutting issues such as impurities 
and sterility assurance. 

Finally, regarding the early stage of development, we have launched a program on bio-
markers and the type of assays and standards developed there.

 Q As a former researcher who specialized in cell therapy, what are 
your reflections on the journey towards standardization the field 
has undergone?

FA: It has been interesting to see how the field has evolved over the past few 
decades. There has been progress on multiple fronts, including the implementation of novel 
technologies for both manufacturing and testing for advanced therapies. Progress has also been 
made in how we approach development and validation of analytical methods. For example, the 
flow cytometry has advanced phenomenally from when I used it 20 years ago. It is now widely 
used in QC environment to release products. This is also true of PCR-based methods, which 
are becoming more and more sophisticated as they move out to the QC environment.

The other part of the evolution relates to increased guidelines from regulatory agencies and 
pharmacopeias, to address challenges with the qualification of raw materials and methods. 
These aspects have advanced dramatically in the past 20 years. With that said, the challenge 
with standardization is the increased number and variety of products and processes. It makes 
it hard to set standards that fit the needs of each single product, especially when considering 
rare diseases and specific applications. This is why standards should focus on cross-cutting 
issues to address the analytical needs for the overall class of products.

 Q How have regulatory guidance and the standards for cell and 
gene therapy (CGT) raw materials evolved recently, from the USP 
perspective?

FA: Cell-based products carry the risk of taking some of the raw material to 
the finished product. One of the important aspects to consider is how regulatory guidance 
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can integrate better understanding of how 
these materials interact with cells. It is really 
remarkable to see this type of risk being cap-
tured in the evolving scientific and regulatory 
paradigms in support of a stronger advanced 
therapy field.

Another example in the gene therapy field 
is that both industry and regulatory agencies 
are looking into enhanced tools for charac-
terization of the active substance, as well as 
the raw materials and other components 
used throughout the manufacturing process. 
The guidelines are evolving along with the development of new technologies with greater 
sensitivity, allowing for better characterization. For example, in adeno-associated viral (AAV) 
vector-based gene therapies, one of the critical elements currently being tackled is how to 
measure the ratio between full and empty capsid. It is a priority to accelerate these types of 
tools and methods so we can bring these therapies to the patient, which means it has become 
a major focus for standardization organizations to make those measurements more efficient. 
USP is actively working on these types of standards and new guidelines, and forming an 
expert panel to launch these efforts.

 Q Where specifically do you see challenges for novel analytical tools 
being applied in the testing and qualification of CGT raw materials 
today?

FA: The CGT field is constantly introducing new analytical tools with greater 
sensitivity to better characterize the raw materials and the finished products. It is 
noteworthy that the field is leveraging some of the lessons from the biotechnology industry, 
including the development and manufacture of monoclonal antibodies and large molecules, 
and utilizing some of the same analytical tools. For CGT, those tools will have an impact on 
every aspect of production, because they will allow better upstream/downstream process devel-
opment and product release. 

One of the challenges relates to the qualification and validation of these methods for their 
intended use in CGT. Two examples come to my mind. One is the use of next-generation 
sequencing (NGS) to measure foreign DNA encapsulated in AAV particles. Working out 
how to qualify those methods for specific use and what kind of standards you can develop is 
not a simple task. 

The other example relates to leveraging the lessons from biotechnology manufacturing 
and testing: the use of liquid chromatography–mass spectrometry (LC-MS) for the charac-
terization and quantitation of host-cell proteins (HCPs). HCPs are a big challenge, because 
when you use cells to manufacture viral vectors, there is the risk that the viral vector may 
take some of the HCP proteins or DNA. LC-MS is a more sensitive method than ELISA, 

“The CGT field is constantly 
introducing new analytical 

tools with greater sensitivity 
to better characterize the raw 

materials and the finished 
products.”
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and it has been adopted for the measurement of HCPs in monoclonal antibodies and other 
therapeutics. The validation and qualification of these methods for viral vectors are a work 
in progress right now.

 Q Are there potential issues with disharmony between different 
bodies and jurisdictions in this arena, and are there any efforts 
afoot to counteract any challenges that may arise?

FA: Firstly, regulatory convergence has been the driver for a gradual and global 
alignment of regulatory expectations. This is an important step before considering har-
monization, which is a much higher standard of success and requires jurisdictions to agree on 
implementing similar technical and regulatory guidelines. 

Scientists and regulators need to engage in continuous dialogue on issues related to prod-
uct development and analytical testing. The findings of those discussions and dialogues need 
to be published to help others starting out in the field, and to inform agencies, who can 
start incorporating those findings into guidance. The point is to further scientific dialogue, 
as scientific thought leadership is critical. There are many conferences and public workshops 
organized by either public sector agencies or pharmaceutical science organizations, which 
allow the kind of conversations that can lead us on the path towards convergence and ulti-
mately harmonization. You need to start by agreeing on what the problem is, and then on the 
types of solutions. This makes the convergence and harmonization a much easier exercise. 
As a community of CGT stakeholders, we need to publish the findings from studies, sharing 
the lessons learned to benefit others.

 Q What are the overriding challenges in driving increased 
standardization in the field moving forward, and how is USP 
planning to approach them?

FA: The major challenge is caused by very rapid growth in the number and va-
riety of CGT products, which is remarkable in terms of addressing unmet need and 
treating conditions that have not yet been addressed by conventional treatment. 
The challenges that come with this fast growth are the growing pains across the value chain 
associated with bringing advanced therapies to market. 

Standardization needs to cover the overall value chain to be effective, because you cannot 
set standards for one component of the value chain without the others. It takes a lot of en-
gagement and commitment.

We can look at the CGT value chain from a couple of dimensions. In one dimension, we 
can see what the activities are. This means looking at the lifecycle of product development, 
including process development, development of regulatory strategy, manufacturing (wheth-
er it is in-house or outsourced), the introduction of new technologies, and packaging and 
distribution all the way through to the patient’s bedside. If you view the type of standards 
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required as the second dimension, then accreditation of a facility, best practices for the qual-
ification of raw materials, manufacturing, and analytics all need to be addressed. The intro-
duction of advanced manufacturing and looking at the analytics and the associated reference 
standard, is critical. So you must address both dimensions, and have the right type of stake-
holders around so that people can cooperate and collaborate to bring the solutions together.

In general, USP tends to focus on tools that solve problems in analytical testing and ref-
erence material type. Beyond this, we are trying to expand the work we do to other aspects 
of the CGT value chain. For example, we want to be able to explore solutions to address 
standardization approaches to cover the chain of identity and the chain of custody for CGT. 
We also want to find out the kinds of toolkits we can bring to the public domain and help 
developers control their processes, and what kind of information we can extract from this. 
We recognize that setting a standard is a high bar, and we want to make sure we do it right 
and in a good sequence. We start with best practices, and then make sure everyone is com-
fortable before we get into a documentary and/or reference standard.

 Q What are some of the key CGT-related goals and priorities over the 
next few years, both for yourself in your own role and for USP as 
a whole?

FA: The work we have been doing was a result of stakeholder feedback. This 
work is continuing, but I am also focused on supplementing it by developing a roadmap for 
USP’s work in the CGT field over the next 5 to 10 years. We want a framework where we have 
identified the current problems we are trying to solve. We recognize that things evolve exter-
nally with industry, and we will adapt to those developments. The roadmap is critical for us 
internally, and we also want to be able to publish a version of that, to increase the transparency 
around the kinds of tools that might be coming out – this will in turn enhance dialogue with 
stakeholders.  

In terms of a specific standardization effort that may see the light of day within the next 12 
months, we have ongoing work in our laboratories and in collaboration with partners to re-
lease reference materials to support measurement of vector copy number for lentiviral-based 
therapies. Controlling the copy number of 
integrated viruses is a safety challenge and 
having materials that allow you to calibrate 
and measure how many copies integrate in a 
genome is important. 

In addition, we have another project 
focused on the measurement of the ratio 
between full and empty capsid, for AAV 
applications. In collaboration with NIIM-
BL (National Institute for Innovation in 
Manufacturing Biopharmaceuticals) and 
NIST (National Institute of Standards and 

“We also want to find out 
the kinds of toolkits we can 
bring to the public domain 

and help developers control 
their processes, and what 

kind of information we can 
extract from this.”
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Technology), we have a proof-of-concept study exploring the methods that can measure the 
ratio between empty and full capsids. This round-robin study should finish within the next 
12 months and give us a good idea of the most suitable methods. In parallel to this, we are 
trying to develop a few reference standard ideas to support that measurement. And besides 
analytical tools and the associated reference standards, we remain committed to explor-
ing some of the digital and software-based solutions to manage the product development 
lifecycle. 

Another example is building on what the community, USP, the FDA, and other agencies, 
have done in trying to find an alternative to the sterility test and the rapid microbial test. 
We are looking into this area and assessing new technologies, which we will hopefully be 
available in the next few years.
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RAW & STARTING MATERIALS

COMMENTARY

Challenges in qualification & 
management of raw  
materials in advanced therapy  
medicinal products
Shok Ping Lim & Sakina Gooljar

Raw materials play a vitally important role in the manufacturing of advanced therapy medic-
inal products. The ability of raw materials to directly impact the safety, purity and efficacy of 
the final product has led to the requirement that advanced therapy medicinal product man-
ufacturers control the quality of raw materials in their manufacturing processes. However, 
some challenges exist in the raw material qualification process specific to the management 
of biological-derived materials, raw material grades and labels, qualifying suppliers and es-
tablishing robust supply chains. Therefore, a risk-based strategy is commonly employed 
to address these challenges in the management of raw materials for advanced therapy  
medicinal products. 
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The clinical development and commercializa-
tion of advanced therapy medicinal products 
(ATMPs) have evolved rapidly in the past few 
years. An ATMP is a medicinal product that 
is either a gene therapy medicinal product, a 

somatic cell therapy medicinal product, or 
a tissue-engineered product [1]. The poten-
tial for ATMPs to meet the unmet medical 
challenges of various diseases has resulted in 
the growing global interest in ATMPs. The 
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advancement in ATMP manufacture contrib-
utes to the increasing complexity of materials 
used in the production processes.

Materials used in the ATMP manufacture 
can refer to starting materials, raw materials, 
ancillary materials, excipients, non-active 
substances, active substances, cell banks and 
others. In the European Union (EU), the 
terms ‘raw materials’ and ‘starting materials’ 
must be distinguished [2]. Starting materials 
such as human cells and tissues as well as ex-
cipients are not within the scope of discus-
sion in this article. Raw materials are defined 
as reagents, solvents, substances or compo-
nents used in the manufacturing process of 
a medicinal product but not intended to be 
part of the final product [3,4]. The term ‘raw 
materials’ will be used throughout this com-
mentary to describe such material as it is not 
used internationally, and the terminology 
varies among regions. In the United States, 
the term ‘ancillary materials’ is commonly 
used [5] while ‘raw materials’ are used in the 
EU and International Conference on Harmo-
nization (ICH) guidelines [3,4]. Examples of 
raw materials used in the ATMP manufacture 
include cell culture media and supplements, 
process buffers, cytokines, growth factors, cell 
isolation and separation reagents, and cryo-
preservation medium.

Over the recent years, raw materials used 
in the manufacturing process of ATMPs have 
been recognized to be critically important in 
controlling the overall quality and safety of 
the final products. This is due to the fact that 
raw materials come in contact with the prod-
ucts in manufacturing that will be eventually 
administered to patients, and also terminal 
sterilization is always not possible for the fin-
ished products [6,7]. Thus, raw materials need 
to be adequately qualified and controlled 
before being released to be used for ATMP 
manufacture to ensure the consistency of the 
product quality and ultimately the patient’s 
safety. Nevertheless, challenges in selecting, 
qualifying and managing raw materials in AT-
MPs remain, as a consequence of a variety of 
reasons. This article will discuss the challeng-
es in raw materials regulation, the difficulties 

in controlling materials of biological origin, 
the confusion in raw material grades and la-
bels, as well as the management of suppliers 
and supply chains in ATMP manufacture. 

CHALLENGES IN QUALIFICATION 
AND MANAGEMENT OF RAW 
MATERIALS

Regulatory challenges in raw 
materials 
Currently, no legislation exists worldwide to 
specifically define the legal framework for the 
regulatory and quality requirements of raw 
materials used in ATMP manufacture. None-
theless, guidelines are available from various 
national and international organizations, pro-
viding general guidance to control the quality 
and consistency of raw materials [6]. Regula-
tory guidance documents from different re-
gions that can be referred to when qualifying 
raw materials in the ATMP manufacture are 
listed below.

Global: 

 f ISO Technical Standard 20399:2018 
Ancillary materials present during the 
production of cellular therapeutic products

 f ISO 9001: Quality management systems

 f ICH Q5A/D: Quality of biotechnological 
products

 f ICH Q7: Good manufacturing practice 
guide for active pharmaceutical ingredients

 f ICH Q8 (R2): Pharmaceutical development

 f ICH Q9: Quality risk management

 f ICH Q10: Pharmaceutical quality system

 f PIC/S GMP Guide Part 1: Basic 
requirements for medicinal products

 f PIC/S GMP Guide Annex 2A: Manufacture 
of advanced therapy medicinal products for 
human use

 f PIC/S GMP Guide Annex 13: Manufacture 
of investigational medicinal products
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 f PIC/S GMP Guide Annex 20: Quality risk 
management

Europe:

 f EudraLex Volume 4 Part IV: GMP 
requirements for ATMPs 

 f EudraLex Volume 4 Annex 2: Manufacture 
of biological active substances and 
medicinal products for human use

 f EudraLex Volume 4 Annex 13: 
Investigational medicinal products

 f EP General Chapter 5.2.12: Raw materials 
of biological origin for the production of 
cell-based and gene therapy medicinal 
products 

 f EMA Directive 2001/83/EC: Guideline 
on the risk-based approach according to 
Annex 1, Part IV, applied to advanced 
therapy medicinal products

 f Commission Directive 2009/120/EC 
amending directive 2001/83/EC relating 
to medicinal products for human use 
as regards advanced therapy medicinal 
products

 f Regulation (EC) No. 1394/2007: 
Advanced therapy medicinal products 
regulation

 f British Standards Institution. PAS 
83:2012 Guidance on codes of practice, 
standardised methods and regulations for 
cell-based therapeutics

 f European Directorate for the Quality of 
Medicines 

USA:

 f USP Chapter <1046>: Cellular and tissue-
based products

 f USP Chapter <1047>: Gene therapy 
products 

 f USP Chapter <1043>: Ancillary materials 
for cell, gene and tissue-engineered 
products

 f USP Chapter <90>: Fetal bovine serum 
quality attributes and functionality tests

 f USP Chapter <92>: Growth factors 
and cytokines used in cell therapy 
manufacturing 

 f USP Chapter <1024>: Bovine serum

 f 21 CFR 210 and 211: Current good 
manufacturing practice (drugs)

 f 11 CFR 211.80: Current good 
manufacturing practice for finished 
pharmaceuticals: components and 
containers/closures

 f 21 CFR 211.110: Current good 
manufacturing practice for finished 
pharmaceuticals: control of in-process 
materials

 f 21 CFR 610.15: General biologicals 
products standards: constituents materials

 f 21 CFR 1271.210: Human cells, tissues, 
and cellular and tissue-based products: 
supplies and reagents

Australia:
 f Australian regulatory guidelines for 

biologicals (ARGB): Critical raw materials 
used in manufacturing

Japan:
 f MHLW No. 210: Standards for biological 

ingredients

 f MHLW No. 266: General principles for the 
handling and use of cellular/tissue-based 
products

 f MHLW No. 0208003 and 0912006: 
Guidelines on ensuring quality and safety 
of products derived from processed cell/
tissue

 f MHLW No. 1314: Guidelines on ensuring 
the quality and safety of products derived 
from processed human stem cells

 f MHLW No. 0327025: Points to consider on 
manufacturing and quality control

Although there are some consistencies be-
tween the national and international guidance 
listed above, geographical discrepancies still 
exist in the quality and safety requirements 
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for raw materials. There is no global standard-
ization of critical quality attributes for raw 
materials used in the ATMP manufacture. 
However, it is near to impossible to write a 
single guideline to cover the regulatory re-
quirements for all the raw materials used in 
ATMP manufacture, owing to the diversity 
and complexity of the materials as well as the 
specificity of the applications. Hence, the 
best practice for ATMP manufacturers is to 
communicate with their regional regulatory 
agencies on the qualification requirements for 
the raw materials used in their specific ATMP 
manufacturing processes.

Apart from that, the manufacturing sites 
of raw materials are usually not audited and 
licensed by any regulatory authorities. In ad-
dition, there are no legal requirements for 
raw materials to be manufactured under a 
specific quality management system or GMP 
standard. These deficiencies give rise to the 
challenges faced by many ATMP manufac-
turers in determining the compliances of raw 
material manufacturers with GMP principles 
and the robustness of the quality system they 
are using. As the manufacturing of raw mate-
rials is not regulated, ATMP manufacturers 
bear the ultimate responsibility for assessing 
the suitability and quality of the raw materials 
used in their manufacturing processes to pro-
duce consistent, safe and high-quality ATMP 
products. 

Difficulties in controlling raw 
materials of biological origin

The use of raw materials of biological origin 
in ATMP manufacture is considered high risk 
attributable to the potential risk of transmis-
sion of adventitious agents and the introduc-
tion of biological impurities into the final 
products. USP General Chapter <1043> [5] 
and EP General Chapter 5.2.12 [8] outline 
a set of quality standards for the use of hu-
man or animal-derived materials, providing 
references for ATMP manufacturers. The best 
practice is to avoid using any biological ori-
gin materials in the ATMP manufacture, yet 

this is most of the time not possible. With the 
advancement of scientific understanding and 
technologies, the use of recombinant proteins 
in the ATMP manufacture as an alternative 
solution for biological origin materials has 
slowly become more common. Nonetheless, 
materials and processes used to produce the 
recombinant proteins need to be assessed 
carefully by ATMP manufacturers.

Using raw materials of biological origin in 
the processing of ATMP products presents 
a potential risk of contamination with hu-
man or animal pathogens including bacteria, 
fungi, viruses and Transmissible Spongiform 
Encephalopathy (TSE)/ Bovine Spongiform 
Encephalopathy (BSE) agents. For biologi-
cal raw materials, testing for sterility, residual 
host cell DNA, endotoxin, mycoplasma, and 
species-specific adventitious agents are man-
datory, and suppliers should provide this in-
formation to the ATMP manufacturer. More-
over, the raw material users must understand 
the source and origin of each raw material 
and Certificate of Origin (CoO) and TSE/
BSE compliance certification must be pro-
vided by the supplier. Whenever necessary, 
ATMP manufacturers should obtain details 
on the manufacturing process of the raw ma-
terials such as the steps taken in preventing 
cross-contamination during manufacturing 
and the methods used in viral inactivation or 
elimination if applicable. Sufficient informa-
tion provided by the suppliers allows ATMP 
manufacturers to perform a proper risk as-
sessment as part of their raw material quali-
fication program.

Managing the lot-to-lot variability of bi-
ological origin materials is the biggest chal-
lenge as these materials are derived from 
biological sources and it is well known that 
the variability of biological materials is very 
high. The suppliers should provide biological 
activity data to enable ATMP manufactur-
ers to assess the consistency of performance 
of the raw material in their manufacturing 
process. ATMP manufacturers should also 
be aware of the methodology used by the 
raw material manufacturer in testing biolog-
ical activity to determine whether the assay 
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is relevant for their intended use of raw ma-
terial. Furthermore, it is the responsibility of 
the ATMP manufacturer to study the impact 
of the lot-to-lot variability of biological raw 
materials on the final product and if required, 
at least three batches should be assessed [3,9]. 
In some cases, it might be incumbent for 
ATMP manufacturers to collaborate with the 
supplier to improve the raw material quali-
ty and to minimise the lot-to-lot variability. 
Additionally, the shelf-life of biological origin 
materials need to be determined by stability 
studies. The shelf-life data can be provided 
by suppliers or generated in-house by ATMP 
manufacturers. 

It is also fundamental to assess the risks 
of the introduction of biological impurities 
into the final products when materials of a 
biological origin are used in the ATMP man-
ufacture. Nevertheless, there may be a lack 
of robust and sensitive analytical methods 
or the testing regime for biological-derived 
materials may be highly complicated. These 
issues may lead to difficulties in assessing the 
impact of the biological raw material in the 
final product or to quantitate the amount of 
residual raw material, if any, remaining in the 
final product [6]. Consequently, the benefits 
of using biological raw material need to be 
weighed against the risks it poses to the final 
product quality and safety.

Since ATMP products cannot be subject to 
terminal sterilization, it is crucially import-
ant to control the risks of the introduction 
of contamination through raw materials. Ac-
cording to EP General Chapter 5.2.12, a risk 
assessment must be performed, taking into 
account the biological origin and traceabili-
ty of the raw materials, the steps in produc-
tion processes, and the ability to remove the 
raw materials from the final product [8]. In 
addition, it is indispensable for ATMP man-
ufacturers to understand the critical quality 
attributes of the biological raw materials and 
qualify alternative sources at the earliest de-
velopment phase of their medicinal products. 
This is because, if there is a need to change the 
sources or suppliers of biological raw materi-
als, it can be expensive and time-consuming 

as comparability studies evaluating the im-
pact of the change on final product quality 
attributes are usually required. More impor-
tantly, there is an urgent need for improved 
guidance documents to govern the manufac-
turing of biological-derived raw materials.

Confusion in raw material grades  
& labels

Presently, there is no standardization of com-
pliance claims in the material grades, for 
example research-grade, clinical-grade and 
GMP-grade, used by the suppliers. ATMP 
manufacturer is also not obliged to use a par-
ticular grade of raw materials in their manu-
facturing processes. Therefore, ATMP manu-
facturers often source raw materials labelled as 
“GMP-grade” to use in their manufacturing 
processes. It is paramount to note that GMP 
is a quality system rather than a grade. GMP 
is a quality system, defined as the ‘sum of all 
aspects of a system that implements a quality 
policy and ensures that quality objectives are 
met’ [3]. On the contrary, a grade is a quality 
standard, which is a ‘specification consisting 
of a list of tests, references to analytical pro-
cedures, and appropriate acceptance criteria 
that are numerical limits, ranges, or other 
criteria for the test described’ [3,10]. Raw 
material suppliers frequently market their 
products as ‘GMP-grade’ to claim the high-
est quality of their materials, but it actually 
means that the materials have been manu-
factured under a robust quality management 
system, for example ISO 9001, by following 
a particular GMP guideline. Importantly, raw 
material users should be aware that there is no 
GMP guidance specifically for raw material 
manufacture, and that raw materials manu-
facturer is usually not audited and licensed 
by competent regulatory authorities for their 
compliance with regulatory requirements. 
On the other hand, pharmaceutical-grade 
raw materials are manufactured by manufac-
turing facilities certified as GMP compliant 
by competent regulatory agencies. Thus, the 
use of pharmaceutical-grade raw materials 
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in ATMP manufacture might reduce the 
burden of qualification. However, addition-
al testing either performed by suppliers or 
ATMP manufacturers themselves, might still 
be required, depending on the intended use 
of the raw materials in specific ATMP man-
ufacturing processes. Another advantage of 
using pharmaceutical-grade raw materials 
is that comparability studies are usually not 
legally required when ATMP manufacturers 
decided to source the same raw material from 
alternative suppliers.

On top of that, there is a lack of gover-
nance and consistency surrounding the label-
ling of raw materials. Standard terms for raw 
material quality have not been established 
and there is a variety of terminology. For 
instance, ‘chemically-defined’, ‘xeno-free’, 
‘biological-free’, ‘TSE/BSE-free’ and ‘animal 
component-free’ are often used by suppliers 
for marketing purposes. 

Overall, any claims of the raw material by 
suppliers should be appropriately evaluated 
by the ATMP manufacturer. ATMP manu-
facturers can request documented evidence 
of quality management system certification 
such as an ISO certificate or GMP certificate 
issued by the competent regulatory authority. 
Moreover, an on-site audit of the manufac-
turing sites of raw materials can also be car-
ried out to confirm that the manufacturing is 
conducted under strictly controlled processes 
by following GMP principles. Requirements 
for in-house raw material qualification should 
then be determined depending on the quality 
documentation and certification provided by 
suppliers as well as the information gathered 
during the audit. 

Suppliers & supply chains 
management

Apart from choosing highly characterized raw 
materials manufactured by well-known sup-
pliers with strong evidence of GMP manu-
facture, a close partnership with suppliers is 
also required to make the qualification pro-
cess much more efficient. Building a good 

relationship with suppliers enables effective 
collaboration and communication that in 
turn can significantly reduce the burden of 
the ATMP manufacturers in qualifying the 
raw materials. ATMP manufacturers may 
put in place a Quality Technical Agreement 
with their critical suppliers to document the 
terms of the relationship and the expectation 
of both parties.

To evaluate the identity, quantity, puri-
ty and safety of the raw material, detailed 
quality documentation including Certifi-
cate of Analysis (CoA), Certificate of Com-
pliance (CoC), CoO, Safety Data Sheet 
(SDS) and TSE/BSE compliance certificate 
should be provided by suppliers. In some 
situations, ATMP manufacturers might 
request access to the supplier’s Regulatory 
Support File (RSF) or Drug Master File 
(DMF) to acquire more comprehensive 
quality data for the raw material. As RSF 
or DMF is a confidential document, a con-
fidential disclosure agreement (CDA) will 
usually be signed between the supplier and 
the ATMP manufacturer. Documentation 
on the stability of the raw materials should 
also be requested by ATMP manufacturer 
from the supplier to determine the maxi-
mum shelf life and storage conditions of 
the raw materials. When selecting the raw 
material and supplier, the ATMP manu-
facturer can obtain data from suppliers re-
garding their ability to supply a quality raw 
material consistently during all production 
cycle including commercialization. The re-
quirements of batch-to-batch consistency 
of critical raw materials are outlined in EP 
General Chapter 5.2.12 [8] and ISO Tech-
nical Standard-20399 [9]. Furthermore, 
suppliers should permit on-site audits of 
their manufacturing facilities for ATMP 
manufacturers to assess the appropriateness 
of the system and process used to manufac-
ture their raw materials. Periodic audits or 
assessments should also take place to ensure 
ongoing maintenance of the quality stan-
dards of the raw materials. Moreover, noti-
fications of any changes on the raw materi-
als manufacturing or specifications should 
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be sent in a timely manner by the suppli-
er to the ATMP manufacturer before the 
change is implemented so that an impact 
assessment can be performed by the ATMP 
manufacturer [6,7,11].

Additionally, a robust supply chain 
should be initiated from the early develop-
ment stage of a medicinal product to ensure 
the continuity of critical raw materials sup-
ply throughout the ATMP life cycle. ATMP 
manufacturers should make sure their sup-
pliers are able to scale manufacturing of raw 
materials to meet the higher demands when 
the medicinal product reaches the clinical 
or commercial stage. A secure and reliable 
supply chain is vital, notably during the 
COVID-19 pandemic, where a shortage 
or lead time delay for many raw materials 
are seen. It is also beneficial to have reli-
able suppliers that are willing to work with 
the developer to resolve their supply issues. 
Ideally, ATMP manufacturers should avoid 
using single-sourced materials and consider 
qualifying a secondary supplier for critical 
raw materials. This is because comparability 
and validation studies are usually required 
to support an amendment to the clinical 
trial authorization (CTA) or variation to 
marketing authorization (MA) when there 
is a change in the manufacturing process 
due to the unavailability of critical raw 
materials.

In the management of suppliers for crit-
ical raw materials, supplier audits, either 
on-site or virtual, are normally needed to 
assure raw materials are manufactured un-
der a well-designed and qualified system. 
Quality and supply agreements between the 
raw material supplier and ATMP manufac-
turer is also critical so that potential supply 
issues and any changes in the raw material 
production or specification can be commu-
nicated to the ATMP manufacturer prompt-
ly [6,7,11]. In general, suppliers and supply 
chains should be properly managed to make 
sure raw materials are supplied consistent-
ly and continuously throughout the ATMP 
life cycle without any major quality issues or 
disruptions. 

CONCLUSION & 
RECOMMENDATIONS

Raw materials are key components in the 
manufacturing processes of ATMP products. 
When submitting applications of CTA (EU 
and Canada) or Investigational New Drug, 
IND (US) and MA to regulatory authorities, 
raw materials must demonstrate suitability 
for their intended uses in the manufacturing 
process by appropriate qualification and risk 
assessment processes. Nevertheless, numer-
ous challenges still exist in the qualification 
and management of raw materials for use in 
the ATMP manufacture. Lack of standard-
ized regulation for raw materials use and no 
legal requirements for raw material manu-
facture contribute to the difficulties for both 
ATMP and raw material manufacturers in 
understanding the regulatory requirements. 
In addition, confusion on raw material 
grades and labels as well as challenges in risk 
management of biological-derived materi-
als and supply chain further complicate the 
control of raw material in the ATMP field. 
Hence, ATMP manufacturers should cre-
ate a robust framework to select and qual-
ify raw materials used in the manufacturing 
processes as well as to manage and mitigate 
associated risks.

An effective raw material qualification 
process is required to collect data in order to 
evaluate the source, identity, purity, biologi-
cal safety and overall suitability of a specific 
raw material [5]. According to USP General 
Chapter <1043> and EP General Chapter 
5.2.12, a well-established raw material quali-
fication framework should at least include the 
activities of identification, selection and suit-
ability, characterization, vendor qualification, 
quality assurance and control, traceability, 
as well as biological function [5,8]. The lev-
el of the raw material qualification program 
should be defined according to the type of 
raw material, the type of ATMP product, 
where and how the raw material is used in the 
manufacturing process, as well as the amount 
of residual raw material that remains in the 
final product.
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Given that zero risk may be an unattain-
able expectation in the use of raw materials 
in ATMP manufacture, a risk-based approach 
is typically implemented in the raw material 
qualification process to manage and control 
their use [2,5–8,12,13]. The level of quali-
ty control and management depends on the 
criticality of the raw material in the ATMP 
manufacturing process. The criticality of the 
raw material should be assessed based on the 
impact of the raw material on the final prod-
uct quality and subsequently the patient’s 
safety. A structured risk assessment strategy 
should involve the steps of knowledge collec-
tion about the raw material, general risk as-
sessment, identification and evaluation of the 
risks of material attributes, and implementa-
tion of a plan for risk mitigation accordingly 
[2]. The risk assessment process for raw mate-
rials must be carried out in a timely manner by 
applying GMP and quality risk management 
principles [14] and it should be incorporated 
into the department’s quality management 
system [15]. From our experience during the 
COVID-19 pandemic and Brexit transition 
period, it is not only crucial to consider the 
safety and quality risks of raw material on the 
final ATMP product, but the risks and the re-
liability of the supply chain should also not be 
underestimated.

It is acknowledged that potential changes 
in raw materials may be very likely throughout 

the ATMP life cycle. Changes of raw mate-
rial at the latter stages of product develop-
ment where more stringent documentation, 
testing and control are required, can be ex-
pensive, time-consuming and labor-intensive 
[13]. Any changes in raw material need to be 
carefully evaluated for their impact on the fi-
nal product quality attributes through com-
parability and validation studies. Therefore, 
the raw material qualification process should 
commence as early as possible during the 
product development process. Nonetheless, 
qualified raw materials should be periodically 
reviewed based on the stage of product devel-
opment, new knowledge on the raw material 
and manufacturing process, new scientific un-
derstanding, the advancement in raw material 
testing, as well as the evolution of regulatory 
requirements [2,6,7,10].

In conclusion, ATMP manufacturers are 
accountable for ensuring the raw materials are 
suitable for their intended applications in the 
manufacturing processes. The raw materials 
should also not compromise the quality and 
safety of the final ATMP products. In light of 
the complexity of raw materials in the ATMP 
manufacture and the existing challenges in 
managing raw materials, ATMP manufactur-
ers should design and establish a robust qual-
ification strategy to mitigate overall risks to 
an acceptable level to comply with regional 
regulations.
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Banking on the future of 
regenerative medicine with 
cGMP-compliant iPSC lines
Melissa K Carpenter

The ability to generate cell therapies from pluripotent stem cells is changing the way we 
think about diseases and how to treat them. Regenerative medicines derived from plu-
ripotent stem cells have the potential to treat a large number of diseases, many of which 
currently lack efficacious therapies, by identifying the deficient or non-functional cell type 
involved in the disease and generating the corresponding healthy cell type from pluripotent 
stem cells. However, like other cell and gene therapy products, pluripotent stem cell-based 
regenerative medicines face development challenges that must be solved before we can 
deliver on their promise to patients.
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To date, two types of pluripotent stem cells 
(PSCs) have been used to develop cell ther-
apies: human embryonic stem cells (hESCs) 
and human induced pluripotent stem cells 
(iPSCs), both of which can give rise to mul-
tiple different cell types. hESCs are derived 
from discarded 5–7-day human embryos 
generated during the in vitro fertilization 

(IVF) process. iPSCs are generated by ‘repro-
gramming’ a mature cell – typically a skin or 
blood cell collected from a healthy donor – 
with genes and other reagents to ‘induce’ the 
mature cell to take on a less differentiated, 
more pluripotent state. For discovering that 
mature cells can be reprogrammed to become 
pluripotent, Shinya Yamanaka and Sir John B 
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Gurdon were jointly awarded the 2012 Nobel 
Prize in Physiology or Medicine.

Under the right culture conditions, PSCs 
can proliferate indefinitely and can be direct-
ed to differentiate into any type of mature 
cell. Therefore, PSC lines can be used as the 
starting material for many different cell ther-
apies to treat a variety of diseases.

Since 2010, about 70 PSC-derived thera-
pies have been in clinical testing [1] Most of 
these trials use research-grade hESC lines as 
starting materials and generate the hESC-de-
rived final products in accordance with man-
ufacturing regulations. Although the deri-
vation process for a small number of hESC 
lines does comply with manufacturing regu-
lations, the IVF process which generates the 
embryos does not. Further, the embryo do-
nation and IVF processes are not completely 
compliant with tissue-gathering or donor el-
igibility regulations, [2,3] and achieving that 
compliance retroactively is one of the biggest 
regulatory challenges that hESC-derived 
products face.

iPSC-derived cell therapies are quickly 
catching up: the first therapy entered clinical 
testing in 2013, [4,5] and now there are about 
23 iPSC-derived products in clinical studies 
in at least five other countries, including the 
US, China, the UK, and Australia [1]. The 
cell lines in the Japanese and Australian tri-
als were generated in compliance with Phar-
maceuticals and Medical Devices Agency 
(PMDA) and Therapeutic Good Administra-
tion (TGA) regulations, respectively. 

Interest in developing PSC-derived cell 
therapies is growing and many groups want 
to take their products into clinical trials. But 
there are risks in developing regenerative 
medicines from research-grade hESC and 
iPSC lines because the cells have incomplete 
histories and are not fully compliant with 
regulations. As PSC-based therapeutics move 
toward commercialization, strict compliance 
with manufacturing regulations is becoming 
more important. 

iPSCs have the advantage of avoiding the 
ethical complications and regulatory compli-
ance concerns associated with hESC-derived 

therapies. But a key problem facing the field 
is the paucity of current Good Manufactur-
ing Practice (cGMP)-compliant iPSC lines 
available for use as starting materials, which 
creates manufacturing hurdles in developing 
an iPSC-derived therapy.

ElevateBio is taking steps to solve these 
problems by creating clinical-grade iPSC 
lines that can be used in developing and com-
mercializing regenerative medicine products. 
The approach aims to accelerate the delivery 
of these powerful therapies to the patients 
who need them.

GENERATING CLINICAL GRADE 
IPSCS: A BALANCING ACT 
For these purposes, we define ‘clinical-grade 
iPSC lines’ as those that have been generated 
in accordance with local regulations govern-
ing tissue-gathering and manufacturing reg-
ulations – which in the US are FDA-issued 
Good Tissue Practices (GTP) [6] and GMP 
[7], respectively.

Compliance with US GTP requires a do-
nor’s tissue or cell sample to be accompanied 
by the donor’s full medical and social history 
and a blood test demonstrating the donor is 
free from pathogens. These rules were intro-
duced in the 1990s and are designed to pro-
tect the recipient of the donor organ, tissue 
graft or cell-based therapy from communica-
ble diseases, such as HIV infection [6,8].

Donor cells should be reprogrammed into 
iPSCs in accordance with GMP guidelines by 
using the highest-grade reagents possible and 
GMP-compliant processes, including docu-
mentation of the cell line as it was generated, 
expanded, banked, tested and characterized 
with appropriate quality oversight.

Unfortunately, cell lines developed in re-
search labs are not compliant with GMP or 
GTP regulations and many have incomplete 
histories. 

Despite the drawbacks of available iPSCs, 
most innovators start with research-grade lines 
for a practical reason: Generation of a clin-
ical-grade, fully GTP- and GMP-compliant 
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iPSC line can take 12–24 months. The invest-
ment of time and money required upfront, 
just to create starting material for preclinical 
studies, can be prohibitive for an academic 
researcher or company that wants to explore 
a regenerative medicine concept. It is more 
feasible for innovators to begin exploring and 
developing the concept with a research-grade 
iPSC line and consider the need for clini-
cal-grade material later.

Recognizing the high barriers imposed by 
GTP and GMP, FDA has allowed therapies 
derived from research-grade hESCs to enter 
the clinic; as with other cell therapy products, 
the Agency has phase-appropriate GMP stan-
dards that do not require full GMP compli-
ance in the early stages of clinical testing [9]. 
The iPSC-derived therapies with approved In-
vestigational New Drug Applications (INDs) 
have been generated using research-grade and 
clinical-grade iPSCs.

Although a clinical-grade iPSC line is the 
preferred starting material, obtaining such a 
cell line from a contract manufacturing or-
ganization (CMO) means putting product 
development on a lengthy 12- to 24-month 
pause. At the end of that period, the CMO 
will provide exactly that: one cell line. Yet 
researchers know that all iPSC lines are not 
identical; each cell line can have different dif-
ferentiation capability [10], for reasons that 
are not yet fully understood. Furthermore, 
differing culture conditions can produce 
clonal variations between the resulting iPSC 
lines [11]. If the CMO’s clinical-grade iPSC 
cell line doesn’t work with the systems and 
processes originally used to develop the ther-
apeutic product from research-grade cells, 
the innovator will have to spend even more 
time and money to modify those systems and 
processes before moving forward. This may 
also be the case for developers that, instead 
of deriving their own cell line, plan to use 
a cell line from the available repositories of 
clinical-grade PSC lines: the selected cell line 
may not be suitable for the developer’s manu-
facturing process. 

In addition to the hurdles created by the 
lack of clinical-grade iPSC lines, iPSC-derived 

products also face regulatory uncertainties 
and potential pitfalls. Chief among them 
is the uncertainty of whether FDA will ap-
prove a Biologics License Application (BLA) 
for a product based on research-grade PSC 
lines. On the one hand, one can argue that 
if sponsors demonstrate control of the whole 
development process with a research-grade 
cell line to produce a safe and efficacious 
product, they should be able to commercial-
ize the product – obviating the need for a 
clinical-grade starting material. On the other 
hand, no PSC-derived product has gotten as 
far as a BLA submission, so it is difficult to 
know what FDA will or won’t accept. It’s also 
possible that iPSC-derived products will be 
held to a higher standard than those derived 
from hESCs. 

The costs in time and money associated 
with generating clinical-grade iPSC lines, 
coupled with the regulatory ambiguities, 
leave many regenerative medicine innovators 
wondering when – or even whether – to in-
vest in producing those cell lines. 

REMOVING THE OBSTACLES
ElevateBio’s goal is to minimize the impact of 
all of the aforementioned development hur-
dles and regulatory ambiguities by creating 
clinical-grade iPSC lines generated from mul-
tiple donors in a completely controlled envi-
ronment and with complete histories of their 
production, characterization, and testing. 
The iPSC lines will be GTP- and GMP-com-
pliant. Furthermore, additional testing proce-
dures will be added to the process, as needed, 
to comply with any future changes in the reg-
ulations. In short, the intent is for these iPSC 
lines to become the industry gold standard.

Naturally, the development of these kinds 
of cell lines requires a significant upfront in-
vestment in the platform technologies, need-
ed infrastructure, and talent – and it is a risky 
venture. It is not easy to create, reprogram 
and culture iPSCs; there is an art to doing all 
of that in a controlled, reproducible manner. 
It requires special skill and expertise in a team 
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that communicates effectively and trusts one 
another, because scientists in this field have a 
special dedication to their work. Apart from 
a number of groups in Japan, very few have 
achieved all of this at the manufacturing scale 
yet. 

This is far from an easy endeavor; that’s 
precisely why a lot of people in the US haven’t 
created, or even tried to create a repository 
of clinical-grade iPSC lines. The government 
of Japan has appropriated funding to create 
an iPSC bank that will cover the entire Japa-
nese population with human leukocyte anti-
gen (HLA) matching, using cell lines derived 
from about 50 donors [12,13]. This is feasi-
ble because Japan’s population is genetically 

homogeneous; the US population is far more 
heterogeneous, making the challenges greater. 
With the right expertise, the right team and 
the right business model in place, there is the 
potential for this approach to de-risk the cre-
ation of a clinical-based cell bank in the US.

The science of taking a mature cell, repro-
gramming it into an iPSC, and then turning 
it into a liver cell or retinal cell is fascinat-
ing. But as amazing as iPSCs are, they aren’t 
as amazing as the therapies that can be made 
from them – therapies that can ultimately 
change the lives of thousands of patients in 
need. ElevateBio is committed to the future 
of regenerative medicine and our iPSC lines 
is our first step towards that goal.
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Pandemic-related supply chain 
disruptions in cell therapy 
require rapid qualification for 
single-sourced materials
John Duguid & Paul Friedman  
Vericel Corporation, Cambridge, USA

VIEWPOINT
“...failure of cell therapy product manufacturers to deliver life-saving 

treatments can have severe consequences for the patients. As a 
result, cell therapy companies have more flexibility to hold inventory 

and spend considerable resources on risk mitigation in this area.”
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Cell therapy products seek to treat a diverse 
range of injuries and diseases from disci-
plines as varied as regenerative medicine, on-
cology, and immunology. These treatments 
have commonalities in their starting ma-
terials, which are human tissues, and their 
drug products, which contain living cells 
originating from those tissues. They may be 
autologous, treating a single patient with a 
product derived from their own cells, or al-
logeneic, treating many patients from prod-
ucts derived from a donor cell bank. There 
are a wide variety of raw materials used to 
manufacture these products including sin-
gleuse sterile plastics, well-characterized 
media and buffers, novel growth factors, cy-
tokines, enzymes, and animal-derived mate-
rials subject to biological variability. Supply 
chain disruptions for any of these materials 
has the potential to interrupt product supply 
at a cell therapy manufacturing facility or re-
sult in an emergency qualification exercise to 
find a suitable replacement with a potential 
regulatory submission before using it.

The cell therapy industry faces supply 
chain issues that traditional pharmaceutical 
companies do not generally face. Often only 
one supplier, the ‘sole source’, may manu-
facture specialized materials, which presents 
difficulties when there are supplier constraints 
or concerns. To add to the challenge, it may 
not be feasible to qualify and maintain mul-
tiple sources when the process requires small 
quantities and there is little purchasing lever-
age to entice one supplier, let alone multiple 
suppliers, to enter into quality agreements 
to maintain compliance with cGMP regula-
tions. Finally, an equivalent grade of material 
may not be readily available. Raw material 
manufacturers would ideally follow cGMP, 
so sourcing finished dosage forms already ap-
proved by FDA or active pharmaceutical in-
gredients (APIs) is ideal. That is not always 
possible, and in many cases, it is necessary to 

use compendial (USP/EP) grade, ACS grade, 
cell culture grade, or even research grade ma-
terials with an increasing responsibility on the 
cell therapy product manufacturer to ensure 
their quality. USP <1043> ‘Ancillary Mate-
rials for Cell, Gene, and Tissue-Engineered 
Products’ provides an effective risk-based 
strategy for characterization and qualification 
of these critical raw materials’.

Cell therapy companies are highly reg-
ulated by FDA and require oversight by an 
effective cGMP quality management system. 
This impacts the entire supply chain due to 
the rigorous inspection, testing, and docu-
mentation required to change an item’s status 
from ‘quarantined’ to ‘released’ for use in the 
process. The lead times associated with test-
ing and release can be considerable and must 
be part of the overall strategy. In addition, a 
comprehensive material and supplier qualifi-
cation program is essential. Elements of this 
program include material selection and qual-
ification, initial supplier approval, and ongo-
ing material and supplier surveillance via in-
coming material testing, supplier audits, and 
periodic verification of supplier test results 
provided on a certificate of analysis. Typically, 
material qualification includes evaluation of 
at least three lots of a new material for con-
formance with established material specifica-
tions followed by assessment of equivalence 
to current materials in the manufacturing 
process via a process validation study. A risk-
based approach is useful for prioritizing ad-
ditional sources of materials for qualification. 
Things to consider include stability of supply, 
historical supplier relationship, availability 
of additional sources, complexity of qualifi-
cation activities, and safety stock. In the case 
of sole-sourced materials, the only option to 
reduce business risk is to maintain adequate 
safety stock.

Pandemic-related supply chain disrup-
tions require an emergency response to 
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material qualification instead of a thought-
ful risk-based approach. These disruptions 
can affect even the most stable sources of 
supply. During the past two years, supplier 
plants were shut down by COVID-19 infec-
tions or the inability of operators to report 
to work due to illness and child or elder care 
concerns. In addition, the Defense Produc-
tion Act required suppliers to prioritize ship-
ments of materials to vaccine producers; the 
cell therapy industry and vaccine industry 
use many common materials. The following 
suggested strategies will help address these 
challenges.

 f Establish adequate safety stock of released 
materials on site to support demand 
leadtimes, overcome production lot failures, 
and include a hedge for disruptions. In the face 
of COVID-19 challenges, traditional lean and 
just-in-time strategies did not work and led to 
irreversible damage at many companies.

 f Adjust safety stock based on the source 
of supply, holding more inventory for sole 
sourcedmaterials.

 f Prepare for vendors to have gaps in 
communication due to their mitigation 
strategies or lack of supply chain 
understanding. Issuing purchase orders with 
several delivery dates will provide regular 
feedback about supplier delivery performance.

 f Plan for supplier manufacturing schedules 
to extend past expected due dates. Issuing 
purchase orders further into the future or 
issuing blanket purchase orders will mitigate 
this risk, although it may cause longer-term 
fiscal liability, which needs to be balanced 
against the supply chain risk.

 f Accelerate logistics to perform concurrent 
internal quality testing by shipping materials 
prior to completion of testing and release at 
the manufacturer. Quality organizations are 
generally reluctant about this approach, but 
it may be necessary to provide the fastest 
time from raw material manufacture to final 
release, ultimately preventing stock out.

 f Pay a higher cost for third party logistics and 
testing labs to expedite their activities. For 
example, it is faster and costs more to use air 
transport to ensure delivery of a raw material 
than to use ground transport, which costs less 
but takes longer.

The inventory profile for a cell therapy com-
pany is different than for companies in other 
industries because there is a patient waiting 
for timely delivery of each therapeutic prod-
uct. Failure of typical commercial product 
manufacturers to deliver may result in mi-
nor inconvenience to customers, but failure 
of cell therapy product manufacturers to de-
liver life-saving treatments can have severe 
consequences for the patients. As a result, 
cell therapy companies have more flexibili-
ty to hold inventory and spend considerable 
resources on risk mitigation in this area. 
Following the suggested strategy recommen-
dations will create the most resilient supply 
chain during unplanned pandemic events 
and other unexpected times of adversity.
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 Q What are you working on right now?

BD: Currently, I am transitioning to a new job. At my last job, I worked within the 
Quality Function in gene therapy for rare disease. 
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 Q What are the main current challenges regarding raw and starting 
materials for AAV (adeno-associated virus) manufacture?

BD: The critical starting materials for AAV are in many cases the plasmids and 
mammalian cell banks. 

For plasmids, the first challenge is the number of qualified vendors who can produce 
GMP quality grade plasmids. Secondly, due to the COVID-19 situation, the supply chain 
is always challenging and when you do not have a back-up supplier, you are always worried 
about stock out situation. My advice to people would be to have at least one back-up vendor 
to avoid this situation.

Mammalian cell banks are another critical raw material that are used in Gene Therapy 
(GT) manufacturing. You need to think about where you are manufacturing your mas-
ter and working cell banks and qualifying it accordingly in adherence to the International 
Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use 
(ICH) guidelines (ICH Q5D) [1.2].

Finally, the rate of consumption may also be a problem. If the drug substance yield is low, 
then you are consuming critical raw materials much more frequently. Creating that number 
of cell banks and qualifying them on time prior to use is always going to be a challenge.

 Q What are the key differences between regulatory expectations 
for plasmid quality, qualification, and testing requirements in early 
development versus late-phase development versus commercial?

BD: For gene therapy products, there is limited regulatory guidance in place for 
plasmids in US, although there is some guidance that we leverage in the US [3–6], 
but EU [7,8] provides more details information in that regards. Regulatory Guidance 
on the European side is a little more in-depth, for qualifying and testing plasmids. Right now, 
there are no clear regulatory instructions or expectations, but we can expect more guidelines 
soon. There are industries who use plasmids as a drug product which do not undergo fur-
ther manufacturing thus safety and quality attributes needs to be much more stringent than 
the ones go through further manufacturing. Due to the relatively recent advancement of the 
gene therapy field many vendors are unwilling to share information regarding their process, 

“For plasmids... due to the COVID-19 situation, the supply 
chain is always challenging and when you do not have a back-up 
supplier, you are always worried about stock out situation. My 
advice to people would be to have at least one back-up vendor 

to avoid this situation.”
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materials, and test methods due to IP concerns. This makes it very challenging to address yield 
and product quality issues with vendors who are unwilling to be transparent with the sponsor 
company. This issue will likely subside overtime as gene therapy technology becomes more 
common place. In the meantime, go over contracts with a fine toothcomb and insist that infor-
mation, within reason, be shared with the sponsor/partner company before committing to the 
contract. Consequently, in the coming years, we can expect that there will be a much greater 
degree of regulatory oversight and guidance.

In terms of early versus late-phase development, the expectation in the gene therapy world 
is having phase-appropriate GMPs. You need to define the quality for what you need for 
intended purpose. For late-phase development, you obviously need more robustly character-
ized and suitable plasmids for your manufacturing process.

 Q What is your corresponding advice for gene therapy developers?

BD: It may be very difficult to characterize your product in the early stages, as 
you may not have enough data. You should build a library with whatever you have, and 
you must keep that data generating machine going. You need to test whatever lots you can, 
whether pilot scale or laboratory scale or manufacturing scale, so that you have enough data 
that you can leverage for late your later stage specification development. In gene therapy, peo-
ple sometimes go directly from Phase 1 to Phase 3, skipping Phase 2. Ultimately, the burden is 
on the manufacturer to ensure the product is safe for the patient. Safety at every phase is key.

The proper classification (starting material or intermediate) and required level of GMP scru-
tiny for plasmids used for AAV gene therapy products remains uncertain. In the future it is 
expected that regulatory agencies will provide 
more clarity; however, manufactures should 
be prepared to justify their control strategy 
for plasmid production and release based on 
how they designate plasmids in their regula-
tory submissions.

In the early phase, you should select the 
parameters you want to check and charac-
terize so you are comfortable that you have 
the right raw material or plasmid with which 
to proceed. Through your product testing, 
you need to gather data to ensure whatever 
you assumed in the raw material stage is still 
correct in the drug product.

In the late phase, specification becomes 
more comprehensive and detailed. To start 
with, manufacturer can leverage the suggest-
ed testing for Plasmid stated in FDA Guid-
ance for Industry, Considerations for Plasmid 

“Due to the relatively recent 
advancement of the gene 

therapy field many vendors are 
unwilling to share information 

regarding their process, 
materials, and test methods 

due to IP concerns. This makes 
it very challenging to address 

yield and product quality 
issues with vendors who are 
unwilling to be transparent 
with the sponsor company.”
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DNA Vaccines for Infectious Disease Indications [1]. November 2007. For cell bank, ICH 
(Q5D) has comprehensive guidelines. The manufacturer should further characterize the cell 
banks and plasmids based on their sources and intend usage. My advice is that during the 
late phase of development, you need to have a very good understanding of your plasmid and 
cell bank.

 Q Tell us about the key considerations regarding one’s choice of 
plasmid backbone

BD: The plasmid backbone contains features such as the origin of replication 
and antibiotic resistance gene that are crucial to the overall success of the gene 
therapy drug product. One of the important decisions a manufacturer must make is the 
type of antibiotic resistance gene used for bacterial selection during the plasmid manufacturing 
process. The FDA has recommended that manufacturers should avoid beta-lactam antibiotics 
such as ampicillin for the production of therapeutic products for humans whenever possible. If 
the use of a beta-lactam resistant gene is unavoidable the manufacturer should be prepared to 
justify the use of that antibiotic in the plasmid manufacturing process.

The backbone you choose for plasmid depends on your application. It depends entirely on 
your characterization and the product that you are trying to manufacture. Whether you choose 
AMP plasmid or KAN plasmid, you need to defend your choice to ensure patient safety and 
product stability.

In my past, I did not see any stability-related issues caused by the backbone. We have 
used different backbones in the early phase and in the late phase, and with over two years of 
stability data, we have yet to see anything that is concerning related to stability. Our quality 
of plasmids so far has been very stable.

 Q What are the main considerations for QA in this area?

BD: A lot goes into developing the Specifications and it must start at a very 
early phase. You must work very closely with your development team to understand and 
characterize your critical starting materials like plasmids and cell banks. Once you lock down the 
specification, it becomes difficult to change without a significant rationale to regulatory bodies.

Data is what is going to drive this specification and ultimately, that is always what defines 
QA’s position. If the data makes the specification, we in QA are happy; if it does not, we need 
to understand why and investigate on the cause.

“One of the important decisions a manufacturer must make 
is the type of antibiotic resistance gene used for bacterial 

selection during the plasmid manufacturing process.”
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 Q What are the major considerations stemming from the latest 
guidance on qualification of AAV raw materials, especially those 
with significant lot-to-lot variability such as media formulations?

BD: There can be issues with media given that there are certain levels of lot-to-
lot variation. The challenges in some cases are with the vendors. Vendor management is a key 
part to receive quality materials. A strong Quality Agreement (QA) with the vendor is always 
helpful to ensure consistent Quality product. If you do not understand your media or raw ma-
terials vendor’s Quality Management system and do not require them to notify you regarding 
changes that are planning to make, thus assess the impact of changes to your product, then 
you may never understand why you suddenly start seeing change in Quality of your product. 
A minor change in raw material may cause significant impact.

Taking serum as an example, differing factors can affect its quality, such as whether it comes 
from the US versus Australia, the age of the cow, and what the cows are eating. These are all 
very important things to keep in mind. In some cases that when a vendor makes changes, such 
as changing the cow’s feed, it can ultimately impact the serum. 

In those cases, it is very important to have an effective Quality Agreement so that the ven-
dor notifies you for all changes, and in turn, you can assess the change through your change 
control system and understand the impact on your product. In some cases, those impacts may 
not be evident immediately, but, if you think the change is significant, then you need to start 
trending your data over time to see if you need to take additional actions. Some companies do 
a small-scale study in their PD lab to see if there are any immediate impact from the change on 
the product. This is a good practice, if you have capabilities. 

 Q How do these quality considerations play into the decision of 
whether or not to bring plasmid production in-house? 

BD: From my view, there are both pros and cons in both in-house and outsourced 
plasmid manufacturing. It is never easy to bring in -house manufacturing if you do not 
already have the infrastructure. A small start-up company may not have enough financing or 
the technology in place to bring plasmid manufacturing in-house. And if you do bring it in-
house, there is a process change to factor to understand comparability if you have already used 
plasmids from other vendor for manufacturing purpose. An important consideration to make 
is whether you have the capability or resources to do that technology transfer and manufacture 
comparable Quality and Safe product.

That said, anything that you can have within your own control becomes easier to manage. 
However, you must build in infrastructure including phase appropriate Quality Management 
systems around this. In addition, you are also exposing yourselves to regulatory inspections if 
you are manufacturing in-house. 

People need to think about what is best for their business and their sustainability. In the 
current environment, we are seeing high demand for plasmid that impacts almost every gene 
therapy product around the world. 
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 Q What are your thoughts on standardization initiatives relating to 
AAV raw and starting materials?

BD: As an industry, we have this great opportunity of being at such an early 
stage for GT products. Many things are confidential and involve proprietary information, 
but I think that if there are any mechanisms through which we can share our knowledge in a 
common platform and have an open discussion with regulators, then changes of harmoniza-
tion is high. There are some forums out there that are trying to do this by publishing white pa-
pers or seeking feedback from different manufacturers. We should consider sharing knowledge 
as appropriate. This approach opens discussion with the regulators to ensure harmonization. As 
a result, I am sure there will be some new guidelines or regulations coming out soon.

 Q How would you characterize the current state of harmonization 
in the field across different regulatory jurisdictions – for example, 
between the US and Europe?

BD: In the industry, it is always good to have one pathway to follow. There are 
some challenges when you try to bring multiple vendors in under one umbrella. From an 
industry perspective, if the regulators come together to provide a harmonized guidance for 
plasmids used in the GT manufacturing, clarifying the phase appropriate requirements, also 
makes vendor management easy and consistent. 
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 Q What are you working on right now? 

DR: As the Associate Director for a clinical stage cell 
therapy company, the main objective of our team is the 
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continuous supply of raw materials to ensure manufacturing runs are not inter-
rupted as a result of not being able to provide the required materials. With that 
said, continuous interaction with vendors has been a vital function for me over the past 
couple years, because of what the COVID-19 pandemic has done to supply chain as a whole.

 Q What have been the chief challenges and issues that the COVID-19 
pandemic has presented to you in your role, and how have you 
adapted your risk management strategy as a result?

DR: As I mentioned, being aware of the challenges vendors are dealing with that 
relate to raw materials we procure from them for our needs has been a significant 
task over the past couple years now. Keeping the lines of communication open with 
vendors that have high risk items has been crucial. It has not only been open but also constant 
communication, as lead times for any given item can change rapidly. Therefore, it is crucial to 
ensure you have the most up to date information from those vendors.

The mind set has changed from minimizing storage costs and not wanting to spend exces-
sively on materials to maximizing internal raw material inventory. In the past, the idea was 
always to carry what you need for your short-term outlook and replenish as you use up those 
materials, ensuring you always had a sufficient buffer to the next delivery. This was a result of 
not wanting to spend excessively on materials and potential additional storage costs. What this 
pandemic has done to the supply chain has completely removed these concerns about having 
too much in stock, as lead times for items have significantly increased and there is a high level 
of uncertainty as to when things will go back to normal. Today, our thought process is based 
on how much we can order to get us out as far as possible but without having to worry about 
materials expiring – that is the approach we have implemented. Again, this does not pertain to 
all items, but once an item hits that bump where the lead time is drastically changed, then it is 
placed in this bucket of high-risk items that needs additional oversight.

 Q Finally, what are your chief goals and priorities for your role over 
the coming 12–24 months?

DR: Over the next year or two, the 
main priority is the same as it is for any 
clinical stage company: ensure we get 
the product to the patient. With the ev-
er-changing dynamics of supply chain, es-
pecially around materials, it will be crucial 
to continue to pay close attention to what 
items could potentially be impacted by glob-
al shortages. We will then need to work with 
our vendors to plan our long-term demand 

 
“...continuous interaction 

with vendors has been a vital 
function for me over the past 
couple years, because of what 
the COVID-19 pandemic has 

done to supply chain as a 
whole.”
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needs, which will in turn allow the vendors to then forecast out needs from within their own 
manufacturing environment.
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 Q Can you sum up the key current technological trends and 
advancements in AAV vector downstream processing?

YC: There are three key trends regarding AAV gene therapy. First, we want the 
enrichment for full AAV particles to be as high as possible. This is not only done by removing 
empty capsids, but also partially filled AAV, which is quite challenging. Secondly, there is a 
rising regulatory bar for the control of adventitious agents including viral clearance and inacti-
vation. The third trend is manufacturing cost reduction from the clinical phase to commercial. 
Manufacturing cost consideration is becoming more important. We have seen high cost per 
dose, especially for AAV and cell therapies. Moving forward, we not only need to improve 
product quality, but we also need to reduce manufacturing cost per dose. Our ultimate goal is 
to make these drugs affordable to all patients.

MR: Somewhat unsurprisingly, we are all still working towards improved recov-
ery and purity. There have been innovative revelations on the separation of empty and full 
capsids that have added to this potential solution. There has been a move to continue reducing 
the number of purification steps whilst also maintaining sufficient purity, especially around the 
harvest and capture purification steps.

NC: One substantial advancement over the past five years is the CaptureSe-
lect™ column, or affinity capture column, specifically for AAV8 and 9. Having worked 
on AAV9 for more than 10 years, this was a huge change in the field. We have seen it widely 
implemented in downstream processes in the industry.

Another new trend is the enrichment in full capsids. There has also been an effort to develop 
new reagents to better remove DNA and RNA residuals. Instead of or in addition to benzo-
nase, there are current efforts to remove some DNA species that may be more resistant. 

AS: A newer trend I have seen is regarding novel variants and new serotypes. 
Generation and screening of libraries for AAV variants has emerged as a powerful method for 
identifying novel capsids. Novel capsids are emerging with numerous advancements in the 
construct design, and we have multiple synthetic capsid variants that can outperform their 
natural counterparts. These include new liver-tropic serotypes such as AAV-DJ or AAV-DJ/8, 
muscle-tropic AAV9MYO, or even the newer AAV7m8. 

For downstream processing of this novel capsid, we are still using traditional methods, which 
were developed for the proteins and monoclonal antibody (mAB) space. There is a key tech-
nological need to focus on the newer novel serotypes. There are tools that are being developed 
specifically for AAV such as CaptureSelect™ AAVX. There are also new key players emerging 
who can provide custom AAV serotype-specific affinity ligands, as well as newer formats of 
chromatography media such as monolith or membrane adsorbers formats, which can deliver 
higher performance as compared to traditional resin formats.

The separation of empty and full creates a mandate for chromatography suppliers to ex-
plore new surface chemistries and methods with the goal of achieving adequate separation 
for all the serotypes. Until then, many of us are still relying on traditional methods such as 
ultracentrifugation.
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Lastly, the application of fast and high-resolution analytical tools is important. Confirma-
tion of all the results with the techniques that we work with for weeks to months is not a prob-
lem. Relying on them for day-to-day guidance, especially within process development where 
decisions need to be made on the spot, is a burden. That is where high-resolution and quick 
analytical technologies will be necessary.

CG: From the vendor side of things, I personally am looking at the column-free 
systems on the horizon. One example is essentially a liquid-liquid phase separation ap-
proach, based on a hydrophobic affinity reagent binding to the target molecule in the crude 
harvest phase. This is combined with tangential flow filtration to produce purified material. 
Another example is a single-use flow-path system using a chromatography resin in a recircu-
lation flow path. The different process buffers are connected and are allowed to circulate in 
the flow-path along with the crude material. If they are applied at the correct time, then the 
purified material is eluted in a separate vessel.

 Q How are current solutions helping to address the challenge of 
empty/full capsid separation? 

MR: This is an exciting topic that has made significant progress in the last few 
years. Companies are moving towards designing platforms for AAV. It has become more ap-
parent just how different various AAV capsids are from each other. Additionally, you need to 
account for the differences in production systems, heterogeneity of viral proteins, and hetero-
geneity of packaging, which can be a challenge.

The good news is that many groups are tackling this. We have seen an increase in the num-
ber of resin and column manufacturers providing specific solutions to empty/full capsid sepa-
ration. Four years ago, vendors had no specific solutions, only general recommendations and 
examples of model proteins, like BSA being separated with an anion-exchange resin. We have 
seen a large increase in the number of vendors approaching us personally with initial methods 
that have been tested for AAV. It is pretty promising.

There is still a large space to be explored regarding additives. We are seeing that start to de-
velop, and it is promising that people are willing to share that information.

CG: From a regulatory perspective, people are finding they want to get ahead 
of the bar being raised, as there are not many regulatory guidelines yet. Like Matt 
said, it is very interesting how people are willing to share methods. A handful of papers and 
posters published in 2021 have tackled the subject. I have seen the use of divalent salts and 
other additives to modulate the retention times between the two species, so that you could 
get baseline separation and even proceed to step gradients in some cases. We have made some 
advancements, but it is still challenging.

NC: I would like to emphasize the challenge of separating full and empty cap-
sids. The innate nature of these capsids is that the isoelectric point (pI) is so close and requires 
a specific method. This is why chromatography methods have been slow in becoming efficient, 
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though we have seen progress here. Successful separation may end up being very product and 
platform specific. We will be able to develop standard protocols, but we need to keep in mind 
that each product will be different. The percentage of empty in a harvest is affected by the AAV 
construct itself: the length of the genome and the sequence of the genome. It is also affected by 
the type of helper being used, such as a rep/cap helper or adenovirus.

AS: We still need more technological advancements in platforms that can be 
applied for multiple serotypes. Right now, it is time-consuming, and we need to develop a 
process individually for each serotype. If we are working with 10 different targets, a lot of hours 
and resources are spent developing a process for the individual serotypes.

There are technical difficulties and challenges existing specifically around elution. For exam-
ple, the close similarity of elution conditions leaves the separation vulnerable. The variation in 
temperature, buffer formulation or lot-to-lot differences among the buffers, the chromatogra-
phy media, or the AAV feed material itself, can add a lot of challenges. Even small variations 
can compromise the separation and recovery of AAV.

Empty capsids are reported to have some beneficial effects, under certain conditions, based 
on their immunological similarity. Empty capsids can act as an effective decoy to reduce the 
neutralization of AAV vectors by pre-existing antibodies, thus increasing the target tissue trans-
duction following systemic administration. We need to find out exactly how much percent 
empty and full AAV are beneficial, and whether we should focus on removing all the empty 
particles. We must balance both sides of the separation, and this will be useful for systemic 
administration.

YC: Empty/full separation is based on small differences in the pI. Recently, in the 
October issue of Cell and Gene Therapy Insights, my team published a paper using capillary 
isoelectric focusing to explore this. We demonstrate that measured pH is different from calcu-
lated pI; there is also a heterogenous species of different charge profile ranking between 6.2 to 
7.0, which is very different from the theoretical pI being reported: 5.9 to 6.3.

This is caused by several factors including the capsid post translational modifications (PTM), 
not just the length and sequence of the genome. Certain PTMs can shift the charge profile dras-
tically. This is also highlighted during this forced degradation study, where the shifting of the 
charge profile is visible. The heterogeneity of charge profiles are observed in different products, as 
well as the same product of different origin (clone, serotype, or different upstream conditions). 

Right now, it is more of an art than a science, as we do not understand all the root causes 
contributing to this charge profile heterogeneity. Mixed mode chromatography will become 
interesting to apply to this field. We are also exploring gradient separation, and how can we 
apply it to the industry, but the challenge from the GMP environment is whether it is possible 
for it to become single use. 

 Q If you were starting a new process development initiative today, 
would you recommend utilizing ultracentrifugation or would you 
bank on chromatography techniques or other new technologies to 
enrich full capsids?
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MR: We have been through this at Precision, and our choice was to go with 
chromatography. We have devoted effort on the process development side, which has been 
no small feat. As you get to the later stages of a clinical trial, you think more about compara-
bility. When you are transitioning from phase I/II to phase III, you are going to modify your 
initial production process. If this is a chromatography method, which it more than likely is 
for commercial production, it is better to start early. You are likely going to get a worst-case 
scenario for your percent full at the beginning, but it is ideal to build it early and then improve 
upon it. That being said, you must hit certain metrics. I would not recommend doing that if 
you are 10 to 20% full, for example. As you approach higher than 40% full, you are probably 
in a good state to switch over to chromatography.

 Q What are the chief implications of residual testing, for example in 
terms of cost and time, and what are the keys to optimizing this 
aspect?

NC: Measuring residuals, whether DNA, protein, or product or process derived, 
has become a very hot topic over the past few years. In my opinion, there are two rea-
sons. The technology has advanced tremendously, so all the testing has become more sensitive 
and more accurate, for example ddPCR, next generation sequencing, and RNA sequencing. In 
parallel to the technology improvements in the assay itself, the clinical doses have dramatically 
increased, mostly because of the type of indication treated. With higher doses in the clinic, 
there comes a higher burden of residuals, and therefore a need to better determine the amount 
and the type of residuals. We have seen toxicity in humans during the course of several trials, 
furthering the importance of measuring residuals.

One of the keys to success in residual testing is to determine the type of residuals you are 
going to face in your own platform with your own product. Separate the ones that are very 
common to every single product and platform like host cell DNA and host cell protein. CMOs 
have invested in the field, and they are going to be able to offer assays that have been, to some 
extent at least, validated and standardized.

Spend more time looking at what is going to be specific to your product. If you are using a 
specific helper virus, for example baculovirus or HSV, you are going to require different types 
of assays. Keep in mind that developing specific assays for your product could be more time 
consuming and therefore more expensive, so take this task on early. You also need a well-de-
fined clinical dosing regimen early on. It is sometimes difficult to think about the clinic if you 
are just about to start screening candidates. However, the importance of your residuals will be 
impacted by the dose you are going to choose, the route of administration, and also the local-
ization of your administration. Being in the eye, the liver, or being systemic will present very 
different impacts. 

There is still a significant need for improving the technologies, mostly for accuracy and con-
sistency across various products. It is becoming more important to know that the techniques 
developed are validated across multiple Investigational New Drugs (INDs), so you can have a 
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basis for comparability between a product that may show some toxicity or immune reaction in 
patients and another product that would not. Moving the field towards sharing and standard-
izing more is critical for everyone, especially in terms of residuals.

AS: There are a lot of guidelines available for residual testing. For example, with 
cell-substrate DNA, we want to have less than 10 nanograms per dosage with a median 
DNA size of 200 bp or lower. From a process development point of view, these guidelines 
need to be addressed by establishing process optimization strategies when the residual host 
cell DNA is present as a nuclease-sensitive process-related impurity. One of the challenges 
is that there is residual nuclease-resistant host-cell DNA that has been packaged within the 
AAV capsid.

For process optimization, based on the close similarity with the desired vector product, it is 
difficult to eliminate the AAV package host cell DNA impurities by regular vector purification 
methods. The separation of AAV particles based on density or by gradient ultracentrifugation 
can remove the AAV package nucleic acid impurity, as they can differ significantly in length 
from the vector genome based on different densities of the respective particles. In addition 
to chromatography, gradient ultracentrifugation has been shown to improve this to four to 
five-fold. This again can represent a scalability challenge when we move into large clinical 
programs.

CG: One of the more critical aspects of assay development is getting hold of 
representative reference standards, which the downstream process development 
team is usually responsible for. It can pose a bit of a problem because before a process is fi-
nalized, you must start assay development; it must be developed concurrently with the process 
development. This means the process that you use to make any reference standards for assay 
development might not be your final process.

It can be helpful for a sponsor company to establish your formulation buffer early on during 
the process development. This allows you to use a standard platform column chromatography, 
or even an affinity chromatography step, then buffer exchange your material into your final 
formulation buffer, to serve as a surrogate for your reference standard in the interim. 

YC: We should always push for improving methods and the manufacturing pro-
cess. We are always being asked for the residual specifications from a safety perspective as early 
as possible, but we are reluctant to set the specifications based on very early data. It is equally 
important to demonstrate impurity clearance as early as possible, by designing scale-down 
studies to analyze impurities that could introduce certain safety concerns with higher doses. 
Overall, the keys are demonstrating testing, improving methods, and also demonstrating the 
process capability for downstream operations as early as possible.

MR: To echo what other panelists have said, an interesting way to approach this 
is to prioritize testing for final material studies, supply and animal studies, initial ani-
mal studies, then compare to confirmation runs as the process improves as a check. 
These tests, especially if they are outsourced, can get quite expensive. Designing specific Design 
of Experiments (DOEs) carefully around key steps like the harvest process and in various buffer 
conditions for possible chromatography steps is important.
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 Q Is there any trend of companies being more open with sharing 
critical quality attributes (CQAs) and residuals information, to better 
understand how products are affecting patients?

CG: In industry, there is a sense of keeping CQAs and other material information 
close to the chest. However, there is a very slow-moving trend towards being more open 
with data on reduction of host cell protein and other types of residuals.

NC: Being able to see data, especially on residuals, would be critical to the field. 
I do agree with Chantelle that there is a trend there, but we are far from being where we should 
be.  I hope that the FDA will push towards sharing this information, because this is exactly 
how we are going to understand the role of residuals and their toxicity, if any, in a human body.

Turning to adventitious agent inactivation, removal, and viral clearance – what is the current 
state of the art?

YC: Currently, we inactivate and remove adventitious agents through more tra-
ditional approaches. For example, inactivation is typically done through heat, detergent, 
or lower pH. The removal process typically uses different chromatography modes, including 
affinity-based modes to find the protein, and different anion exchange steps during separation. 

With AAV, we need to be careful when selecting viral filters. Viral clearance is depen-
dent on the manufacturing platform being used. In the early clinical stages, it is possible to 
get away with not executing viral clearance, especially if you have a low-risk manufacturing 
process. This is a small part of the control strategy, and you can still test your raw materials, 
cell bank, starting material, or seed bank. If we have a high-risk process using adenovirus or 
helper virus, then removal needs to be demonstrated with a viral clearance study, as well as 
inactivation. If you do not have a key inactivation step, then it can be difficult to add during 
a later clinical phase.

Due to the rising regulatory bar, I recommend thinking about what the risks of your process 
are. Also, justify the choice of your model virus. For example, AAV is relatively small, so con-
sider the smallest model virus you want to use. We are not currently using very small viruses; we 
are not trying to use MNV yet, although we have tried SV40, which has been quite successful.

MR: Having worked on later stage projects, this should be dealt with earlier 
rather than later. If you do not have something like detergent or an inactivation step built 
in, it can be quite disruptive to the process to add later. Otherwise, the general steps that peo-
ple are going through – affinity purification and anion exchange – will help in providing the 
appropriate log removal values. There may be slight modifications, like low pH holds, that can 
be added to achieve sufficient viral clearance. It is important to rely on the quality organization 
within companies as well and have robust raw and starting material qualification. 

NC: Focusing on testing your raw material and your cell banks early on is critical. 
Viral clearance, as Ying said, is not required for phase I or II, so it may not prevent you moving 
to the clinic, but it is still something to consider. An issue I faced myself is when you are using 
a virus as a helper, like HSV in my case, testing the raw material, your HSV stock, is a challenge 
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in itself because you may get false positives. This makes the development of your adventitious 
assay a little more complicated. 

CG: I have seen the introduction of older technologies like viral reduction filters 
specifically designed for the removal of larger viruses. This has been adopted in some 
processes and has worked really well with high recovery.

 Q Chantelle, regarding a previous answer: did you observe high 
aggregation levels in your process intermediates, and what did you 
include to reduce or remove aggregation? Could you find a good 
purification solution?

CG: There are certainly some serotypes that have more of a tendency to ag-
gregate, such as AAV2. Some other novel capsids might have some aggregation problems 
depending on the buffer background. I have worked with a few processes where aggregation 
was alleviated by adding different excipients throughout the process. Intermediates can suffer 
aggregation because sometimes you need to include longer hold times between unit operations.

If you have an unstable intermediate product, I recommend looking into either non-ionic 
detergents or potentially different amino acids in a small-scale screening study. Including a 
stability study early on during process development allows you to get an idea of what your 
stability really is.

 Q What issues can a lack of serotype-specific technologies present to 
process development, and what solutions are available?

AS: Unfortunately, due to current lack of serotype specific technology, the ap-
proaches that we are using are still traditional methods such as cesium chloride 
gradient or iodixanol gradient ultracentrifugation combined with filtration technol-
ogies. One benefit of this is that we can distinguish our serotypes based on the physical char-
acteristics versus chemical characteristics.

It is easy to develop a process based on the physical characteristics of AAV, because regardless 
of the serotypes and the capsid differences, we still see similar physical characteristics. Due to 
this, we can utilize many filtration-based technologies, making process development easier. 
We can adapt the process based on the physical characteristics of the viruses. On the other 
hand, if we consider chemical properties, we see multiple differences. As an industry, we need 
to continuously work on bringing new technologies that can address multiple serotypes and 
novel variants.

YC: For AAV we have some choices for accommodating different serotypes. We 
need more publications regarding the fundamental mechanism, regarding which part of the 
serotype the peptides are binding to associated with the resin. There is continual work to do 
around developing the technology and working closely with resin manufacturers and vendors. 
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This includes possible work on the isolation of certain peptides or antibodies which have more 
specificity to the serotype the company is using.

NC: If you are lucky enough that your serotype or capsid variant works well on 
any of the current tools, specifically the affinity resins that are available, such as AVB 
or CaptureSelect™ resins, there is no problem with using the same method for each 
serotype you have. The exception is the possibility for cross contamination that needs to be 
assessed once you are in the clinical environment.

MR: We have taken the approach where we have a whole platform, then we 
test a given serotype as it comes through. We may have to modify a portion of the plat-
form, but the rest will ideally stay intact. However, something like empty/full separation may 
have to be modified significantly. The various serotypes we have tested to date fall in a few 
buckets depending on their homology. They may need slightly different buffer conditions, or 
slightly different load conditions. These options for manufacturing make things easier when 
novel serotypes come through.

CG: Putting the time in to design a high-throughput screening experiment usu-
ally gets overlooked. Often, people want to brute force through small-scale experiments 
using 1 or 5 ml columns. Static mode small-scale screening tools can be useful in this case, to 
give good data early on in your process run. I would encourage people not to shy away from 
doing something like that.
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Dave Humphries, Content Marketing Manager, Thermo Fisher 
Scientific, speaks to Valentina Becherucci, QC Scientist,  
Children’s Hospital Meyer, Øystein Åmellem, Director of Cell 
Therapy, Thermo Fisher Scientific, and Xavier de Mollerat du Jeu, 
Senior Director R&D Cell Therapy, Thermo Fisher Scientific.

 Q DH: Today, we’ll be discussing the key factors to consider for 
successful cell therapy manufacture. Valentina, can you tell us a 
little bit more about what you do at the Meyer Children’s Hospital?
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VB: I work for a small cell factory located in Florence, Italy, at the Meyer Chil-
dren’s Hospital. Our cell therapy is represented by allogeneic bone marrow derived mesen-
chymal stromal cells (MSCs), and we have two approved clinical protocols. One is for the 
treatment of steroid-resistant graft versus host disease (GvHD) in pediatric patients. GvHD is 
a pathological condition that can occur after an allogeneic transplant system. The second clin-
ical protocol is a multi-center Phase 2 study in collaboration with several Italian cell factories, 
for the treatment of older patients with COVID-19-related pneumonia.

In short, the production process is completely open, as we work under a class A cabinet, with 
a class B background. The production process starts with the isolation of MSCs from 10ml 
of bone marrow, and thanks to their ability to grow on plastic surfaces, we use plastic flasks 
of different sizes for the culture. As you know, MSCs are only 0.001% of bone marrow white 
blood cells, so they must be isolated and cultured to reach therapeutic doses.

Our production process takes about four weeks of cell culture, with media changes two 
times per week. Our cell culture medium is composed of the gene element supplemented with 
a 5% human platelet-lysate, produced completely internally. After one week of culture, the 
cells reach about 80% confluence on flasks, and they are decanted, counted, and treated again 
until we reach the therapeutic dose (1 million cells per kg for pediatric patients, and 3 to 4 
million cells per kg for older patients). After about three or four weeks of culture and at the 
last passage, the cells are counted, frozen, and stored into the nitrogen enclosure until they are 
injected into the patient. It is important to understand that for both protocols we produce one 
batch for one patient, and for a media of two batches produced in one month. As I said before, 
we are a small cell factory.

XMJ: Are those autologous therapies? 

VB: It is allogenic for both protocols. It is one donor, one batch, one patient.

XMJ: How do you find your donors?

VB: Our healthy donors give bone marrow for transplantation to the interna-
tional bone marrow bank.

XMJ: Do you do any selection before?

VB: We count the white blood cells. 

ØÅ: In the field of MSCs, it is also normal to use a source from umbilical cord 
blood or adipose derived materials as well as bone marrow. Is there any specific reason 
you have selected the cells from bone marrow rather than from other sources?

VB: It depends on the type of therapy. In our hospital, we work in the onco-hema-
tology department, so we have practiced bone marrow transplantation for other malignancies. 
The cells are the same; with MSCs, the potency is the same whether they are derived from 
bone marrow or from adipose tissue or cord blood. In our case, we used bone marrow-derived 
because it was easier for us to source.
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ØÅ: That makes sense. When you have a four-week manufacturing time, that means 
that the cells are undergoing several passages. Do you have criteria for how many passages you 
run in your manufacturing process, in order to not lose the cell’s characteristics? Do you count 
the number of passages so that you get to the desired end point of your drug?

VB: The data of all culture comes out after process validation. The goal is to reach 
the therapeutic dosage. The culture can be shorter – you can stop it at three weeks and not four 
weeks. It cannot be more than four weeks because, according to the literature, if you culture 
for more than four or five weeks, you can get some unwanted effects on cells. For example, you 
can get genetic variation that is not good for the patient. The four weeks comes from our pro-
cess validation, where we produced five batches of MSCs, and in these batches we saw that the 
variability was low in terms of the number of cells after four weeks of culture. We also checked 
other parameters of MSCs, for example the antigen expression of specific markers that must be 
positive or negative according to International Society of Cell Therapy.

XMJ: Valentina, in this four-week process, how do you ensure you maintain 
sterility? Do you do weekly/daily QC monitoring on your process?

VB: In our process, we perform initial sterility before starting the culture di-
rectly on the bone marrow. Then, we perform an in-process control of sterility after two 
weeks of culture, and at the end of the culture, before freezing. In our process, cells will be 
frozen after four weeks of culture and then stored in liquid nitrogen until you get the patient. 
In this case, the sterility is performed both on cells and on the cell culture media, on the 
supernatant.

 Q DH: What are the QC or analytical tests you implement in your 
process to ensure the safety and quality of the product?

VB: According to the regulatory specification, the testing methods must be val-
idated, and mandatory regular testing includes testing of the sterility, endotoxin, 
mycoplasma, and karyotype, and in our case, we also perform cell identification 
with flow cytometry. All these tests are performed as in-process control at different steps of 
the process, and also for the lot-release at the end of the process.

ØÅ: Valentina – as you are using flasks, you operate in Class A cell culture con-
ditions. Have you tested bags, or a more closed system that you could operate in a hood?

VB: We have tested different kinds of flasks with more surface for culture. How-
ever, we do not use bags. Bags are only used in the final step for freezing and storage in liquid 
nitrogen. We only use open system and flasks.

XMJ: You mentioned it is a Phase 2 process. As you move to Phase 3 and commer-
cial, you will need to scale this process. How are you thinking about doing this? 
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VB: This is a good question. The goal is to reach therapeutic doses. One way to get good 
results and to scale up the process for the final production in Phase 3 and commercialization 
could be, for example, the use of a bioreactor. We are not planning to change the process, be-
cause the process is validated and works well like this. We could increase the number of rooms 
for the production, or we could introduce a closed system. 

 Q DH: Xavier and Øystein, you are working very hard to solve 
some of the challenges Valentina mentions. What things have 
you identified? What things are we working on at Thermo Fisher 
Scientific to address the challenges in Valentina’s process?

XMJ: What we hear from Valentina is very common in cell therapy. Cell therapy 
has incredible potential to cure cancer and other disease, such as long COVID-19. A lot of the 
process is taught at the bench in R&D. The main question is how to take this to the commer-
cial or industrial phase and scale-up.

Typically, they are either donor- or patient-specific, so you cannot just scale-up the volume 
and have 1000 doses. It is a scale-out model, where you have many different donors. You not 
only need to find a way to scale-out, but you also need to find a way to constantly monitor the 
culture because you are dealing with a moving target. Each donor behaves a little differently. 
We heard from Valentina, it can go from two weeks to four weeks, so you have to find ways to 
adapt to this.

At Thermo Fisher, we are trying to develop the tools to allow you to do this. For example, 
having a closed- system, meaning a platform that can be in bags outside the hoods, so you can 
do it in different classes of rooms to reduce cost. This will increase your ability to put multiple 
instruments in the same room and treat many patients in the same room. The other way is the 
idea of in-line analytics: being able to constantly monitor your process so you can adapt and 
change the culture based on how the donor behaves.

The goal is to enable commercialization and industrialization at scale, and we think through 
technology, you can achieve that. We are very connected to a network of collaborators and 
researchers, like Valentina, to really understand each different process. We want to learn more 
about those process, and apply what we know about technology, working together in partner-
ship and collaboration so the drugs become available to all.

ØÅ: One of the clear trends in the cell therapy industry is that everything is 
changing all of the time. We see scale-up, we see scale-down, we see scale-out. It is a very dy-
namic environment depending on the drug platform of choice. That gives the industry quite a 
lot of challenges to solve, because there is no (or very limited) standardization. Everyone wants 
to see more standardization, but as long as everything changes all the time, that is a difficult 
game.

The important thing for us is to work closely with the customer. Manufacturing and devel-
oping technologies that will work in a GMP environment takes quite a long time. Working 
closely with customers allows us to find a better way to improve the system and make it more 
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efficient, more tailored, and more potent. To solve some of the biggest challenges in this indus-
try and target difficult application areas, for example solid tumors, we require more tailor-made 
technologies and systems. Scalability is a key word for us, in terms of providing systems but 
also the technologies that can be scaled, either up, down, or out. 

XMJ: Not only do we want to make and provide good products that people 
need, but we have also created a network of labs, some based in US, some based in 
Singapore, to work in collaboration with our customers. We are going beyond just the 
product and are now thinking about solutions. I agree with Øystein about the importance of 
collaborations. Once we better understand what a researcher wants to do in a process, then we 
can apply different tools and work together in a partnership to help them scale.

 Q DH: Valentina, can you detail your experience with Ilaria Scarfone 
implementing the MycoSEQ analytics that are critical to the 
process?

VB: I agree with Xavier in that the collaboration between the final user – in 
our case our cell factory – and Thermo Fisher specialists was very important in our 
experience. At the beginning of our process, we had problems with the validation of the 
mycoplasma testing. We were using the MycoSEQ, and we had some problems because we 
did not have any amplification of our cells or our medium. We were unsure of the problem 
with this inhibition, as we did not get any amplification during the PCR reaction. We started a 
collaboration with Thermo Fisher specialists in Italy, and thanks to this collaboration we solved 
the problem. It was due to an inhibition caused by the presence of the heparin in our culture 
medium. After many trials, it was with these Thermo Fisher specialists that we finally solved the 
problem, and we can now use and validate the MycoSEQ in our process.

Collaboration is very, very important. It is also useful for the development of new QC test-
ing, for example sterility testing. The future of the sterility testing is dependent on the molec-
ular way, instead of classic culture testing. 

XMJ: That is a great point and a great example of why this is so critical. When we 
developed those products, we had standard assays. We used typical media and we tested. Once 
we put the product on the market, if it does not work, we cannot just say sorry – we need to 
follow up. Then we found the heparin in the media, and that allows us to better understand 
our products, and design better.

The second point Valentina made, which is very important to us, is getting feedback so we 
can develop the right products. It takes a long time, up to four or five years to make a product, 
so you have to choose it right. If you do not have constant feedback, then you may spend five 
years in development to launch the same product as someone else, and it will not help anybody. 
A constant back and forth helps to better design. In cell therapy, where things move so fast, we 
need to always be able to adapt if needed. Ultimately, it is about providing the right products 
that allows standardization, scale-up, commercialization, and make those drugs available to 
everybody. That is the goal.
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 Q DH: The MycoSEQ product is an interesting example because it 
has been around for a while and is used in many processes. As 
Xavier said, cell therapy is moving so fast, and suddenly there are 
requirements to test for mycoplasma in sample matrixes that contain 
heparin, which is critical to cell processes. Solving that problem, 
alongside our customers, is critical to meet regulatory requirements 
and bring these therapies safely to the clinic. Are there any other 
features we are working on now in Thermo Fisher, or from your 
side Valentina, that you think will be critical in the future?

VB: The most important innovation for the future in cell therapy field is the 
sterile processing. Manufacturers of synthetic products must address the requirements for 
sterile processing, especially for autologous settings. We use allogenic cells, but there are many 
cell therapy products used in autologous settings. They have short shelf lives, so sterility testing 
is critical for these kinds of products. Good sterility testing must be as fast as possible, so it is 
important to think about molecular assays for sterility testing. The European Pharmacopeia is 
going to approve rapid sterility testing with PCR assay. I think this will be the future of sterility 
testing.

ØÅ: Valentina, you mentioned that you free the cells after manufacturing. Have 
you met any challenges regarding thawing and stability of the product after freezing?

VB: After testing the stability of the product, we found that our product is stable 
for ten years after freezing. We tested during the process validation, and after freezing the 
cells they were stored for liquid nitrogen, six months, one year, and two years. To test the cells, 
they were thawed, then cultured again, then we evaluated the ability and adherence to plastic 
surfaces. We found the ability of overall 90% after thawing after six months, one year, and two 
years, meaning cells were stable.

XMJ: Valentia, we hear what you said about rapid sterility a lot. As you men-
tioned, it can take too long, and people want to release the drugs. We see processes getting 
shorter, but it is important to still wait for the sterility before you inject your patients. We are 
working on rapid sterility tests like you mentioned, using molecular tests. Just as importantly, 
you want to ensure you work with the regulatory body to make sure the tests are being validat-
ed and approved for this kind of use.

Even to do a QC analysis, people can use up to 50% of the total cells. They make the cell 
product and 50% of it is used just for QC. We are trying to make smaller miniaturizations, 
e.g., multiplex assays, to reduce the need for those cells. This way, you save the products instead 
of using everything for QC. QC takes a lot of labor and people to run those assays, so we be-
lieve that automation would help the field, especially as you scale.

Right now, for a single product you need to run many assays, which means as you scale-out, 
you need to multiply those assays, and therefore there is an incredible demand for labor. We 
think automation could be the way to scale-out.
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VB: I agree. You have to eliminate the operator dependence, even for mycoplasma test-
ing. As you know, the European Pharmacopeia allows three methods for mycoplasma sterility. 
One is the culture media, but this is operator dependent. If you use PCR or MycoSEQ, you 
eliminate this variability, and this standardizes the whole process. 

ØÅ: Valentina, in your network of academic partners, have you discussed 
transferring the manual, open process to an automated, closed, bioreactor-type 
process? 

VB: The reality here in Italy is that we are academics in hospital cell factories. 
We are a small group, not an industrial or commercial group. Considering scalability, we have 
discussed the use of closed systems. On the market, there are some examples of closed systems, 
such as bioreactors, which could be advantageous for our production, for example to reduce 
the personnel that operate inside clean rooms. As you know, you have to understand how to 
work inside a clean room and pay attention to how you move and the products that you bring 
inside. There are some issues in dealing with the presence of people inside the production 
room. 

ØÅ: The MSC space is a perfect example of the need for people coming to-
gether with different abilities: the industry, academia, and all to progress the field. It 
seems obvious that it is hard for an academic environment to take on a huge industrialization 
and transfer to an automated, closed system. It speaks to the importance for more collaboration 
across the industry to advance this field. 

VB: One of the issues in cell therapy production is control of the variables in 
the process. In our process, even if validated, but controlling variability, you are still using 
human-derived products, starting from the cells. In our case, even the culture media is derived 
from humans. One of the goals in future cell therapies is to develop tests to control this vari-
ability and to standardize both QC testing and the production itself. 

XMJ: Regarding your last point Valentina, we should have better chemical-
ly-defined media to avoid variability. You already have variability with your donors, so we 
should not add variability with the media of the products. This highlights Øystein’s point that 
it is a concerted effort between academia, industry, and tool providers like us to work together 
and provide the best technology to be able to manufacture those drugs.

This is a case where we know the potential of this therapy. Now, we need to figure out how 
to make them at scale. Usually, it is the opposite: you make them, and you hope they are going 
to work. The difference here is that we already know the results of those drugs, we just have a 
huge challenge to be able to manufacture them and it will take a concerted effort between the 
different industry areas.

For Research Use Only. Not for use in diagnostic procedures.
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The EuLV® System, an inducible 
stable producer cell line for 
lentiviral vector production
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Lentiviral vectors (LVV) are widely used in gene and cell therapy. A stable cell line based pro-
duction technology is crucial to the gene and cell therapy industry. This article introduces a 
stable producer cell line for LVV and its performance. In Phase 1, the packaging cell line, with 
lentiviral packaging genes gag/pol, rev and VSV-G is developed. In Phase 2, the producer 
cell line, with GOI stably inserted is developed. In Phase 3, all upstream and downstream 
processes based on stable producer cell line are developed.
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BACKGROUND 
There are two methods for 
producing lentivirus, one of 
which is transient transfec-
tion, using different trans-
fection reagents that can 
form complexes with DNA, 
allowing cells to take them 
up through endocytosis. This 
method is widely used clini-
cally, but due to its low titre 
and difficulty in scaling up, it 

cannot meet the current in-
dustrial needs. 

Another method of lenti-
virus production is using sta-
ble producer cell lines. Due 
to the low efficiency of stable 
gene insertion, the reported 
methods for constructing 
stable producer cell lines 
usually require introducing 
a large number of resistance 
genes for simultaneous or 

step-by-step screening. As 
a result of insufficient regu-
lation and expression opti-
mization of each lentiviral 
packaging gene, the final 
stable cell line may have high 
leaky expression during the 
construction of producer cell 
lines, resulting in unstable 
producer cell lines. These are 
unacceptable for pharmaceu-
tical industry. 
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EuLV® SYSTEM 
The EuLV® system produces lentiviral vectors 
using a stable producer cell line that enables 
high-density cell culture and inducible lenti-
viral production in chemically defined media 
with low uninduced leakage of producer cells 
to manageable levels (Supplementary Data 1). 

The flow chart of EuLV® system to con-
struct the producer cell line is shown in Fig-
ure 1. First, VSV-G, gag/pol, and rev were 
integrated into 293T cells, and the optimal 
packaging cell line was obtained through 
monoclonal and titre screening; then, the 
viral genome transcription cassette carrying 
target nucleic acid fragment was integrated 
into the packaging cells, after monoclonal 
and titre screening, the optimal producer cell 
line was obtained. Finally, production and 
purification processes were developed based 

on producer cell lines to obtain high-titre and 
high-quality lentiviral vectors. 

GENERATION OF PACKING CELL 
LINE & PRODUCER CELL LINE 
VSV-G, gag/pol, and rev were stably inserted 
into 293T cells to obtain packaging cell pop-
ulations, which were screened for monoclo-
nal cells using EuBioX (Supplementary Data 
2), best 10 high yielding cells were chosen 
by transient transfection using hPGK-lucif-
erase- IRES-EGFP plasmids (Figure 2). Then 
hPGK-luciferase- IRES-EGFP was stably in-
tegrated into the chosen packing cell to ob-
tain a population of producer cells, and the 
same procedure was performed to get high-
yield producer cells. The virus titre during the 
screening process is shown in Figure 3. 

 f FIGURE 1
In Phase 1, the packaging cell line with lentiviral packaging genes gag/pol, rev and VSV-G is developed.

In Phase 2, the producer cell line is developed with GOI stably inserted. In Phase 3, all upstream and downstream processes based on stable 
producer cell lines are developed.



INNOVATOR INSIGHT 

  201Cell & Gene Therapy Insights - ISSN: 2059-7800  

Cell culture 

Freestyle 293 and other 6 commercially avail-
able CDM medium was tested for lentivirus 
production and CDM#2 was chosen (Supple-
mentary Data 3). The producer cells are grown 
in suspension in shake flasks with an agita-
tion of 170 rpm using 2.6cm orbital shakers, 
8% CO2

 at 37 °C. Cells were passaged to 
0.5×106/mL when the cell density reached 
4×106~6×106/mL. 

Medium, feed & inducer 

In many lentivirus production processes, the 
fresh medium needs to be replaced before in-
duction or lentivirus production. These steps 
hinder the scale-up of the process. In EuL-
V®system, media, inducers, and feeds were 
screened and optimized, and a feed batch 

method for lentiviral production was devel-
oped (Supplementary Data 4).

LV production in tube & flask 

The producer cells were inoculated into 50mL 
tubes or shake flasks at a density of 0.5×106/
mL, and cultured for 5 days until the cell 
density reached about 1.2×107/mL, then the 
inducer and feed were added to start the len-
tivirus production, feed was added again after 
24 hours, and the supernatant was harvested 
after another 24 hours. The supernatant titre 
results in Figure 4. 

LV production in WAVE bioreactor 

Producer cells were seeded into WAVE bio-
reactors at 0.5×106/mL in a total reaction 

 f FIGURE 2
The hPGK-luciferase-IRES-EGFP (plasmid 19BF081) expression cassette is the Gene of Interest 
(GOI) , which is used for packaging cell line screening (single-plasmid transient transfection) and 
evaluation as well as producer cell line construction.

Luciferase assay is used to quantify the transduction titer (TU (RLU) /mL) of the produced lentivirus.

 f FIGURE 3
The viral titer from each clone in the process of producer cell line screening.

The x-axis shows the transduction titer measured from luciferase assay, and four rounds of screening are 
performed. The average titer increases nearly 100 folds after the fourth screening step. One of the best 
producer clones is selected to develop the lentiviral production process.
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volume of 1L. The reaction conditions were 
37°C, 8% CO2, the stirring speed was 20 
rpm, the angle was 10°, and the ventilation 
rate was 0.1 L/min. For the 1L reaction sys-
tem, cells were directly inoculated into a 1L 
reaction system and induced to produce lenti-
virus when the induction density was reached 
(Figure 5). For the 25L reaction system, cells 
were first inoculated into a 1L reaction sys-
tem, cultured for 3 days, then expanded to a 
5L system, cultured for 3 days, and finally ex-
panded into a 25L system, as shown in Figure 
6. The cells were cultured in the final system 
for 5 days, and the cell density reached about 
1×107/mL. The inducer and feed were added, 
and the culture was continued for 24 hours. 
The feed was added for the second time, and 
the supernatant was harvested after 24 hours.

PURIFICATION 
The purification steps are shown in Table 
1. First, Clarification by centrifugation or 
depth filtration and microfiltration to re-
move impurities such as cell debris (step 1). 
Then, the purified lentivirus was obtained by 

ion-exchange chromatography (step 2), ultra-
filtration concentration washing (step 3), gel 
filtration chromatography (step 4), and sterile 
filtration (step 5). See Supplementary Data 5 
for the lentiviral purity profile. 

ANTI-CD19 CAR-IE PRODUCER 
CELL LINE 
We also constructed the EuLV® antiCD19 
CAR-IRES-EGFP producer cell line (Figure 
7). Cell screening and process optimization 
are similar to hPGK-luciferase-IRES-EGFP. 
Results are shown in Figures 8 & 9. 

For this batch of experiment, we get 
8.13E10 TU per litre in the culture medium 
and 2.91E10 TU per litre after purification. 
From the result of HPLC analysis, the viral 
particle purity is 84.5%. The manufacturing 
process is still under optimization (Table 2).

OTHER GOIS 
In order to test the versatility of the EuLV® 
system, the other four GOIs were also used 

 f FIGURE 4
Viral titer produced in this process can increase 4 folds compared to the condition in FS293 
medium (induced at 4×106 cell/mL with 100% medium re-placement) , and this process is stable 
when tested in the shaking flask scale.
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to construct producer cell lines through pack-
aging cells, and the lentiviral yield was tested 
under adherent conditions. The structures of 
each GOI are shown in Figure 10, and the de-
tection results of lentiviral infection titres are 
shown in Figure 11. 

DISCUSSION 
Developing stable lentiviral vector-pro-
ducing cell lines is time-consuming and 

labour-intensive complex systems engineer-
ing that takes a year or more to fully develop 
and characterize cell line platforms. Due to the 
complexity of the work, much published work 
ultimately failed to meet the needs of the indus-
try due to issues such as titre, cell line stability, 
and culture adaptation. However, as compen-
sation, once a stable virus producer cell line is 
successfully developed, the technology has irre-
placeable advantages in the field of clinical and 
industrial applications, the stable producer cell 
line is more efficient than transient transfection 

 f FIGURE 5
Results of two batches of 1L-scale lentiviral production using EuLV® stable producer cell line in 
a WAVE20/50 bioreactor, and summarize the cell density and viability data during the 7-day 
culture and virus production period.

W514 (orange) and W527 (blue) are independent batches. InC stands for internal control, a 20 mL sample 
collected after cells are filled into the culture bag; ExC stands for external control, a 20 mL sample prepared 
from the same batch of seed. Both InC and ExC follow the same procedure as the WAVE bioreactor in a CO2 
shaker for culture and virus production. On day 0, cells are seeded at a density of 0.5×106 cell/mL and continue 
to expand until day 5, when the inducer is added. 48 hours later, on day 7, the virus in the culture medium is 
harvested and purified in the downstream process. The cell viability on day 7 remains above 85%, which is 
obviously beneficial to the downstream process.
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 f FIGURE 6
Cell density and viability data when the producer cells were amplified and induced for LVV pro-
duction in the WAVE bioreactor. 

Calculated as day 0 from the recovery of cells, on days 10 and 13, when the cell density reached around 5 million 
per mL, the cells were transferred to the next size of wave bag, and on day 18, inducer was added for the virus 
production. Same as the 1L data, cell viability is controlled over 80% upon harvest. 
And for the virus titer, we detected 3.8×108 TU/mL in the culture medium, 9.5×1012 TU/mL before harvest, and 
3.4×1012 after purification.

production in terms of process reliability, scale-
up capability, production cost, and virus prod-
uct safety. First, the stable producer cell line 
production process is more stable and can pro-
vide a fully characterized production platform 
to produce safer viral vectors with low batch-
to-batch variability; second, the process is easier 
to scale up, and the titre without drops rapidly 
problem when the culture volume increases; in 

addition, without the addition of raw materi-
als such as DNA plasmids and transfection re-
agents, the company does not need to establish 
an additional GMP production line for pro-
ducing plasmids; finally, it has the higher unit 
yield and simpler production process quality 
control. When expanding the production scale, 
the production process of stable production 
cell line will further highlight its advantages 
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 f FIGURE 7
The map of the GOI sequence has the typical anti CD19 CAR [1] sequence with additional IRES 
EGFP sequence. 

It is almost twice the length of the original anti CD19 CAR sequence. 

 f FIGURE 8
The monoclonal screening result.

The x-axis represents the viral titer measured by FACS, representing the 2nd and 3rd screening results. Each 
dot represents a transduction titer result from one single clone. After 3 rounds of screening, the best clone can 
reach 5×107 TU/mL measured by FACS. 

  f TABLE 1
Key data in the main purification steps from two 1L-batch of virus production.
Process flow Purity % TU titer 1E8TU(RLU)/ml Viral activity 1E6TU/ng p24 Inducer residue
Medium 1.55 ± 0.09 5.31 ± 1.73 1.92 ± 0.84 N/A
Step 2 73.61 ± 4.95 3.26 ± 1.03 1.89 ± 0.89 N/A
Step 3 97.86 ± 0.76 28.60 ± 5.94 2.21 ± 1.05 N/A
Step 5 97.94 ± 1.07 11.31 ± 4.24 2.02 ± 1.03 Not detected

The purity is measured by HPLC-SEC column. The transduction titer (TU titer) is measured by luciferase assay. The recovery rate based on physical 
titer (recovery-VP) is calculated based on the integration of peak area in the HPLC-SEC column analysis. The recovery rate based on transduction 
titer (recovery-TU) is calculated based on the luciferase assay. The virus activity is calculated by dividing the TU titer by the physical titer measured 
by ELSIA-based P24 protein quantitation method. The result is illustrated as transduction unit per ng of p24 protein.

  f TABLE 2
First, the lentivirus is removed by centrifugation or depth filtration, and then by 0.45-micron filtration to further 
remove impurities such as cell debris (step 1) and benzonase digestion (step 2).

Process flow Purity % TU titer 1E07Tu(RLU)/ml Recovery (TU based %) Inducer residue
Medium N/A 8.13 100 N/A
Step 1 0.16 7.74 80.14 N/A
Step 3 1.38 5.94 76.16 N/A
Step 4 34.4 7.61 49.85 N/A
Step 6 84.5 78.6 35.78 Not detected

Then, the purified lentivirus was obtained by ion-exchange chromatography (step 3), gel filtration chromatography (step 4), ultrafiltration 
concentration washing (step 5), and sterile filtration (step 6).
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 f FIGURE 10
Structures of 4 GOI, A:anti-BCMA vector [2], B:anti-HIV vector [3], C:Thalassemia Therapy vector [4], D:Temophilia Therapy 
vector [5].

 f FIGURE 9
Cell density and cell viability data in 1L WAVE bioreactor. 

Similar to flasks, they are induced on day 5 and harvested after 48 hours.
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 f FIGURE 11
During this study, the transduction titer of the enriched pool (EP*) of adherent EuLV® producer cells (EuLV®) is measured 
against the transient transfection method viral yield (293T). 

The viral titer is higher than the transient method. Since only EP* adherent cells are used for comparison, the viral yield will be improved over 10-
fold after cell single clone screening and suspension adaption.

in R&D, production, management, operation 
and maintenance, and cost. These advantages 
are beneficial to the promotion of technology 
and drug industrialization in the field of caus-
ative therapy and cell therapy. 

STABLE PRODUCER CELL LINE 
FOR LENTIVIRAL VECTOR 
PRODUCTION 
EurekaBio provides CRO services of the 
EuLV® system. Customers only need to pro-
vide gene sequences or plasmids, and Eu-
rekaBio will deliver the corresponding mono-
clonal cell line within 4 months (Figure 12). 

Other optional services are also provided, in-
cluding GOI optimization, clone identifica-
tion, stability research, upstream and down-
stream process development. 

 f FIGURE 12
EuLV CRO project development timeline.
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 Q First, can you frame for us the state-of-the-art platforms, as well as 
the challenges remaining in scaling AAV vector manufacturing and 
boosting yield to enable continued growth in the space?

JYS: For me as a scientist, one of the most exciting things is how far viral vec-
tors have come in the last decade. They have gone from use in disease models to treating 
life-threatening disease.

As to the challenges, one we definitely encounter in this field is how to keep up with demand. 
Demand is going to go higher and higher. More disease models or disease treatments employing 
viral vectors will become available, and manufacturers like Corning need to come up with solu-
tions that allow researchers, biotechs, and pharma companies to produce more on a smaller scale, 
be able to produce smarter, and be able to produce better and have better controls.

CR: I’ll echo this. It is very exciting to see the field growing and coming to the clinical 
space after so many years of development and R&D, and now to be asking the question of how 
we manufacture a therapy at scale. 

Personally, I am really looking forward to, and have enjoyed watching, the growth of the 
adherent systems at scale as opposed to a suspension system for production. This is leaving 
the R&D or academic lab and moving into the clinically relevant scale. In addition, we are 
seeing many of the downstream processes mature, which is addressing a lot of challenges that 
are still faced in scaling. Pairing those upstream and downstream processes and having these 
new systems come to market is exciting to watch.

PV: From our perspective here at Andelyn Biosciences, it is exciting to see cli-
ents that have started their early-phase production with us, move to later-phase and 
commercial production. Internally, as we progress to later-phase production, the challenges 
are going to be scaling, showing the equivalency of the platforms we are working on now with 
all of those raw materials, and getting those to 
a scale where they can perform equivalently 
in that later phase at a much greater capacity.

 Q How is the increasing availability 
of ‘right-sized’, purpose-built 
bioprocessing technology 
impacting scale up and out 
approaches for gene therapy?

CR: Having the right-sized equip-
ment is extremely beneficial. The biggest 

“It is very exciting to see the [AAV 
vector manufacturing] field growing 

and coming to the clinical space 
after so many years of development 
and R&D, and now to be asking the 
question of how we manufacture a 

therapy at scale.”

– Chris Reardon
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thing it allows us to do as researchers or manufacturers is to let the science dictate the manu-
facturing, instead of letting the equipment dictate the manufacturing. We can choose a process 
that fits what we are making and the goals we want to reach, instead of saying we have Goal A 
or Goal B that are ten times separated in volume and production with no middle ground. Now 
we can pick a goal and let the equipment follow us.

Specifically, for clinical applications, it is beneficial to be able to produce the amount you 
need, especially if you are researching an orphan disease or rare disease. You can produce the 
exact amount you need; you might not be continuously doing run after run for years. You 
might just want two runs and having the right-sized equipment will cut your costs, increase 
your speed, and simplify your process. Even with single-use systems.

It’s the same for downstream equipment – being able to run in one process to the correct 
size and not use an excessively large process or multiple runs of an excessively small process 
is very beneficial to the product and allows us to keep to the science.

PV: From our perspective, right-sized technology is going to get you up and 
running much more quickly. You don’t have a whole lot of that development earlier on to be 
able to fit it into your scope, or your capacity needs. If it is right-sized and appropriate for your 
purpose, it is going to make that development time period much shorter.

JYS: I definitely can relate to what both Chris and Phil said in regard to the right 
size. I don’t know if there is a perfect right size, because you have to balance a lot of different 
things. What is the right instrument to use? What is the right equipment to use? How fast do 
you want to get there? 

Phil mentioned having to develop the process. If you have the wrong size to fit the disease 
model you are trying to study, to address the customer that you are trying to acquire, not 
having the right infrastructure or right size becomes detrimental. It becomes a hurdle to 
providing that solution.

Right size is something that comes up often: am I buying the right-sized technology to 
enable me to address exactly what is being asked for by the company, the CMO, or the bio-
tech or pharma?

 Q How have customization and/or creativity helped you achieve your 
vector bioprocessing goals?

PV: For us, growing out of research and the early-phase clinical production are-
na, the creativity and customization is taking something that may have been intend-
ed for a different purpose and making it fit our production scheme. 

We have had to custom-build a lot of tube sets, single-use disposable flow paths, to be able 
to take components and fit them in our upstream or downstream processes and get them 
to do what we need. Early on that just didn’t exist, or it wasn’t readily available. Whereas 
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now, it is becoming much more so. Now our scale is increasing, and we are getting into that 
area where the purpose-built materials or equipment are in line with the scale that we are 
expecting to operate at.

We have had to do a lot of in-house development and modifying equipment and materials 
to fit that need and be able to adjust “on the fly,” based on markets and resource availability. 
I am sure everyone out there knows that in the last two years, resources in the biomedical 
arena have been stretched very thinly.

Resources that we have been accustomed to being off-the-shelf are now something we 
have had to adapt to building a custom replacement for. Staying nimble and creative is keep-
ing us going, and keeping the whole industry moving forward. It is about being able to use 
your imagination and develop a process to get your goals met.

JYS: Coming from a manufacturer’s perspective, Corning has created equip-
ment to enable customers to use their imagination. I have seen one specific product be 
used a hundred different times, in a hundred different ways. This goes back to the notion that 
customization is very relevant to the specific customer and their specific process.

Creating solutions that allow customization makes your production faster and better, 
enabling you to achieve your targets in a faster, smarter way. Customization is part of the 
vocabulary whenever you are working with viral vectors and is going to help to enable the 
next breakthrough in disease treatment.

CR: I think customization of any process is incredibly valuable. The standard con-
sumables that come with most bioreactors are great starting points. They are usually very well 
thought out. But everyone’s process is just a little different. You may take a sample differently 
or at a different time point. You may have some different needs, maybe you run a closed system 
or you run perfusion or continual feed, and being able to add that one extra line or take out a 
spare line you are not using is really valuable. It increases the quality of the process. It reduces 
the risk and number of failure points, and it is incredibly valuable to be able to have that.

There are a lot of suppliers offering services that are not off-the-shelf, but continually 
made custom loops. You tell them exactly what you want – the lengths, the fittings, and the 
connectors – and you can order 100 of those sterile bagged and delivered to your facility, 
which is really exciting.

We ran some process development experiments on some adherent bioreactors where we 
kept media in cold storage, perfused continually through a warm set of tubing straight into 
the bioreactor, perfused and then continually harvested on the other side. That customiza-
tion of being able to splice into and out of the standard consumable set was really valuable, 
and the consumable set was designed to be able to work with it how we wanted to.

 Q Turning to facility design, how can you safeguard against both over- 
and under-sizing vector manufacturing facilities from a strategic 
standpoint?
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PV: It is all going to start with plan-
ning. You have got to have an idea of what 
your target is going to be and lay out the 
goals to get to it. Frame that facility around 
what you expect to be able to create as an 
output and be able to still be economically 
viable to justify it.

A lot of your goals along the way are ap-
propriately assessing the risk that is going 
to be involved, and then scaling up your 
process. Be able to measure your process 
controls to ensure that you have got con-
trol over your procedures. Ensure that your 
finished product can meet the quality and 
output yield that you are expecting to be 
able to get out of it.

JYS: Having seen so many of our customers go into this field of viral vector man-
ufacturing, one thing that comes to mind very clearly is that by the time the facility 
is being designed, it is very important to understand what the demand is, and what 
the output you need to make or generate is.

I have noticed that by the time someone is ready to manufacture at that level, they are 
already under the size they need. Maybe this is a little naïve, but my recommendation would 
be to look at what you currently need as the deliverable size, and double that output. Be-
cause by the time you reach that level, you are already out of the size that you need. This is 
something I see newcomers do year after year, and then they are feeling that pinch several 
years into a new facility.

It may be a little bit scary for the company, but as I mentioned earlier, the viral vector field 
is just going to continue growing for quite some time. By the time you make that investment 
and have the potential to manufacture that specific size, your facility might already be out 
of the size that you need.

CR: I would agree with Yoshi on this question of scale, and by the time things 
are made they are not enough. Your facility not being big as you need it by the time it is 
done being constructed is a very real concern, and has been seen in a number of examples. The 
field is just so popular.

My take on it is there are some early questions to ask – do you design a facility to have 
individual production suites, or an open facility that is flexible and can work together with 
multiple processes in parallel? Something that would enable that is consumables and having 
true closed-loop production, raw product to final product, so you can have multiple produc-
tions in the same facility without cross-contamination. And then if you have a large product 
coming through, you can consider having two major lines run together, going to the same 

“Having seen so many of our 
customers go into this field of viral 
vector manufacturing, one thing 

that comes to mind very clearly is 
that by the time the facility is being 

designed, it is very important to 
understand what the demand is, 
and what the output you need to 

make or generate is.”

– John Yoshi Shyu
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downstream loop, instead of having two separate suites where you have to run two products 
in parallel.

So there are certainly questions for a facility designer to ask about what kind of product 
they are going to make. Are they making treatments for orphan diseases, are they running a 
single large product and designing around that?

To echo what Yoshi said, you need to make it bigger than you think.

 Q With more and more vector manufacturing facilities with over 
2,000L capacity coming online, what do you see as the key 
challenges and solutions at large production scales?

JYS: Challenges are always going to exist with any type of manufacturing pro-
cess. What I have personally noticed is that, as we are getting bigger and bigger on the equip-
ment, we have to consider how to manage so much liquid. Chris mentioned moving media 
from cold storage into warm storage, and continuous perfusion. That is okay on a small scale, 
but if you go into a 2,000-liter scale, the management of that liquid, both upstream and down-
stream, is so critical. What can the industry and manufacturers create to address these large 
volumes in their manufacturing process?

PV: The logistics of the liquid handling is an interesting problem; not just the 
feed source, but when it comes to the waste handling you are going to have a lot of 
volume to deal with. Circling back to what we spoke about previously, this plays a role in 
your planning of the new facility.

The logistics of your liquid handling, and ensuring your process is controlled, are big 
challenges. If you can’t ensure you have got control of your process, you may not have an 
effective product at the end. Your process at that scale is not necessarily what it was at 50, 
200, or 500 liters. That is where keeping control of your process as you are developing and 
scaling up to that level of output is absolutely 
critical to ensure your end product is what 
you expect it to be.

CR: That liquid volume is phenom-
enal at these scales. It is truly a unique 
challenge to face. Consider that when many 
of these processes are invented, they are going 
on in an R&D lab where a scientist warms 
up a half-liter of media or has to dispose of a 
half-liter of waste. That is inconsequential to 
deal with.

As Yoshi said, when you get to these large 
scales, even just pumping liquid from one 

“The logistics of your liquid 
handling, and ensuring your process 

is controlled, are big challenges. 
If you can’t ensure you have got 
control of your process, you may 

not have an effective product at the 
end.”

– Phillip Vermilion
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tank to another, or mixing it uniformly, becomes incredibly difficult. There is a phenomenal 
amount of collaboration with engineering and other process specialists just to figure out 
how to handle your liquid. Also, the amount of time it takes to do a single step might be 
very challenging scientifically. If transfection takes 4–10 hours, you have got a very difficult 
chemistry question there, whereas before it might have taken a scientist in the R&D lab 30 
seconds. There are some real issues with the physical volumes at these large scales.

 Q What are the comparative advantages and challenges of adherent 
platforms for scaling up AAV production to industrial commercial 
scale?

CR: For decades, suspension culture has had the upper hand. It is very easy to just 
get a bigger bucket, so to speak, and make more in a suspension bioreactor. 

The technology for adherent systems is relatively new, and there hasn’t been a lot of com-
petition in the market until recently. I am very excited to see Corning and others putting 
out some really good adherent equipment aimed at large-scale manufacturing and clinically 
relevant scales of manufacturing. To me, making AAV in an adherent system is scientifically 
better. You get a little bit more yield per cell, and you get a little more yield per reagent. 

However, mechanistically it is very difficult to control that process. I know a process 
engineer would certainly prefer a suspension process. There is give and take here, and it is 
exciting to watch the field tackle these new adherent systems.

There are some other issues, such as the seed train. In a suspension system, the seed train 
is rather straightforward. You can put cells in a reactor, you can underfill your reactor, and 
then as the density increases you can begin to fill up your reactor over a couple of days, or a 
couple of weeks if need be. All in one vessel.

With adherent culture, it is a little more difficult. If you start in a 15cm petri dish, you 
can’t just stretch that to be a 15m dish. You need to physically remove the cells and place 
them somewhere new. There is a lot more mechanical intervention and hands-on time; it is 
a whole different beast.

It is important to ask yourself what the goal of your process is when you are deciding on 
which one to do. If you have a single product and you just need it made, there is no reason 
suspension can’t be wonderful. If you are thinking about producing a product consistently 
and constantly, I think adherent would be the way to go, if the new technologies work well 
for you. We are just getting to the beginning of evaluating those new technologies and seeing 
where they fit in the field.

JYS: This question comes up often with customers. Should we stay in adherent, 
should we switch to suspension? Is suspension going to be better in manufacturing? Is suspen-
sion going to be better on the biology?

I would go back to the lifecycle of the project. If your lifecycle is to make one single 
product, and you know exactly what that deliverable is, potentially suspension will be much 



CELL & GENE THERAPY INSIGHTS 

328 DOI: 10.18609/cgti.2022.021

easier. For example, you know exactly the size that you need, so you buy a 1000L bioreactor 
and you keep producing that single product in that same process for about 5 years.

But if your production needs change, if your deliverable changes, potentially that 1,000L 
bioreactor becomes too big or too small. If you stay with adherent, and in my opinion, you 
can actually be more modular in the adherent process, your translation between a smaller size 
and a bigger size is more direct.

But when you take the process from a 250L bioreactor to a 2,000L bioreactor, all the 
parameters that you developed for the design of the 250L bioreactor do not apply. There is a 
large optimization phase that you might not necessarily encounter with adherent.

Going back to the advantages and disadvantages, one of the most important things is 
to understand the lifecycle of your manufacturing process. Do you want to produce it in a 
shorter period of time? Do you have a long process? Do you have a long-term production? 
That will guide you on the most appropriate platform.

PV: My opinion is a bit biased. Adherent is trusty and it is fairly predictable, as far as 
cells can be predictable. It is a robust platform, but at some point you are going to reach a max-
imum threshold where you just cannot expand more in footprint or output capacity.

Bioreactor suspension-based platforms are going to give you a lot more versatility to be 
able to expand your output capacity, weighing in that difference in output that each cell will 
be able to produce, that historically science has been able to perfect in an adherent platform.

The choice is your trusty go-to, versus the prospect of much greater expansion capacity.

JYS: In simple terms, when you are working with adherent platforms, you are 
dealing with biology and chemistry. If you go into suspension, physics gets involved.

Whenever I am trying to explain why you would want to move from one technology to 
the other, or consider different things, it is important to note that you are involving different 
types of sciences. You may already understand the biology and chemistry; how to grow your 
cells, how to transfect your cells. But now you are growing in an environment where physics 
is a key component to maintain the viability of the cells, to be able to modify your cells in 
suspension. It takes on a whole different avenue.

 Q Cell culture has often been overlooked as a key process to improve 
when tackling scalability. Is the field coming up with better and 
smarter transfection reagents, and do you feel this is the right 
approach to take?

JYS: Cell culture has been around for quite some time, and often we are pushing 
ourselves to produce more things. But a lot of things that we are asking the cells to pro-
duce don’t naturally occur. We have to insert genes of interest and modify the cell lines.

In the last decade or so, manufacturers like Corning have produced products from Cell-
STACK® to HYPERStack® vessels, and now going into bioreactors such as the Ascent™ FBR 
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System. Often, we are looking at how 
to contain the cells, how to put more 
cells in a smaller footprint. Sometimes 
we forget that you still need to modify 
that cell line; you still need to ask the 
cell to produce something. 

We are very excited to see companies 
try to improve the infection reagent in 
order to make cell uptake of the genetic 
information much faster. It is definitely 
an area of growth and an area that will 
enable easier manufacturing process-
es if we can improve the transfection 
reagents.

CR: The nuances of applying the genes to the cells, the basic transfection of how 
to tell the cells what to do, change with every system. Even if it is the same system and 
you are scaling it, the nuances are going to change. If it is suspension, how do you get that 
volume mixed in in time? If it takes an extra hour to add that reagent, is the reagent still good?

It is exciting to see transfection reagents that have longer windows of function; that are 
robust through more sheer force or more stirring. 

For adherent systems, when you are just working in the plates you can do rounds of 
transfection and set up your transfections with a lot of labor. When you get into an adherent 
bioreactor, some of these questions resurface. You have to ask yourself how you are going to 
apply your transfection reagent if your pump speed is set at a certain rate, consider the size 
of pump, the size tube diameter, and the maximum flow rate so you don’t blast the cells off 
the adherent surface. How you apply the reagents is a huge question, and a lot of the onus 
ends up on the reagent manufacturer to manufacture a robust reagent.

There is also a lot of space on the equipment to design a novel way to apply the reagent, 
and the two of them can work together. You can use the best reagent and the best process 
to get the best transfection. Instead of using a reagent that maybe isn’t as good, but is more 
durable, to deal with the equipment limitations.

There is a lot of room for ingenuity there, and I have seen a lot of very fun, smart ideas 
come out of various companies to address this.

PV: The platform that we have employed is pretty robust. It is relatively predictable. 
As far as being able to change and move into a different type of transfection reagent, there is 
going to be a tremendous burden of process development and justification of the cost.

When we know what we know and what we are comfortable with, switching to something 
new that may have better promise is going to be a challenge. We are going to have to do a lot 
of work to show that it is worth the change. Because not only are we changing reagents and 
suppliers potentially, but then also you are impacting your process in some manner that you 
are going to have to understand.

“There is also a lot of space on the 
equipment to design a novel way to 
apply the reagent, and the two of 

them can work together. You can use 
the best reagent and the best process 
to get the best transfection. Instead 

of using a reagent that maybe isn’t as 
good, but is more durable, to deal with 

the equipment limitations.”

– Chris Reardon
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The promise of change and improvement is always tempting. But clinging to what you 
know and what you can predict is always going to be the safest course. There is always anoth-
er possible improvement out there, you have just got to put the work in to justify the change.

CR: I like to talk a lot about “the ideal”. A new process could be great, but it can take 
years to define. That is a significant burden, especially when we are talking about a clinically 
relevant therapy. Do you want to delay two years to treat a patient, because you want to change 
your transfection?

Phil makes a really good point. Having something robust, knowing how it works, and 
sticking with it has a lot of value. Knowing when not to change is a really important skill.

 Q How can the rapidly expanding gene therapy manufacturing field 
address the increasingly acute shortage of adequately trained and 
experienced personnel?

CR: This is difficult. The field is exploding and new facilities are popping up everywhere. 
Every major academic and research institute is getting into gene therapy. That is a lot of new 
staffing demand, so where will all of these people come from?

I see a few really important steps that any employer can take to increase their staffing. 
One of them is to offer true entry-level positions. Don’t be afraid of the person who has a 
bachelor’s with no experience. Just because they don’t have any experience doesn’t mean they 
aren’t an incredible scientist or engineer, it just means they haven’t had an opportunity to 
demonstrate it yet. As an employer, you can train them. You can offer them something and 
help them grow. 

By providing a clear career path and training you are going to tell an employee that they 
are valuable, and that you want them around for the next 10 years. If you hire someone and 
don’t train them, they are going to leave in 2 years. Then you are going to lose employees on 
top of not being able to hire.

Another point is continuing education along with training. Helping employees to con-
tinue to take classes to expand their field can help them understand if they are in the right 
field. It might seem counterintuitive, but employees that know they are in the right field are 
going to do higher-quality work. They are going to find a lot more passion and excitement in 
it. You get a much bigger return per person with that high-quality investment in them. The 
ones that didn’t want to be in that field will go somewhere else, but you will have had them 
for a very good time.

Don’t be afraid to reach out to universities and tell them when you are interviewing and 
that you want students who graduate with these skills. Can you help you develop a curricu-
lum or sponsor a curriculum? Maybe those students will go somewhere else, but you will be 
helping both the field and yourself.

Finally, be upfront about pay. A lot of employers hesitate to talk about pay until the last 
second possible; they keep it secret. But when folks are looking for jobs they are going to be 
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asking themselves if this job is worth the effort they are going to put in, and that is the basic 
transaction – effort and expertise for money. If the employer doesn’t want to talk about what 
they are willing to trade, it becomes a difficult negotiation. It is really important to acknowl-
edge that that is the deal – it is money for work. Not everyone is going to be passionate about 
making 10,000 liters of PBS, but someone has to do it.

 Q Phil, has staff retention or recruitment been a challenge for you 
over the last couple of years?

PV: A little bit, yes. We are at a point where we are expanding quite rapidly, so this is a 
subject near and dear to my heart. Recruiting, retaining, and training staff is always a challenge. 

Right now, when we are going through “the great resignation,” there are a lot of talented 
people out there and they know what they are worth. Being able to attract them and com-
pensate them for the experience that they have, which can be integral to your success, is 
about giving them a goal to work towards; a path of progression. This could be either within 
the particular focus they got hired for, or they may actually have other interests within your 
organization. Spending time in your group for a couple of years may allow them to succeed 
in another area much more successfully.

As an example, I have had a number of people working in operations who, after a couple 
of years, have moved to quality assurance. That is a huge benefit to the organization because 
they can do their job much more effectively in quality assurance knowing the intricacies of 
our processes.

One of the other big challenges right now, as Chris said, is that the industry is exploding. 
It is exciting, and often it’s a little scary too. If you are not able to reach beyond where you 
are at to find those talented people, you are going to be limited. Utilize all of the resources 
at your disposal – the internet, job fairs, conferences, and so on. If you can’t make those 
connections you are not going 
to have those people available 
to you.

JYS: Chris and Phil 
addressed training, in-
vesting in, and promoting 
personnel. 

One of the challenges we 
have seen is people that are 
graduating with degrees that 
might not necessarily have 
all the training they need. 
What I see lacking in academ-
ic training is bioprocessing 

“Recruiting, retaining, and training staff 
is always a challenge... there are a lot 
of talented people out there and they 

know what they are worth. Being able to 
attract them and compensate them for 

the experience that they have, which can 
be integral to your success, is about giving 

them a goal to work towards; a path of 
progression.”

– Phillip Vermilion
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engineering – training scientists to think you are not just grabbing a pipette, you are not 
just using a tip, you are not just running an assay, you are actually running a biological pro-
duction. Programs and opportunities are needed to educate new students that come into a 
university that they need to get trained on these things. I have seen some universities start 
bioprocessing projects, with specific programs tailored to training scientists to be in manu-
facturing, and I think that’s very important.

Looking at hiring, I definitely agree with both Chris and Phil that trying to get people 
into the company, and then retaining that talent, is a challenge in this current market.

 Q What would be your parting words of advice in terms of AAV vector 
scale-up/scale-out planning from an early stage of development? 

JYS: Often we focus on understanding the process and understanding the bi-
ology, but I believe the industry sometimes forgets that manufacturers can help. At 
Corning we have personnel and talent that can help customers improve their processes. We are 
not necessarily just providing a product – we can guide you in some of the science, and how 
to use this product to truly complement your process and potentially produce more than what 
was expected.

Don’t be shy of reaching out to your suppliers to ask them how their product can make your 
system work better.

PV: We have been discussing process procedures, materials, and equipment. But 
in the end, you have got to remember that the end-user is a patient that needs this therapy.

In order to be able to scale up to expand your clinical trial, you have got to be able to control 
your process. Ensure the end goal is a process in control, and the same product you started 
with. If you can get to the end and make a massive amount of vector, but it is not of sufficient 
quality, you are going back to the drawing board.

When we first bring people in and train them, the first thing we tell them is to always keep 
the patient in mind. Everything we are doing day-to-day is going to treat a human being. It 
really helps to keep the end goal in perspective.

CR: If you are designing a new production, or if you are scaling up and scaling 
out a therapy, don’t be afraid of the cost or the regulatory path. They are daunting, 
they can take time, money, and expertise, but it is worth confronting these things in order to 
have the best process and the best science.

At the end of the day, if the product that you make isn’t good, it doesn’t matter how much 
money you have saved, or how many regulatory loopholes you have managed to sneak past. If 
you don’t have a good product you have nothing. So don’t be afraid of the very difficult hurdles 
of price and regulation. Confront them, work with them, work with producers, manufacturers, 
suppliers, and regulators, and get the best product out for the patient.
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Accelerating AAV capsid analysis 
using a new multi-capillary 
electrophoresis platform
Susan Darling

Adeno-associated viral (AAV) vectors, while offering numerous advantages over other virus-
es (non-pathogenic, low immunogenicity, and can readily enter a variety of cell types), are 
highly complex molecules that present significant manufacturing challenges. There are a large 
number of serotypes to choose from, and the need to implement transfection processes that 
afford high yields of capsids containing the gene of interest and purification hurdles to over-
come. From an analytical perspective, samples are getting more complex, more numerous, and 
require more complex analytical methods that involve complex method set ups, but results 
are needed in less time. Despite these challenges, developers of gene therapies must be able 
to understand the molecular liabilities of AAV vectors as soon as possible in the development 
process in order to ensure the manufacturability of robust, stable molecules prior to clinical tri-
als. Existing approaches to detect and characterize product changes during drug development 
are part of the problem because they take too long. High-throughput analytical techniques 
that can overcome these complexities are becoming essential. A new system designed to en-
able parallel processing of eight samples simultaneously using two well-established capillary 
electrophoresis (CE) techniques combined with two different detection methods is filling the 
gap. The SCIEX BioPhase 8800 system accelerates analysis and dramatically shortens new 
therapy development timelines while providing the sensitive, high-resolution data expected in 
the biopharma industry for bioprocessing to R&D to QA/QC.

Cell & Gene Therapy Insights 2022; 8(2), 231–240
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IMPORTANCE OF AAV PURITY & 
GENOME INTEGRITY
AAV is a small virus with a protein shell, or 
capsid, comprising three viral protein mono-
mers (VP1, VP2, VP3) that surround a sin-
gle-stranded DNA. The viral proteins have 
molecular weights of approximately 87, 73, 
and 61 kDa, respectively, totaling 60 mono-
mers arranged in icosahedral symmetry in a 
ratio of 1:1:10, with an estimated size of 3.9 
MDa. The DNA is approximately 4.8 ki-
lobases in size.

To produce recombinant AAV (rAAV) 
vectors, host cells (typically HEK293) are 
transfected with three plasmids, one of which 
contains the entire rAAV genome and two 
helper plasmids that contain special Rep and 
Cap genes that enable the host cells to make 
virions. The Rep gene encodes four proteins 
(Rep78, Rep68, Rep52 and Rep40) with over-
lapping sequences that are required for gene 
regulation and replication of the AAV. The 
Cap gene encodes the three capsid proteins 
and a non-structural protein named AAP (as-
sembly-activating protein). The capsid viral 
proteins participate in the assembly of both 
the capsid and genome and determine the ef-
ficacy of the gene therapy product [1].

The genome of an AAV vector for gene 
therapy is usually composed of two inverted 
terminal repeats (ITR), a promoter, a trans-
gene and a poly-A tail. AAV genome integ-
rity analysis is a critical quality test for AAVs 

because it provides insights into transgene 
integrity and ensures product safety and ef-
ficacy [2]. It is essential that AAV capsids be 
expressed correctly with respect to size, pep-
tide sequence and post-translational mod-
ifications (PTMs). Minimizing the pro-
duction of capsids that do not contain the 
vector genome (empty) or contain truncat-
ed versions or contaminant genetic material 
(partial) is equally important. The purity of 
the capsids is also a critical quality attribute 
with respect to host-cell protein (HCP) and 
other contaminants, as they can contribute 
to immunogenicity and off-target effects [3].

THE VALUE OF CE FOR AAV 
CAPSID ANALYSIS
While traditional mAb-based protein thera-
peutics have been highly optimized for pro-
duction and purification, AAVs are signifi-
cantly more difficult and more expensive to 
produce. They typically require a multiple 
transfection system and produce very low ti-
ters of functional AAV. Therefore, some of the 
traditional techniques utilized for protein and 
nucleic acid analyses, such as agarose gel elec-
trophoresis and PAGE, can be used for AAV 
analysis, but are quite crude compared to cap-
illary-based methods. Capillary gel electro-
phoresis provides a rapid, robust and highly 
sensitive method for both capsid purity and 
genome integrity analysis, effectively sepa-
rating proteins with very similar molecular 
weights as reflected by their migration times.

For purity analysis, CE-SDS (sodium do-
decyl sulfate) offers high resolving power and 
excellent quantitation and reproducibility 
combined with automated operation and is 
effective even at the low concentrations of 
viral proteins found in AAV samples [4,5]. 
Detection with UV is appropriate for samples 
with AAV titers greater than 1 × 1013 genome 
copies per mL (GC/mL) or lower titers but 
sufficient sample volumes [4,5]. Sample label-
ing using fluorescent dye and laser induced 
fluorescence (LIF) detection can also be used 
to improve sensitivity of the assay.

 f FIGURE 1
Best peak intensity of all three AAV8 capsid proteins were 
obtained using a 1x dilution. 

Sample buffer (SDS-MW kit, 100 mM Tris-HCl pH 9.0, 1% SDS) 
optimization with dilutions from 1×–20× using CE-SDS-UV on the 
BioPhase 8800 system.
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For genome integrity analysis, CE-LIF is a 
rapid, automated biophysical method for ge-
nome size analysis of double-stranded DNA 
(dsDNA), including restriction fragment 
analysis of its vectors, as well as single-strand-
ed DNA (ssDNA) and RNA and offers high-
er resolution than HPLC [3].

BIOPHASE 8800 SYSTEM 
FEATURES
The BioPhase 8800 system leverages a new 
cartridge that allows parallel processing of 
eight different CE samples simultaneously, 
delivering consistent, accurate results so that 
more samples can be analyzed in less time. 
Parallel processing can be achieved using ei-
ther CE-SDS or capillary isoelectric focusing 
(cIEF) on the same or different samples con-
taining the same or different molecules.

ACCELERATING AAV PURITY 
ANALYSIS
The three viral proteins in AAV capsids differ 
only slightly in length and the N-terminus, 
and each can exist as different variants with a 
range of PTMs, making these samples highly 
complex. Furthermore, the relative ratio of 
VP1:VP2:VP3 can be a factor impacting the 
potency of AAVs. The AAV protein concen-
trations in most gene therapies are quite low 
(~50 ng/mL) compared to traditional protein 
therapeutics. AAVs are also significantly more 
difficult and more expensive to produce than 
protein therapeutics. All of these factors tak-
en together clearly necessitate an assay with 
significantly greater sensitivity and resolution 
than what is afforded by either agarose gel 
electrophoresis or SDS-PAGE. Both the PA 
800 Plus and BioPhase 8800 system provide 
a highly reproducible and sensitive platform 
for AAV capsid purity analysis. The BioPhase 
8800 system also provides the scalability you 
would expect with an 8-channel system, but 
also a very unique capability to dramatically 
accelerate method development.

To demonstrate the utility of the Bio- 
Phase 8800 system, a one factor at a time 
(OFAT) method development study was 
performed using AAV8 (pAV-CMV-GFP, Vi-
gene Biosciences) samples to determine the 
optimal sample buffer concentration, %SDS 
and incubation temperature for analysis of 
these viral vectors. The samples were analyzed 
using CE-SDS-UV, and the conditions that 
provided the maximum peak intensity were 
selected as the optimum.

The application note ‘Acceleration of meth-
od optimization for AAV capsid purity analysis 
using multi-capillary electrophoresis platform’ 
[6] fully describes the preparation, capsid pu-
rity analysis and data processing of the AAV8 
vector. Briefly, the AAV8 capsids were chem-
ically reduced and then diluted. The samples 
were separated on a BioPhase BFS Capillary 

 f FIGURE 2
Optimized value obtained was 1–1.5% SDS. 

BioPhase 8800 electropherograms from CE-SDS-UV AAV8 sample 
analysis using various %SDS ranging from 0.25 to 5%. 

 f FIGURE 3
The peak intensity of all 3 capsids was optimized at 50° C.

Electropherograms from CE-SDS-UV AAV8 analysis at temperatures 
ranging from 45°C to 90°C to determine the optimized incubation 
temperature. 
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Cartridge. The BioPhase software package was 
used for data acquisition and processing.

Different sample preparations and buffers 
were evaluated to achieve optimal sensitivity 
and resolution of the capsid proteins for the 
AAV8 serotype on the BioPhase 8800 system 
using CE-SDS-UV. A buffer dilution of 1× 
was found to be the best (Figure 1), while the 

optimal %SDS was found to fall in the range 
1–1.5% (Figure 2) and the peak intensity of all  
three capsids was optimized at 50°C (Figure 3).

Most notably, all of the method optimiza-
tion for all three of these parameters was com-
pleted in 4 hours using the BioPhase 8800 sys-
tem compared to 48 hours for a single capillary 
system – 12 fold faster. This increase is due to 

 f FIGURE 4
The results were highly reproducible.

Results (CE-SDS-UV) for six consecutive injections of the AAV8 sample on the BioPhase 8800 System.

 f FIGURE 5
Excellent correlation in performance across multiple AAV serotypes.

Comparison of CE-SDS-LIF analysis data AAV1, AAV2 and AAV8 on the single capillary PA 800 Plus and the 
multi-capillary BioPhase 8800 system. 
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each of the parallel 8 channels exhibiting high-
ly reproducible performance across channels as 
well as compared to capillaries in the PA 800 
Plus. To demonstrate the repeatability of anal-
yses on the BioPhase 8800 system, results for 
six consecutive injections of the AAV8 sample 
were compared. As can be seen in Figure 4, the 
relative standard deviation (RSD) of the mi-
gration time (MT) and corrected peak area 
(CPA)% values for the VP1, 2, 3 and VP3' 
(fragment of VP3) peaks were no more than 
1% and no more than 1.5%, respectively.

Although this example leverages a one fac-
tor at a time (OFAT) design, the BioPhase 
8800 has tremendous potential to perform 
full design-of-experiment studies (DOE).  
These highly optimized assays can then be run 
on the BioPhase 8800 or PA 800 Plus. To il-
lustrate this point, three different AAV sero-
types (AAV1, AAV2, AAV8) were analyzed by 
CE-SDS-LIF on both the BioPhase 8800 and 

the PA 800 Plus [7]. The results demonstrate 
extraordinary correlation between the results 
across the two systems (Figure 5).

Dramatically faster method development 
with the BioPhase 8800 system is also en-
abled by the software with advanced capa-
bilities and drag-and-drop functionality for 
easy and confident method and sequence cre-
ation. The software also leverages advanced 
data analysis capabilities to further accelerate 
method development – even within a fully 
compliant-ready environment. Also, new val-
idated assay kits simplify operation. 

Temperature control provided on both 
the sample chamber and the factory-built, 
multi-capillary cartridge of the BioPhase 
8800 system ensures maximum reproduc-
ibility by preventing degradation of the ana-
lyte(s) prior to analysis. A constant tempera-
ture in the capillaries also ensures a consistent 
environment for all samples and every run.

 f FIGURE 6
Genome impurities impact safety and efficacy.

 f FIGURE 7
Very good alignment of genome profile across systems.

Comparison of genome integrity analysis results for AAV2, AAV5 and AAV9 on the single-capillary PA 800 Plus and the multi-
capillary BioPhase 8800 system using a LIF detector.
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The capsid proteins of different AAV sero-
types can, and frequently do, have different 
physical properties. Initial method develop-
ment, or even worse – mid program method 
development, is often a significant and un-
predictable delay to project timelines in an 
AAV therapeutic program. The unique capa-
bilities of the BioPhase 8800 system provide a 
solution to avoid this project impact.

The quality of the transgene inside a vi-
ral vector impacts the infectivity, efficacy 
and safety of the gene therapy product. The 
genome cassette encapsulated in the AAV 

capsid could be absent, truncated, or occu-
pied by fragments from the host-cell genome 
or plasmid. The analysis of AAV genome in-
tegrity is therefore of significant importance 
because it provides insights into transgene 
integrity and ensures product safety and ef-
ficacy (Figure 6).

Currently, AAV genome integrity analy-
sis by CE-LIF is performed one sample at a 
time using the single-capillary system. Mul-
tiplexing the analysis can help decrease the 
analysis or profiling time. The multi-capillary 
BioPhase 8800 system has been shown to ef-
fectively accelerate the execution of sensitive 
AAV genome integrity analysis for multiple 
AAV samples with different serotypes or dif-
ferent genome sizes while retaining the excel-
lent resolution, sensitivity and repeatability 
obtained when using the single-capillary PA 
800 Plus [8].

The application note ‘Genome Integrity 
analysis of adeno-associated viruses (AAV) 
using multi-capillary gel electrophoreses’ [8] 
fully describes the preparation, genome in-
tegrity analysis and data processing for sev-
eral AAV (AAV2, AAV5, AAV9) serotypes. 
Briefly, AAV samples were treated to remove 
non-capsid genetic impurities, purified with 
the QIAquick PCR kit and then separated 
on the BioPhase 8800 system with a PVP 

 f FIGURE 8
High resolution separation of all RNA size markers.

Traces A to H represent the separation in the eight individual capillaries of the BioPhase 8800 system.

 f FIGURE 9
Excellent inter- and intra-capillary repeatability.

Overlaid traces of 80 injections (ten consecutive injections of 
eight capillary channels) of RNA size ladder on the multi-capillary 
electrophoresis system.
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gel-based capillary with LIF detection. Equiv-
alent separation and analyses were performed 
in a single-capillary mode on the PA 800 Plus.

The genome profile and the migration 
times of the nucleic acid peaks aligned well 
between the two systems (Figure 7). Similarly, 
the % corrected peak areas of the intact ge-
nome and the impurities (including truncat-
ed genome and other small sized nucleic acid 
impurities) correlated well.

Next, an RNA ladder sample (RNA 6000 
Ladder, Thermo Fisher Scientific) was used to 
evaluate the reproducibility of the migration 
time and corrected peak area values for eight 
analyses simultaneously performed on the 
eight capillaries of the multi-capillary electro-
phoresis system. High-resolution separation 
of all RNA size markers (0.2 kb, 0.5 kb, 1.0 
kb, 2.0 kb, 4.0 kb, and 6.0 kb) was obtained 
(Figure 8). In addition, when ten consecutive 

 f FIGURE 11
Genome size analysis of AAV2 samples of different genome loads on the BioPhase 8800 system.

Red trace: RNA size standards with sizes marked in dark blue font. Green trace: AAV2-CMV-GFP sample with 
genome size about 2.4 kb. Blue trace: AAV2-CMV-Lacz sample with genome size about 4.7 kb.

 f FIGURE 10
Genome Integrity Analysis of AAV samples of different serotypes (Serotype 2, 5, 8 and 9) done in 
parallel on the BioPhase 8800 system.

Red trace: RNA size standards with sizes marked in dark blue font. Green trace: AAV2-CMV-Lacz sample. Light 
blue trace: AAV5- CMV- Lacz sample. Dark blue trace: AAV8-CMV-BuB1. Pink trace: AAV9- CMV-Lacz sample.
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injections of the RNA ladder sample on the 
eight capillaries were evaluated (Figure 9), the 
migration time reproducibility (RSD%) of 
the 80 analyses for each RNA size marker was 
less than 1%, while the RSD% for the correct-
ed peak area% was <5% for the RNA markers. 
Next, simultaneous analysis of AAV vectors 
with different serotypes and the same sero-
type with different genome sizes were simul-
taneously analyzed using the BioPhase 8800 
system. In the first case, samples of AAV2, 
AAV5, AAV8 and AAV9 were analyzed in par-
allel along with the RNA ladder. The intact 
genome of AAV was well separated from the 
partial or truncated genome and other small 
size impurities for different serotypes of AAV 
samples (Figure 10). Notably, it took less than 
25 min to screen eight samples using the Bio-
Phase 8800 system. In the second case, AAV2 
samples encapsulating different genome sizes 
were analyzed along with the RNA ladder 
sample (Figure 11). The genome size different 
can be clearly seen. It is worth noting that 
the RNA size standards migrate slower in this 
PVP gel buffer than the single stranded AAV 
genome of the same size due to the differenc-
es in base composition in these nucleic acids, 
and the differences related to ribose in RNA 
versus deoxyribose in single stranded DNA.

Finally, the AAV samples with enriched 
full and empty capsids were analyzed on the 
BioPhase 8800 system along with the RNA 
ladder (Figure 12). The small amount of in-
tact genome observed in the enriched emp-
ty AAV8-CMV-BuB1 sample indicated the 
presence of a small amount of full capsids in 
the enriched empty capsids sample.

CONCLUSION
The ability of the BioPhase 8800 multi-capil-
lary CE system to rapidly analyze AAV capsid 
purity and genome integrity with the same 
high resolution and sensitivity well known 
for CE analyses on established single-capillary 
PA 800 Plus system was clearly demonstrated. 
The capability of analyzing eight AAV samples 
of multiple serotypes and different genome 
sizes at the same time on the same analytical 
platform can dramatically accelerate screening 
and process development of AAV products. 
The easy transferability of methods from one 
system to the other was also confirmed, en-
abling seamless movement of analyses from 
process development into QA/QC.

Overall, the results of these studies show 
that by using the SCIEX multi-capillary 

 f FIGURE 12
Genome Integrity Analysis of enriched full capsids and enriched empty capsids of AAV8-CMV-
BuB1 on the BioPhase 8800 system.

Red trace: RNA size standards with sizes marked in dark blue font. Blue trace: Enriched full capsids of AAV8-
CMV-BuB1 sample. Green trace: Enriched empty capsids of AAV8-CMV-BuB1 sample.
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Accelerating process 
development with at-line 
concentration measurement
Joe Ferraiolo

Currently, the most used methods for adeno-associated viral (AAV) vector quantitative analy-
sis are qPCR or ddPCR and ELISA assays, along with analytical ultracentrifugation (AUC) and 
transmission electron microscopy (TEM). The time to results when using these methods can 
range from days to several weeks, and the acceptable tolerance range is high. Rapid, reliable 
in-process testing offers a significant benefit to AAV downstream process development and 
can be achieved with Slope Spectroscopy® utilizing Variable Pathlength Technology (VPT). The 
CTech™ SoloVPE® System, when used at-line in one or more stages of a process, can help to 
quickly identify process characteristics, provide key insights, and allow for process optimiza-
tion in minutes. VPT has enabled at-line measurement of concentration by eliminating the 
need for sample dilution or manipulation and delivering rapid and highly accurate real-time 
results.

Cell & Gene Therapy Insights 2022; 8(2), 303–313

DOI: 10.18609/cgti.2022.046

INTRODUCTION TO SLOPE 
SPECTROSCOPY
Traditional ultraviolet–visible (UV-Vis) spec-
troscopy measurements typically require a 
fixed pathlength to be used for analysis. This 

means the variable is concentration, which 
introduces dilution error in limited ranges of 
spectrophotometers. This is the challenge for 
most industries using UV spectroscopy for 
concentration determination.
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Our solution is to make the pathlength vari-
able using VPT within the SoloVPE System, 
so that the concentration stays fixed (Figure 1). 
The pathlength is determined from the dis-
tance of light from the Fibrette® Optical Com-
ponent to the bottom of the sample vessel, also 
known at the Detector (Figure 2). The path-
length ranges from 5 microns up to 15 mm, 
with 5-micron steps. This gives the SoloVPE 
the option to scan up to 3,000 different choic-
es of pathlengths to find the best linear regres-
sion data. Therefore, without sample dilution, 
we are able to measure the most highly-con-
centrated samples without any further sample 
manipulation thus, avoiding dilution error.

We rely on multiple absorbance values 
to calculate concentration, plotting a slope 

regression which shows the change of absor-
bance over pathlength, shown in Figure 2A. 
Each data point sitting on the regression line 
represents an additional pathlength. This is 
also represented spectrally in Figure 2B, where 
each spectrum is collected at a different path-
length data point. This allows us to quantify 
the regression line with a confidence provide 
by the R2 value.

This process utilizes the Beer-Lambert law 
(Figure 3), in which slope (m) divided by ex-
tinction coefficient (ε) will calculate concen-
tration (c). This has allowed us to significantly 
reduce process steps for simplicity and speed. 
The system collects absorbance data for up to 
ten different pathways, to calculate a slope in 
less than a minute. 

HOW THE GENE THERAPY 
WORKFLOW CAN BE 
ACCELERATED BY SLOPE 
SPECTROSCOPY
A typical UV-Vis process is defined by 7 
steps, as shown in Figure 4. The full process 
takes between 30 and 180 minutes depend-
ing on the number of samples. The SoloVPE 
System has been refined to a two-step anal-
ysis, measure and report, taking a total of 
two minutes. The automation of multiple 
steps saves time and has introduced robust-
ness and simplicity to the optical density 

 f FIGURE 2
a) The SoloVPE System uses variable pathlengths and collects multiple absorbance data points to calculate a linear slope re-
gression. b) Pathlength spectra data set confirms wavelength peak maxima of collected sample.

 f FIGURE 1
Illustration of variable pathlength technology.
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measurements. Electronic data signatures 
and storage simplify the process, so it can 
be used in GMP environments without user 
manipulation of sample volume or data at 
the end of the process.

APPLICATIONS FOR VIRAL 
VECTOR PRODUCTION
The SoloVPE System can be applied in viral 
vector production as well as other gene thera-
py-related applications. Slope spectroscopy is 
an established method in protein concentra-
tion measurement. We believe that the same 
technology will be beneficial for gene therapy 
applications. 

In the following case studies, our objectives 
were to demonstrate the Slope Spectroscopy 
to accurately determine viral titer concen-
tration, using the slope value ratio of DNA/
Protein. We wanted to establish the SoloVPE 
System as a process development accelera-
tor based on immediate at-line analysis that 
drives real-time decisions.

Case study: determination of 
plasmid DNA purity in human gene 
therapy products
Our initial case study was a collaboration 
with Pfizer to determine plasmid DNA pu-
rity in human gene therapy products. We 
aimed to demonstrate that the SoloVPE Sys-
tem can accurately measure the R value (pu-
rity ratio) within plasmids (DNA purity). To 
demonstrate the R value, we took 25 different 
levels of insulin and compared the theoreti-
cal purity ratio versus the SoloVPE System 
measurements.

The SoloVPE System and its dedicated 
software allowed measurements to be taken 
simultaneously at 260 nm and 280 nm, with 
results automatically reported. The Slope 
Spectroscopy technique addresses end user’s 
challenges with sample volume and dilution, 
and inconsistent wavelength readings using 
traditional UV-Vis spectroscopy, enabling the 

SoloVPE System to provide reliable data. As 
shown in Table 1, the results were comparable 
between the theoretical value and actual val-
ue with differences of less than +/- 2%, and 
were further validated on purchased material 
through a third-party vendor, achieving the 
same results.

Case study: antisense 
oligonucleotides (ASO)
In this collaboration with Ionis Pharmaceu-
ticals, our objectives were to firstly demon-
strate the SoloVPE System’s universal ability 
to measure ASOs of different chemical modi-
fications (base modifications, sugar modifica-
tions, inter-nucleoside linkage modification, 
and N-acetylgalactosamine [GaINAc] conju-
gates), precisely and accurately. 

Ionis Pharmaceuticals was interested 
in leveraging a UV-Vis solution for highly 
concentrated oligonucleotides. They were 
able to use our VPT method in their pro-
cess, and move from an HPLC method to 
a UV-Vis method, as the SoloVPE System 
provides quick time to results and does not 
require dilution. This project was devel-
oped, validated, and ultimately transferred 
to two of Ionis Pharmaceuticals’ contract 
manufacturers.

As shown in Figure 5, SoloVPE System 
achieved repeatable and accurate results of 
representative ASOs in different aqueous 
solutions. 

Between the three different manufacturing 
sites, the differences between the in-house 
samples versus the transfer method on the 

 f FIGURE 3
Beer-Lambert law and associated slope formula.
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SoloVPE System were all well within +/- 2%. 
The validity of the measurements based on 
the R2 value of each slope regression provides 

all parties with the evidence that they can 
achieve accurate and repeatable results be-
tween varying sites and organizations.

 f FIGURE 4
The Slope Spectroscopy process in comparison to the traditional UV process.

  f TABLE 1
Purity ratio accuracy.

Level Theoretical purity ratio Observed purity ratio % Difference
1 0.6259 0.6273 0.21%
2 0.87087 0.90315 -0.22%
3 1.05311 1.06122 0.74%
4 1.18483 1.17076 -1.14%
5 1.28451 1.28847 0.30%
6 1.42528 1.42358 -0.11%
7 1.51996 1.52481 0.31%
8 1.58798 1.58959 0.10%
9 1.63927 1.65568 0.96%
10 1.67930 1.67489 -0.25%
11 1.71134 1.69203 -1.09%
12 1.73770 1.71515 -1.25%
13 1.75964 1.73533 -1.33%
14 1.77821 1.77064 -0.41%
15 1.79418 1.81956 1.36%
16 1.80804 1.77874 -1.56%
17 1.82026 1.80414 -0.85%
18 1.83094 1.81184 -1.00%
19 1.84046 1.82975 -0.56%
20 1.84902 1.85457 0.29%
21 1.85672 1.84667 -0.52%
22 1.86028 1.88278 1.22%
23 1.86365 1.85282 -0.56%
24 1.86692 1.84941 -0.90%
25 1.87 1.87147 0.08%
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Using the SoloVPE System, in-process 
samples can be measured in less than 2 hours, 
thus providing a 67% cost/time reduc-
tion compared to high-performance liquid 

chromatography (HPLC). The Slope Spec-
troscopy method enables significant process 
improvements resulting in increased turn-
around time, reduced time to market, and 

 f FIGURE 6
Onsite SoloVPE System evaluation of AAV8 and AAV9 serotypes. 

 f FIGURE 5
AAV sample concentration.
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increased throughput. Therefore, the Slope 
Spectroscopy method was qualified to be the 
method of choice as the most efficient and 
universal in-process control (IPC) assay in-
strument and method for ASO drug product 
manufacturing.

Case study: AAV viral titer 
concentration

The current industry standard methods for 
measurement of AAV empty/full capsid ratio 

are qPCR /ELISA, ddPCR/ ELISA, AUC, 
and TEM. Our goal is to find a comparable 
technology that provides rapid, yet reproduc-
ible and reliable data that would enable true 
in-process, real-time results so that you can 
accelerate process development steps without 
long wait times. To achieve this, we needed 
to demonstrate that Slope Spectroscopy can 
quantify a change of absorbance from a per-
ceived full capsid to a perceived empty capsid. 
This was tested within our third case study.

The data presented in Figure 5 confirms 
that the SoloVPE System can effectively 

 f FIGURE 8
Method equivalency of the SoloVPE system and current methods using sample data from the 
Bioprocess Technology Institute (BTI) in Singapore. 

 f FIGURE 7
Sample AAV empty/full determination using SoloVPE System versus qPCR/ELISA.
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quantify a change in absorbance between 
empty and full capsids. Figure 5 shows that 
the SoloVPE System and the qPCR/ELISA 
method had a difference in results of just 9%. 
The SoloVPE System achieved these results 
in just 5 minutes, while it took a processing 
time of around one week for the qPCR/ELI-
SA method.

Vigene certified reference standards can be 
used as universal system suitability controls. 
We aimed to demonstrate the SoloVPE Sys-
tem’s ability to use the DNA/Protein ratio 
slope value to make real-time decisions prior 
to subsequent analysis as an in-process tool. 
Our results showed equivalency between 
the SoloVPE System and the current Vi-
gene qPCR/ELISA method, well within the 
+/- 40% range. The SoloVPE System demon-
strated rapid analytics providing DNA and 
capsid concentrations measurements in a sin-
gle test within minutes rather than days using 
the current qPCR/ELISA method. 

Vigene Biosciences provided in-process 
samples for both AAV8 and AAV9 serotypes, 
which were compared to the SoloVPE System 
values versus their expected values (Figure 6). 
We aligned well to their given processes. The 
SoloVPE System was able to provide rapid 
in-process testing results to indicate that the 
AAV8 Empty standard was out of specifica-
tion, and further refinement of their process 
was necessary.

The next step was to purchase traceable 
standards, to understand how well the Slope 
Spectroscopy method compares to these 
certified standards. We looked at empty 
and full capsids with three different sero-
types (Figure 7). When comparing viral titer 

concentrations, equivalency of both methods 
was well within the +/- 40% range for each 
serotype tested, with an average of 7.5% for 
ddPCR, and 3.7% for ELISA. This con-
firmed that the SoloVPE System technique is 
serotype agnostic.

Case study: AAV viral titer 
concentration

In addition to the Vigene Standardsstan-
dards, we purchased certified material from 
Biotechnology Institute of Singapore (BTI) 
in three different batches, at five different 
concentrations. The samples were tested us-
ing three different methods: qPCR and ELI-
SA, ddPCR and ELISA, and dPCR (digital 
PCR) and ELISA (Figure 8). The three batches 
showed highly consistent data from batch to 
batch, and test to test. Compared against all 
three methods, the SoloVPE System showed 
equivalent results. 

SUMMARY
The purpose of this paper was to show evi-
dence detailing how our Slope Spectroscopy 
method can be used as an analytic tool for 
faster analysis while being compared to the 
current method within the industry being 
used. Using the SoloVPE System can provide 
a more cost-effective way to measure in pro-
cess samples from Chromatography through 
Filtration and allow the process to continue 
without losing time sending samples out for 
analysis.
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Q & A
Joe Ferraiolo, Associate Director, Bioanalytics 
Applications, Repligen, answers readers’ ques-
tions on Slope Spectroscopy using VPT and the 
CTech SoloVPE System.

 Q Can the SoloVPE System technology currently measure partials?

JF: Unfortunately, no. UV is not a selective enough technology to distinguish partial 
versus full, rather than the total content of what is. You would certainly see a change in con-
centration without doubt. However, it is not the job of the UV to properly define it as a partial 
or if detect if there is residual impurities within the sample.

 Q Are there any applications for CAR-T processes with this technology?

JF: Not yet, as it is not something we are focused on near-term. If your current 
method is a UV-based one, then you could certainly apply Slope Spectroscopy to that. 

 Q Is the SoloVPE System and software fully GMP compliant? How 
are the system and software qualified, and what type of support is 
provided for qualification?

JF: Every new system is purchased with an Installation Qualification (IQ) and an 
Operational Qualification (OQ) package. The software package that is provided with the 
system is GMP capable. In addition, we either offer a software validation service to validate the 
software for you in GMP conditions, or work with your current IT team to see exactly how the 
configuration should be put in place for your specific group.

 Q Can the SoloVPE System be used to test incoming plasmid product 
as raw material to check purity levels?

JF: The short answer is yes. For our approach, it must be purified material. We are not 
looking at anything from the harvest, it must be purified.
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 Q How does the UV distinguish AAV from host cell DNA from the 
harvest?

JF: It is a multi-wavelength slope analysis. We are looking at the relationship between 
the two wavelengths of interest, then doing a complex equation implementing slope-based ex-
tinction coefficients or published extinction coefficients from literature to be able to calculate 
the concentration.

 Q Can the SoloVPE System be used for release of GMP finished drug 
product?

JF: Yes. The majority of our business is in GMP environments related to drug substance 
and drug product.

 Q How long does it usually take for the SoloVPE System to be installed 
and validated for process development work?

JF: From our perspective as the vendor, it typically takes 1 to 2 weeks to com-
plete IQ and OQ training and software validation. The real work starts with the detailed 
plans for how each group will implement the system. How many methods are going to be val-
idated could depend on the scope of work planned for each system. Based on our experience, 
when the project has the appropriate time and resources, we typically see a complete method 
validation and implementation of our technology within 6–12 months. However, the majority 
of that is reliant on the resources of the company adopting the technology.

 Q What validation support does Repligen provide?

JF: Our Applications Group within Bioanalytics Applications has post-sales re-
sponsibilities with every system provided to the market. You will be paired with one of 
our application specialists to understand exactly how you will be implementing the technology, 
and then receive the associated method development and validation support to get that imple-
mented within your organization. You would have a one-on-one custom support to help you 
through any SoloVPE System project.
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INTERVIEW

Analytical development insights 
spanning viral vectors &  
gene editing
David McCall, Commissioning Editor of Cell & Gene Therapy 
Insights, speaks to Santoshkumar Khatwani, Director Analytical 
Development, Sangamo Therapeutics, Inc.

DR SANTOSH KHATWANI graduated from the University of 
Kentucky in 2010 with PhD in Chemistry under the guidance of 
Prof. Sylvia Daunert. The research work focused on the use of 
generically engineered recombinant protein and enzymes for bio 
sensing and biomaterial applications. Furthermore, he obtained 
postdoctoral training at the University of Minnesota (until 2012) 
under the supervision of Prof T Andrew Taton and Prof Mark D 
Distefano with focus on the use of site-specific covalent conjuga-
tion for synthesis of protein–DNA conjugates and analytical as-
says for the generating novel engineered enzymes with improved 
functional attributes. Dr Khatwani then joined BioVision Inc. in 
2012 and served under different capacities until 2017 where he 
oversaw the manufacture, testing and release of several recombi-

nant protein, enzyme and assays for various metabolically important enzymes. Furthermore, Dr. 
Khatwani joined the field of cell and gene therapy at multiple companies including Thermofisher 
Viral Vector Services (formerly Brammer Bio, 2017–2018), Asklepios Biopharmaceuticals (2019) 
and Sangamo Therapeutics (2018–2019, 2019-present) at various leadership roles where he 
has led the development of various analytical assays including physicochemical, biophysical 
and biological assays to support the manufacture and release of viral vectors in cell and gene 
therapy. Currently Dr. Khatwani is serving as Director of Analytical Development at Sangamo 
Therapeutics with strong focus on developing analytical solutions and CMC in support of prod-
uct development at early and late phase of the clinical development.
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 Q What are you working on right now?

SK: Over the last several years, I have worked in the field of cell and gene ther-
apy (CGT). I have played an integral role in advancing drug development for multiple new 
molecular entities in the area of analytical development including planning and execution 
of early to late-stage development for viral vector based gene and cell therapy products. At 
Sangamo, I have had opportunities to work on multiple clinical and non-clinical products 
in the pipeline. We have a plethora of research, several preclinical and a few Phase 1/2 and 
Phase 3 programs. We recently announced that we are starting the preparations for a Phase 3 
for a Fabry disease program as one of our wholly owned products. A major part of my work 
has involved helping the program progress from Phase1/2 to Phase 3 readiness. In our capac-
ity as one of the leaders in the industry, my group’s overall focus has been to develop novel 
measurement systems and methods, to move the industry forward in further understanding 
and characterizing these products.

 Q How has gene therapy analytical development evolved in your 
experience over recent years? What have been the most significant 
advances?

SK: In the field of CGT several different types of viral and non-viral vectors 
are being used for targeted gene delivery. In the viral vector-based approaches, there 
have been several recent advances in manufacturing processes as well as in analytical devel-
opment for understanding the product quality. As manufacturing processes have evolved, the 
analytical methodologies and measurement systems have evolved concurrently. Although many 
viruses such as lentivirus, adenovirus, and, herpes simplex virus (HSV), are being used as 
gene delivery systems in the industry, Adeno-associated virus (AAV) has seen major improve-
ments in their designs and increase in its use 
as a gene delivery system. Several AAV sero-
types are being used by various sponsors to 
specifically target different tissues for differ-
ent disease indications. AAV is also a small-
er virus in size as compared to other viruses, 
so it is relatively well studied and easier to 
manufacture (in terms of the expected prod-
uct yield). It is also a comparatively easier 
to characterize than other viruses. For AAV, 
the analytical approaches have also improved 
dramatically over the years to measure criti-
cal quality attributes (CQAs) of these AAV 
products with respect to viral titer, purity,  
impurity, and potency. 

 
“...AAV has seen major 

improvements in their designs 
and increase in its use as a 

gene delivery system. Several 
AAV serotypes are being 

used by various sponsors to 
specifically target different 
tissues for different disease 

indications.”
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 Q Sangamo is unusual in terms of the variety of cell-based and 
gene therapy approaches in the R&D pipeline. Can you discuss 
considerations and overall progress in analytical development 
across these areas?

SK: Sangamo is in a unique place because of the way in which we make use of 
different technologies for gene delivery. At the core of these technologies in developing 
cutting-edge genomic medicines lies Sangamo’s proprietary Zinc finger protein (ZFP) platform 
which is being investigated for a targeted in vivo genome engineering using a viral or non-viral 
vector delivery system. With regards to cell and gene therapy, a viral vector may be used as a drug 
product in a gene therapy while act as a drug substance (a drug intermediate) in a cell therapy 
program. However, the focus for analytical development remains very similar in terms of identify-
ing and characterizing CQAs of these viral vector products. We thoroughly characterize our viral 
vector products that are being used for in vivo gene therapy or ex vivo gene editing or cell therapy 
applications. Furthermore, cell therapy drug product also requires additional separate characteri-
zation for CQAs as a final drug product. For that Sangamo has a dedicated cell therapy analytics 
team focused on developing methods specifically for a cell therapy product.

In regard to recent updates in gene therapy pipeline in our portfolio, Sangamo announced 
preparations to begin the planning for a for Phase 3 trial for our wholly-owned program tar-
geting Fabry disease. Analytical comparability will be critical to the success of the program 
where we will need to demonstrate that our manufacturing processes result in products that 
are comparable. The primary objective of analytical comparability will be to show that early 
and late stage products are comparable with respect to all CQAs. We will rely on a range of 
analytical methods, including some advanced technologies to achieve this objective. There 
are only a few successful examples to date in the field of CGT of analytical comparability.  
Overall, there is a need to assess new technologies in this quickly evolving field. Some of 
these technologies have been used in traditional biologics and will need to be adapted spe-
cifically to CGT. Technologies such as Next generation sequencing (NGS) with appropri-
ate bioinformatics platform expansion, charge detection mass spectrometry (CDMS), flow 
cytometry need further understanding as they are being increasingly popular in this field. 
Overall, the progress is slow and steady, but we still need to continue to focus on putting an 
additional emphasis on rapid turnaround times, improvement in precision and accuracy for 
critical assays such as dosing assay and potency.

 Q Can you go into more depth on how the analytics piece has evolved 
over the course of this journey from discovery through to late-
stage development?

SK: Many of the programs at Sangamo use AAV to deliver a target gene of in-
terest. Therefore, most of our analytical development efforts have focused on using platform 
analytical methods to characterize these products. This involves appropriate understanding of 
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the product pertaining to the stage of the development. In the early stages of development, it is 
common to use platform methods that you can apply across multiple products. E.g., For AAV 
products, we have traditionally seen platform methods such as quantitative Polymerase Chain 
Reaction (qPCR) targeting generic regions (ITR, Poly A and promoters) within AAV genome 
for viral titer determination and an early version of an infectivity potency assay. In addition, 
several other methods are also used for measuring critical impurities in the product such as host 
cell protein and DNA, empty/full capsids, and aggregates.

As product development progresses, manufacturing process gets optimized and concur-
rently, the analytical methods also have to evolve. At this stage, it could be more appropriate 
to develop additional product-specific methods. Several product quality attributes such as 
viral titer, potency, purity levels, and the capsid protein modifications need to be compared 
across manufacturing process changes to ensure these changes result in a product that is 
similar or comparable to that produced by the initial process. 

 Q Specifically, within AAV, what are the most critical missing analytical 
tools? Where is improvement most pressingly required today?

SK: One of the main challenges in this field is how to measure different variants 
of AAV capsids such as empty or full capsids in a drug product. In addition, a full AAV 
capsid could be either partially or completely full, or it could package some other genomic 
element in the production process. These impurities do not offer pharmacological benefit. 
In addition, it is important to ensure the manufacturing process results in a consistent prod-
uct quality. There are several methods to accurately measure empty capsids. Chromatographic 
methods are accurate and being used to measure empty capsids not only for drug product but 
also for in-process samples. However, currently, there are few methods available to measure 
the partial capsid accurately. These include analytical ultracentrifugation and charge detection 
mass spectrometry. Additional work is needed to correctly identify and measure partial capsids 
that can be accomplished by using short and long read sequencing technologies.

Another challenge is how to accurately measure the stoichiometry of the AAV capsid proteins. 
AAV capsids are composed of what is traditionally believed with a 1:1:10 ratio of VP1, VP2, and 

“...currently, there are few methods available to 
measure the partial capsid accurately. These include 

analytical ultracentrifugation and charge detection mass 
spectrometry. Additional work is needed to correctly 

identify and measure partial capsids that can be 
accomplished by using short and long read sequencing 

technologies.”
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VP3 proteins, based on a theoretical understanding of the molecule. In practice, the ratio could 
be quite different, so we need to understand how that will impact the overall structure of the 
AAV and its biological function. There are several analytical tools available to measure VP ratio 
which differ in their principles of measurement and require electrophoretic or chromatographic 
separation of these proteins. Finding a way to compare all these methods to give an accurate un-
derstanding of what the actual ratio is, and whether that ratio is impacting the biological function 
needs to be understood.  In addition, accurate measurement of critical impurities such as aggre-
gates and packaged non-target sequences is essential. Using traditional size-exclusion chroma-
tography for determination of aggregates has certain limitations on column pore size which can 
influence the accurate quantitation of aggregates, while development of bioinformatics platform 
for identification of non-target sequences is essential. Moreover, improvement in infectivity assay 
precision, selection of stability-indicating methods and further refinement of a dosing assay with 
<5% RSD may need continued evolution of available technologies.

The final but one of the most important challenges is to understand the post-transcriptional 
modifications of the viral capsid proteins. It is quite challenging to correlate which modifica-
tions in viral proteins are critical to alter the biological function, but there are certain examples 
in the literature that have shown that mass spectrometry will be a critical tool in AAV analysis 
in coming future. 

 Q What are the issues in cost and has any progress been made in 
controlling that aspect?

SK: The available analytical methods in CGT analytics are still reasonably costly 
for many of the sponsors. Part of the reason is that some of these are newer technologies. 
As a technology matures, it would become less expensive, higher throughout and user friendly. 
Next generation sequencing and mass spectrometry-based characterization are quite costly due 
to high cost of instrumentations which is why you have to rely on contract laboratories to get 
these analyses performed. 

 Q Are there any particular needs or improvements relating to speed 
to result?

SK: For speed to result, one of the 
main aspects that we focus on internally 
at Sangamo is utilizing the high-through-
put methods to support and improve de-
cision-making processes for the process 
development and formulation groups.

As mentioned earlier, many of the analyt-
ics are new, but there have been considerable 
improvements to increase the throughput 

 
“...one of the most important 
challenges is to understand 

the post-transcriptional 
modifications of the viral 

capsid proteins.”
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– for example, consider droplet digital PCR (ddPCR). As CGT field was moving away 
from qPCR towards ddPCR for dosing assays, it was still a low-throughput platform, but 
now there are new systems available that give considerably high-throughput with increased 
automation. Many of the assays also use chromatographic separations which are tradition-
ally used as high-throughput fast measurement systems. It is only a matter of time before 
we have even more tools available for users in the CGT field to allow for faster turnaround 
times for analytics to aid in improved decision making. In addition, rapid methods to de-
tect viral capsid proteins at lower sample concentrations and volumes will be crucial to the 
improvement in the speed of analytical measurements.

 Q How does the gene editing platform component impact analytical 
development?

SK: Overall, analytical development relating to genome editing with the zinc fin-
ger protein (ZFP) platform still uses similar tools to those we use for other CGT ap-
plications. In analytical development group, we are mainly engaged in trying to characterize 
these viral vector molecules as gene delivery systems. These could be AAV, lentivirus, or indeed, 
any other virus molecule. Several aspects of gene editing such as determination of %indels 
and off-target effects are critical to investigate. Important emphasis will be on understanding 
the mechanism of action (MOA) to develop the potency assay for each platform. Most other 
analytics could be standardized across different platforms.

 Q How and where is the automation of analytics and bringing them 
in-process impacting CGT bioprocessing today?

SK: There are different types of in-process analytics that are important to con-
sider. For in-process in-line analytics, cell age, growth and health are critical. In addition, the 
monitoring of critical cellular media, metabolite and essential components concentration can 
be performed via inline monitoring technologies.

However, it is quite challenging to integrate in-process analytics of AAV to support in-line 
analysis. Part of the challenge in doing this with AAV products is that many of the tech-
nologies that are used to characterize AAV products are not high-throughput. In addition, 
process impurities interfere with several of analytical assays. So, a fast clean-up processes are 
needed prior to analyzing AAV product during in-process steps.

 Q What is the key to successfully adopting a less siloed approach 
for potency assay development? And do you have any other best 
practices on how to approach potency assay development that you 
can share?
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SK: The siloed approach for potency assay development brings into question 
what the unified approach should be. A potency assay has to reflect the mechanism of 
action (MoA) when your product is at the later stages of development, but the work itself must 
begin at early stage. At the early stage, the strategies can include a platform infectivity assay 
and a gene of interested expression assay to demonstrate the potency (strength) of the product. 
In addition, potency assays are susceptible to matrix interference, and if the manufacturing 
process has not settled down, it can be very difficult to develop a potency assay.

Siloed approaches in potency assay development are quite common as there can be several 
approaches to developing a potency assay. However, as product development progresses, the 
assay need to reflect mechanism of action to demonstrate in vitro potency of the product 
This results in further optimization of these assays and/or filtering all available approaches to 
a unified approach that will comply with regulatory guidance. Strong collaboration efforts 
are needed among research, nonclinical and analytical and quality control groups to facilitate 
the development of a unified approach for a potency assay. 

Potency assays are one of the most complex assays to develop for any biologic. A potency 
assay is influenced by several assay conditions and the components, such as the use of ap-
propriate cell line with permissivity for viral vector, cell media for optimal cell growth, any 
additional growth factor/antibiotics used in the culture conditions, type of final assay read 
out (plate-based, imaging, chromatography, flow cytometry, etc.). Multiple approaches can 
be undertaken to demonstrate the potency by the expression (RNA, protein) and mechanism 
of action (enzyme activity, protein binding, protein–protein interactions, etc.).

 Q Finally, can you sum up some key goals and priorities, both for 
yourself in your own role and for Sangamo Therapeutics as a whole, 
over the coming 12–24 months?

SK: The key goal for Sangamo analytical development group is to plan and pre-
pare for supporting all late phase programs. In addition, several early stage programs 
will require development of additional platform methods to support their progress into next 
phase of the development. This can be achieved by identifying and assessing new technologies 
in addition to improving current technologies in terms of lower sample volume requirements, 
high-throughput, improved precision, accuracy, and specificity.
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“This is not a 
sustainable model.”
Healthcare Providers call for sector-wide 
standards & collaboration to solve widespread cell & gene 
therapy challenges at hospitals and sites of care

Joe DePinto & Robert Richards

Cell and gene therapies (CGTs) are on the cutting edge of medicine, but their current pro-
duction and delivery complexity is pushing many Healthcare Providers to a breaking point. 
CGT operational systems and processes are so numerous and unnecessarily varied that the 
growth of the field is at risk. At a recent advisory council attended by 16 leading cell and 
gene therapy healthcare professionals, providers and administrators voiced an urgent need 
for standards and simplicity to make the growth of CGT sustainable. Among the greatest 
challenges – workflows and systems that are not standardized; large amounts of uncompen-
sated time lost to data entry and system trainings; low staff morale and high attrition risk 
due to the need to prioritize processes and training over time with patients; IT and cyber-
security vulnerabilities related to the proliferation of too many portals and digital systems; 
and excessive operational variability and training requirements for CGT clinical trials that 
may only enroll a limited number of patients per site. These challenges arise from many dif-
ferent types of CGT products, in all phases of development. Healthcare professionals stated 
that these operational challenges will limit CGT’s ability to scale, may prevent some med-
ical centers from taking on new CGT clinical studies, and will likely become unsustainable 
as the field provides therapies for more common diseases with larger patient populations. 
Collaboration among the entire sector, with a special emphasis on the needs of Healthcare 
Providers and the patients they serve, is urgently required to develop necessary standards 
and harmonized approaches – and reduce complexity.
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Cell and gene therapies (CGTs) are on the 
cutting edge of medicine. But in the health-
care settings where patients are treated these 
transformative therapeutics, the supporting 
operational systems and infrastructure for 
CGTs have not kept pace. Hospitals are crit-
ical not only to the care of CGT patients, 
but to the production and delivery of these 
transformative therapeutics – and growing 
complexity is making all aspects of CGT care 
more difficult. Healthcare Providers (HCPs) 
say that ongoing CGT production and deliv-
ery complexity is pushing them to a breaking 
point and puts further growth of the sector 
at risk. 

At a recent Clinical Advisory Council at-
tended by 16 veteran cell and gene therapy 
healthcare professionals from the University 
of Pennsylvania and other leading academ-
ic institutions and organizations across the 
United States, providers and administrative 
leaders gathered to share CGT challeng-
es experienced across hospitals and sites of 
care. The attendees included leading physi-
cians, nursing managers, cell pharmacy deci-
sion-makers, and hospital IT and technology 
strategists, all experienced in working with 
multiple types of cell and gene therapies at 
all stages of clinical and commercial develop-
ment. All share a common commitment to 
CGT patients and their mission of delivering 
these life-changing therapies. 

With more than 200 years of collective 
experience in CGT among the attendees, 
the goal of this initial session was to surface 
challenges that are common across HCPs and 
institutions. (Future advisory councils will 
focus further on solutions, as well as collab-
orative discussions with biopharmaceutical 
manufacturers.)

The Clinical Advisory Council, hosted 
by Vineti, revealed a set of common, urgent 
challenges in healthcare settings that present a 
call to action for to the CGT sector. Here are 
some of the most significant, as described by 
advisory council attendees:

 f Workflows and operational systems are 
not standardized for critical steps across 
the CGT patient and product journeys, 
introducing extra work, unnecessary 
complexity, and risk.

 f HCPs are losing excessive amounts of 
uncompensated time to “back office” 
work, including duplicative IT audits and 
risk assessments, one-off system trainings 
for each individual CGT product, and 
repetitive, high-risk manual data entry that 
all lead to delays in offering therapies.

 f Clinical staff is overwhelmed by the need 
to prioritize processes and training over 
time with patients, resulting in low morale 
and attrition.

 f IT and cybersecurity vulnerabilities are 
arising from the proliferation of too many 
individual manufacturer portals and digital 
systems.

 f CGT clinical trials are bogged down in 
excessive operational variability and 
training requirements that require large 
amounts of clinical staff time but may 
ultimately enroll only a limited number of 
patients per clinical site. 

The challenges related to use of these therapies 
are present in both research and commercial 
settings but are proving to have a greater effect 
on commercial products. The reason for this is 
that centers will keep more therapies that have 

[1]
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similar indications on formulary in the event 
that one company has a long lead time man-
ufacturing. This, coupled with the probability 
that some CGTs will advance to second-line 
therapy amid market competition to offer 
them, will put pressure on centers to site-cer-
tify. Research-phase products don’t have those 
pressures, as the number of patients that can 
be put on trial is smaller, which in turn reduc-
es the risks of complexity at scale.

In this white paper, we will outline the find-
ings of the Clinical Advisory Council, begin-
ning with a detailed look at current trends in 
CGT as described by council attendees, fol-
lowed by the key challenges described by the 
advisory council and some recommended solu-
tions. The goal of this white paper is to surface 
CGT challenges being described across hospi-
tals and sites of care, in the interest of encourag-
ing the CGT sector to collaborate on solutions. 
Independent industry-wide organizations, such 
as the independent, non-profit Standards Co-
ordinating Body for Regenerative Medicine, 
have already initiated efforts to work with bio-
pharmaceutical manufacturers in support of 
HCPs. We hope that this paper will provide 
information to accelerate such efforts.

CURRENT TRENDS IN CGT
On the scientific side, growth in the CGT 
sector is rapid and multi-dimensional. There 
are currently more than 5,000 unique thera-
peutic products in development [2], and more 
than 2,260 clinical trials ongoing worldwide 
[3]. The newest wave of treatments represents 
“CGT 3.0,” building on the dendritic cell and 
CAR-T cell breakthroughs that have already 
received regulatory approvals over the last  
12 years. Many of the newest approach-
es rely on manipulating a broader range of 
cells – such as allogeneic cells from donors or 
starting material from solid tumors – that are 
often even more complex to collect, manage, 
and dose than those used in CAR-T treat-
ments. (Figure 1).

Advisory council attendees described 
growing patient volumes for both clini-
cal-phase and commercial products that mir-
ror this overall CGT sector growth. More 
than 60 percent of attendees said their in-
stitution experienced increased clinical trials 
and trial patient volumes in 2021 over 2020 
(Figure 2) [1]. More than 75 percent said their 
institution experienced a similar increase 

 f FIGURE 1
Complexities for healthcare providers

The unique, patient-specific nature of cell and gene therapies introduces a wide variety of new requirements and workflows for Healthcare 
Providers and sites of care.

https://www.standardscoordinatingbody.org
https://www.standardscoordinatingbody.org
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for patients treated with commercial CGTs 
[1]. This growth has taken place despite the 
COVID-19 pandemic, which has periodical-
ly affected CGT’s progress at some medical 
centers (Figure 3) [4]. However, healthcare 
professionals have collaborated to find ways 
to continue their commitment to CGT pa-
tients amid the pandemic, with one such con-
sortium stating that the

“COVID-19 pandemic should not 
serve as reason to defer CAR T cell 
therapy for patients truly in need of 

a potentially curative therapy.” [5]

The healthcare professionals attending the 
advisory council came from a wide variety 
of roles, specialties, and backgrounds – in-
cluding physicians, cell pharmacy specialists, 
apheresis specialists, and program leaders or 
healthcare technology strategists. 

The diversity of roles on the advisory coun-
cil reflects the realities of CGT care. Health-
care teams serving CGT patients are often siz-
able and represent a wide variety of skills and 
specialties – a reflection of the complexity of 
providing CGT care.

CGT care teams at sites of care can involve 
dozens of team members. Advisory council at-
tendees described at least 15 specialized roles 
involved in CGT clinical trials, and at least 

 f FIGURE 3
Effects of COVID-19

Institutions providing CAR-T cell therapies have worked hard to 
adapt and serve CGT patients amid the pandemic [1].

 f FIGURE 2
Growing patient volumes in cell and gene therapy

Institutions saw growth in the numbers of both clinical trial and commercial patients over the past year [1].
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16 involved in CGT commercial products [1]. 
Roles for both clinical and commercial phases 
are outlined in the following table (Figure 4).

The clinical and operational complexities 
of CGT procedures necessitate these large 
and varied care teams. Some advisory council 
attendees stated that all the above roles were 
required to provide CGT patient care at their 
institutions.

In addition to large-sized teams, the set of 
professionals involved in key functions can also 
vary from one hospital to another. Cell ship-
ments, for example, may be handled by one 
set of specialists at one center and a different 
set at another – introducing more variability to 
already complex processes (Figure 5).

The effects of CGT requirements on HCP 
staffing (large teams are needed, from a wide va-
riety of specialties), along with the high-touch 
work that comes with a nascent sector (patient 

populations that are still relatively small require 
support from large care teams that are learning 
as the field develops), have significant implica-
tions. Clinical teams must use the correct oper-
ational systems, workflows, and processes every 
time to ensure safe, high-quality care. But en-
suring this consistency among many specialists 
from different backgrounds, all of whom are 
providing many different CGT treatments to 
many different patients, can be extremely diffi-
cult and time-consuming.

CGT CHALLENGES 
The wide variety of specialists providing CGT 
care is reflective of a wider, fundamental op-
erational challenge facing CGT – excessive 
variability between products and the process-
es underlying them. Health care professionals 

 f FIGURE 4
Healthcare Providers in cell and gene therapies

Some roles focus specifically on clinical-phase or commercial products, while others work with CGTs at all phases of development  
[1].
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repeatedly described how the field’s supporting 
operational workflows and technologies, from 
cell collection protocols to digital portals for 
product ordering and tracking, often introduce 
more complexity than they solve. This chal-
lenge is largely driven by differences from one 
product to the next – differences that healthcare 
professional described as often unnecessary. 

Repeatedly, advisory council attendees de-
scribed working with a confusing jumble of 
digital and manual systems and processes as 
they juggled multiple CGT therapies and pa-
tients. Some HCP advisors expressed concerns 
that operational complexity puts patient access 
at risk. These challenges, they said, threat-
en to become blockers when CGT products 
for larger patient populations become widely 
available. HCPs attending the advisory council 
spotlighted five specific challenges as the most 
urgent for providers and patients.

Challenge 1. Workflows & systems 
that are not standardized for critical 
steps across the patient journey

These steps include but are not limited to 
cell collection, cell and product labeling, 
treatment order placement, and scheduling 

of cell collections and/or final patient treat-
ments. The process of getting patient to 
apheresis varies from company to compa-
ny. Some companies’ products are sent out 
fresh, requiring more coordination of steps 
such as authorization, case agreements (man-
aged care), hospital review (clearance) prior 
to collection. Those products that are fro-
zen have more flexibility, but that flexibility 
puts the institution at risk. For example, an 
institution may not have a single case agree-
ment executed with the payer. They have to 
decide whether to continue with collection 
and recognize that the optics of collection 
tell everyone that the center is ready to start 
the episode of care. Complexities in this area 
alone vary when diving deeper – manufactur-
ing lead times, apheresis/stem cell processing 
availability, benefits investigation (if needed), 
pharmaceutical companies varying policies 
on the collection process (some companies 
manufacture everything you send, some only 
use what they need), and the impact to the 
patient in the event of a failure.

Chain of Identity and Chain of Custody, 
two required patient- and product-related 
traceability workflows, are mandated by regu-
lators [6,7] but can be implemented in highly 
variable ways, HCPs said. To help alleviate 

 f FIGURE 5
Common tasks, multiple specialists

From one institution to another, essential CGT operations may be managed by different types of specialists [1].
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this tracking burden, some manufacturers 
have moved towards the use of digital work-
flow and supply chain orchestration systems, 
with such digital systems in wider use for 
commercial products than for clinical-phase 
therapies. (Figure 6).

However, HCPs described how these dig-
ital systems can be of limited assistance if 
they introduce more variability than they 
prevent. Some manufacturers choose to im-
plement unique stand-alone systems, which 
often involve manual processes. Others still 
rely on paper-based systems, especially for 
clinical trials, which involve even more man-
ual processes and data entry. Difficulties can 
quickly arise as care teams try to navigate be-
tween multiple systems across multiple ther-
apies and diverse patients, often requiring 
some mix of digital and manual data entry 
and management. Duplicate data entry is a 
common, time-consuming daily task, with 
HCP teams forced to enter patient and/or 
treatment data into multiple systems ‘all day, 
every day’ [1].

In addition to an over-proliferation of dis-
parate systems and workflow tools, HCPs said 
that excessive variability has been introduced 
for processes and Standard Operating Proce-
dures (SOPs) that should have commonality, 
such as cell collection. Care teams are forced 
to navigate between multiple processes that 
are sometimes only slightly different from one 
another, they said, which can be worse than 

managing large differences. Small differences 
between systems and processes, they said, are 
harder to remember and track, creating risk 
for both patients and the institution.

Challenge 2. Excessive amounts 
of uncompensated time lost to 
numerous system trainings for 
each individual CGT workflow & 
repetitive, error-prone manual 
data entry

Many CGT care teams are inundated with 
time-consuming administrative tasks. Pro-
viders repeatedly described how their days are 
consumed by trainings for each CGT, along 
with repetitive processes related to data entry, 
site qualifications, tutorials, and surveys. As 
products are commercialized, CGT pharma 
companies have a site certification process 
that generally consists of legal reviews, IT 
work and installations (which often includes 
a specialized, proprietary CGT management 
portal), audits of institutional policies/proce-
dures, a REMS program, and more. The site 
certification process is intense and can take 
months to complete. Beyond that, there is 

 f FIGURE 6
Digital supply chain orchestration systems

Digital systems are now widely used, especially for commercial CGTs 
[1].

[1]
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ongoing work, including operational chang-
es made by the biopharma company (such as 
portal upgrades, SOP revisions) that affect 
the sites of care with ongoing training re-
quirements. However, this step-up in work is 
not always accompanied by increased staffing 
or gains in efficiency. Some hospital execu-
tives may see CGT as a niche field because 
of its cost and early commercial nature. This, 
along with the need to break-even, may make 
resourcing for CGT a challenge.

Different clinical trial manufacturers may 
use different electronic data collection sys-
tems and require data collection that may be 
onerous for the clinical staff. Many different 
electronic data collection systems require 
unnecessary tutorials, participants said. The 
problem is not only about the complexity of 
the job, but also all the additional adminis-
trative tasks associated with each individual 
therapy. This represents not only a resource 
strain, but also often uncompensated time.

As part of commercial site certification, 
centers have been asked by biopharmaceuti-
cal manufacturers to address these adminis-
trative activities by identifying an individual 
designated as an “authorized representative,” 
or AR, who must juggle large amounts of 
patient-and product-related information, 
audits, and numerous portals, bearing an in-
creasing burden as the number of CGTs and 
portals grows. This workload will quickly 

become unsustainable for those staff mem-
bers assigned to manage it.

Challenge 3. Clinical staff are 
overwhelmed by the need to 
prioritize processes & training over 
time with patients, resulting in low 
morale & staff attrition.

HCP staff bear the brunt of CGT variability 
and operational challenges. With many care 
teams inundated with time-consuming ad-
ministrative tasks, time is taken away from pa-
tient care and leads to a need to further invest 
in resources (staff) to be able to deliver care. 
The high “back office” workload and related 
stress, HCPs said, can lead to staff turnover, 
which in turn requires new staff members to 
be recruited and trained.

Many of the advisory council participants 
described operations-related staffing problems 
as one of their greatest challenges. Medical 
centers are bearing an excessive burden and 
too much risk, providers said, which is an un-
sustainable model. Not only are staffing needs 
increased, but members of the care team expe-
rience stress, confusion, inefficiency, and burn-
out, ultimately leading to attrition.

HCPs stressed that they want to help peo-
ple, not spend time logging tasks or entering 
the same data into multiple systems manual-
ly. Advisory council attendees expressed hope 

[1]

[1]
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that if clinical researchers could be consulted 
early during study design, there could be align-
ment between the needs of the company and 
the institution, which would allow for appro-
priate scale when a product is commercialized.

Challenge 4. IT & cybersecurity 
vulnerabilities related to the 
proliferation of too many portals 
and digital systems.

Hospitals and healthcare organizations already 
face daunting cybersecurity requirements and 
challenges. Patient data and PHI are protect-
ed by regulations such as the Health Insurance 
Portability and Accountability Act (HIPAA) 
[8] in the U.S. and the General Data Protec-
tion Regulation (GDPR) in the EU [9]. In 
addition, hospitals and sites of care working 
in CGT must often comply with Good Man-
ufacturing Practices (GMP) regulations, and 
related rules governing electronic systems such 
as Title 21 CFR Part 11 and Annex 11 [10].

Such requirements are meant to protect a 
sector based on sensitive, high-value personal 
health information and facing frequent securi-
ty threats. The FBI, Homeland Security, Dept 
of Health and Human Services warned hospi-
tals of an increased and imminent threat from 
hackers in the last year [11]. Pharma and bio-
tech companies suffer more data breaches than 
those in any other industry, with 53% of them 
resulting from malicious activity [12] .

In this environment of already-heightened 
risk, the proliferation of CGT systems and 
manufacturer portals becomes even more over-
whelming for sites of care. Healthcare profes-
sionals said there is an increase in cybersecurity 
risk and vulnerabilities with each portal that 
is used – too many people accessing data, re-
quiring user IDs, and requiring training, all 
of which puts digital systems at greater risk of 
an access break and puts patient information 
safety at risk. In addition, varied processes of 
requesting access to a biopharmaceutical com-
pany’s portal, along with the management of 
staff who have access (which is typically left to 
those who may not understand the risks asso-
ciated with portal access), increases the likeli-
hood that a potential breach will occur.

[1]

[1]

[1]
[1]
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Challenge 5. Excessive operational 
variability & training requirements 
for CGT clinical trials that require 
large amounts of staff training and 
‘back office’ time but ultimately 
enroll only a limited number of 
patients per clinical site

Given the nascent nature of CGTs, most 
products are still clinical phase. And, HCPs 
said, early science is often accompanied 
by early, unproven, unwieldy operational 
approaches. 

Providers described clinical-phase CGTs 
as inherently more difficult to implement be-
cause they are sponsor-dependent, and their 
systems are still often paper or are email-
based. They said that some small biotech 
sponsors may also make the process more 
complex than necessary out of lack of experi-
ence with CGT products. Effective coordina-
tion and operations often require significant 
manual intervention by disparate care teams 
and departments.

Overall, HCPs stated that for clinical stud-
ies, the time and resource investments up-
front often take a heavy toll on staff – and 
ultimately may enroll only a few patients. If 
not resolved during clinical phase, these com-
plexities can extend through to commercial, 
putting an institution’s ability to continue 
offering the therapy at risk if the long-term 

investment proves to be unsustainable. A 
more standardized approach to clinical trial 
workflows and processes would go a long way 
towards making CGT studies tenable – and 
making commercialized products viable in 
the long run.

Across the board, HCPs shared that these 
operational challenges in CGT trigger a wide 
range of unintended negative outcomes across 
sites of care:

 f Patient experience is reduced due to the 
care team’s ongoing need to prioritize 
“back office” tasks over spending time at 
the bedside. Patient access may be reduced 
if operational complexity makes it too 
difficult or too costly for institutions to 
treat more CGT patients.

 f Staffing needs are increased when 
operational complexity, manual data 
entry requirements, and IT concerns 
require attention from more healthcare 
professionals for each patient and product. 
At the same time, biopharmaceutical 
manufacturers are recruiting experienced 
CGT staff from sites of care, adding further 
pressure to staffing concerns. 

 f HCPs experience stress, confusion, 
inefficiency, and an excessive amount of 
repetitive administrative work, leading to 
burnout and driving up attrition.

 f The transition from clinical phase to 
commercial is more difficult when one set 
of research-phase complexities must be 
replaced by an entirely new set of different 
but even more complex commercial 
processes.

 f Scaling CGTs to more patients can be 
limited by operational complexity and 
administrative costs. Larger institutions 
are currently better able to recruit greater 
numbers of patients, but also must choose 
which clinical trials and commercial 
products make the best use of staff time 
and resources. Smaller centers may not 
have the resources to manage complex 

[1]
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CGT workflows for larger numbers of 
patients.

 f As a result, development of new therapies 
and overall sector growth may be 
hampered. Institutions may be limited 
in the number of therapies that can be 
administered. Adoption and participation 
in clinical trials may be reduced due to the 
difficulties of running CGT trials.

 f To reduce variability and control costs, 
centers will select what therapies are on 
formulary, which has the potential to limit 
access to patients (Figure 7).

Sector growth may be especially challenging 
in oncology as CGT moves from autologous 
blood cancer products to other approaches 
that have the potential to treat greater numbers 
of patients, such as allogeneic products and 
products intended to treat solid tumors. Solid 
tumor CGT products, for example, often have 
very complex starting material collections, are 
more likely to require multiple dosing, and the 

patient populations for some solid tumor indi-
cations are larger than seen in blood cancers. 

CGT SOLUTIONS
Organizations working towards standards 
and solutions

 f Association for the Advancement of Blood 
and Biotherapies (AABB)

 f The American Society for Transplantation 
and Cellular Therapy (ASTCT)

 f The Standards Coordinating Body for 
Regenerative Medicine (SCB)

HCPs are keenly aware of the unique re-
quirements of CGTs and have no expecta-
tions that all complexity can be removed. It 
is also important to note that this particular 
advisory council session brought clinical lead-
ers together to surface challenges occurring 
across institutions, with subsequent sessions 
to focus more deeply on specific solutions. 
However, the discussions of challenges also 

 f FIGURE 7
Summary – key challenges

Top challenges in CGT, as identified by healthcare professionals.

https://www.aabb.org/
https://www.aabb.org/
https://www.astct.org/home
https://www.astct.org/home
https://www.standardscoordinatingbody.org/
https://www.standardscoordinatingbody.org/
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yielded a set of specific improvements that 
would make the CGT field more sustainable 
for sites of care. Here are five of the advisors’ 
top recommendations.

 f Standardize workflows and digital systems. 
Harmonize processes, systems, and SOPs 
wherever possible. Connect disparate 
digital systems to reduce manual data entry 
and duplicative record-keeping. Key areas 
recommended for standardization and 
harmonization are listed in the table below. 
(Box 1)

 f Simplify the clinical phase, and plan for 
commercial early. Many HCPs said that 
clinical trial operations are not sufficiently 
streamlined to make most studies efficient 
or enable a smooth transition to the 
commercial phase. Providers hope to 
see process improvements embedded 
in early-phase trials so that scaling is 
simpler, and they encouraged clinical-phase 
manufacturers to connect with HCPs 
and build solutions proactively before 
challenges arise. Centers that participate 

in CGT clinical studies would also 
benefit from being able to start the trial 
assessment earlier, which would simplify 
site certification requirements more 
quickly. Without such changes, they said, 
centers may start declining to participate in 
a greater number of trials.

 f Root out and eliminate small differences. 
HCPs repeatedly said that in many cases, 
small operational distinctions between 
systems, tools, and products are harder to 
monitor and may, in some cases, present 
greater risks to both treatment viability and 
patient outcomes.

BOX 1 
Summary – top solutions

 f Common key processes should be standardized. These 
include order placement for CGT treatments, chain of 
identity, chain of custody, in-process cell and product 
labelling, and apheresis-based cell collection.

 f All manufacturer portals are currently separate from 
and redundant with the EMR. Integrate CGT systems 
with EMRs. 

 f The system landscape is complex and disparate. 
Information does not flow consistently, requiring 
significant manual intervention and data entry. Integrate 
CGT data with a variety of ‘back office’ hospital 
workflow, including payor approval, conversion to IRB, 
and billing. 

 f Standardize data entry portals, data entry SOPs, audits, 
and regulatory oversight. 

 f Create one system that manages clinical processes, 
no matter if the product is commercial or part of a 
clinical trial. Portals are not the way to move forward. 
Each company trains institutions as part of their site 
certification process – it would be easier if adding 
portals were more ‘plug and play’.

Important solutions to make CGTs sustainable for sites of care, as 
identified by healthcare professionals.

[1]

[1]
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 f Reduce costly, demoralizing “back office” 
demands on providers and staff. Creating 
standards, reducing training needs, 
reducing manual processes and duplicative 
data entry, and simplifying digital systems 
will go a long way towards improving HCP 
morale and opening up more time for 
patients. If manufacturers aren’t willing 
to make these changes, they should help 
cover the administrative and staffing costs 
of CGT, some healthcare professionals said. 

 f Solve CGT challenges proactively for allogeneic 
and solid tumor products. In the CGTs that 
are already relatively established, such as 
the CAR-T products for lymphoma, some 
HCPs said that solving so many operational 
challenges this far along in the development 
of the field feels overwhelming. In less 
established indications, however, the time 
to standardize, harmonize, and simplify is 
now. This is especially important in solid 
tumor indications, which are often multi-
dose treatments with especially complex cell 
collections and larger patient populations. 

CONCLUSION
Healthcare Providers in cell and gene thera-
pies are dedicated to the success of the field 
and the patients they serve. But for their 
commitment to yield even greater results over 
time, urgent action is required on the part of 
the entire sector. 

Systems, workflows, and processes must 
be standardized and harmonized wherever 
possible. Disparate systems must be integrat-
ed to reduce duplicative manual data entry 
and the risk of error. Clinical trials should 
start with eventual commercial processes in 
mind, and not try to differentiate unneces-
sarily on workflows and SOPs. Such chang-
es begin now, in advance of allogeneic CGT 
treatments, products for solid tumor indica-
tions, and other approaches for larger patient 
populations.

Above all, Healthcare Providers should 
be treated as up-front design partners in the 

development of CGT systems and workflows. 
They are working with multiple therapies and 
diverse group of patients every day. Their per-
spectives will prevent problems early and al-
low the entire field of cell and gene therapies 
to scale and reach more patients.

As a starting point, we encourage the sector 
to join the work of key organizations working 
to create sustainable systems for CGT. Here 
are three places to start:

 f The American Society for Transplantation 
and Cellular Therapy is conducting an 
“80/20 Taskforce” to address the roughly 
80 percent of operational requests from 
biopharmaceutical manufacturers that 
ASTCT members find to be duplicative. 

 f The FDA-funded work of the independent, 
non-profit Standards Coordinating Body 
includes multiple cross-sector standards 
advancement projects in areas of 
importance to Healthcare Providers and 
sites of care, including cell collection, Chain 
of Identity, and patient data management. 
Please consider connecting with the SCB 
and lending your expertise to an SCB 
working group.

 f The Association for the Advancement of 
Blood and Biotherapies offers multiple 
resources and workstreams to streamline 

[1]

https://www.astct.org/home
https://www.astct.org/home
https://www.astct.org/attend/accellerate-forum
https://www.standardscoordinatingbody.org
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the working relationships between HCPs 
and biopharmaceutical researchers and 
manufacturers. Learn more at AABB’s 
Biotherapies resources hub. 

The successful adoption of cell and gene 
therapies into mainstream medicine requires 

ongoing collaboration with healthcare pro-
fessionals and sites of care. By surfacing chal-
lenges across institutions providing CGT 
care, we hope to encourage the development 
of new solutions that will ultimately create 
more patient access to this transformative 
field of medical science.
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Purification of 
therapeutic & 
prophylactic mRNA by affinity 
chromatography
Julian Grinsted, John Liddell, Emir Bouleghlimat, Ka Yan Kwok, 
Georgia Taylor, Marco P C Marques & Daniel G Bracewell

In vitro transcribed mRNA is an emerging therapeutic and prophylactic modality with the po-
tential to transform medicine. The drug platform features exceptionally rapid development 
and versatility of manufacturing processes. Despite the prompt advancement of mRNA from 
trials to market, purification challenges remain. The cell-free synthesis of mRNA is respon-
sible for the generation of product and process-related impurities, creating the potential for 
immunogenic effects and decreased translatability into the clinic. Affinity chromatography 
presents itself as an effective primary capture step for the isolation of functional transcripts 
from product and some process related impurities. Developing platform processes for the 
affinity purification of mRNA is hindered by the varying strand lengths of non-amplifying, 
self-amplifying, and trans-amplifying constructs, with disparities in capacity being observed. 
Ligand chemistries may contribute to non-specific binding events which remain challenging 
to characterise. Improved elution and wash conditions may be pursued through novel ligand 
chemistries, enhanced density and spacing. Regardless of the size or application of the prod-
uct, the impurities generated by in vitro transcription represent a significant obstacle to the 
safe administration and long-term storage of mRNA. Affinity chromatography is a valuable 
tool in overcoming these challenges, with current commercially available products relying 
heavily on oligo deoxythymidine ligand chemistries. Whilst affinity chromatography is highly 
valuable in the purification of mRNA, the inability to separate key secondary structures such 
as double-stranded RNA means it remains to be seen if this technology will adopt the same 
position as protein A does in mAb manufacture. 
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The COVID-19 pandemic has shown a rapid 
response from vaccine companies, manufac-
turing and delivering mRNA vaccines in re-
cord time. Unlike traditional vaccines which 
rely on complex and inflexible manufacturing 
processes, mRNA vaccines use the same vac-
cine backbone for multiple targets with only 
the expression of the gene of interest, allow-
ing standardised manufacturing with reduced 
footprints (Table 1). This will enable the man-
ufacturing of different mRNA vaccines using 
the same production platform. Furthermore, 
the facilities and manufacturing techniques 
can be applied to a variety of different prod-
ucts with varying applications, such as vac-
cines against infectious diseases, cancer im-
munotherapeutics and protein replacement 
therapies [1] (Figure 1). However, the global 
demand for COVID-19 vaccines has placed 
strain upon global manufacturing and supply 
chain problems are arising [2]. Therefore, new, 
or optimised processes are necessary to cope 
with increased demands of these vaccines. In 
particular, the purification of mRNA, where 
the in vitro production of mRNA has given 
rise to unique purification challenges such as 
low capacity and the removal of immunogen-
ic impurities [3,4].

In 1990, mRNA molecules were success-
fully synthesised in vitro using free enzymes 
and expressed in mice to produce three pro-
teins: chloramphenicol acetyltransferase, 
β-galactosidase, and luciferase [5]. Despite this 
initial success, DNA-based therapeutics were 
still preferred as mRNA is easily degraded by 
RNases present in cells and presents overall 

lower stability at ambient temperatures com-
pared to DNA [6]. Inherently, mRNA based 
vaccines present safety advantages compared 
to DNA vaccines: the mRNA cannot inter-
act with the cell genome; the mRNA consists 
solely of the elements needed for expression of 
the encoded protein; the mRNA decays within 
a couple of days and is non-replicative [7]; in 
vivo transfection rates are high due to the fact 
mRNA only has to cross the cell plasma mem-
brane [8]; For these reasons multiple mRNA 
vaccine candidates such as the Pfizer-Bi-
oNTech BNT162b2 and the ModernaTX 
mRNA-1273 mRNA SARS-CoV-2 vaccines 
have been approved by regulatory bodies in-
cluding the Medicines and Healthcare prod-
ucts Regulatory Agency (MHRA) and the US 
Food and Drug Administration (FDA) [9].

There are two main types of mRNA, non-rep-
licating mRNA and self-amplifying mRNA 
(ssmRNA and saRNA, respectively). Both 
types possess structural similarities, including 
a 5’ cap, 3’ and 5’ untranslated regions and a 
polyadenine tail (Poly (A)) [4]. The saRNA con-
tains additional replicons to enable the mRNA 
to self-replicate, sequences of single-stranded 
RNA viruses from the genera Alphavirus, Picor-
navirus or Flavivirus [10]. These viruses contain 
a single-stranded, positive-sense genome and 
can contain regions coding for non-structural 
proteins (NSPs) (Figure 2A, C). Trans-amplify-
ing mRNA (taRNA) is a new type of mRNA 
vaccine where the mRNA is split into two tran-
scripts, one encoding a peptide of interest and 
another encoding virally derived replicative ma-
chinery. This system is distinct from saRNA, as 

  f TABLE 1
Comparison of RNA synthesis techniques.

RNA synthesis 
technique

Advantages Disadvantages

In vitro transcription High levels of fidelity and rapid tran-
scription of DNA template [56,57].

T7 polymerase is costly. As a result, some 
operations may require that the enzyme 
is manufactured on-site [58].

Oligonucleotide 
synthesis

The process is cheap and efficient for 
synthesising short sequences [59].

Only oligonucleotides up to 300 nucleo-
tides long can be synthesised [60].

Cell-based synthesis The DNA template does not need to be 
linearized prior to transcription [61].

Transfection of a host organism must 
occur with the template DNA. Extraction 
of RNA requires complex procedures [62].
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saRNA contains both the gene of interest and 
replicase on the same strand. Individual taRNA 
strands are typically shorter than saRNA and 
are therefore easier to synthesise. Additionally, 
taRNA displays greater translational efficiency 
when compared to saRNA [11,12] (Figure 2B).

The mRNA is in transcribed preferential-
ly in cell-free reactions (in vitro transcription, 
IVT) (Table 1) using polymerase enzymes and 
template DNA [13]. The predominant poly-
merase is the T7 (T7RNAP) [14], consisting 
of a single subunit and is highly processive, 
even in the absence of other transcriptional 
proteins [15]. T7RNAP exhibits high fideli-
ty, allowing for accurate transcription [68]. 
In addition to these components, the IVT 
must also contain nucleotide triphosphates 
(NTPs), polymerase cofactors e.g., MgCl2, 
polyamine containing buffer and antioxi-
dants [12]. The IVT product yield (molmRNA.
molpDNA

-1) and efficiency (molmRNA.molimpurities/

pDNA
-1), will have an impact on downstream 

processing steps. The removal of immuno-
genic product and process related impurities 
[16] are essential to ensure that mRNA-based 
prophylactic and therapeutic agents display 
acceptable levels of efficacy and safety [17].

IMPURITIES PRESENT WITHIN IN 
VITRO TRANSCRIBED mRNA 
Process related impurities 
Template DNA

A key concern surrounding template DNA 
is the potential for genomic integration if 
plasmids remain intact in the encapsulated 
mRNA and infiltrate the plasma membrane 
of cells upon administration [18]. In addi-
tion to the threat posed by large fragments, 
oligonucleotides produced from enzymatic 

 f FIGURE 1
A flow diagram of a typical mRNA manufacturing process.

Adapted from [63].
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 f FIGURE 2
Different types of mRNA.

A: Self-amplifying RNA vaccines induce enhanced immune activation when compared to non-self-amplifying RNA vaccines. Adapted from [64]. 
B: Structural comparison of single construct systems (saRNA and ssmRNA) against multi-construct systems (taRNA) in the case of potential mRNA 
vaccinations. Adapted from [12,65].
C: In situ amplification of a self-amplifying RNA construct encoding an antigenic peptide. 1: Transfection of self-amplifying RNA into cell. 2: 
Transcription of positive-sense strand to create a negative sense strand. 3: Replication of original positive sense strand via transcription of negative 
sense strand. 4: Transcription of subgenomic region to create subgenomic strand encoding antigen of interest. 5: Translation of subgenomic strand 
to produce antigen. Adapted from [66].
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digestion of plasmid DNA (pDNA) may un-
dergo base pairing with partial transcripts to 
form DNA-RNA hybrid fragments [19].

Plasmids which are produced by microbi-
al fermentation may also contain endotoxins 
and proteins if they were not removed from 
the cellular lysate by chromatographic separa-
tions prior to IVT. Endotoxin, a lipopolysac-
charide constituent of the outer membrane of 
gram-negative bacteria, has a section that is 
highly immunogenic (lipid A). Lipid A binds 
to myeloid differentiation factor 2 and toll-
like receptor 4 on the cell surface, initialising 
signalling pathways, leading to cytokine re-
lease and inflammation. As a result of impu-
rities arising from the cell-based synthesis of 
pDNA, purification steps are necessary prior 
to IVT [20]. One possible approach to sim-
plify the required purification is the cell-free 
synthesis of the template DNA [21].

RNA polymerase

RNA polymerases, primarily T7, but T3 and 
SP6 may also be used during IVT will remain 

in solution unless removed. RNA polymeras-
es are produced through cell-based synthesis 
and may therefore contain endotoxins. Poly-
merases may be recognised as foreign antigens 
upon the binding of complementary antibod-
ies, inducing pro-inflammatory cytokines as 
part of an adaptive immune response and 
leading to inflammation [22,23].

Free nucleoside triphosphates

Nucleoside triphosphates that are not incor-
porated into mRNA during IVT may remain 
in solution. These free nucleotides may acti-
vate neuroinflammatory mechanisms within 
the central nervous system. The free nucleo-
sides can act as agonists by binding to puri-
nergic receptors (P2), classed into two broad 
categories: P2X and P2Y. P2X are a group of 
cation channels which selectively bind ade-
nosine triphosphate while P2Y receptors bind 
adenosine and uridine triphosphate. A di-
verse range of P2 receptor types are present in 
the plasma membranes of macrophages, glial 
cells, and oligodendrocytes [24]. 

 f FIGURE 3
Polyadenine tail of mRNA immobilised upon binding.

(A) Polyuridine, (B) oligo deoxythymidine and (C) polyadenine. Adapted from [48,50,67].
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Product-related impurities
DNA–RNA hybrid fragments

During IVT, RNA synthesis occurs from the 
5’ to 3’ end with synthesis typically begin-
ning at the T7 promoter region. The poly-
merase, exhibiting high levels of processivity, 
will continuously transcribe template DNA 
in cases where the template is not linearised. 
This continuous transcription may lead to 
the formation of excessively long transcripts. 
Linearization by restriction digestion is there-
fore mandatory to prevent the formation of 
these long transcripts, providing that suitable 
restriction sites exist within the construct  
(Figure 1) [25].

The digestion of linearised DNA cre-
ates oligonucleotide fragments, which may 
undergo base pairing with RNA fragments 
which are generated as side products of IVT. 
The association of these fragments with one 
another leads to the formation of impurities 
known as DNA-RNA hybrid fragments. 
The risks of genomic integration, associated 
with DNA impurities, warrant the removal 
of hybrid fragments. In addition, the ssRNA 
component is associated with activation of 
toll-like receptors 7 and 8, leading to inter-
feron release [18,26]. The fragments may be 
removed from the IVT mixture using down-
stream separation techniques, or alternatively 
can undergo enzymatic digestion when the 
deoxyribonuclease, DNase1, is added [19].

Partial transcripts 

Incomplete RNA transcripts are generated 
as a by-product during IVT where during 

transcription initiation, abortive synthesis 
events occur. As a result, the RNA polymerase 
produces short mRNA fragments from the 
template DNA, between 5 and 11 nucleo-
tides long [3]. ssRNA, including partial tran-
scripts, can be detected by toll-like receptors 
(TLR) 7 and 8. Upon activation, TLR 7 and 
8 can induce the release of type 1 interferon.  
Additionally, nuclear factor kappa B may be 
activated, as with the activation of RIG1 and 
MDA5 in the presence of dsRNA [26].

Double-stranded RNA

Double-stranded RNA (dsRNA) may be 
formed when partial transcripts, formed from 
abortive transcriptional events, bind to mRNA, 
and prime the association of transcriptional ap-
paratus with the mRNA. This induces comple-
mentary strand synthesis downstream of the site 
of the transcriptional apparatus binding [16]. 
A second mechanism of dsRNA synthesis aris-
es from the production of antisense RNA frag-
ments. These fragments are transcribed from 
the non-coding DNA strand which is found 
on double-stranded DNA templates. The an-
nealing of antisense fragments to mRNA can 
occur through the pairing of complementary 
base sequences. This leads to the generation of  
dsRNA [16].

dsRNA removal to very low levels from 
feed material is necessary because the mol-
ecule is highly immunogenic [3]. This is il-
lustrated by the molecules ability to induce a 
cytokine storm in some cases [27,28]. Despite 
its immunogenicity, dsRNA holds natural bi-
ological purposes within human cellular nu-
clei [29]. However, the entry of dsRNA into 

  f TABLE 2
Dynamic binding capacities of existing oligo (dT) products.

Product name Product type Quoted dynamic binding capacity 
(mg.mL-1)

Praesto™ Jetted (dT)18-DVB Beaded chromatography resin 2 (200nt poly (A)) [40]
Poros™ (dT)25 Beaded chromatography resin 0.62 (40nt poly (A)) 

4 (2000nt mRNA) 
3 (3000nt mRNA) [41]

Dynabeads™ (dT)25 Magnetic beads 0.05 [38]
Sera-Mag™ (dT)14 Magnetic beads 0.11 [39]
CIMmultus™ oligo (dT)18 Monolith 0.18 (2000nt mRNA) [43,44,45]
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the cytosol may induce apoptosis due to its 
association with viral material [30].

Occurring in all human cells, MDA5 and 
RIG1 are intracellular receptors. Pathogen as-
sociated molecular patterns (PAMPs) can ac-
tivate MDA5 and RIG1. dsRNA is a PAMP 
and is often released into the cytosol during 
viral infection [31]. MDA5 and RIG1 bind 
differing sizes of dsRNA. Longer strands are 
bound internally by MDA5, whilst shorter 
strands are bound at the 5’ phosphorylated 
ends by RIG1 [32,33]. Whilst different sized 
fragments activate the two receptors, there is 
overlap in the corresponding signalling path-
ways. Interferon 1 expression is up-regulated 
by both MDA5 and RIG1 [31]. A mechanism 
has also been identified which is dependent 
on nuclear factor kappa B to stimulate the 
release of proinflammatory cytokines. Due 
to the overlapping activities of MDA5 and 
RIG1, a wide variety of dsRNA strand sizes 
can be detected through these innate sensing 
mechanisms [33].

RNase L release within cells is induced by 
the activation of oligoadenylate synthetase 
in the presence of dsRNA. Degradation of 
mRNA may occur in the presence of RNase 
L. This degradation leads to an inhibition in 
the translation of mRNA. This mechanism 
suggests that the removal of dsRNA may con-
tribute to increased levels of mRNA expres-
sion. RNase L is also able to cleave dsRNA. 
The resulting double-stranded fragments may 
activate intracellular receptors, Melanoma Dif-
ferentiation Associated Protein 5 (MDA5) and 
Retinoic Acid Inducible Gene 1 (RIG1) [31].

AFFINITY CHROMATOGRAPHY

Introduction to  
affinity chromatography

Affinity chromatography was, and continues 
to be, ubiquitously utilised in the industrial 
purification of antibodies as a capture step. 
This is due to its rapid and selective nature 
[34]. These qualities are also observed in the 
case of mRNA purification, and it is a highly 

reliable and consistent primary capture step. 
The technique supports the use of aqueous 
buffers and elution may be achieved by sim-
ply reducing the salinity of the mobile phase 
[35]. The technique does not require organ-
ic solvents such as acetonitrile in the mo-
bile phase, avoiding the flammability hazard 
and environmental impact of waste which is 
produced when compared to reversed phase 
chromatography [27]. Additionally, mRNA 
does not require a dedicated tagging step, due 
to the presence of a poly(A) tail (Figure 2B) [4]. 

Sodium chloride is used to increase the 
ionic strength shielding the charge on the li-
gand and RNA thus allowing the ligand and 
RNA to bind to each other through base pair-
ing hydrogen bonds. After mRNA is bound 
to the ligand the salt is removed establishing 
the original charge repulsion between the li-
gand and mRNA. This method allows RNA 
to unbind from the ligand and be eluted and 
is known as hybridisation affinity chroma-
tography [27]. The 3’ poly(A) tail found on 
mRNA creates an opportunity for purifica-
tion by base pair affinity chromatography. 
Additionally, mRNA can be isolated from 
transfer and ribosomal RNAs, which do not 
possess a polyadenine tail [36]. Different af-
finity ligands can be used in the purification 
of mRNA, such as oligo deoxythymidine, 
polyadenine and polyuridine (Figure 3). 

Purification of mRNA by affinity chro-
matography has been shown to enhance the 
stability of the drug substance. This is due 
to the high levels of impurity removal that 
can be achieved. This stability is greater than 
that of mRNA purified through sedimenta-
tion. As a result, affinity chromatography is 
beneficial to the preservation mRNA as well 
as patient safety [37]. 

Oligo deoxythymidine 

To effectively tackle the bottlenecks associat-
ed with large scale mRNA purification and 
meet the growing global demand, commer-
cially available products are being developed. 
Novel products would ideally be compatible 
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with current chromatography platforms, with 
the current range of oligo deoxythymidine 
(dT) products aiming to address the low ca-
pacity associated with mRNA affinity chro-
matography (Figure 3A) [12]. 

Despite rapid development, commer-
cial options for oligo (dT) products are still 
in their infancy. The main products on the 
market currently include: Poros (dT)25 and 
DynabeadsTM (dT)25 by Thermofisher; the 
CIMmultusTM Oligo (dT)18 monolith and 
Sera-MagTM (dT)14 by Cytiva; and Praesto 
Jetted (dT)18-DVB by Purolite. Both Dy-
nabeadsTM (dT)25 and Sera Mag (dT)14 
are coated, 1 µm magnetic beads with (dT) 
ligand coupled onto the surface. The beads 
boast the high yields and specificity associat-
ed with (dT) affinity purification; Dynabeads 
(dT) has a binding capacity of 10 µg.mgres-

in
-1, equivalent to 50 µg.mLresin

-1, whereas Se-
ra-Mag (dT) quotes a capacity of 11 µg.mgres-

in
-1 , equivalent to 110 µg.mLresin

-1 [38,39]. The 
products are ideal for the small-scale purifica-
tion of polyadenylated mRNA to be used in 
laboratory techniques, such as RT-PCR and 
cDNA synthesis. The key benefit of utilising 
magnetic beads is that the beads can be easily 
isolated from the supernatant by applying a 
magnetic field. However, these beads are un-
suitable for most large-scale purification plat-
forms as most major purification platforms 
revolve around a form of fixed bed column 
chromatography where a packed bed, mono-
lith or membrane would be used. The 1µm 
bead size would cause large backpressure if 
used in a packed bed and is unlikely to be 
considered in industrial applications, except 
for fluidised bed systems. Table 2 summaries 
the capacities of existing oligo (dT) products 
quoted by manufacturers. 

The main options for industrially appro-
priate oligo (dT) products are the Praes-
to Jetted (dT)18-DVB, Poros (dT)25 and 
CIMmultus (dT)18 monolith. The first two 
are resin technologies that utilise a divinyl 
benzene base matrix and affix the (dT) li-
gand to the surface with a proprietary linker. 
Purolite have released a binding capacity of 2 
mg.mLresin

-1 of 200 nt Poly(A) compared to 

0.62 mg.mLresin
-1 of 40 nt Poly(A) on a Poros 

(dT)25 certificate of analysis [40,41] The Po-
ros (dT) displays 10% breakthrough values of 
4 and 3 mg.mLresin

-1 capacity for 2,000 and 
3,000 nt mRNAs, respectively, whilst 1,000 
nt mRNAs show a 5% breakthrough of 4 
mg.mLresin

-1 [42]. A clear correlation between 
mRNA size and capacity is observed, with 
Poros (dT)25 having lower capacity for larger 
mRNAs. This indicates that surface crowding 
is preventing the full utilisation of the bound 
(dT) ligand. Despite the reduced capacity for 
larger mRNAs, the resin can be reused for 10 
cycles with only a marginal drop in yield. 

Commercially available monoliths include 
the CIMmultus (dT)18 range from BIA Sep-
arations. These are Poly glycidyl methacry-
late-co-ethylene dimethacrylate monoliths 
where (dT)18 is immobilised with a C6 or 
C12 linker chain. The product exhibits a li-
gand density of 0.5 mgOligo (dT).mLwet support

-1. 
There is currently no available data for ca-
pacity with any length of mRNA [43,44]. 
However, a 1 mL CIMmultus™ Oligo (dT) 
is capable of an 80% recovery when purifying 
an IVT mixture containing approximately 
180µg 2000 nt mRNA, calculating to 0.18 
mgmRNA.mLsupport

-1 [45]. Whilst the raw num-
bers for the monolith don’t compare well to 
the packed bed resin alternatives, the pre-pre-
pared nature of the monolith is advantageous 
for industrial customers who favour a “plug 
and play” option, when available. Additional-
ly, monolith separations can be completed in 
a shorter space of time due to the higher rates 
of convective flow.

Comparing existing products will remain 
challenging until capacity data for a wide range 
of mRNA constructs is released. The (dT)18 
ligand present on the Praesto Jetted (dT)18-
DVB indicates a capacity somewhat like Poros 
(dT)25, whereas the CIMmultus (dT) dis-
plays a lower capacity than Poros (dT)25. The 
comparison becomes difficult when account-
ing for differences in the resin and monolith 
technology. Each technology presents options 
for mRNA purification at an industrial scale. 
A second generation of products is required 
to further push the boundaries in capacity. 
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New options could include other base ma-
terials, such as agarose. Agarose (dT)20 was 
prepared using NHS activated Sepharose FF. 
This achieved a 1.6 mg.mLresin

-1 capacity with a 
900 nt polyadenylated mRNA [46]. However, 
this could be indicative of the unsuitability of 
agarose as a base matrix at relatively large pore 
sizes, given that no agarose products are yet 
commercially available.

Polyuridine 

A capture modality somewhat akin to oli-
go (dT), polyuridine (poly(U)) targets the 
poly(A) tail of mRNA for capture via hy-
bridisation (Figure 3B). The ligand consists 
of a chain of uridine nucleotides and may 
be immobilised on a medium such as Sep-
harose. Phillips et al [47] demonstrated high 
levels of binding specificity between poly(U) 
and poly(A) containing mRNA. Over 90% 
of binding in poly(U) agarose columns was 
complementary. Non-complementary bind-
ing was 3% or lower. Only poly(A) tails ef-
fectively initiated binding, with internal and 
non-sequential adenylated sequences not 
binding to the columns. The technique may 
be particularly valuable in isolating mRNA 
with a short poly(A) tail, as only 10 nucleo-
tides in the tail were sufficient for binding to 
occur to a detectable extent. This suggested a 
high binding affinity between the target and 
ligand. This binding frequency increased up 
to 25 nucleotides, after which binding was 
independent of poly(A) length. 

The high binding affinity of poly(U) pres-
ents itself as an advantageous characteristic 
for the purification of mRNA. However, this 
property may prevent its implementation in 
many cases. Berman, Gornaeva and Mazurov 
[48] showed that an irreversible and non-spe-
cific binding of RNA occurred when poly(U) 
was used on a Sepharose matrix. Strong ad-
sorption of the target may require the use of 
extreme elution conditions and the addition 
of compounds which counteract the effects 
of non-specific binding. Ochoa, Kempf and 
Egly [49] demonstrated that poly(A) RNA 

does not exhibit significant binding affin-
ity for Sepharose in the absence of poly(U) 
when comparable conditions are provided. 
This suggests that non-specific binding may 
arise from the ligand itself, or from structures 
related to the functionality of said ligand. 
SDS, an anionic surfactant, was shown to 
be highly effective at eluting poly(A) mRNA 
from poly(U). This suggested that hydropho-
bic interactions could be attributed in part to 
non-specific binding between the target and 
immobilised ligand. 

Chaotropic salts may be an ineffective 
constituent of elution buffers in the case of 
poly(U), as their use does not guarantee ef-
fective unbinding. Additionally, the potential 
for the formation of secondary structures in 
their presence exists [49]. It is unclear why 
disparities exist in the frequency of non-spe-
cific binding events between studies. The 
exact contributions of binding mechanisms 
to the unfavourable elution requirements of 
poly(U) have not yet been fully ascertained. 
A potential future approach to irreversible ad-
sorption of the target may involve reducing 
the overall ligand length so that nonspecific 
binding events are reduced. 

Polyadenine

An alternative and seldom utilised mode of 
affinity separation applies a polyadenine li-
gand to capture RNA fragments containing 
internal polyuridine sequences (Figure 3C). 
This ligand is distinct from both oligo (dT) 
and poly(U), as separation does not rely on 
interactions with the poly(A) tail found on 
mammalian mRNA [50]. 

Poly(A) is only effective at isolating mRNAs 
with oligo U sequences. This suggests that 
some targets may not be suitable for capture 
by this step as they may lack the necessary 
poly(U) sequences. Poly(U) sequences are not 
ubiquitous in naturally occurring cytoplasmic 
mRNA and approximately 20% of poly(A) 
containing mRNA also contains internal oli-
go(U) sequences. The poly(A) tail found on 
mRNA presents a more broadly applicable 
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purification opportunity than internal poly(U) 
sequences if oligo(U) sequences are not delib-
erately inserted when producing synthetic 
mRNA [51]. Polyadenine may emerge as an 
effective method for the isolation of mRNA 
targets containing internal poly(U) sequences. 
However, it is not currently utilised at indus-
trial scales for the purposes of therapeutic or 
prophylactic mRNA purification. 

Elution conditions
Extremes in pH or chaotropic agents are ca-
pable of disrupting hydrogen bonding and 
causing elution [52]. Binding affinity between 
the target and immobilised ligand is affect-
ed by both the pH and salinity of the buffer 
solution. Highly acidic or alkaline conditions 
induce disruption of hydrogen bonds, there-
fore reducing the binding affinity between 
complementary bases. However, mRNA 
may incur damage under extreme pH values. 
Cleavage of phosphodiester bonds in RNA is 
probable at pH > 6 (alkaline hydrolysis) and 
pH < 2 (acid hydrolysis) [53]. Existing affinity 
products typically elute mRNA at a close to 
neutral pH, instead relying on a lowered salt 
concentration to induce unbinding [38–45]. 

Binding affinity between bases increases 
with salinity. Association of positive ions with 
phosphate groups present on the mRNA has 
a stabilising effect. This is because the repul-
sion between the negative phosphate groups 
is reduced [35].

LIMITATIONS OF  
AFFINITY CHROMATOGRAPHY
Affinity chromatography as provided by ligands 
like oligo (dT) provides a method of selectively 
binding mRNA molecules which contain a 3’ 
poly(A) tail. The poly(A) tail is required to re-
duce mRNA in vivo degradation rates to make 
effective therapies. This separation method al-
lows mRNA with a poly(A) tail to be isolated 
from IVT related impurities, including excess 
nucleosides, residual enzymes, excess capping 
reagents and buffer components. It will also 
only separate mRNA molecules with a poly(A) 

tail so that incomplete transcripts lacking the 
poly(A) tail, required for in vivo stability, are 
not bound by the media. Oligo (dT) affinity 
chromatography will not provide a method to 
separate mRNA species lacking a 5’ cap (re-
quired to avoid innate immune system activa-
tion). Also, it will not separate double-strand-
ed RNA formed through reactions discussed 
earlier. Double-stranded mRNA is an import-
ant critical quality attribute for mRNA, there-
fore, further polishing separations are required 
to meet specifications necessary for dsRNA 
removal.

As well as these quality attribute limita-
tions for oligo (dT) chromatography, there 
are chromatographic limitations. mRNA 
molecules as discussed above are large  
(approximately 4000nt) and in the case of 
saRNA very large (>10,000nt). These are spe-
cies with molecular weights of approximately 
2MDa–5MDa with the same dimensional 
range as virus particles. As such, the poly(A) tail 
utilized in binding an affinity ligand is a small 
component of a large particle. Hence binding 
kinetics have the potential to be slow due to 
steric factors. Binding capacity may be limited, 
requiring a large volume of affinity media to 
purify a given amount of mRNA. This will ap-
ply particularly to beaded media where mRNA 
is likely to only bind to surface ligands and very 
little adsorption occurs to ligands contained 
within pores. Alternative stationary phase de-
sign – membranes, monoliths or nanofibers 
are likely to achieve higher binding capacities 
by increasing mRNA access to ligands. A fur-
ther limitation arises from the need to increase 
solution ionic strength to achieve binding. Salt 
precipitation is itself a viable method of sepa-
rating mRNA and hence there is a fine balance 
between precipitating mRNA and promoting 
oligo (dT) ligand binding [3].

Alternatives to affinity chromatography 
need to consider the two factors discussed 
above – achieving critical quality attributes in 
terms of control of product related impurities 
and the potential for low capacities in bind 
and elute chromatography. Achieving both 
these objectives with a single approach is cur-
rently difficult. Control of product related 
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impurities such as dsRNA has been described 
using reversed phase high performance chro-
matography (RP-HPLC) [54]. While this 
has been shown to be effective in control of 
dsRNA levels, the approach uses beaded me-
dia which will have capacities limited by ac-
cessible surface area and requires the use of  
acetonitrile in the mobile phase.

Effective removal of process related impuri-
ties can be achieved by flow-through chroma-
tography. The use of media combining a surface 
layer, preventing large molecules like mRNA 
entering the pores of a core containing mixed 
mode or hydrophobic media has been de-
scribed using media such as Cytiva CaptoCore 
chromatography resin [55]. As a flow through 
media there are no limitations presented by the 
binding of the mRNA, the limitations are pro-
vided by the impurity species. While removal 
of transcriptional impurities can be achieved, 
such an approach is unlikely to control levels of 
dsRNA, which will also flow through.

The inability of affinity chromatography to 
effectively separate product-related impurities 
from the target creates the requirement for pol-
ishing steps. With each additional unit oper-
ation, the overall yield of mRNA is reduced, 
and process efficiency decreases. It is therefore 
economically beneficial to utilise separation 
techniques which distinguish between prod-
uct-related impurities with high resolution. 
Yield varies between mRNA constructs and 
buffer composition, however, CIMmultus 
(dT)18 is quoted at approximately 80% and 
Praesto Jetted (dT) 18-DVB at approximate-
ly 60% [43,70]. Over-reliance on the poly(A) 
tail as a basis of separation ignores the poten-
tial formation of secondary structures, DNA-
RNA hybrid fragments and partial transcripts 
which may display internal or external poly(A) 
sequences [3].

CONCLUSIONS &  
FUTURE PERSPECTIVES
mRNA is a therapeutic and prophylactic 
modality with the potential for rapid devel-
opment, cell-free manufacture, and stability 
once highly purified. Impurities generated 

through in vitro transcription, the dominant 
synthesis technique, are categorised as process 
and product related. The removal of both sets 
of impurities is essential to the safety, func-
tionality, and stability of mRNA in a clinical 
setting. Critical quality attributes such dsR-
NA must be removed to suitably low levels 
to comply with the relevant regulatory guid-
ance. When developing new products, the 
market authorisation holder may be required 
to carry out assays such as immunoblotting 
to prove that impurity species are below de-
tectable levels. Immunoblotting was required 
by the European Medicines Agency to verify 
the removal of dsRNA from the BNT162b2 
(COMIRNATY®) COVID-19 vaccine [69]. 

Affinity chromatography is an attractive 
primary capture step for the removal of prod-
uct and process related impurities, but cur-
rent approaches struggle to separate the target 
from structurally similar product related im-
purities. The benefits of affinity chromatogra-
phy include purification at ambient tempera-
tures, the use of aqueous buffers in the mobile 
phase and elution with a simple salt gradient. 
mRNA affinity chromatography in industry 
relies almost exclusively on oligo deoxythymi-
dine ligand chemistries, however, polyuridine 
and polyadenine ligands have both been im-
plemented at the bench scale.

Oligo deoxythymidine products include 
beaded resins, monoliths, membranes, and 
magnetic particles. Polyuridine may be sus-
ceptible to strong non-specific adsorption 
due to hydrophobic interactions, although 
this may be addressed through alterations in 
buffer composition. Polyadenine as an immo-
bilised ligand is only applicable to targets with 
internal uridine sequences and does not rely 
on the 3’ poly adenine tail of mRNA, unlike 
other modes.

These mRNA affinity-based methods have 
not yet become the default capture step pro-
tein A affinity chromatography is for mAb 
products. The relatively simple range of pro-
cess impurities from upstream IVT and the 
large size of mRNA indicates that options 
such tangential flow filtration may compete. 
Equally there is potential to develop novel 
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David McCall, Editor, Cell and Gene Therapy Insights 
speaks to Ronald G Crystal, Professor and Chairman of 
the Department of Genetic Medicine at Weill Cornell  
Medical College

Reflections on a life in  
gene therapy

RONALD G CRYSTAL, MD, is Professor and Chairman of 
the Department of Genetic Medicine at Weill Cornell Medical 
College, where he is also Bruce Webster Professor of Internal 
Medicine and Director of the Belfer Gene Therapy Core Facility. 
After earning a BA in physics from Tufts University and an MS in 
physics and an MD from the University of Pennsylvania, Dr Crystal 
served as Chief of the Pulmonary Branch of the National Heart, 
Lung and Blood Institute. His initial research at Weill Cornell fo-
cused on inflammatory diseases of the lung, shifting in the late 
1980s to the field of gene therapy in which Dr Crystal became a 
pioneer. Recently developed gene therapy programs include the 
treatment of Friedreich’s ataxia, cocaine addiction and Alzheimer’s 
disease.
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 Q What are some personal highlights from your 30+ years working in 
the gene therapy field? 

RC: The genesis of my entry into the gene therapy field started in the early 
1980s with an idea to treat alpha 1-antitrypsin deficiency by purifying the alpha 
1-antitrypsin protein and giving it back to patients. We did that for five patients in 1981 
while I was at the National Institute of Health (NIH) working in the Pulmonary Branch. In 
1986, we carried out the pivotal study which was approved by the FDA in 1987 and is now 
used to treat about 10,000 people worldwide. Around that time, I started thinking that rather 
than giving patients a protein every week that has a half-life of 4.5 days, why don’t we just give 
them the gene?

I was very lucky to be in the gene therapy field right at the beginning. Our first publication 
in 1987 was one of the first gene therapy papers. The most exciting thing we did was to provide 
the first example of human virus gene therapy: we were the first to use an adenovirus to treat 
cystic fibrosis in April 1993. 

 Q What have been the most significant advances in terms of 
technology platforms over this period?

RC: The concept of gene therapy has been around for quite a while. The challenge 
is that you cannot just eat a gene and expect it to go to an organ. You have to deliver the gene in 
a targeted way and the problem lies in doing so effectively. How can you transfer either DNA 
to the nucleus or RNA to the cytoplasm, both effectively and safely?

The two strategies that investigators have used over the years are viral and non-viral. The 
non-viral methods have not worked out very well, and it is obvious why. Viruses figured 
out millions of years ago that their job is to reproduce themselves, so they are very good at 
transferring their nucleic acid to either the nucleus or the cytoplasm, depending on the vi-
rus. Gene therapists capitalize on this by modifying viruses to be able to transfer therapeutic 
genes to cells. The challenge in the field now is how to develop viruses that are effective and 
safe. 

The field has evolved. It started with retroviruses, then adenoviruses, then herpes viruses, 
then adeno-associated viruses (AAV). There have been a few other viruses that people have 
tried, but the dominant ones have been ad-
enovirus, AAV, and the RNA viruses, which 
each have very different characteristics. The 
adenovirus is good for effective short-term 
expression, peaking at about seven days and 
lasting a few weeks. The adeno-associated vi-
rus is very effective for persistent expression 
in cells that are not proliferating. RNA vi-
ruses include the murine leukemia virus and 
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lentiviruses, which have revolutionized cancer and bone marrow-derived disorders. These are 
also going to be effective in treating diseases like sickle cell disease.

 Q Where are the most pressing innovation gaps in developing novel 
or improved platforms and enabling technologies for gene therapy?

RC: The challenge for gene therapy has been the same for a long time: how do 
you do it effectively, safely, and less expensively? No-one has been able to effec-
tively develop a virus that you can give systemically and that can go specifically to 
one organ. There is no virus (or non-virus) known that can be given systemically, intrave-
nously, and can selectively transfer genes only to the brain, the eye, or the heart. Many people 
are working on this and there has been some significant advances, but there have not been any 
quantum leaps yet. It is slow progress for all the viruses that are used in the field, whether RNA 
or DNA viruses. The strategy is to modify the capsids because it is the capsid of the virus that 
defines where it goes.

The other problem is that when using these viruses, we are essentially giving foreign pro-
teins to the human host. The immune system does not like that; it evokes immunity against 
it. At relatively low and medium doses this is not a problem, but when you get to very high 
doses, the immune and host defense systems start to cause some problems. It is, again, an 
area many people are working on, and there are a lot of different strategies to try and get 
around it.

 Q It has been a tough year for AAV-driven gene therapy. What are 
the specific challenges facing the field, and are there any promising 
strategies or approaches addressing these challenges?

RC: Delivery, immunity, and manu-
facturing. It is basically the same for all the 
vector systems, though there are different 
challenges for each class of viruses. The ad-
eno-associated viruses are good for cells that 
are not proliferating because they work in an 
epichromosomal fashion. They are good for 
the transfer of genes to organs with non-pro-
liferating cells, such as the brain, heart, liver, 
or skeletal muscle.

Gene therapy is also very good in terms of 
functioning in compartments. For example, 
one of the real challenges in the brain is the 
blood–brain barrier, which makes it difficult 
to get biologics like monoclonal antibodies or 

 
“The challenge for gene 

therapy has been the same 
for a long time: how do you 
do it effectively, safely, and 
less expensively? No-one 

has been able to effectively 
develop a virus that you can 

give systemically and that can 
go specifically to one organ.”



CELL & GENE THERAPY INSIGHTS 

196 DOI: 10.18609/cgti.2022.038

other proteins inside. With gene therapy, you can bypass that by going directly into the brain 
and getting brain cells to produce your therapeutic protein. Other examples of compartments 
include the eye. One of the real advantages of gene therapy is getting high concentrations with-
in the organ of interest by direct administration. 

 Q You launched LEXEO Therapeutics around about a year ago now. 
How have you managed the challenges that the COVID pandemic 
is presenting to biotechnology companies, and the world at large?

RC: The pandemic is causing problems for the academic and commercial worlds 
not only in terms of people working within laboratories, but also people working 
within groups and having meetings. You and I are doing this by Zoom, but it would be 
more effective if we were in the same room together.

In terms of clinical research, the whole biomedical establishment has been hampered by the 
pandemic. Patient recruitment has been a challenge for everybody, in terms of the safety of 
travel and people not wanting to be part of experimental studies in the context of an epidemic. 
Despite these challenges, at LEXEO Therapeutics everything is going very well and programs 
are moving along. We have two clinical programs and a third about to go into the clinic. 

Gene therapy is interesting because it started in the academic world, where a lot of the meth-
odologies were developed. In the academic world, we cannot do Phase 2 or Phase 3 studies as 
we do not have the resources or expertise to take drugs to registration. The companies are able 
to do that. They can do it more effectively, as they have the expertise to do it correctly and 
safely. In the academic world, we can take things from the laboratory bench, move it through 
the clinic and do the Phase 1 studies. After that, it is much more rational to turn it over to 
companies to get it to the goal line for approval.

 Q Looking ahead to 2022, what breakthroughs do you hope and 
expect to see in gene therapy, both in general and within the 
specific disease areas in which you specialize?

RC: I do not think we are going to see any quantum leaps in gene therapy, but 
we are going to see slow progress and start to see more approved products. The re-
sources going into gene therapy in the commercial world now are very impressive. For someone 
who has been in the field since the beginning, it is great to see that we now have some approved 
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products in the field, and I think we are slowly going to see more products for multiple differ-
ent companies approved.

The lesson here is that for any of these fields or technologies, it takes an army of people. There 
has been a huge amount of effort by both academia and industry in gene therapy. Now, we are 
seeing the fruits of that in terms of approvals and taking these products forward to help people.

 Q What are your primary goals and priorities in your own work over 
the next few years?

RC: We are focused primarily on trying to improve the problems in gene therapy. 
We are working to improve efficiency, delivery, and safety. The goals are to help understand 
what the problems are and to develop solutions. The areas that we are interested in working in 
are hereditary disorders, disorders of the brain, disorders of the heart and vaccines. 

Gene therapy started with a focus on hereditary diseases. Over the next decade, the field is 
going to expand into delivering genes to treat acquired disorders, rather than classic hereditary 
disorders. Small molecules, monoclonal antibodies, recombinant proteins, and gene therapy 
are all drug delivery systems of various kinds. It is just a matter of finding what diseases are 
good targets, and how gene therapy is effective for solving the problems.

 Q Do you have any words of advice for those who are just beginning 
their journey in gene therapy?

RC: You have to decide where you want to make your contributions. Gene ther-
apy is first understanding pathogenesis of disease, identifying the target, and then identifying 
how to solve that problem. You need to work out what kind of vector to use, what kind of 
experimental animal models to use and how to show efficacy. There are also the challenges of 
manufacturing, toxicology, and clinical studies.

For an individual who is interested in beginning their career in gene therapy, they should first 
decide where their skills and interests are that can contribute to the field. If I was starting out now, 
I would look into the landscape and choose a laboratory within the academic world to work in 
and get my feet wet in that area. More and more people are doing this, but many are also going to 
industry. There are a lot of biotechnology companies now with very clear targets, good technolo-
gy, and good people behind them. Large pharmaceutical companies are now also developing gene 
therapy programs. There are a lot of different opportunities for people starting out.
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of regenerative cell therapies
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to Anthony Atala, G. Link Professor & Director, Wake Forest Institute for 
Regenerative Medicine
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Forest University. His work focuses on growing human cells, tis-
sues and organs. Fifteen applications of technologies developed in 
Dr Atala’s laboratory have been used clinically in human patients.
Dr Atala was elected to the Institute of Medicine of the 
National Academies of Sciences (now the National Academy of 
Medicine), to the National Academy of Inventors as a Charter 
Fellow, and to the American Institute for Medical and Biological 
Engineering. Dr Atala is a recipient of the US Congress funded 
Christopher Columbus Foundation Award, bestowed on a liv-
ing American who is currently working on a discovery that will 

significantly affect society; the World Technology Award in Health and Medicine, for achiev-
ing significant and lasting progress; the Edison Science/Medical Award; the Fast Company 
World Changing Ideas Award; the R&D Innovator of the Year Award; and the Smithsonian 
Ingenuity Award. Dr Atala’s work was listed twice as Time Magazine’s top 10 medical break-
throughs of the year, and as one of 5 discoveries that will change the future of organ trans-
plants. Dr Atala’s work was ranked in 2019 by the Project Management Institute as one of 
the top 10 most impactful biotech projects from the past 50 years. Dr Atala was named by 
Scientific American as one of the world’s most influential people in biotechnology, by U.S. 
News & World Report as one of 14 Pioneers of Medical Progress in the 21st Century, by 
Life Sciences Intellectual Property Review as one of 50 key influencers in the life sciences 
intellectual property arena, and by Nature Biotechnology as one of the top 10 translational 
researchers in the world. Dr Atala has led or served several national professional and gov-
ernment committees, including the National Institutes of Health working group on Cells and 
Developmental Biology, the National Institutes of Health Bioengineering Consortium, and 
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the National Cancer Institute’s Advisory Board. He was a Founder of the Tissue Engineering Society, the Regenerative 
Medicine Society, the Regenerative Medicine Foundation, the Alliance for Regenerative Medicine, the Regenerative 
Medicine Development Organization, the Regenerative Medicine Manufacturing Society, and the Regenerative 
Medicine Manufacturing Consortium. Dr Atala works with several journals and serves in various roles, including 
Editor-in-Chief of: Stem Cells Translational Medicine; Therapeutic Advances in Urology; and BioPrinting. He is the 
editor of 25 books, has published more than 800 journal articles and has applied for or received over 250 national 
and international patents.
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 Q What are you working on right now?

AA: Much of our work involves bringing regenerative medicine technologies 
from the bench to the bedside. This includes the initial hypothesis, extensive basic re-
search, the proof of concept, preclinical studies, the development of the product in our FDA 
compliant Good Manufacturing Practices (GMP) facility, and the coordination for the deliv-
ery of the therapy to patients. As we brought these technologies through to human patients, 
we realized that manufacturing was very important. It is acceptable to make these products 
by hand if you are treating a small number of patients in a small trial, but if you want these 
technologies to be fully translated into the clinic, they need to be scaled-up in terms of man-
ufacturing process and cost reduction. Our most recent work also involves developing better 
techniques for advancing manufacturing for the field of regenerative medicine, promoting a 
smoother transition of therapies into the clinic.

 Q How would you describe the 
most significant advances that 
have impacted the clinical 
translation of regenerative 
medicines – firstly, in terms of 
therapeutic platform evolution? 

AA: When we are talking about the 
field of regenerative medicine in terms 
of therapeutic platforms, we must go 
back to how it started in the 1970s. Some 
of the very first therapy platforms in the space 

“Our most recent work also 
involves developing better 
techniques for advancing 

manufacturing for the field 
of regenerative medicine, 

promoting a smoother 
transition of therapies into 

the clinic.”
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involved the use of biomaterials alone for tis-
sue regeneration. These biomaterials had to 
be designed to be bio-compatible with a low 
inflammatory response. These technologies 
work very well for bridging small defects that 
are typically <0.5cm from any edge of normal 
tissue. 

The use of cells for therapy was also be-
ing investigated. This needed a lot of work 
in terms of ensuring that the cells were safe 
and had the right release criteria. There was a 
need to manufacture these cells so they could 
be expanded into large quantities while still 
retaining their normal functional properties.

The next step in the field was the use of 
cells and materials together to create tissue 
engineered structures that could replace specific organ defects. We have seen this develop 
over time.

 Q Secondly, in terms of the evolution of non-clinical tools?

AA: Various non-clinical and translational tools and technologies needed to be 
developed to get to where we are today. At first, a lot of this work was being done man-
ually. Today, automation of these technologies is occurring, including cell sorting technologies 
and automated bioreactors to grow cells and combine them with biomaterials.

Another area that has advanced rapidly is 3D printing, giving the ability to bring precision and 
design control around the products. Many of these tools and technologies are advancing rapidly 
in the current landscape.

 Q Let’s turn now to innovation in early phase clinical trial design. How 
is that impacting the regenerative medicine field?

AA: Regenerative medicine, for the most part, involves biologics. Biologics are 
not always like devices that can be manufactured in the same manner with the same prop-
erties every time. There is variability in terms of both the therapy itself, and the recipient. 
Therefore, a lot of innovation in terms of clinical trial design involves how to best predict 
which patients can benefit most from therapies based on their own genetics, epigenetics, and 
disease process- basically optimizing personalized medicine principles to maximize treatment 
efficacy.

“Another area that has 
advanced rapidly is 3D 

printing, giving the ability to 
bring precision and design 

control around the products. 
Many of these tools and 

technologies are advancing 
rapidly in the current 

landscape.”
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 Q How have regulators’ attitudes to regenerative medicine changed 
over relatively recent times?

AA: It has been a great area of growth because for many of these technologies, 
there was no pathway for regulation when the field first got started. The regulatory 
bodies, such as the FDA, have done a great job analyzing the field and moving forward along-
side it as regenerative medicine has grown. There has been a proactive process in ensuring these 
technologies can be translated clinically in a safe and effective manner, while also allowing the 
field to advance. 

 Q What are the most pressing challenges facing the regenerative 
medicine space that need to be addressed by both industry and 
academia?

AA: A key challenge today is developing the ability to better manufacture these 
therapies so we can scale them up, have more precision in terms of the production 
and design, and can lower costs. Another challenge in the field has been establishing the 
vascularity of the major solid organs. When we try to engineer tissues and organs, for example, 
there are varying levels of complexity. Flat structures, like skin, are the least architecturally 
complex. Tubular structures, such as blood vessels, are slightly more complex, followed by even 
more complex structures such as hollow, non-tubular organs like the bladder or stomach. But 
by far the most complex structures are solid organs such as the heart or liver, as they have ex-
ponentially greater vascularity requirements. Both these factors are still in development and are 
very important for the final dissemination of these products to a broader patient population.

 Q How and where is gene editing impacting your field, and what 
considerations, opportunities, and challenges does it present for 
the clinical translation of new regenerative medicines?

AA: Then field of gene editing has presented great opportunities for regenera-
tive medicine, such as providing tools for positively impacting patients with known 
genetic conditions. In the past, patients with organ failure due to inherited genetic defects 
could not benefit from tissue engineering technologies that used their own cells, as the en-
gineered tissue would retain its abnormal traits. Gene editing is now allowing the use of the 
patient’s own cells, and these can be genetically modified so a healthy tissue can be created.
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 Q Finally, what will be some key goals and priorities for your own 
work over the short-to-mid-term? 

AA: Fifteen applications of our technologies have been advanced into patients 
to date. Our hope is to continue to increase the number of technologies that we can bring 
to patients, and to also increase the overall numbers of patients that can benefit from these 
therapies.

We have also spent a lot of energy developing integrated body-on-a-chip systems using 
regenerative medicine tools. Using similar strategies to create tissues and organs for patients, 
we miniaturized the system so it could be applied as a human surrogate for testing. We 
are now applying these systems for drug discovery, toxicity testing and personalized med-
icine. We hope to keep advancing this area further using disease modelling and artificial 
intelligence.
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