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STRATEGIES FOR SCALE-UP 
& SCALE-OUT

Biopharma scale-up lessons 
to learn for cell & gene therapy

PROF NIK WILLOUGHBY is Professor of Bioprocessing and 
Deputy Director of the Institute of Biological Chemistry, Biophysics 
and Bioengineering at Heriot Watt University. Nik carried out his PhD at 
University College London in Biochemical Engineering, and his research 
interests focus on applying engineering principles to biological challenges. 
Primarily working in downstream processing, Nik has moved the focus of 
his research over the past 20 years from protein therapeutics to more com-
plex cellular targets. His research group have worked with a wide range of 
cell types but primarily have focused on red blood cells, working with the 
NovoSang consortium – with the ultimate objective of developing passive, 
scalable, label-free solutions for separation of heterogeneous cell popula-
tions manufactured from multipotent and pluripotent cell sources. 

Nik has spent time in both industry and academia, in the former man-
aging the Protein Purification group at Metris Therapeutics as well as 
working for Lonza Biologics in cell culture development, and in the latter 
helping to establish the Innovative Manufacturing Research Centre for 
Bioprocessing at UCL before setting up the Cellular Bioprocessing Group 
at Heriot Watt.

QQ Your current research interests focus on applying 
engineering and scale-up principles to real-world 
biological challenges – can you give us some 
examples that relate specifically to the cell & gene 
therapy world? 

NW: For me, coming from an engineering background, allo-
geneic platforms will be key if cell & gene therapy is to reach and 
benefit a really wide patient population. The larger the scale at which 
you can manufacture, the better your cost of goods and the better your 
chances of making therapies available to a large number of patients. So I 
tend to focus on the challenges of large-scale allogeneic cell therapies. 



CELL & GENE THERAPY INSIGHTS	

DOI: 10.18609/cgti.2018.1121158

As a rule of thumb, the more scale of production increases, the more 
the “engineering” aspects need to be factored in. Meeting oxygen demands 
for mass transfer, for example – even when these are minimal – is a lot 
simpler in a T flask or cell factory than in a large stirred tank. Similarly, 
in separation and purification operations, as scale increases current gold 
standard purification techniques may become less appropriate and other 
approaches are necessary – approaches that are more likely to exploit the 
mechano-physical properties of cells as well as the biological or chemical 
properties. Development in these areas requires close cooperation between 
biologists, clinicians and engineers to fully exploit different areas of knowl-
edge and innovation. Whilst the idea of a truly large-scale allogeneic ther-
apy may still be some way off, it must be seen as a key objective to fully 
realise the huge potential of these therapeutic approaches. 

QQ Much of your background and current activity is 
focused on proteins production – a field to which the 
maturing cell & gene therapy manufacturing sector 
looks for strategic guidance, enabling technologies 
and increasingly, for personnel. What are the key 
elements or learnings that the cell & gene therapy 
field should take, for you? 

NW: This is something that has been the subject of many 
conversations within the advanced therapy manufacturing com-
munity over the past few years. There’s been this long-running debate: 
how are advanced therapies going to align with current manufacturing and 
regulatory models for established biological therapeutics? And to an extent, 
there’s been an opportunity which has been taken by a number of trailblaz-
ing companies moving through clinical trials towards commercialisation 
in this regulatory space, to get a little bit of a say in how these things will 
work. 

The advanced therapeutic product manufacturing model is likely to take 
aspects from the more established therapeutic protein model, along with 
aspects of clinical models such as transplantation. Those two models sit 
somewhat at two extremes – protein therapeutics being all about large scale 
‘factories’ while the transplantation side can see protocols differ from one 
individual hospital to another.  

At the same time, there will of course be aspects that are unique to the 
cell and gene products themselves. With advanced therapies, we are talking 
about products that are by several orders of magnitude more complicated 
and more heterogeneous than proteins. So it will be interesting to see how 
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the advanced therapy regulatory 
manufacturing model continues to 
take shape. 

From the therapeutic proteins 
side, the link is the concept that the 
process is the product – so the focus 
is on consistency of manufacturing 
and reproducability, which allevi-
ates the need to do a huge amount 
of QC for every single batch. This 

has got to be critical for cell & gene therapies, particularly those where time 
constraints mean that the amount of time available for release testing is 
limited. But then again, with the fact that cells as products are always going 
to involve a significant level of heterogeneity, it’s going to be pretty difficult 
to define your process as consistent. 

Overall, from a manufacturing and development point of view, I think 
there are two big things we can learn from the lessons of protein therapeu-
tic development and the challenges we had to overcome there. 

The first is to always consider all aspects of the process from day one; 
how your upstream will affect your downstream, and how both will affect 
formulation or delivery. It is imperative to develop these stages in parallel, 
not sequentially. And it is also critical to maintain communication through-
out! For a while in monoclonal antibody manufacture, every other office 
had a cartoon up which had upstream on one side and downstream on the 
other, and a massive wall in between with people just throwing stuff over 
it, demonstrating the failure of the two to communicate with each other.  

To give a really classic example, when we were driving towards really 
high cell numbers and high titre expression systems in recombinant protein 
bioprocessing, the mantra for upstream was more product is best. But as 
you drove that up, you stressed the cells more and more and they became 
leaky and weak. So you basically ended up in a situation where you got 
twice as much protein, but it was four times as hard to purify – so all that 
extra protein was then lost in downstream. 

The same thing could conceivably be the case with cell therapies as we 
move forward. For example, there might be a situation where it may be that 
driving your cell differentiation up to 90% efficiency over 80% efficiency is 
not the best solution, because the 10% of unwanted cells you end up with 
are harder to remove or are otherwise more problematic than the 20% you 
had before. It’s a matter of making sure that there’s proper communication, 
proper understanding, and that everyone works together across different 
areas – there’s any number of skillsets and disciplines involved in the devel-
opment of a good therapy. 

“There’s been this long-running 
debate: how are advanced 

therapies going to align with current 
manufacturing and regulatory 

models for established biological 
therapeutics?”
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Secondly, I would highlight the importance of avoiding assumptions 
that current conventions will always stand. In terms of mammalian cells 
and proteins, we went through assumptions like ‘you’ll never get those cells 
in suspension’ and ‘you’ll never achieve higher than X cell density’ and ‘ti-
tres over Y are impossible’... And yet all of those conventions fell over time. 
Looking at it now, the idea that protein therapeutics weren’t developed in 
suspension from the start must seem insane, but they weren’t. It’s surely in-
evitable that similar things will happen with cell and gene therapy – in fact, 
there’s a very similar debate going on right now in cell therapy regarding 
the use of suspension systems.   

QQ Just picking up on the personnel side of things, there 
is clearly an influx from the protein therapeutics 
community, which is putting the importance of 
staff training firmly in the spotlight for cell & gene 
therapy organisations. What is academia doing at the 
moment to prepare the future workforce in cell and 
gene manufacturing? 

NW: I come back to my earlier comment about understanding 
that there are a lot of different disciplines and skillsets required 
to develop this kind of product properly. They must work together, 

and they must do so from day one. 
What you don’t want is a situation 
whereby you start off with brilliant 
biologists and brilliant clinicians 
working on an idea, and then you 
bring in some manufacturing spe-
cialists, some engineers, as the pro-
cess goes along. It must not be se-

quential, it must be done in parallel. 
Academia is doing a very good job of driving the interdisciplinary col-

laboration and communication that’s necessary.  
For one thing, it’s very difficult to secure research funding in this space 

if you don’t demonstrate true ‘interdisciplinarity’. If you can’t show that 
you’re working with the right people in different areas and that you’ve got 
them properly engaged, then finding research funding is problematic. And 
that’s good because it’s probably reasonable to say one of academia’s tradi-
tional weaknesses has been the ‘ivory tower’ issue: that everyone is an expert 
in their own field and they don’t always accept the validity or relevance of 
others’ work to their own. The funding bodies, universities and various col-
laborative projects have been working very hard to break that down, telling 

“Academia is doing a very good 
job of driving the interdisciplinary 
collaboration and communication 

that’s necessary.” 



﻿ 

  1161Cell & Gene Therapy Insights - ISSN: 2059-7800  

researchers, ‘You’re brilliant at what you do, but what you do is only a small 
area of this and we need to bring you together with other people’. You can 
see evidence of this in some of the articles in this spotlight edition – there 
are comments about understanding the need to involve people from differ-
ent areas early on in the development process. I think that’s probably the 
single biggest thing that academia does well in this regard. 

QQ In this month’s edition, we have articles focusing 
on scale-up challenges at both early stages of 
development and at pivotal trial /commercial stages 
– starting with the early stages, what should be the 
key initial strategic considerations and priorities for 
advanced therapy bioprocess developers? 

NW: Always think about your process and your ultimate goal, 
even from day one, which means starting with the assumption 
that what you are working on will be a commercially viable clinical 
product at the end.  

It’s vital to understand the “what ifs?” regarding the early stage science 
– what if this becomes a success? Is what we are doing compatible with a 
manufacturing environment? And where practical, collaborate as early as 
possible with people who understand the process challenges – otherwise 
you may well end up with parts of your process that are difficult or even 
incompatible with scale-up, GMP, etc.  

 I’ve worked with protocols in the past in which there were steps that 
were simply impossible to translate across to anything even closely resem-

bling a manufacturing environ-
ment. We’ve had situations where 
we’ve moved protocols from one 
lab to another and it’s not worked 
well in the other lab. And the im-
mediate response from the lab that 
moved it across is, ‘Well you’re sim-

ply not good enough at the biology.’ But you must be mindful that once 
this product goes into a manufacturing environment, it’s going to be dealt 
with by a manufacturing engineer – it’s not going to be handled by one 
of your best post docs. If it doesn’t work in that environment, then you 
haven’t written a protocol which is transferable.  

You also shouldn’t put a process step in for which there is no larger scale 
equivalent. As an example from the protein therapeutics world, I worked 
on translating a process for a start-up with a chromatography step which 

“You shouldn’t put a process step 
in for which there is no larger scale 

equivalent.” 



CELL & GENE THERAPY INSIGHTS	

DOI: 10.18609/cgti.2018.1121162

included a heparin affinity chromatography column. Heparin affinity chro-
matography columns are almost impossible to use at process scale – they 
must have incredibly slow flow rates through them because the kinetics are 
very poor for getting things to stick. And there were other problems… the 
heparin chromatography resin they were using did not have an FDA drug 
master file. That would have led to a huge delay and significant costs, but 
more importantly, the reason it didn’t have a master file was because it was 
fundamentally incompatible with process scale production. 

It is vital to have someone involved from early stages who will be able to 
tell you that ‘it’s not going to be great if you do it like this’, or ‘it’s not going 
to translate well at scale’. But it is equally important to look at things from 
a positive point of view – assuming from the beginning that this is going to 
be a clinical success, so that’s how you need to think about it. As opposed to 
the negative viewpoint one sometimes encounters that the manufacturing 
people will always come along and ruin everything! 

QQ And as commercial manufacture of cell & gene 
therapies increasingly becomes a reality, what do you 
see as the key remaining issues relating to scale that 
need to be addressed? 

NW: Working across a whole process, media has always been 
a particular concern of mine. Most commercially available cell culture 
media for advanced therapies are, out of necessity, focused on small pro-
cesses. GMP media are still not fully developed and there are components 
in most media, even in GMP manufacture, that actively hinder the devel-
opment of novel purification techniques (which brings me back to the key 
issue of communication in process development!)  

While these commercially available media might be perfectly compat-
ible with current gold standard, state-of-the-art cell separation protocols 
like FACS and MACS, they’re not necessarily compatible with the more 
interesting passive scalable technologies we’re now seeing being developed. 
And there is little appetite on any side to fund or drive improvements in 
this area. 

Beyond this, I think understanding the effects of the microenvironment 
during large scale suspension culture of advanced therapies is key to under-
standing the limitations of scale and suspension growth options. This is an 
area where a lot of work has been done, but arguably, we still need a greater 
understanding of the difference between the microenvironment around a 
cell in a t-flask, versus in a spinner, versus in a WAVE bag, versus in a big 
stirred tank bioreactor. There has been great deal of research on this area 
regarding cells in general, but not necessarily around cell therapeutics on 
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large scale. That is perhaps because there’s an assumption we won’t get to 
very, very large-scale manufacture - even the recent successes like CAR-T, 
or the potential allogeneic therapeutic products in the current pipeline, 
are probably unlikely to be manufactured at 20,000 litre scale. However, 
I do think that down the line, there will be advanced therapies that get to 
that kind of scale, and we need to understand how the microenvironment 
around the cell differs in terms of nutrient uptake, metabolite removal, 
oxygen uptake, carbon dioxide and so forth. 

And finally, of course, I think there is still a pressing need for devel-
opment of more scalable, passive, very high throughput cell purification 
techniques that do not rely on things like surface markers – techniques that 
will most likely complement current gold standard processes, but which 
potentially can exist as standalone solutions. 

 We also cover both scale up and scale out – for instance, of the next 
wave of autologous cellular immunotherapies. What are your expectations 
regarding the autologous cell & gene therapy field? 

I think it’s inevitable that autologous or patient-specific (or at least, 
narrow range specific) models are likely to dominate this space for some 
time. As I’ve said, I would love to see a truly broad, large scale cell or gene 
therapy and I do believe we will in time, but for the moment, a model of 
focusing on more tailored therapies is likely. Within this space I believe 
the purification challenges, whilst still considerable, are not as extreme as 
faced by, say, an allogeneic cell therapy, so the focus is likely to be on re-
producible processes using single-use disposables, and time is likely to be a 
big driver – rapid, safe processes are critical. I am sure there is likely to be 
development of platform-style scale-out processes from key manufacturers, 
which hopefully are translatable across broadly similar products to reduce 
the regulatory challenge for the industry as a whole. 

QQ Finally, what particularly excites you in the way of 
emerging enabling technologies with the potential 
to alleviate some of the issues relating to large scale 
manufacture of advanced therapy products? 

NW: I am particularly fascinated with the downstream side of 
things - any new technique that looks to offer a viable alternative 
(or to complement) surface marker-based separations.  

 I have been very impressed by some of the progress in hydrodynam-
ic sorting techniques, some of which are approaching commercial reality. 
What’s compelling about them is their ability to separate and move cells 
around without applying anything other than flow forces.  
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For instance, I’m very interested in separation through inertial focusing. 
The basic principle is you can separate cells based on certain aspects of their 
physical properties, but you can do that simply in a fast-flowing channel. 
What I find interesting is that people have generally assumed that hydro-
dynamics tends to rely on cell size and density, and a little bit on cell shape. 
But going back to the heterogeneity of cells, those are all areas where there 
can be overlap between the desired and the unwanted cells – for example, 
if you were look at the size range of finished, enucleated red blood cells and 
compare it to the size range of cells that still contain the nucleus, there’s 
an overlap. So by definition, anything that separates by size will not have 
a very high efficiency. However, one of the things you can do with hydro-
dynamic techniques is you can also bring in cell deformity or elasticity. 
That changes things considerably because you can now consider all of these 
different properties and play them off against each other. 

The other thing that interests me quite a bit about that area is that you 
can get cells to transfer between different aqueous media solely through 
hydrodynamics, which means you could theoretically do media changes 
just through hydrodynamic flow.  

In other areas, whilst I think they are more “established” than “emerg-
ing”, the importance of systems like the Ambr or the DASGIP for improv-
ing understanding and prediction of large-scale conditions for cell culture 
should not be underestimated. Whilst I think there’s a lot of really, really 
cool new stuff out there, we should still keep in mind the importance of 
some of tools that might not be considered really cutting-edge. The infor-
mation we might be able to glean from implementing such established 
technologies could be critically important as we try and learn more about 
large scale conditions 
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The long road to affordability:  
a cost of goods analysis for an 
autologous CAR-T process
Katy Spink & Andrew Steinsapir

With the 2017 FDA approvals and launches of the first gene-modified 
cell and pure-play gene therapy products to gain licensure in the United 
States, increasing attention has been paid to the high cost of this emerging 
class of therapies.  Although currently approved therapies are for orphan 
indications, prices similar to those charged today will be unaffordable for 
products marketed for larger indications.  Using public information, we 
constructed a cost of goods model for an autologous gene-modified cell 
therapy product, evaluated the relationship of estimated manufacturing 
costs to list prices of CAR-T products, and investigated the potential im-
pact of various factors on manufacturing costs.  Our findings highlight in 
particular the importance of maximizing employee productivity, leveraging 
automation and technology, and accurately forecasting capacity needs to 
achieve the manufacturing cost improvements that will likely be required 
to drive broad adoption of autologous gene-modified cell therapies.   

Submitted for peer review: 8 Oct 2018 u Published: 18 Dec 2018

INTRODUCTION
After decades of development in 
which Cell and Gene Therapy 
(C&GT) products struggled to 
demonstrate clinically compelling 

efficacy, fund development efforts, 
and bring new products to market, 
the field appears to have passed an in-
flection point. Compelling demon-
strations of efficacy by multiple 

products have ushered in a new era 
in the field, led by the first FDA ap-
provals for gene-modified cell ther-
apies (Kymriah®, Yescarta®) and a 
pure-play gene therapy (Luxturna™) 

STRATEGIES FOR SCALE-UP 
& SCALE-OUT
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product in 2017. (Throughout this 
article, we refer to products de-
livering a gene therapy directly to 
patients by way of a viral vector as 
‘pure-play gene therapies’, and those 
using genetic modification of cells 
as ‘gene-modified cell therapies’. We 
recognize this language differs from 
the current FDA convention, how-
ever we find it a useful framework 
for describing the unique manufac-
turing considerations of these two 
very distinct classes of therapies). 
Among other comparable deals, the 
$11.9 billion acquisition of Kite by 
Gilead, and the $9 billion acquisi-
tion of Juno by Celgene have caught 
the attention of investors, triggering 
an unprecedented level of finan-
cial investment in the cell and gene 
therapy space. According to the Al-
liance for Regenerative Medicine, at 
least $7.9B in funding was raised by 
Regenerative Medicine companies 
during the first 6 months of 2018, 
and 977 Regenerative Medicine clin-
ical trials were ongoing worldwide as 
of June 2018 [1].

However, despite palpable excite-
ment for the tremendous clinical 
advances that have been made in 
recent years, there has been increas-
ing controversy over the high prices 
of approved therapies. Each of the 
three products approved in 2017 
command US list prices of between 
$373,000 and $850,000. In the UK, 
Novartis’s Kymriah® was approved 
by the National Institute for Health 
and Care Excellence (NICE; the 
national arbiter of reimbursement 
decisions based on analysis of cost 
effectiveness) for its pediatric ALL 
indication, but at a price steeply dis-
counted from its $475,000 US list 
price [2]. Both Kymriah® and Kite/
Gilead’s Yescarta® were originally re-
jected by NICE for the larger adult 
lymphoma indication, although 

Kite/Gilead later struck a deal with 
NICE to enable discounted Yescar-
ta® access through the Cancer Drugs 
Fund. In the USA, the Institute 
for Clinical and Economic Review 
(ICER) issued a report suggesting 
that the $850,000 Luxturna™ list 
price was as much as 2- to 4-fold 
above cost–effectiveness standards 
[3]. Beyond the impact of high list 
prices for these products, the costs 
of such therapies are further in-
creased by high ancillary costs asso-
ciated with product administration 
(e.g., need for delivery under hos-
pital admission, monitoring for and 
control of side effects such as cyto-
kine release syndrome, etc.).

We aimed to investigate the re-
lationship of manufacturing costs 
to high prices for gene-modified 
cell products, and to determine the 
highest value routes for potential in-
vestment in cost reductions. To this 
end, we constructed a cost of goods 
sold (COGS) model for a hypothet-
ical chimeric antigen receptor T-cell 
(CAR-T) product using publicly 
available information about the 
manufacturing process for Yescarta® 
as our guide.

METHODS: COGS MODEL
Using a published patent appli-
cation [4] and journal article [5], 
LinkedIn profiles of employees, 
and published articles on Kite’s El 
Segundo manufacturing facility, we 
constructed a process flow diagram 
(PFD) describing the unit opera-
tions, materials and equipment uti-
lized in a Yescarta®-like manufactur-
ing process (Figure 1). 

Labor hours associated with 
each processing step were estimat-
ed based on previous Dark Horse 
Consulting (DHC) experience 



EXPERT INSIGHT 

  1107Cell & Gene Therapy Insights - ISSN: 2059-7800  

ff FIGURE 1
Process flow diagram for a CAR-T manufacturing process.
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with the conduct of similar unit 
operations in a GMP environment 
and used to calculate projected 
employee numbers and labor costs 
for in-house manufacturing of a 
similar product. For the purpos-
es of this analysis, it was assumed 
that all in process and release test-
ing was performed in house. Based 
on these methods, we estimated 
just over 200 labor hours per lot, 
inclusive of manufacturing, QA, 
QC and logistics/supply chain 
management. Departmental man-
agement overhead was estimated at 
20% of operating hours, and head-
count-driven support functions 
(facilities, IT, HR, etc) at 10%. Es-
timated employee numbers based 
on these calculations (~400 FTE 
required for 1500 lots per year) 
were benchmarked against publicly 
available information (LinkedIn) 
for current employees and open 
job requisitions at Kite’s El Segun-
do manufacturing facility (332 em-
ployees and 49 open requisitions as 
of March 2018). Good agreement 
was seen between both methods.

Facility construction costs were 
estimated based on the $26M in 
leasehold improvement costs re-
ported in Kite’s SEC filings from 
2015 and 2016. These costs were 
compared to benchmark estimates 
of cost per square foot for GMP 
facility construction by ISO classi-
fication, and found to be broadly 
within agreement for both meth-
ods. Facility validation expense was 
estimated at 20% of construction 
costs, or just over $5 million. Fa-
cility construction and validation 
expense was amortized over an esti-
mated 15-year useful life.

Rent was estimated at $1.6 mil-
lion per year based on reported 
numbers for the El Segundo facility 
in Kite’s SEC filings. Other ongoing 

operational expenses were estimated 
based on prior DHC experience.

Required equipment per manu-
facturing line were estimated based 
on DHC experience. Where appro-
priate based on frequency of use (e.g., 
cell counters, BSCs, controlled rate 
freezers) equipment was assumed to 
be shared between lines. Required 
equipment lists were used to calcu-
late equipment costs to fully equip 
facility for a range of target lot num-
bers per year. Equipment IQ/OQ/
PQ expenses were estimated based 
on previous DHC experience. Cal-
culated equipment costs using these 
methods totaled $12 million, which 
was reasonably close to the $18 mil-
lion in equipment expenses reported 
in Kite’s 2015 & 2016 SEC filings 
when it is considered that equipment 
was likely also purchased for other 
purposes and facilities during this 
period. Equipment purchase and set-
up expenses were amortized over an 
estimated 5-year useful life.

Apheresis costs were estimated 
based on procedural costs plus costs 
of shipping using a cGMP compli-
ant courier service. Materials costs 
for retroviral vector were estimat-
ed based on benchmarking of viral 
vector CMO production costs per 
lot, assuming production at the 
200L scale, with sensitivity analyses 
testing upstream viral yields rang-
ing from 6E5 to 1.5E7 IU/mL [6], 
downstream purification yields in 
the range of 25–75%, and an MOI 
of 3 [5].

Sensitivity testing was performed 
to test variability in COGS within 
the full extent of reasonable input 
assumptions for each variable. Ex-
cept as described for the ‘Com-
pounded Effect’ scenario below, 
sensitivities were tested using modi-
fication of a single variable at a time 
for simplicity.
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FINDINGS
Estimated cost of goods is in 
line with biopharmaceutical 
industry standards

Our base case estimate of COGS 
was $58,200 per dose, with an es-
timated range of between $48,000 
and $106,000 per dose based on 
sensitivity analyses of key input 
assumptions (Figure 2). At 13 to 
28% of the Yescarta® list price of 
$373,000, these estimated COGS 
are in line with biopharmaceutical 
industry standards in the range of 
15–25% [7,8]. Therefore, we con-
clude that, in order to offer similar 
therapies at more affordable prices 
without disincentivizing biophar-
maceutical and/or venture invest-
ment in C&GT products, it will be 
necessary to effect dramatic reduc-
tions in costs of manufacturing.

Labor Costs are the Largest 
Contributor to COGS
By far the greatest contributor to 
COGS was labor, at an estimated 
71% of manufacturing costs (Fig-
ure 3). Just under half of labor costs 
(48%) were for manufacturing per-
sonnel, with the remainder divided 
between quality control (QC; 16%), 
quality assurance (QA; 16%), supply 
chain management (SCM; 11%) 
and other functions (project man-
agement, facilities, etc.; 9%). 

Materials costs represented 18% 
of COGS, with the largest compo-
nents coming from apheresis, dis-
posables, and virus. Although man-
ufacture of a large lot of virus can 
represent a significant upfront effort 
and expense, using published scal-
able methods to estimate vector pro-
duction costs and yields, viral vector 
costs were estimated to represent 

ff FIGURE 2
Cost of goods estimates – sensitivity testing.
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only 3–4% of COGS in our base 
case scenario. However, the model 
was fairly sensitive to assumptions 
of less scalable methods and/or poor 
viral vector process yields (Figure 2), 
with virus costs reaching as much as 
26% of COGS under ‘worst case’ 
assumptions for viral titer and puri-
fication yields, emphasizing that em-
ploying scalable viral production is 
a critical step in establishing a com-
mercially viable COGS. 

Facilities and equipment expense 
represented significant upfront in-
vestments for construction, equip-
ment procurement, and validation, 
however they were a relatively mi-
nor component of per lot cost of 
goods at just 8% and 4%, respec-
tively, when amortized across their 
estimated useful lives.

Duration of T-cell Expansion 
Post-Activation  
Significantly Impacts COGS 

Our base case model assumes a 
process of 7 days in duration, in-
cluding 3 days of T-cell expansion 
post-activation (Figure 1). However, 

published process descriptions allow 
for an optional additional 3 days of 
T-cell expansion if necessary. To ex-
plore the impact of process duration 
on COGS, we modeled this longer 
process as well. The impact of an ex-
tended process was not insignificant. 
As a result of increased labor hours 
and longer facility and equipment 
cycle times, cost of goods increased 
by 16% to $67,600. This change was 
driven by both increased labor costs 
and reduced facility and equipment 
cycle times associated with the lon-
ger process duration.

Autologous Nature of  
Product & High Labor Costs 
Limits Benefits from  
Economies of Scale

Although the high list prices of Ky-
mriah®, Yescarta® and Luxturna™ 
have attracted much attention, the 
fact that these products are current-
ly approved only for a small handful 
of orphan and ultra-orphan indica-
tions make a near term affordabili-
ty crisis unlikely. The prices of the 
one-time treatments Kymriah® and 

ff FIGURE 3
Breakdown of cost of goods by component.
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Yescarta® are similar to the annual 
costs for many enzyme replacement 
therapies for orphan conditions 
(e.g., Shire’s Elaprase, BioMarin’s 
Naglazyme and Sanofi Genzyme’s 
Myozyme) [9]. Furthermore, even 
if these products achieved 100% 
market penetrance of their ap-
proved indications at list price 
(highly unlikely, even for products 
addressing orphan conditions with 
few treatment alternatives), the to-
tal combined cost to the system for 
purchase of these three products 
(not including ancillary care costs) 
would equate to $3 billion annually, 
which is less than 1% of annual pre-
scription drug spend, and less than 
0.1% of annual healthcare spend in 
the USA [10].

However, with many similar ther-
apies in development for more and 
larger indications, it is easy to see the 
near-term potential for the availabil-
ity of highly effective C&GT prod-
ucts to rapidly eclipse society’s ability 
to pay for them. According to the 
Alliance for Regenerative Medicine, 
there were 314 clinical trials ongo-
ing for gene-modified cell therapies 
during Q2 2018, including 166 
Phase 2 and 14 Phase 3 trials [1]. 
Among C&GT products in clinical 
development are many products for 
far more common indications such 
as breast and lung cancer, stroke and 
heart failure. Unless these therapies 
can achieve manufacturing costs 
that enable prices well below those 

of any C&GT product currently 
on the market, an affordability crisis 
seems inevitable. As shown in Table 
1, adoption of a new therapy priced 
at $350,000 by just 10% of incident 
cases for these four common condi-
tions would amount to an additional 
$72.6 billion in annual drug spend. 
This equates to 22% of the total 
2016 US prescription drug spend 
across all product classes and disease 
indications (Table 1). Although some 
of the additive costs would likely be 
offset by reduced costs in other cate-
gories of healthcare spend, it is clear 
that any such savings would be in-
adequate to fully offset the additive 
drug costs. For example, the annual 
cost of $213 billion for adoption by 
10% of incident stroke cases is is ap-
proaching the estimated total annual 
cost of stroke care in the US ($34 
billion) [11].

We investigated the potential im-
pact of economies of scale on cost 
of goods by modeling COGs at an-
nual production volumes ranging 
from 500 to 5,000 lots per year. 
Not surprisingly, given the autolo-
gous nature of the product and the 
high contribution of labor costs, 
economies of scale were limited, 
with only a 22% reduction in cost 
of goods anticipated from a 10-fold 
increase in production volume. We 
conclude that further cost reduction 
levers will be critical to enabling 
broad adoption of C&GT therapies 
in prevalent diseases. 

f f TABLE 1
Annual prescription drug spend for $350,000 product adopted by 10% of incident 
patients.

Indication US annual 
incidence

Annual cost at 10% adop-
tion (US$ billions)

% of 2016 US prescription 
drug spend [10]

Stroke 610,000 [11] 21.3 6.5%
Heart failure 1,000,000 [11] 35.0 10.6%
Breast cancer 266,000 [12] 9.3 2.8%
NSCLC 199,000 [12] 7.0 2.1%
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Challenge of Accurately  
Estimating Product Demand  
Introduces Significant Risk 
to COGS

In contrast to the relatively modest 
impact of economies of scale, we 
found that efficient use of estab-
lished capacity was a critical factor 
influencing cost of goods. Given the 
long lead times necessary to hire and 
train qualified staff, build and vali-
date a manufacturing facility, and 
purchase and validate equipment, it 
is necessary to predict capacity needs 
well in advance of the date that ca-
pacity needs to be online. Once the 
decision is made to target capacity to 
manufacture a given number of lots 
per year, expenses such as personnel, 
equipment and facilities become 
fixed costs that cannot be easily ad-
justed for changes in anticipated de-
mand. Reimbursement uncertainties 
and lack of clear precedents to follow 
in modeling commercial adoption of 
these therapies make such capacity 
planning particularly challenging in 
the case of novel cell and gene ther-
apy products. Therefore, we wanted 
to model the impact of overly opti-
mistic commercial assumptions on 
per lot COGS.

To do this, we modeled the COGS 
per lot for a facility constructed, 
equipped and staffed to deliver 1500 
lots/year (our base case model as-
sumption) if operated at 100%, 80%, 
60%, or 40% of capacity (Figure 
4). Given the significant fraction of 
costs that cannot be adjusted quickly 
for changing demand, the impact of 
capacity underutilization on cost of 
goods was highly dramatic – COGS 
per lot at 40% capacity utilization was 
$106,000, or nearly twice that of our 
base case scenario. 

The need to predict capacity 
requirements well in advance to 

optimize cost of goods creates a dif-
ficult challenge for the field. On the 
one hand, overestimation of com-
mercial adoption clearly has major, 
adverse consequences to COGS. 
On the other hand, given the ‘on 
demand’ nature of manufacturing 
of these products, it is critical to 
ensure adequate capacity is on hand 
to address demand. Given the high 
potential for rapid progression of 
the patient populations currently 
treated by these types of products, 
one could argue the need to even 
plan for some surge capacity to 
avoid delays in product turnaround 
due to peaks and valleys in demand. 
This assumption was built into our 
base case model, which assumed an 
average of 80% capacity utilization 
to allow for some variation in week-
ly demand. 

The implications of this find-
ing are that, while our estimate of 
steady state COGS is in the range of 
typical biopharmaceutical COGS as 
a percent of list price, the level of 
risk associated with COGS is sub-
stantially higher for autologous cell 
therapy products than for traditional 
biopharmaceuticals. For this reason, 
it will be critical for companies to 
invest in developing thoughtful and 
realistic commercial models that ap-
propriately factor in considerations 
like adoption curves, potential re-
imbursement challenges, and the 
impact of competition. Products 
targeting conditions where rapid 
turnaround is less critical may be 
able to better manage their capaci-
ty through use of incoming frozen 
apheresis products and/or building 
in process hold steps to allow for 
optimized process scheduling across 
the ‘peaks and valleys’ of demand. 
The clear rationale for developing 
therapies for very serious conditions 
should also be balanced against the 
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very obvious benefits of addressing 
conditions in which immediate 
product delivery is less critical to 
enable such scheduling advantag-
es to be captured. The ability to 
share risk surrounding commercial 
adoption curves and demand peaks 
and valleys is also highly attractive 
in this context, and suggests that 
manufacturing consortia or CMOs 
offering flexible overflow capacity 
could be interesting models for fur-
ther exploration.

Finally, the need to avoid carry-
ing excess capacity highlights the 
value of developing expedited train-
ing programs and adopting process 
automation and other productivity 
improvements to enable more nim-
ble adjustments with respect to the 
single largest cost component driv-
ing capacity risk (labor). 

Improvements in  
Productivity Not Only  
Reduces COGS, but Also 
Risks Associated with  
Product Demand 
Uncertainty 

Given the high contribution of labor 
costs to overall cost of goods, we next 
looked at the potential impact of a 
variety of productivity improvements 
on cost of goods. As significant frac-
tions of labor costs came from each 
of manufacturing, QA, QC and 
supply chain, we evaluated potential 
mechanisms to increase productivity 
across each of these functions.

We first evaluated the potential to 
improve cost of goods through pro-
ductivity improvements in the larg-
est single component of labor costs, 
manufacturing labor. One study in 

ff FIGURE 4
Impact of capacity utilization on COGS (at target capacity of 1500 lots/year).
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the literature reported potential labor 
savings of up to 72% from use of au-
tomation in manufacturing of a sim-
ilar autologous T-cell product [13]. 
Case studies on use of Lean manu-
facturing strategies in pharmaceutical 
and medical device manufacturing 
have reported labor savings ranging 
from 20-50% [14,15]. Novartis scien-
tists have reported reductions of up to 
80% in flow cytometry sample prepa-
ration and analysis time through use 
of an automated flow cytometry an-
alyzer [16], and case studies of Man-
ufacturing Execution Systems (MES) 
report reductions in documentation 
issuance of 60–75% [17]. We further 
posited that use of electronic batch 
records and digital supply chain man-
agement systems could deliver similar 
efficiencies in materials release, batch 
record review, and supply chain man-
agement, and that process validation 
could be used to reduce skilled labor 
touchpoints as processes mature. We 
therefore modeled the COGS impact 
of labor productivity improvements 
of up to 70% across manufacturing, 
QC, QA and supply chain manage-
ment functions through the com-
bined impact of validation and auto-
mation improvements.

Not surprisingly given the sig-
nificant contribution of labor costs, 
the impact of productivity improve-
ments on COGS was substantial 
(Figure 5). For example, in our ‘base 
case’ assumption of 80% capacity 
utilization, a 50% increase in labor 
productivity across manufacturing, 
QC, QA and supply chain man-
agement functions led to a 35% 
decrease in overall product COGS 
from $58,200 to $37,600 per pa-
tient. Additionally, the reduction 
of labor costs had a compounding 
effect on COGS reduction, reduc-
ing both cost per lot and risk of 
COGS increases due to capacity 

underutilization (as shown by con-
vergence of the lines at the right end 
of the chart in Figure 5).

Compounded Effect: A ‘Best 
Case’ COGS estimate

We next evaluated the compounded 
impact of multiple improvements to 
determine a ‘best case’ COGS esti-
mate for a highly optimized process. 
For this analysis, we assumed: a target 
capacity of 5,000 lots per year; 100% 
capacity utilization; implementation 
of automation, lean manufacturing 
and digital technologies to achieve 
70% productivity improvements 
across manufacturing, QA, QC and 
supply chain functions; a 50% drop 
in facility cost per lot due to more 
efficient facility utilization through 
automated manufacturing; and a 
30% drop in materials costs due to 
economies of scale and negotiation 
of bulk purchasing discounts. The 
compounded effects of these many 
improvements brought COGS 
down to $21,400 – a substantial 
improvement, but still predictive of 
a price above $100,000 at typical 
biopharmaceutical gross margins. 
We conclude that, while significant 
improvements in COGS are feasible, 
ultimately more substantial changes 
such as transitioning to allogeneic 
platforms may be necessary to make 
C&GT products affordable for very 
large indications such as stroke, heart 
failure or diabetes.

CONCLUSIONS
Although the rare indications of cur-
rently marketed gene modified cell 
products make an immediate afford-
ability crisis unlikely, it will be criti-
cal to bring down costs substantially 
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in order to affordably address more 
prevalent indications. By our calcula-
tions, current cost of goods for gene 
modified cell products leave little 
room for price reduction without 
disincentivizing investment in this 
important class of therapies. Further-
more, companies take on significant 
margin risk due to the need to build 
capacity well in advance of achieving 
clarity regarding commercial demand. 
Economies of scale are unlikely to de-
liver sufficient COGS improvements 
to enable affordable manufacturing of 
autologous gene modified cell prod-
ucts for larger indications. We predict 
that significant COGS improvements 
are achievable, but that innovation 
on multiple fronts will be required to 
achieve the level of dramatic COGS 
reduction required to make autolo-
gous gene modified cell therapies sub-
stantially more affordable than they 

ff FIGURE 5
Cost of goods as a function of productivity improvement and capacity utilization (at target capacity of 
1500 lots/year).

are today. We propose that the keys to 
reducing both COGS and COGS as-
sociated risk are efficient capacity uti-
lization, use of productivity enhanc-
ing technology solutions to reduce 
fixed labor costs, and establishment of 
rapid and efficient training programs 
to enable a more nimble response to 
evolving demand forecasts.
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STRATEGIES FOR SCALE-UP 
& SCALE-OUT

Back to the future: 
where are we taking 
lentiviral vector manufacturing?
Hanna J Lesch

From more than 200 clinical trials involving lentiviral vectors, only a hand-
ful of products have reached marketing approval. One reason for this may 
be the technical bottleneck in large-scale lentiviral vector manufacturing. 
Today there are several upstream and downstream technology solutions, 
which claim to support clinical manufacturing at large scale. These still 
have several limitations, such as a complex production methodology and 
the relatively high cost of the goods. The fragile nature of the vector 
further causes its own challenges. No one knows yet where the future 
will take us. This insight covers an overview of the current technology 
and discusses the possible future solutions for lentivirus manufacturing.
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ROUGH ROAD FROM RE-
SEARCH TO COMMERCIAL 
ADVANCED MEDICINE

Although KymriahTM and Yescar-
taTM, two advanced cell therapeu-
tic products where T cells are ex 
vivo modified with lentiviral vector 
(LVV) to express chimeric antigen 

receptors (CAR), have achieved 
marketing approval, few other LVV 
products have even managed to 
reach late stage clinical trials. A ma-
jor challenge holding back progress 
in the field is related to technical 
difficulties with the manufacturing 
of LVVs. Up to now, production for 
research purposes has been based 

on the co-transfection of the ad-
herent Human Embryonic Kidney 
(HEK) 293 variant, 293T cells with 
different plasmid constructs [1,2]. 
As a straightforward method, this 
provides an attractive small scale 
manufacturing strategy for early 
clinical trials, but it is not suitable 
for commercial stage production, 
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where plasmid transfections at 
GMP manufacturing scale, small 
batch sizes with relatively low ti-
tres, high cost of goods, the fragile 
nature of the lipid-enveloped virus 
and safety concerns are some of the 
challenges still to be overcome. In 
addition, there is the fragile nature 
of the lipid-enveloped virus.

SCALE-UP OF AN ADHER-
ENT CELL PRODUCTION 
SYSTEM
For a long time, most production 
applications have relied on adherent 
cells cultured in two-dimensional 
(2D) flask-type approaches, such 
as Cell Factories or hyperflasks/
hyperstacks [3,4]. However, the 
controllability in flasks is limited 
as is the scalability. To expand the 
production area means multiplying 
the units, which makes them im-
practical to handle. Microcarriers 
dispersed in suspension were con-
sidered an option for adherent cell 
culturing but they did not succeed 
as a popular technology for viral 
vectors [5].  Problems were report-
ed in the handling of the carriers, 
expansion of a large cell mass and 
the need for labour-intensive oper-
ations for their separation from the 
vector later during the downstream 
process [6].

Pall brought to the market their 
iCELLis® technology, a disposable 
fixed-bed bioreactor with an in-
tegrated perfusion, developed for 
scaling up adherent cell-based pro-
duction systems (Figure 1). There 
are two different size bioreactors 
available: iCELLis Nano, provid-
ing a culture area up to 4 m2, and 
iCELLis 500, with a culture area 
from 66 to 500 m2. iCELLis allows 

a closed and controlled environ-
ment and meets the current GMP 
requirements. The iCELLis Nano 
has been used for a range of vector 
applications, such as for adenovi-
rus [7], retrovirus [8] and AAV [9]. 
Previously, we evaluated for the first 
time the iCELLis 500 large-scale 
bioreactor for the manufacturing of 
Ad5 vectors [7]. Recently, we devel-
oped an adherent cell-based man-
ufacturing process also for LVVs. 
A small-scale process development 
was originally done in iCELLis 
Nano system. More recently we 
have tested different fixed-bed siz-
es and compaction, and optimized 
the cell culture parameters, such 
as cell density and perfusion and 
transfection conditions [10]. iCEL-
Lis 500 100 m2 and 333 m2 scale-
up runs for two different constructs 
were successful with a high yield of 
vector produced. Compared e.g to 
Cell Factories [3], the iCELLis500 
systemcan provide up to 30 times 
bigger scale to produce vector per 
single batch in a controlled man-
ner. Such a system may provide one 
manufacturing solution for future 
clinical applications.Nevertheless, 
the adherent production systems 
are still not trouble-free. In most 
cases, adherent cell cultures use an-
imal-derived products, mainly fetal 
bovine serum (FBS), as the culture 
medium constituents. The serum 
provides an attachment factor for 
adherent cells but it also contains 
other constituents, e.g. growth 
factors, hormones, additional ami-
no acids, vitamins, trace elements, 
fatty acids and lipids [11]. FBS has 
benefits in virus production. It 
can enable a remarkable increase 
in the production of LVV and ul-
timately, stabilize the produced vi-
rus [12]. However, there are num-
ber of reasons why the use of FBS 
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is problematic, e.g. high lot-to-lot 
variability, introduction of animal 
components to the cell culture me-
dium and the risk of potential mi-
crobial contamination.  The serum 
can also complicate downstream 
purification. Serum is very expen-
sive and resources need to be di-
rected to thorough tests [13]. Last 
but not least, ethical issues need to 
be considered too. Therefore, the 
demand to reduce the use FBS or 
to replace it totally has becoming 
an ever urgent issue. Future devel-
opment should explore chemically 
defined media that can maximally 
support LVV production. Several 
commercial serum-free mediums 
are available for HEK293-derived 
cells, but most of these have been 
developed and optimized for sus-
pension cells. Whilst some me-
dia may well support cell growth, 
they do support the productivity 
and vice versa. Pro293A-CDM 
(Lonza) is an example of a se-
rum-free chemically defined me-
dium for adherent cells that has 
shown promise for LVV produc-
tion with PEIpro transfection [14]. 
The adaptation of the cell line into 
serum-free conditions is generally 
time-consuming and the remov-
al of FBS can decrease the titer. 
Luckily, virus production can be 
increased again by adding supple-
ments, e.g. Thermo Fisher Scientif-
ic supplies LV-MAX-Supplement 
and LV-MAX-enhancer to boost 
LVV production in serum-free con-
ditions. Lipids were shown to be 
one key serum component during 
retroviral vector production that 
could increase the yield and vector 
stability [12]. Several lipid formula-
tions are currently on the market, 
e.g. from Thermo Fisher Scientific, 
GE Healthcare and Sigma-Aldrich. 
The problem with the serum-free 

media and supplements is still their 
relatively high price.

SUSPENSION CELLS HAVE 
BENEFITS
HEK293-derived cells might be 
adapted into serum-free suspension 
growth as another option for up-
stream development. For a long time, 

ff FIGURE 1
iCELLis 500 is a disposable fixed-bed bioreactor for scaling up 
adherent cell-based production systems.
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suspension bioreactors have been the 
only option available for closed, scal-
able, cost-effective production where 
culture conditions, such as the pH, 
pO2 and pCO2 can be controlled. 
The first successful PEI-mediated 
plasmid transfection-based method 
for producing LVVs in suspension 
cultures was published by Segura et 
al. in 2007 [15]. Since then, there 
have been other publications show-
ing that LVV production in a suspen-
sion bioreactor is feasible [16,17]. An 
important step in the development 
towards this resulted from [18] cross-
talk between scientists in the field 
and technology suppliers. Today, 
several suppliers provide serum-free 
media suitable for 293-derived cells, 
such as Ex-CELL 293 (Sigma-Al-
drich), Pro293S-CDM (Lonza), 
Freestyle CD293 and Expi293TM 
(Thermo Fisher Scientific). Many 
suppliers also provide large-scale dis-
posable bioreactors. Examples are e.g. 
stirred tank bioreactors from Mobius 
CellReady (Merck Millipore), Hy-
Performa (Thermo Fisher Scientific), 
XCellerex XDR (Ge Healthcare), 
Biostat SRT (Sartorius Stedim) and 
Allegro STR (Pall). Another option is 
wave type bioreactors, called WAVE 
(Ge Healthcare) or Cultibag RM 
(Sartorius Stedim) [18,19].

Suspension cells do not require 
the use of FBS so are a natural 
choice in the future. They also pro-
vide an alternative approach for the 
transfection as suspension cells can 
be driven through flow electropo-
ration and transfection without the 
need for expensive transfection re-
agents [20]. The suspension mam-
malian cell electroporators, such as 
4D-NucleofectorTM (Lonza) and 
Maxcyte VLX® (MaxCyte) are in-
teresting options but capacity may 
become limited in very high cell 
numbers (eg. >1 x1012 cells in 200L 

bioreactor). Suspension platforms 
are in the pipeline for many com-
panies in the field, such as Oxford 
Biomedica [21] and Genethon [22]. 
This is the direction manufacturing 
is developing for the future.

Many processes described in the 
literature are batch or fed-batch 
mode production. If fresh medi-
um is provided continuously while 
removing the metabolites from the 
culture, the cell density and viabili-
ty can be increased. Up to a certain 
level, this has a direct impact on the 
increased productivity. Perfusion 
technologies integrated into sus-
pension bioreactor based have been 
based on tangential flow filtration 
(TFF) or alternative flow filtration 
(ATF) (Repligen) and conditions 
needs to be optimized for both pro-
ducer cells and LVVs as the shear 
stress could break lipid membrane 
of the cells or the fragile virus [23]. 

The transfection step has several 
process parameters (e.g. cell den-
sity, transfection reagent, plasmid 
amount, reagent versus plasmid 
amount ratio and complex forma-
tion time) that need to be optimized. 
Micro-scale automated bioreactors 
can speed up the optimization in 
a controlled environment and in a 
very small scale (ambr15, Sartorius 
Stedim or Micro-24 MicrReactor, 
Pall) usually in a very cost-effective 
manner. Rapid characterization of 
conditions are, of course ideally sup-
ported by a proper statistical design 
of experiments (Doe) [24].

ARE PLASMIDS THE WAY 
TO GO?
The most commonly used plasmid 
constructs are third-generation 
packaging plasmids [2], self-inac-
tivating transfer construct [1,25] 



﻿ 

  1143Cell & Gene Therapy Insights - ISSN: 2059-7800  

and the vesicular stomatitis virus g 
protein as an envelope protein for 
pseudotyping [26]. Traditional cal-
cium phosphate-based transfection 
is cheap and practical in the small 
scale but has limitations in terms of 
its reliability, repeatability and scal-
ability [4,27]. Polymer-based ap-
proaches, such as polyethylenimine 
(PEI)-mediated, or lipid-based 
transfections appear efficient, bet-
ter for scalability, less toxic for the 
cells and suitable for suspension 
cells [15,28,29]. Raw material for 
GMP manufacturing must also be 
sourced from qualified suppliers 
with appropriate documentation 
of the batch manufacturing and 
quality control. Hence, the use of 
commercial quality assured trans-
fection reagents, such as PEIpro 
(Polyplus) or Lipofectamine (Invit-
rogen), is increasing.

We and others have shown that 
the large-scale plasmid transfec-
tion can be successful as a tech-
nique, and it is not that much of 
a ‘showstopper’ anymore. How-
ever, many issues remain with its 
use. Large batch production can 
require hundreds of milligrams or 
even grams of plasmid. The pro-
duction of these large quantities of 
plasmid can be very expensive with 
all the requirements for the mas-
ter, working cell banks, large fer-
mentation, thorough purification, 
fill and finish, quality control and 
documentation [30]. Furthermore, 
plasmid DNA can affect vector 
downstream processing [31] and 
there is a risk of unwanted plas-
mid recombination [32]. Further-
more, the human immune system 
can recognize plasmid DNA and 
induce an inflammatory response 
and silencing of the transgene ex-
pression, in the unlikely event that 
CpG contaminants can be part of 

the LV vector prep [33]. In addi-
tion, the use of antibiotic selec-
tion pressure during the plasmid 
production is a major regulatory 
concern. Antibiotic-resistant bac-
teria are global health problems. 
The risk with plasmids is not only 
the antibiotic itself, but the antibi-
otic resistance gene might, in the 
worst case, end up in the patient 
in a scenario called “horizontal 
genetic transfer” (reviewed [34]). 
Major risks have already been seen 
with β-lactam antibiotics, such as 
penicillin, streptomycin and ampi-
cillin, whereas antibiotics, such as 
kanamycin, tetracycline and neo-
mycin, are still accepted. Many 
players in the field are today using 
kanamycin-selection in their plas-
mid constructs instead of the tra-
ditional ampicillin. In the future, a 
serious attempt could be regulated 
to use mini circles or nanoplasmids 
to effectively result in antibiot-
ic-free plasmids during viral vector 
production.

There are different types of an-
tibiotic-free systems available for 
supporting plasmid replication/
selection in bacteria cells without 
the need for the addition of antibi-
otics [34]. Many of the approaches, 
however, have not yet been exten-
sively applied to DNA production 
for Gene Therapy Minicircle tech-
nology (Plasmid Factory) has been 
proven to improve the quality of ad-
eno-associated vectors. Intramolec-
ular recombination of the parental 
plasmid leads to minimal plasmid 
DNA with basically only the gene 
of interest. With this technology 
there is a minimal risk for encapsi-
dation of the bacterial backbone se-
quence, a lack of need for an antibi-
otic gene and improved transfection 
efficiency for a small plasmid and 
improved transduction efficiency of 
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AAV [35,36]. The development of 
minicircles, nanoplasmids or equiv-
alent structures for LVV production 
is ongoing.

STABLE CELL LINES
Stable producer cell lines are natu-
rally desired to facilitate a cost-ef-
fective way to produce LVVs and 
increase reproducibility, quality 
and safety. Scalability is improved 
when these cell lines can be cul-
tured in suspension serum-free 
systems [37]. The toxicity of lenti-
viral protease [38] and the envelope 
protein VSV-G [26] has hindered 
the development of stable cell lines 
for LVVs and constitutive produc-
tion has yielded only low titres. The 
development of stable cell lines is 
very time-consuming. The most 
frequently used inducible system is 
the tetracycline/doxycycline antibi-
otic system, where transcription is 
regulated through the tetracycline 
response element (TRE) either by 
adding or removing the antibiot-
ics in the cell culture medium (re-
viewed [6]). Constitutive packaging 
cell lines provide another option, 
but the traditional VSV-g envelope 
is replaced with a less cytotoxic op-
tion, such as RD114-TR [39,40]. A 
recent approach was to introduce 
a mutation into viral protease to 
minimize its cytotoxicity for the 
producer cells [41]. Up to 1 × 107 
Tu/ml titer has been achieved with 
many different producer cell lines 
[6]. A new approach to create pro-
ducer cells is genome editing, where 
the characteristics of the produced 
virus can be modified in the desired 
direction, such as when Milani et al. 
modified producer cells to be free of 
MHC, which reduced the vector 
immunogenicity [42].

DOWNSTREAM PROCESS 
OF LENTIVIRAL VECTORS

The lentivirus is sensitive to high 
temperature, pH and salt concentra-
tion changes and it is well known to 
be very shear sensitive. The stability 
of the vector can be strengthened by 
pseudotyping the vector with other 
envelope proteins, such as VSV-g. 
Its fragile nature makes downstream 
purification very challenging. The 
traditional way is to use an ultracen-
trifugation-based process [26], but 
this is not nowadays considered as a 
valid option. Typical large-scale pu-
rification consists of steps for clar-
ification to remove the cell debris, 
tangential flow filtration (TFF) to 
pre-concentrate and diafiltrate the 
product, capture and polishing by 
chromatographic methods and final 
formulation and concentration (re-
viewed in [43]) (Figure 2).

Clarification by depth filters is 
a straightforward process step per-
formed using a peristaltic pump 
and the technique does not need 
very complicated equipment. In the 
TTF step, the product is circulat-
ed as a retentate through the filter 
(cassette or hollow fiber), while the 
permeate goes to waste through the 
membrane pores. The recovery of 
LVV can be high (>97%) in TFF 
as long as the shear stress (pressure 
and flow rate) are kept reasonably 
low [44]. Anion exchange chroma-
tography, either resin [45], mem-
brane [4,23], monolith-based [17] 
or affinity-based chromatography 
[15] have been developed for LVVs. 
However, the chromatographic step 
is still the bottleneck in the field as 
the recovery of the product is typi-
cally very low (<50%). Overall, the 
downstream recovery for LVVs have 
been only c. 30% [23], so further 
process optimization is still needed. 
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Today several systems are available 
to support large-scale purification. 
Improved technology has involved 
single-use columns and flow paths, 
which save time and eliminate 
the need for cleaning and clean-
ing validation. Several single-use 
technologies are available, e.g. ÄT-
KATM family (GE Healthcare), Al-
legroTM (Pall) and Mobius® (Merck 
Millipore).

Downstream processing in-
cludes also the endonuclease step 
to remove/decrease the level of 
host cell DNA and plasmid DNA 
[31]. The standard method to date 
has been to add Benzonase (Merck 
Millipore) to the harvested prod-
uct or later during the purification. 
Competitors to Benzonase are now 
emerging with a number of new 
endonucleases entering the field, 
e.g. Denarase® (C-Lecta) and SAN 
High Quality (ArcticZymes), the 
latter of which is said to be more 
efficient in higher salt conditions.

CONTINUOUS PROCESSES
The latest approach in the field of 
biopharma is a move to continuous 
processes where the production is 
long term. The product is harvest-
ed continuously, followed by direct 
downstream processing until the 
end-product is obtained. The con-
tinuous production of monoclonal 
antibodies can take weeks, even 
months per batch. However, virus 
cytotoxicity towards the producer 
cells is hindering the development 
of processes taking months for vi-
ral vectors. In an ideal system, the 
whole process would be integrated, 
fully automated and a product com-
ing from the controlled upstream 
system would continue directly to 
purification. This would naturally 

lead to increased productivity, cost 
reductions and increased flexibility.

Upstream, continuous produc-
tion would require monitoring the 
culture using automated sampling 
systems or probes and controlling 
the run based on the monitored 
parameters. The typical process 
parameters that are monitored are 
pH, DO, pCO2, the number of vi-
able cells and the viability, nutrient 
availability and waste metabolite 
concentration and viral titer. pH, 
DO and pCO2 probes have been 
used for a long time in all exist-
ing bioreactors. pH measurement 
is still troublesome as a shifting of 
the measured value often occurs 

ff FIGURE 2
Process flowchart for lentiviral vector manufacturing.
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and thus this can require separate 
sampling and off-line calibration 
during runs. Cell growth has been 
traditionally analyzed by sampling 
the cells and counting them using 
a haemocytometer, but improved 
technology is now providing al-
ternatives. Growing cells with an 
intact plasma membrane is one op-
tion as this acts as a capacitor un-
der the influence of an electric field. 
This capacitance can be measured 
and converted to the live biomass 
reading, typically cells/ml (ABER 
Instruments). Capacitance can be 
used not only for monitoring the 
cell growth but also as a basis for 
controlling the system, e.g. the per-
fusion rate based on the cell number 
[10,46]. Such a system is suitable for 
suspension cells and adherent cells, 
though in fixed-bed bioreactors 
only the top carriers can be moni-
tored. Nutrient availability and the 
amount of produced metabolite side 
products require sampling of the 
medium. This can be done using an 
auto-sampling system, which takes 
the samples from the bioreactor 
and creates the process parameter 
measurements using external equip-
ment, such as the Bioprofile family 
(Nova Biomedical) or Cedex family 
(Roche) equipment. Also glucose 
and lactate probes directly installed 
into the bioreactors have been de-
veloped. More advanced solutions 
could also involve real-time systems 
that would analyze the metabolic 
activity of the culture (e.g. Ranger 
technology, Stratophase).

The implementation of a con-
tinuous downstream system has 
been increasing in the recombinant 
protein and monoclonal antibody 
fields and might be a future direc-
tion in the gene therapy field as 
well. Traditional TTF operates by 
circulating the retentate through 

the filter. Merck Millipore and Pall 
have launched single-pass TFF sys-
tems, which runs at constant op-
erating conditions, and no retenta-
tion return is needed as the product 
is sufficiently concentrated/diafil-
trated. The new Cadance TM Inline 
Concentrator (Pall Life Sciences) 
utilizes single-pass technology and 
allows direct flow-through and vol-
ume reduction of the in-process 
product. Single-pass technology re-
duces the shear damage, improves 
the recovery, reduces the hold-up 
volume and is theoretically simple 
to operate ([47], Merck Millipore, 
Application note; Pall Life Scienc-
es, Application note). Traditional 
chromatography is a batch process 
whereby the product is loaded into 
one column, so scaling up means 
using a larger size column. Such 
process steps can become very ex-
pensive and time-consuming. The 
recovery can be also lower because 
suboptimal usage of the chroma-
tography column may lead to a 
loss of important breakthrough 
products into the waste. Multi-col-
umn chromatography using the 
CadenceTM BioSMB platform is 
the first scalable, GMP compliant, 
disposable, continuous multi-col-
umn chromatography system (Pall 
Life Science, Application note). 
Multi-column chromatography 
operations are performed in a 
small-scale column with maximal 
recovery. The breakthrough virus 
from the first column is loaded and 
captured by the second column, 
while other columns can be for 
elution, washing, CIP or a regen-
eration stage for re-use. BioSMB 
has been used for viral vaccine pu-
rification with promising results 
(Tarpon Biosystems Inc.). A con-
tinuous downstream eliminates the 
hold steps, decreases the process 
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time and buffer consumption and 
reduces the footprint and product 
costs. This can be also very crucial 
for LVVs, which are not stable at 
room temperature [48]. A continu-
ous process would make the oper-
ating hours more reasonable than 
stepwise batch downstream.

LVVs are typically stored at be-
low -70ᵒC. However, the LVV is 
not particularly stable and its ac-
tivity decreases during storage or 
freezing/thawing[48]. Formation 
of ice crystals inside the virus, pH 
changes and osmolarity can affect 
the viral membrane and proteins, 
and decrease the activity [48–51]. 
Such decreases can be reduced 
by optimal formulation of the 
final buffer. Sugars and salts are 
the main buffer components [49]. 
Tris-based buffer has been fre-
quently used for LVV [17,23,28] 
but problems are related to chang-
es in temperature, which can lead 
to severe changes in pH. (4-(2-hy-
droxyethyl)-1-piperazineethane-
sulfonic acid) HEPES buffer has 
smaller pH range and thus has 
been preferred choice in some of 
the applications [23,49,50]. LVVs 
for ex vivo transduction have of-
ten been formulated in the X-VI-
VOTM medium, which contains 
proteins and sugars to protect the 
vector [3]. Nilsson tested different 
sugars and lyophilization for LVVs 
[52] and Camro et al. showed that 
recombinant human albumin and 
lipoproteins were one of the most 
promising for protecting espe-
cially reverse transcription [51]. 
In Gene Therapy approaches, the 
human immune response is also a 
key issue to be considered as some 
of the components can induce the 
immune response of the patient, 
but this is an application-depen-
dent issue.

MODERN ANALYTICAL 
TOOLS ARE NEEDED
Thorough testing of the vector is 
done already in preclinical stage. 
Also the GMP produced final prod-
uct is heavily analysed by pattern of 
release assays (Table 1). The charac-
terization and biologic activity of 
LVV for Gene Therapy follow the 
regulatory guidelines for other me-
dicinal products, containing also 
the safety assay for Replication com-
petent lentivirus (RCL) testing. The 
safety testing will be always unique 
and based on relevant biology of 

f f TABLE 1
An example of releases assays for lentiviral vectors.

Purpose Specific explanation
Safety/
sterility

RCL (following infection of a susceptible cell line and 
detecting amplification of the vector by p24 Gag in-
crease or RTase assay)
Insertional mutagenesis (integration site analysis by 
sequencing)
Bacterial endotoxin
Fungi
Mycoplasma
In vitro assay for the detection of viral contaminants

Identity Morphology
Identity (PCR)
Determination of pH
Determination of osmolality
Determination of particle size and count

Purity Host cell proteins (ELISA)
Detection of residual host cell DNA (qPCR)
Detection of residual plasmid DNA (qPCR)
Detection of residual BSA
Analysis of process contaminants (e.g. Bensonase 
ELISA)

Activity Total particle number (amount of capsid protein taken 
into account that 1 pg GAG is approximate 104 par-
ticles or RTase activity or number of LV genomes by 
RT-qPCT)
Transducing activity/integration capacity/incorpo-
ration of vector proviral DNA into target cells (qPCR 
analysis of transduced cells)
Transgene expression (ELISA)
Ratio between viral particles and functional viral 
vectors 
Functionality/potency of the product (application 
specific assay)
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the product [53–55]. Nevertheless, 
modern technologies are needed 
to deepen the understanding, ro-
bustness and quality control of the 
process, but also the final product 
attributes. Scientists involved in the 
process development should know 
their process and its demands as 
the better the understanding you 
have, the better you can optimize 
your process. Standard titering, to-
tal DNA and total protein measure-
ments are no longer giving adequate 
answers. Next-generation sequenc-
ing (NGS) technologies allow the 
possibility for greater understand-
ing e.g. viral genome integrity, iden-
tification and integration sites in 
host cells, virus interactions, purity 
and quantifying transcripts. Equal-
ly, recent advances in mass spec-
trometry together with proteomics 
are providing broad information 
on the composition of virions, the 
structure, viral protein interactions 
and the effect of the infection on 
the cellular proteome [56]. Raman 
spectroscopy provides a structural 
fingerprint by which molecules can 
be identified. With TEM imaging 
and high-throughput quantitative 
analysis, MiniTEM (Viranova) of-
fers innovative solutions to analyze 
the morphology, particle integrity, 
particle size distribution, purity, 
aggregation and empty versus full 
virus particle ratio from TEM pic-
tures [57]. Digital-droplet PCR is 
replacing traditional PCR methods 
because it quantifies the absolute 
amount of target DNA and is an 
excellent method for accurate virus 
tittering without the need for ap-
plying a standard curve [58]. These 
advanced analytics involve the use 
of bioinformatics, biostatistics and 
data management and will be key 
for the success in this field in the 
future. For LVVs, a commercial 

standardized reference standard is 
not available yet. Well-characterized 
reference standards are important 
for a comparison of the internal 
results and also the results between 
different sites and can be used for 
the establishment of appropriate 
pre-clinical and clinical dosing. 
LVV transduced cells for the refer-
ence purpose have been developed 
[59] and can be used for standardiz-
ing integration copy number analy-
sis. Another worldwide LVV refer-
ence standard is under development 
for standardizing the determination 
of particle concentration and in-
fectious titer (Lentivirus Vector 
Reference Standard Initiative - IS-
BioTech). Nevertheless, the com-
parison between the different sites 
can be still troublesome if target cell 
or purpose varies.

COST OF GOODS
Ultimately, money drives change, 
and one big challenge in the current 
production is the very high costs. 
Production consumables, such as 
bioreactors, filters and columns, can 
be tens of thousands of dollars per 
batch. LVV manufacturing typi-
cally still uses plasmids and special 
reagents, such as FBS, transfection 
reagents or endonuclease, where the 
price tag is getting higher and high-
er as quality standard rise. Good 
quality control can easily take again 
tens of thousands more for all the 
analytics and when one also takes 
into account the very high overhead 
costs (facility, supporting actions, 
human resources), the final price 
can be suprising. StrimvelisTM, a 
stem cell therapy of ADA-SCID pa-
tients, was initially priced at USD 
665  000 per treatment. What can 
be done about this? Costs per dose 
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can naturally be decreased by in-
creasing the productivity and max-
imizing the recovery by efficient 
manufacturing process develop-
ment. Automation and optimal raw 
material supply should theoretically 
decrease expense. Serum-free pro-
duction systems would also be the 
preferred economic choice.  Stable 
cells lines overcome the need for 
transfection reagents. More sup-
plier and technology options bring 
increased competition, which has a 
positive influence on costs. Finding 
a balance between the optimal batch 
size and cycle times without forget-
ting about the risk factors can also 
create cost reductions. Ultimately, 
well-known Lean philosophy could 
bring a significant financial value 
[60]. This means that cost saving 
could be achieved by optimizing 
the procedures and manufacturing 
processes and making them as sim-
ple and straightforward as possible, 
while at the same time systematical-
ly minimizing all the waste from the 
process. These cost-related issues 
should always be considered early 
on in the product and process de-
velopment pipeline.

CONCLUSION
LVVs can be manufactured today 
at a clinical scale, but significant 
effort is still needed to increase the 
yield and to make the production 
more cost effective. This will need 

deep collaboration between the sci-
ence field and service providers, as 
manufacturing needs new technol-
ogies for the production. A future 
challenge is also the availability of 
production facilities. Not every 
company has the financial capabil-
ity or knowhow to build its own 
production suites and so rely on 
contract manufacturing organiza-
tions, booking for production slots 
months ahead. Success stories have 
been published showing the tech-
nologies are there and the knowhow 
is there. The industry challenge is 
to put more effort in to optimiz-
ing manufacturing technologies in 
the future, step by step to get LVV 
products to phase III and beyond. 
This may be achievable with exist-
ing systems and technologies, but 
science is often not predictable and 
who knows what breakthroughs 
will emerge and radically change the 
paradigm for LVV production. 
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Translating cell and gene  
therapies to the clinic
Hema Dave, Devin Saunders, Nan Zhang &  
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The translation of cell and gene therapy products requires significant 
resources, knowledge, experience, and infrastructure. Even with vast 
resources, the path forward is often non-linear, confusing, and cumber-
some. Here we review the process by which to take a cell or gene ther-
apy product from discovery into a phase 1 clinical trial in the academic 
setting.
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Now more prominent than ever, 
much of cell and gene therapy – 
beyond bone marrow transplanta-
tion – was first developed in the late 
1970s and early 1980s by Steven 
Rosenberg and others at the Nation-
al Cancer Institute of the National 
Institutes of Health [1]. In the early 
1990s, boutique centers started to 
develop at individual centers like 
Memorial Sloan Kettering Cancer 
Center, St Jude’s Children’s Research 
Hospital, Fred Hutchinson Cancer 
Research Center, and later Baylor 
College of Medicine. Outside of 

these premiere institutions, howev-
er, the availability, translation, and 
clinical use of cellular therapies has 
been impeded by limited resources, 
experience, and knowledge associ-
ated with translating clinical trials 
from bench to bedside. The recent 
approval of two Chimeric Antigen 
Receptor (CAR) T cell products 
has made these products available 
to over 60 US centers, with more 
coming soon worldwide [2,3], but 
developing investigator-initiated 
novel therapies to test in clinical 
trials is still exceedingly challenging 

and requires an expensive invest-
ment in infrastructure along with 
annual subsidies. This infrastructure 
typically includes a Good Manufac-
turing Practices (GMP) facility and 
dedicated space for testing, storage 
of supplies, reagents, and products, 
as well as a multidisciplinary team 
with medical directors, clinical in-
vestigators and nurses, manufac-
turing staff, Quality Assurance and 
Quality Control, regulatory staff, 
preclinical and follow-up research-
ers, and statisticians. Not all insti-
tutions have all of the required team 

STRATEGIES FOR SCALE-UP 
& SCALE-OUT



CELL & GENE THERAPY INSIGHTS	

DOI: 10.18609/cgti.2018.1061060

f
f

FI
G

U
RE

 1
O

ve
rv

ie
w

 o
f w

ha
t i

s r
eq

ui
re

d 
to

 tr
an

sla
te

 a
 c

el
lu

la
r t

he
ra

py
 fr

om
 b

en
ch

 to
 b

ed
si

de
.

CM
C:

 C
he

m
ist

ry
, m

an
uf

ac
tu

rin
g 

an
d 

co
nt

ro
ls;

 F
D

A
: F

oo
d 

an
d 

D
ru

g 
Ad

m
in

ist
ra

tio
n;

 IB
C:

 In
sti

tu
tio

na
l b

io
sa

fe
ty

 c
om

m
itt

ee
; I

N
D

: I
nv

es
tig

ati
on

al
 n

ew
 d

ru
g 

ap
pl

ic
ati

on
; I

RB
: I

ns
tit

uti
on

al
 re

vi
ew

 
bo

ar
d;

 P
I: 

Pr
in

ci
pa

l i
nv

es
tig

at
or

; R
AC

: R
ec

om
bi

na
nt

 D
N

A 
ad

vi
so

ry
 c

om
m

itt
ee

.



Expert insight 

  1061Cell & Gene Therapy Insights - ISSN: 2059-7800  

members, but creative collabora-
tions with other centers and/or in-
dustry can help bypass this hurdle. 
In this manuscript, we will review 
what is required to translate a cel-
lular therapy from bench to bedside 
(Figure 1). As an example, we will 
refer to the translation of allogeneic 
cord blood (CB) multi-virus-specif-
ic T cells (VSTs).

DISCOVERY &  
IDENTIFICATION OF A 
CANDIDATE PRODUCT
The first step in translation is to 
identify the clinical need (e.g., viral 
infections), the target population 
(recipients of a cord blood trans-
plant), and evaluate the gaps in 
current approaches in diagnosis and 
treatment of that medical condition 
(the toxicities and inadequacies of 
current pharmacologic agents). 

Product candidate: CB VSTs

Despite several advantages of cord 
blood transplantation (CBT) as 
an alternative donor source, it is 
associated with delayed engraft-
ment and increased risk of infec-
tious complications [4,5]. T-cell 
immune reconstitution after dou-
ble or single CBT (with or without 
serotherapy) [6,7] is significantly 
slower than peripheral blood or 
bone marrow as sources of hema-
topoietic stem cell transplantation 
and this, along with the naiveté of 
the infused CB T cells, correlates 
with an increased risk of viral re-
activation or infection from latent 
and lytic viruses like Cytomegalo-
virus (CMV), Epstein–Barr Virus 
(EBV) and adenovirus (Ad) in 
the post-transplantation period. 

Anti-viral prophylaxis with phar-
macologic agents have reduced 
the burden of early infections, but 
breakthrough infections can still 
be fatal and current therapies are 
limited by toxicities and are often 
ineffective for many viruses [8].

In the past, we and others have 
demonstrated that CB VSTs can be 
generated against CMV, EBV, and 
Ad and may be protective in vivo 
[9]. CB units are typically cryopre-
served in fractions or segments of 
80% (used for hematopoietic stem 
cell transplant) and 20% (for test-
ing, viability, future therapeutic 
use). Our group demonstrated the 
ability to produce CMV, EBV, and 
Ad specific cytotoxic T lympho-
cytes from the 20% fraction of CB 
unit using DCs transduced with an 
Ad5f35pp65-vector in the presence 
of IL-7, IL-12, and IL-15 [10,11]. 
A clinical trial using CB-derived 
multi-virus specific T cells for the 
prevention and treatment of viral 
infection after CBT was performed 
at Baylor College of Medicine 
(NCT01017705). On this Phase 1 
study 9 patients received virus spe-
cific T cells (VSTs) generated from 
the 20% fraction of a fractionated 
CB unit. VSTs were infused to 9 
patients from 63 to 443 days post-
CBT [9,12,13]. No infusion-related 
toxicities or GvHD was observed.  

However, reactivation of poly-
oma viruses further complicates 
the post-transplant period causing 
hemorrhagic cystitis (BK virus) 
and progressive multifocal leuko-
encephalopathy (JC virus) [14,15]. 
To date, CB T cells targeting BK 
virus have not been reported. Fur-
thermore, as detailed below, the 
previous manufacturing process 
involved the generation of EBV 
lymphoblastoid cells (EBV-LCL), 
which requires infection of B cells 
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with a laboratory strain of EBV, and 
also involves the transduction of 
dendritic cells and EBV-LCL with 
an adenoviral vector expressing a 

gene for CMV. Therefore, in an 
attempt to make the manufactur-
ing process more applicable for late 
Phase clinical studies, to reduce the 

f f TABLE 1
Considerations for preclinical development

Consider-
ation

Risks Potential solutions Current status 
in the field

Comments

Media Backorder of media
Risk of contamination 
of ‘home brew’

Pre-fabricated 
media
Use of media in 
bags
Chemically defined 
media

Pre-fabricated 
media is avail-
able but with 
varying degrees 
of comparability

‘Home brews’ 
are common but 
have a higher risk 
of contamination

Scale Difficulties and delays 
in commercialization

Bioreactor systems 
[17–19]
Cell factories

Some automat-
ed, large scale 
systems avail-
able but not al-
ways adaptable

Current scale is 
difficult to opti-
mize yet difficult 
to produce at 
large scale

Gene 
delivery

Poor transduction 
efficiencies
Vector manufacturing 
backlog
Expensive testing

Non viral vector 
approaches [20–22]
Optimized vectors

Non viral 
vectors avail-
able but non 
common
Second and 
third generation 
vectors

Current short-
age of available 
vector production 
facilities

Live virus Contamination, mix 
up, delivery to patient 
of live virus

Use of overlapping 
peptides [23,24]
Alternative APCs

Peptides 
available
Alternative 
APCs available

Could be prob-
lematic in later 
phases or with 
other regulatory 
agencies

Open cul-
ture systems

Contamination 
Requires isolated 
incubator space, time 
and labor intensive

Bioreactors, closed 
systems

Prodigy, Quan-
tum, WAVE, 
closed Grex

Open systems 
require additional 
quality checks

Labor Expense
Contamination
Clean room space
Human error

Automated systems Prodigy, Quan-
tum, Wave

Labor is ex-
pensive and 
shortage of staff 
with adequate /
GMP-compliant 
training 

Origin and 
quality of 
reagents

Non –GMP grade 
can cause delays 
with FDA/regulatory 
agencies

Qualified materials
Qualified FBS 
from herds in New 
Zealand, other ap-
proved countries

Most supplies 
and reagents 
are available but 
not all
Many antibod-
ies and recom-
binant proteins 
contain animal 
products

‘Research grade’ 
can be acceptable 
for early phase 
but challenging 
for later phase 
studies

APC: Antigen-presenting cell.
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manufacturing time, and to target 
BK virus [16], the objective was 
to evaluate whether VSTs could 
be generated from CB that target 
BK virus and to remove the use 
of viral vectors or live virus from 
the manufacturing process. Here, 
we will discuss approaches (Figure 
1) of bringing novel technologies 
at the bench to bedside that led 
to IND submission and favorable 
review by the FDA of multi-virus 
VST. At this stage of pre-clinical 
development, it is imperative to 
consider what animal studies will 
be required for a successful IND 
application.

MOVING TOWARDS 
GMP MANUFACTURING 
DURING DEVELOPMENT

Once the concept for a cell thera-
py product has been conceived and 
a few pilot studies have been con-
ducted on a small scale, it is critical 
to start preparing for future clinical 
validation runs and clinical manu-
facture. Items to consider during 
this phase are listed in Table 1 [17–
24]. Many of the risks included in 
this table are acceptable for Phase 1 
clinical trials but could significant-
ly delay the commercialization of 
the cellular therapy product. One 
example of this delay is identifying 
suitable reagents. In this case, one of 
our reagents was genetically modi-
fied K562 cells, which were used as 
feeder cells [16]. Because of the or-
igin of the K562 cells as a chronic 
myelogenous leukemia cell, it was 
critical that we were able to demon-
strate that K562 cells were not pres-
ent in the final product and that 
our irradiation procedure had been 
sufficiently validated on the K562 
cells. These requirements caused us 

to delay the implementation of this 
procedure by a few months and also 
involved identifying an external lab 
who could help us perform the pro-
liferation assays that the FDA had 
mandated.

GMP-applicable 
development of CB VSTs

To induce T-cell activation and 
expansion, viral antigen-derived 
peptides must be presented by anti-
gen-presenting cells (APC) express-
ing class I and II major histocom-
patibility complex antigens (MHC), 
as well as co-stimulatory molecules. 
Previous reports from CB have used 
EBV-LCL alone [25], dendritic cells 
and EBV-LCL transduced with an 
adenoviral vector [10], or CMV ly-
sate as antigens to generate VSTs 
[26]. There are, however, a few ob-
stacles to extending this approach 
in the CB setting. These include: 
(i) the limited numbers of CB T 
cells available for manipulation; (ii) 
the naivety of CB T cells; and (iii) 
lower cytotoxic activity and higher 
activation-induced cell death than 
peripheral blood T cells. As a result, 
the previous manufacture of CB-de-
rived multi-VSTs requires manufac-
turing times of 10+ weeks [10]. 

Targeting BK virus: beyond 
EBV, CMV & Adv

When addressing how to increase 
the breadth of viruses targeted by 
the T cells stimulated by our pro-
cess, we considered two options: i) 
re-engineer the adenoviral vector to 
express BK antigens; or ii) switch 
the entire process to overlapping 
peptides derived from specific anti-
gens of each virus and add BK virus. 
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While we had experience with the 
first option [27], engineering vec-
tors is timely and clinical grade vec-
tors can cost upwards of $300,000. 
Plus, our goal was to eliminate viral 
vectors. Therefore, we chose option 
2. However, this required working 
with a peptide company to make 
the peptides in a GMP-applicable 
manner (>90% purity) and also 
involved building the overlapping 
peptides based on antigens of in-
terest. Identifying the antigens of 
interest requires knowledge of the 
lifecycle of the virus, the immune 
response to the virus, and the con-
served regions of the virus. Based on 
these factors, we chose to target the 
BK proteins Large T and VP-1 [16].

Reducing manufacturing 
time & eliminating live virus 
in culture

The above studies however, still 
have the lengthy manufacturing 
time of over 3 months [10]. This 
delay is mostly due to using EBV-
LCL, which take upwards of 1–2 
months to culture and also requires 
the temporary cryopreservation of 
the CTL product after one stimu-
lation while the LCL expand. There 
were a number of ways to reduce 
the manufacturing time and to 
eliminate live virus. One option was 
to use artificial antigen presenting 
cells. However, since the HLA of 
each line will be different, the APCs 
had to be autologous (derived from 
the same CB unit) which limited 
the options to APCs that could be 
expanded from the cord blood it-
self, such as expanded B cells or T 
cells. To circumvent this, our group 
used autologous cord blood-de-
rived phytohemagglutinin (PHA) 
blasts (non-specifically activated 

T cells) with K562 cells modified 
to express costimulatory molecules 
(gmK562) as APCs [28] for second 
and subsequent stimulation. While 
this does not entirely eliminate the 
risk associated with this process 
since the K562 cells are genetically 
engineered, they were engineered 
without the use of a viral vector, 
which mitigates some of the risks 
associated with using viral trans-
duction. This simplified the process 
of generating APCs by eliminat-
ing the need for live virus (EBV) 
for LCL generation, eliminated 
viral vectors, and also reduced the 
manufacturing time from 60+ days 
to 30 days or less [16]. While the 
process was being improved, it was 
critical to track relevant in process 
parameters. Some of these param-
eters include: DC to T-cell ratio, 
phenotype of DCs or PHA blasts, 
ratio of PHA blasts, gmK562, and 
T cells, and cell density in the Grex 
device. Likewise, in-process testing 
was important to further charac-
terize the process. Some of the tests 
performed include: phenotype of 
dendritic cells, phenotype of PHA 
blasts, phenotype of initial cord 
blood product, and cell count and 
viability of T cells at each T-cell 
stimulation.

IDENTIFYING RELEASE 
CRITERIA FOR EACH 
CELLULAR THERAPY 
CANDIDATE
Release testing is a critical aspect of 
product release; determining safety 
parameters is crucial to protect the 
recipient’s health and ensure key 
GMP tenants of product safety, po-
tency, purity, and identity. Once the 
cell therapy product has been con-
ceived and evaluated preclinically, 
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the required release testing should 
be decided in collaboration with the 
Quality Assurance team based on 
the risks associated with the prod-
uct. In the case of the cord blood 
T cells, since the T cells will tech-
nically be allogeneic (donor direct-
ed might be a more accurate term, 
but the cells are derived from the 
cord blood unit that is also used to 
reconstitute the patient’s immune 
system), it is important to test the 
cellular therapy product for allore-
activity using a chromium release 
cytotoxicity assay with allogeneic 
(from the patient or a third party 
donor) PHA blasts as the target (Ta-
ble 2). 

Mycoplasma testing is also re-
quired because the cells are in cul-
ture for an extended period of time. 
Likewise, sterility tests for aerobic 
and anaerobic bacteria and fungus 
are required, as is endotoxin test-
ing. Given the number of potential 
products that could be concurrently 
cultured, there is also the potential 

for mix up of cell products. We cur-
rently employ a number of mech-
anisms to prevent this risk of cross 
contamination or mix up, but to 
test for it we also perform HLA 
testing of the product and com-
pare it to the HLA of the donor 
to ensure identity. Another test of 
identity and purity is flow cytome-
try. Since dendritic cells are used as 
APCs, the final product should not 
contain DCs and should also con-
tain a majority of T cells. Finally, 
viability is critical to the function of 
the cells and therefore viability is a 
release criterion tested before final 
release of the product. In the case 
of our program, cell products and 
supernatant are tested by our Im-
mune Testing & Characterization 
(ITC) laboratory. They also test 
product specificity by ELISPOT 
assay but this is for information 
purposes only. Potency assays such 
as the cytotoxicity assay, ELISPOT, 
or ELISA, though not required un-
til the start of Phase 3, should also 

f f TABLE 2
Examples of release testing of CB VSTs.

Test Testing facility Release criteria
Cell product viability GMP facility >70% viable
Mycoplasma 
(using MycoAlert)

Quality Control Lab (ITC) Negative

Endotoxin
(EndoSafe PTS)

Quality Control Lab (ITC) < 5.0 EU/mL

Cytotoxicity Quality Control Lab (ITC) <10% allogeneic killing at an effec-
tor:target ratio of 20:1

Flow cytometry Quality Control Lab (ITC) <2% CD3-/CD83+ (DCs)
<0.1%  CD32+/CD83+ within CD3-/
CD16_56+ gated pop.(gmK562)

Cell product sterility
Aerobic
(cultured for 14 days)
Anaerobic
(cultured for 14 days)
Fungal 
(cultured for 21 days)

Microbiology Lab
Negative @ 4 days

Negative @ 4 days

Negative @ 4 days

HLA typing Immunogenetics Lab Matched HLA identity between VSTs 
and donor 
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be considered. As discussed above, 
these tests are often performed in-
house but are also offered by com-
mercial entities.

TRANSLATING THE  
PRODUCT INTO A  
CLINICAL TRIAL: 
WRITING THE CMC & IND
Moving the product from the lab-
oratory to the clinic requires prop-
er planning and communication 
with the clinical development team 
and various regulatory committees. 
Every new drug/biologic therapy 
requires a sponsor (can be investi-
gator or commercial) to submit an 
Investigational New Drug (IND) 
application to the Food and Drug 
administration (FDA). The IND ap-
plication must include a cover letter 
with a brief explanation of the in-
tended study and the IND product 
details and reference to any existing 
INDs related to the study. Appro-
priate regulatory forms FDA15721, 
FDA1572 (Statement of Investiga-
tor), and FDA 3674 should be com-
pleted. The introductory statement 
(Section 5) and investigational plan 
(Clinical Protocol) must include 
the name of the drug and all active 
ingredients, the drug’s pharmaco-
logic class, structural formula, for-
mulation of dosage form, and route 
of administration. The investigator 
must provide broad objectives and 
planned investigations with a brief 
description of the overall plan for 
investigation of the drug in the next 
year. Good Clinical Practice (GCP) 
principals must be adhered to in the 
development, implementation and 
oversight of the clinical trial [29]. 
Any pharmacologic and toxicology 
data with previous human experi-
ence must also be included (Section 

8). It is also important to note that 
if the sponsor is also an investiga-
tor, there should be a separate and 
independent monitoring group to 
manage the conflict of interest.

The Investigator Brochure (IB), 
required for multi-site studies, 
contains a detailed description of 
the product, structural formula (if 
known) and formulation, summary 
of pharmacokinetic, pharmacolog-
ical and toxicological effects of the 
drug in animals, and to the extent 
known in humans, summary of the 
safety and effectiveness of the drug 
in humans. The Chemicals, Manu-
facturing and Controls (CMC) sec-
tion must contain information on 
the product, with labeling informa-
tion of the investigational drug and 
environmental analysis or request 
for categorical exclusion. Much of 
this information is included in the 
paragraphs below.

The IND is then submitted to the 
FDA and assigned to a review team. 
As of May 2018, commercial IND 
applications must be submitted us-
ing electronic common technical 
document (eCTD) format. eCTD 
is optional but encouraged for in-
vestigator-sponsored INDs and 
expanded-access INDs [30]. Once 
the submission is received, the re-
view team determines in 30 days if 
the study is ‘safe to proceed’ or will 
be placed on clinical hold. If a pro-
posed study is placed on a clinical 
hold, study participants may not re-
ceive any investigational products. 
Common grounds for imposition 
of the clinical hold are insufficient 
evidence to ensure human safety of 
the product, unsatisfactory qualifi-
cation of investigators, inaccurate or 
incomplete investigator’s brochure. 
The investigators can respond to 
the FDA and the hold is removed if 
the review team is satisfied with the 
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responses. While the IND applica-
tion is being reviewed (the timing 
of this can be institution depen-
dent), the investigator must submit 
the clinical protocol to the institu-
tional IRB simultaneously. This is a 
rigorous review process by different 
stakeholders that review the rigor of 
the science (scientific review com-
mittee), statistical plan (biostat re-
view), and ancillary reviews. Review 
and initial approval of the clinical 
protocol may take several months to 
upwards of a year depending on the 
review process at each site. Fund-
ing for the clinical trials must also 
be obtained simultaneously because 
once an IND is approved, the clini-
cal investigation must begin else the 
IND needs to be withdrawn. The 
US Code of Federal Regulations 
(CFR) Title 21 contains all the reg-
ulations for gene therapy products. 
In a recent report from the Office 
of Inspector General, about 87% 
of all subjects enrolled in recent bi-
ologics trials were enrolled outside 
the USA [31]. When a study is con-
ducted under an IND but is located 
outside the USA, the study must 
still comply with all relevant FDA 
regulations as if it were being con-
ducted within the USA. However, 
a Sponsor is not required to con-
duct a foreign clinical trial under an 
IND in order to use it as support 
for an IND. In such situations, the 
FDA accepts foreign clinical data 
as long as the study was conducted 
in accordance with Good Clinical 
Practice (GCP) and FDA is able 
to validate the data from the study 
through an onsite inspection. Read-
ers are referred to 21CFR312.20 for 
further details [32].

For the clinical trial discussed 
here, we proposed a Phase 1 dose 
escalation trial to determine the 
safety and feasibility of the CB 

VSTs in recipients of CBT. Al-
though we had a previous IND for 
CB VSTs, we added a new viral 
target (BK virus) and made other 
significant manufacturing changes 
that required us to submit a new 
IND. The clinical protocol con-
tained adequate rationale for using 
the product (VSTs). It described 
possible risks and side effects to 
be anticipated by pre-clinical data, 
justification for using the starting 
dose, route and frequency, and pri-
or human experience with VSTs 
from bone marrow and CB donors. 
Considerations were given to the 
toxicity of the product and a plan 
for safety monitoring and grading 
of adverse events using Common 
Terminology Criteria for Adverse 
Events (CTCAE) criteria for the 
patient population. The prima-
ry endpoint was determining the 
safety of the multi-virus VST and 
the maximum tolerated dose. Sta-
tistical considerations were given 
to the primary and secondary ob-
jectives with well-defined stopping 
rules. 

REGULATORY APPROVAL
As indicated above, regulatory ap-
provals from the institutional IRB 
and IND from the FDA are re-
quired before the trial can proceed. 
For any investigation, an informed 
consent must be obtained for each 
human subject to whom the in-
vestigational drug is administered, 
except in circumstances where 
clinical emergency research may be 
conducted without informed con-
sent as described in Guidance for 
Institutional Review Boards, Clin-
ical Investigators, and Sponsors: 
Exception from Informed Con-
sent Requirements for Emergency 
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Research [33]. Depending upon 
the type of cellular therapy prod-
uct, additional reviews may also be 
required such as institutional bio-
safety committee (IBC, for studies 
with deliberate gene transfer or 
potentially biohazardous agents), 
and the Recombinant DNA Advi-
sory Committee (RAC), which re-
views protocols using recombinant 
DNA. Of note, the IBC is at a local 
level and often interprets deliber-
ate gene transfer to include genetic 
modification of antigen presenting 
cells or other intermediaries, even 
if they are not in the final product. 
In our experience, the IBC process 
can cause unexpected delays and 
these potential delays should be 
taken into account when build-
ing the expected timeline for the 
protocol.

FINAL CLOSE OUT & PRO-
TOCOL IMPLEMENTATION 
IN THE MANUFACTURING 
FACILITY
Once the IND is approved, the spon-
sor can start manufacturing the prod-
uct. The clinical study must be regis-
tered with clinicaltrials.gov within 21 
days of the first enrolled patient. Be-
fore this happens, our manufacturing 
team will hold a close-out meeting 
with all relevant parties to ensure that 
all validations are finished, the Stan-
dard Operating Procedures (SOPs) 
have been released, staff have been 
trained, and there is a budget for the 
protocol. Once all of these compo-
nents are present, the PI, facility di-
rector, and quality assurance sign off 
on the close out form and the trial 
may proceed. All co-investigators and 
staff should also undergo appropriate 
protocol-related training prior to pa-
tient enrollment.

MONITORING EFFICACY 
OF INFUSED PRODUCTS: 
IMMUNE MONITORING & 
FOLLOW UP TESTING
Immune monitoring

After product infusion, follow-up 
whole blood samples are collected 
from patients at set time points in-
dicated in the protocol. In the case 
of CB VSTs, these samples allow 
investigators to monitor: i) T-cell 
effectiveness by analyzing the de-
cline in viral load over time; and 
ii) the long-term functionality and 
persistence of the infused T cells 
[34]. To address these variables, in-
vestigators can use a variety of tech-
niques. Molecular diagnostic assays 
such as PCR are highly sensitive, 
making them a key tool in deter-
mining the baseline viral load prior 
to treatment and for detecting min-
ute changes in viral load in response 
to treatment. Meanwhile, T-cell 
functionality and persistence can be 
tracked by several standard labora-
tory assays. Flow cytometry can be 
utilized to detect the longevity of 
infused cells and changes in pheno-
typical variances, while ELISPOT 
can be used to track a gain or loss 
of T cells specific for a given antigen 
[13,35]. Other assays to consider in-
clude deep T-cell receptor sequenc-
ing [36], Luminex multi-plex assays 
for profiling known or novel disease 
biomarkers or proteins, and novel 
PCR techniques for the detection 
and quantification of known genes. 

Documentation of patient 
samples

Documentation is integral to FDA 
compliance and traceability from 
the donor to the product and to the 
patient and back. It is an important 
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part of all release testing and Qual-
ity Control, result reporting, and 
follow-up processes. It is also appli-
cable in sample labels, worksheets 
and result reports, follow-up sample 
paperwork, product folders, as well 
as SOPs, standardized lab proto-
cols, and inventory tracking. For-
mal policies and procedures help 
ensure compliance and also provide 
a blueprint for how samples will be 
processed and tested, labeled, and 
stored. Specific examples of stan-
dardized documents include re-
sult reporting forms, protocols for 
handling and processing follow-up 
blood samples, and experimental 
protocols (i.e., molecular sequenc-
ing, ELISPOT, flow cytometry, etc). 
Importantly, laboratories should 
also include a follow-up blood sam-
ple acquisition form that includes 
the identity of the staff member 
receiving the sample, patient infor-
mation (coded if necessary), date 
and time of delivery and timepoint, 
sample integrity, and confirmation 
that proper labeling was included.

Standardized documents such as 
these are fundamental in clarifying 
universal language used within the 
laboratory setting, as well as process 
and sample tracking requirements. 
These documents are used to capture 
unique patient identifiers and data in 
a consistent format, as well as provide 
a means to train lab members in an 
accurate and uniform manner. Be-
fore implementation, standardized 
documents should be reviewed and 
approved by Quality Assurance to 
ensure they meet quality standards. 

Labeling & processing 
patient samples

Sample labels should include at 
a minimum: the patient’s unique 

identifier, the time point, the vial 
contents (i.e., plasma, PBMC, etc.), 
and the processing date. Other de-
tails, such as the sample’s intended 
usage (i.e., Luminex, PCR, etc.) 
and cell count, can also be includ-
ed according to needs. Each sample 
should also be documented on a 
processing worksheet that includes: 
the patient’s unique identifier, the 
time point, at least one copy of each 
unique sample label, the storage lo-
cation of the vials if freezing, where 
and how many fresh cells are used 
if not freezing, and other neces-
sary information. After processing, 
all samples should be documented 
in the follow up sample inventory, 
and all processing paperwork can 
be kept collectively in individual 
patient folders. All information on 
the sample labels and the processing 
paperwork should be corroborated 
by the inventory; any discrepancies 
should be immediately reconciled to 
ensure good clinical practice com-
pliance. Importantly, these databas-
es contain sensitive patient infor-
mation and appropriate precautions 
must be taken to prevent access to 
Patient Health Information; using 
files without strong password-pro-
tection or transferring these data to 
flash drives or personal computers is 
risky and should be avoided if possi-
ble. Institutional and protocol-spe-
cific policies must also be followed. 

CONCLUSION
The recently approved cell and gene 
therapy products Yescarta® and Ky-
mriah® were the result of collabo-
rations between a small number of 
academic centers and industry part-
ners. With the successful commer-
cialization of these drugs, the num-
ber of academic institutions and 
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small biotech companies pursuing 
cell and gene therapy has increased 
rapidly. Despite this rapid growth, 
the number of entities performing 
this work is outpacing the number 
of qualified personnel, from trained 
physician scientists to GMP facility 
directors to Quality Assurance staff. 
Additionally, these cell and gene 
therapy protocols require unique 
infrastructure that can often strain 
existing institutions. 

While many antigen-specific T 
cells have an established safety profile 
[37], CAR T products have been asso-
ciated with cytokine release syndrome 
[38], which requires exquisite care 
by trained clinicians. Hence proper 
planning and communication within 
the clinical development team as well 
as consultation with bench scientists 
and regulatory is essential. A realistic 
timeline must be implemented with-
out forgoing any of the steps required 
for the safe and ethical conduct of 
the cell and gene therapy trials. Giv-
en the novelty and uncertainties of 
upcoming new cell therapies, a full 

GMP-grade and regulatory-friendly 
product with a validated potency test 
may not be feasible in early stages of 
development but should be consid-
ered throughout the process. What’s 
more, investigator initiated trials are 
often iterative in nature [39,40]. The 
first Phase 1 might demonstrate safe-
ty with little sign of efficacy, but often 
there are biomarkers or hints of suc-
cess that direct the next Phase 1 study. 
This sort of development can take as 
long as 10 years and is common in the 
cell and gene therapy field, where cells 
can target multiple epitopes, be trans-
duced with activating or inhibitor 
receptors, and can even be combined 
with other therapies. The FDA will of 
course be present through all stages 
of this development and encourages 
early communication for prospective 
INDs.

In summary, by disseminating 
knowledge gained during our expe-
rience we hope to help other sites 
avoid similar mistakes and delays, 
resulting in better products being 
delivered to the clinic faster.
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Scale-up of a perfusion-based 
dendritic cell generation process
Andrew Kozbial, Hope Weinstein, 
Shashi K Murthy & Jennifer M Rossi

Scale up of dendritic cell production is a critical challenge that is infeasi-
ble with current static culture systems such as well plates, T-flasks, and 
bags. We have developed a fully enclosed, sterile cell culture system, 
called EDEN, that allows for continuous perfusion of fresh differentiation 
medium into the cell culture cartridge and simultaneous removal of de-
pleted medium. EDEN generated ca. 25 million immature dendritic cells 
(iDCs) per run with a yield, relative to seeded monocytes, of 20-30%. 
Immunophenotyping showed that EDEN generated iDCs were pheno-
typically similar to 6-well plate generated iDCs. Maturation of EDEN 
iDCs using a standard maturation cocktail was successful with upregula-
tion of CD80/83/86 and downregulation of CD209. Computational fluid 
dynamics simulations aided the EDEN cartridge design to ensure prop-
er differentiation medium perfusion. These results indicate that EDEN 
successfully generates clinically relevant numbers of iDCs in a single cell 
culture cartridge with fewer manual interventions compared to standard 
culture techniques.

Submitted for peer review: 11 Oct 2018 u Published: 18 Dec 2018

INTRODUCTION

Generating clinically relevant num-
bers of monocyte-derived dendritic 
cells (MO-DCs) for therapeutic use 

can be challenging for both for re-
search and clinical scale production. 
Standard well plate and T-flask cul-
ture is a cumbersome process with 
many manual steps that expose the 

cell culture to the outside environ-
ment. Each manual step requires 
exposing the cell culture to the 
outside (aseptic) environment and 
requires intervention by a highly 

STRATEGIES FOR SCALE-UP 
& SCALE-OUT
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trained technician, consuming valu-
able time and resources in the rap-
idly expanding field of cell therapy 
production. Although the manual 
steps are performed aseptically in a 
laminar flow hood, there are numer-
ous safety and contamination con-
cerns such as patient sample mix-up 
and misidentification, exposure to 
unknown contaminants inside the 
laminar flow hood (e.g., particu-
lates and bacteria/fungus resistant 
to standard sterilization techniques 
such as 70% ethanol), and acciden-
tal exposure of culture to a septic 
environment [1]. Furthermore, nu-
merous well plates are required to 
generate sufficient DCs for a single 
therapeutic dose. Alternative DC 
generation vessels include T-flasks 
and bags which reduce the number 
of culture vessels compared to well 
plates but also have the same inher-
ent issues above as well as low DC 
yield in bags. Immature DC yield in 
static culture vessels ranges from ca. 
4–41% in gas-permeable bags when 
MOs are positively selected. This 
range is also expected for well plates 
and T flasks and is dependent on 
culture conditions and donor [2–7]. 
Scale-up of manual DC generation 
techniques is generally not feasible 
aside from adding more culture ves-
sels to the workflow.

Dosing regimens for DC vac-
cines vary widely between the type 
of study being conducted and the 
targeted disease; however, most DC 
vaccine regimens require >100 mil-
lion autologous DCs per patient. 
Each therapeutic dose is adminis-
tered at least 3 times, thus requiring 
30–50+ well plates or numerous T 
flasks for a single patient. It is dif-
ficult to ascertain the exact num-
ber of well plates or flasks required 
for generating DCs from a single 
patient because this is dependent 

upon precursor cell (peripheral 
blood mononuclear cell (PBMC) or 
MO) seeding density, cytokine con-
centration, and final yield of gener-
ated DCs which are often times not 
specified. It is also well known that 
generating DCs from PBMCs or 
MOs of cancer patients often times 
leads to lower DC yields than gen-
erating DCs from healthy donors.

Carreno et al. investigated a mel-
anoma DC vaccine regimen of 135 
million DCs in the priming dose 
followed by two additional doses of 
45 million DCs. The DCs were cul-
tured from peripheral blood MOs 
for 6 days in tissue culture flasks fol-
lowed by maturation for 24 hours 
in new flasks [8–11]. Mitchell et al. 
investigated a glioblastoma DC 
vaccine regimen of four bi-weekly 
doses followed by at least six subse-
quent monthly doses of 20 million 
DCs per dose. The DCs were cul-
tured from peripheral blood MOs 
for: (a) 5 days in tissue culture flasks 
followed by 3–4 days of maturation 
in the same flasks or (b) 7 days in 
tissue culture flasks followed by 
16–20 hours of maturation in new 
flasks [12,13]. Additionally, these 
protocols typically involve supple-
menting the cell culture with fresh 
differentiation medium multiple 
times during DC generation. It’s 
important to note that these are two 
examples of clinical DC dose regi-
mens and other regimens have been 
evaluated [14,15].

To address sterility, contamina-
tion, and workflow issues associated 
with DC generation, we developed 
the MicroDEN system for smaller 
scale DC generation. This auto-
mated cell culture system continu-
ously perfuses fresh medium into a 
culture vessel while simultaneously 
removing depleted medium [16]. 
The aseptic design of MicroDEN 
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allows for fresh complete medium 
(base medium + cytokines) to be 
added into an inlet bottle that feeds 
to a peristaltic pump, through the 
culture vessel, and out into a waste 
bottle. Aseptic medium addition 
to the inlet bottle is achieved using 
Luer activated valves (LAVs) and 
stopcocks that are simply wiped 
clean with a standard alcohol wipe; 
this technique is heavily utilized in 
intravenous (IV) lines and anesthe-
sia administration. Medium refresh 
is achieved using the same aseptic 
procedure. Aseptic cell seeding and 
harvesting is also incorporated to 
ensure sterility and minimize con-
tamination sources of the final DC 
product. MicroDEN was designed 
to generate DCs on the scale of well 
plates and T-flasks, but scaleup is 
generally not feasible. 

Using MicroDEN technology as 
a basis for workflow, we have de-
veloped an automated cell culture 
system for aseptically generating 
therapeutically relevant numbers of 
immature DCs (iDCs) in a single 
cell culture cartridge, called EDEN 
(Figure 1). A peristaltic pump pro-
vides continuous perfusion of fresh 
medium into the culture vessel at 
8 mL/min per inlet along with re-
moval of depleted medium into a 
waste reservoir. Similar to Micro-
DEN, transfer of fresh medium, 
removal of depleted medium, cell 
seeding, and iDC harvesting are 
performed aseptically. The stop-
cocks on the cartridge allow for 
air exchange when the cartridge is 
being seeded with cell solution or 
harvested. Stopcocks on the bottles 
allow for sterile transfer of differen-
tiation medium to fill the inlet bot-
tle and remove the waste from the 
outlet bottle. This setup allows for 
the tubing and cartridge system to 
remain sterile from setup to harvest 

without having to break the sterile 
seal of the system. EDEN was de-
signed as a completely enclosed, 
sterile iDC generation system for 
producing iDCs on a clinical scale, 
effectively eliminating the need for 
numerous well plates (or T-flasks/
bags), ensuring a sterile and partic-
ulate free culture system and reduc-
ing technician time in maintaining 
cell culture.

MATERIALS & METHODS
PBMC isolation & monocyte 
enrichment

Peripheral blood mononuclear cells 
(PBMCs) were isolated using Fi-
coll-Paque (GE Healthcare) from 
whole blood purchased from Ste-
mExpress. The whole blood was 
drawn and processed on the same 
day. Isolated PBMCs were cryo-
preserved at 50–60 million PB-
MCs/mL in CryoStor CS10 and 
remained in cryopreservation for at 
least 7 days prior to resuscitation. 
Monocytes (MOs) were enriched 
from resuscitated PBMCs using 
Miltenyi CD14 MicroBeads and 
two LS column passes to obtain a 
MO purity >95%. Enriched MOs 
from a single donor were suspended 
in 122 mL differentiation medium 
and seeded into the EDEN car-
tridge. Each experiment used MOs 
from a different donor.

Differentiation medium

RPMI 1640 (Gibco 11875119) 
was supplemented with 10% heat 
inactivated-fetal bovine serum (HI-
FBS; MilliporeSigma F2442), 1% 
penicillin-streptomycin (P/S; Gibco 
15140122), 500 U/mL IL-4 (R&D 
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Systems 204IL), and 500 U/mL 
GM-CSF (R&D Systems 215GM). 

EDEN cartridge & fluidic 
system

The EDEN cell culture cartridge 
was fabricated from commercially 
available polystyrene and acrylate 
cut using an Epilog Zing 16 laser 
system and assembled using 3M 
966 Adhesive Transfer Tape. The 
polystyrene base was plasma treated. 
The cartridge has an internal surface 
area of 383.6 cm2, volume of 122 
mL, and measures 21.0 cm x 21.0 
cm x 0.317 mm (length x width x 
height). Table 1 shows the number 
of MOs seeded. Eight inlet ports 
around the perimeter allow fresh 
differentiation medium to perfuse 
into the cartridge and a single out-
let port at the center allows deplet-
ed medium to be removed from the 
cartridge.

The fluidic system consisted of an 
inlet bottle for fresh differentiation 

medium, peristaltic pump, and 
outlet bottle for collecting efflu-
ent from the cartridge. An Ismatec 
IPC-N peristaltic pump was used 
with PharMED BPT tubing to 
maintain continuous perfusion of 
fresh differentiation medium at 
8.0 mL/min/inlet. Silicone tubing 
was connected between the peri-
staltic tubing and cartridge inlet 
to facilitate gas exchange between 
the medium and ambient environ-
ment maintained at 37ºC and 5% 
CO2 inside a Thermo Forma incu-
bator. Silicone tubing was also used 
at the outlet port where perfusion 
flow rate was 64 mL/min. Effluent 
collected in the waste reservoir was 
centrifuged to determine if cells 
were washed out of the cartridge 
due to perfusion; no cells were ob-
served in the effluent indicating that 
generated iDCs remain inside the 
cartridge and perfusion flow rate is 
not high enough to resuspend cells 
residing at the polystyrene base. 285 
mL of fresh differentiation medium 
was added to the inlet reservoir at 

ff FIGURE 1
The EDEN automated fluidic system generates monocyte-derived immature DCs (MO-iDCs). 

The inlet bottle supplies fresh differentiation medium which is continuously perfused by the pump into the EDEN cell culture cartridge 
at 8 μL/min/inlet. Waste medium from the cartridge is perfused into the outlet bottle. (A) Functional EDEN prototype. (B) 3D printed 
EDEN instrument with EDEN cartridge and associated consumables which include inlet and outlet bottles, tubing, and cartridge.
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startup (Day 0) and Day 3 to main-
tain perfusion throughout the 6-day 
differentiation. Cells were harvested 
by collecting the cell solution and 
washing the cartridge 2x with cold 
DPBS. Adherent cells after the two 
DPBS washes were not collected.

6-well plate control

A Corning Costar 6-well plate 
(3516) was used as a static control 
for iDC generation. Each well con-
tained 2.5 mL differentiation me-
dium and empty wells were filled 
with 3.0 mL DPBS. Table 1 shows 
the number of MOs seeded. 1 mL 
fresh differentiation medium was 
added to each well on Day 3. Cells 
were harvested by collecting the cell 
solution and washing each well 2x 
with cold DPBS. Adherent cells af-
ter the two DPBS washes were not 
collected.

Immature DC maturation

Maturation was conducted on the 
MicroDEN system at 3.5 mL/min 
perfusion using a small version Mi-
croDEN cartridge that was 17.4 cm2 
and held 5.5 mL maturation medi-
um. Maturation medium consisted 

of RPMI 1640 supplemented with 
10% heat inactivated-fetal bovine 
serum (HI-FBS; Millipore Sigma 
F2442), 1% penicillin-streptomycin 
(P/S; Gibco 15140122), 2 ng/mL 
IL-1β (BD Biosciences 554602), 
1000 U/mL IL-6 (BD Biosciences 
550071), 10 ng/mL TNF-α (Mil-
liporeSigma 11088939001), and 
1 mg/mL PGE2 (MilliporeSigma 
P6532). Immature DCs from the 
EDEN 1 experiment were seeded 
at 422,200 iDCs/cm2 and allowed 
to mature for either 1 day or 3 days 
in an incubator at 37ºC and 5% 
CO2. The cells were harvested using 
2 cold PBS washes as described in 
[16].

Immunophenotyping

An ACEA Biosciences NovoCyte 
flow cytometer was used for im-
munophenotyping of harvested 
iDCs. Panel A tested viability (LIVE/
DEAD Fixable Green Dead Cell 
Stain; Invitrogen L34970), CD209 
(R&D Systems FAB 161P100), 
CD14 (Abcam ab157312), and 
CD45 (R&D Systems FAB1430A). 
Panel B tested CD80 (BD Biosci-
ences 557226), CD83 (BD Biosci-
ences 556855), CD86 (BD Biosci-
ences 561128), and CD45; viability 

f f TABLE 1
Differentiation data for iDC generation in EDEN and 6-well plates.  

Culture 
Vessel

MOs 
seeded
(x106)

Seeding 
density

(MOs per cm2)

Cells 
harvested

(x106)

Viable
CD45+ 

cells

iDCs
CD209+

CD14-

Viable iDCs
harvested

(x106)

iDC
yield

EDEN 1 114.3 300,200 26.7 98.3% 94.9% 24.9 21.8%
EDEN 2 78.3 205,700 25.8 96.2% 94.9% 23.6 30.1%
6-well 
plate 1

3.48 366,000 1.17 95.4% 96.8% 1.08 31.0%

6-well 
plate 2

1.74 183,000 0.47 94.1% 97.8% 0.43 24.7%

Phenotype data is shown in Figure 4.
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was not included due to limited 
detection channels. Panel C tested 
CD80, CD83, CD86, and CD209 
(R&D Systems FAB161A). Gates 
were set using a CD209 isotype 
control (IgG2b-PE R&D Systems 
IC0041P and IgG2b-APC R&D 
Systems IC0041A) and fluores-
cence-minus-one (FMO) controls.

Flow cytometry gating 
strategy

Large cells were gated in the SSC-A/
FSC-A plot followed by single cells 
in a FSC-A/FSC-H plot. Panel A: 
viable/CD45+ cells were gated then 
CD14/CD209 was plotted to de-
termine MO or iDC percentage. 
Panel B: lymphocytes were gated on 
a CD45 histogram. Then CD80/83 
and CD80/86 was plotted to de-
termine iDC phenotype. Panel C: 
DCs were gated on a CD209/80 
plot followed by a CD83/86 plot 
on either the CD209+/80+ or 
CD209+/80- cells.

RESULTS & DISCUSSION

Computational fluid dynam-
ics (CFD) simulations

Computational fluid dynamics 
(CFD) simulations in COMSOL 
Multiphysics software were utilized 
in designing EDEN to understand 
how medium flows within the car-
tridge. Water at 37ºC was used to 
simulate differentiation medium. 
The cartridge was initially filled 
with plain water without cytokines. 
In practice, the cartridge is filled 
with differentiation medium con-
taining cytokines; however, initial-
ly filling the cartridge with plain 
medium (water) allows cytokine 

convection to be visualized since 
cytokine diffusion is extremely low 
(9216 mm2/day) [17–19] and con-
vection is the driving force behind 
the cytokine gradient. Water con-
taining 1.16 mol/m3 (500 U/mL) 
R&D Systems IL-4 was perfused 
into the cartridge at 8.0 mL/min/
inlet and exited through the outlet 
at the cartridge center. Cytokine 
consumption/depletion was not 
factored into this analysis since we 
were interested in determining op-
timum medium flow of fresh differ-
entiation medium. Figure 2A shows 
the cartridge flow channel, which 
describes the volume within the car-
tridge that medium flows. IL-4 cy-
tokine concentration was modeled 
on the lower polystyrene surface of 
the flow channel where the cells re-
side on the cartridge base, as depict-
ed by the purple surface in Figure 
2B. Streamlines and gauge pressure 
due to perfusion are shown in Figure 
2C and Figure 2D, respectively. IL-4 
concentration gradient is shown in 
Figure 3 for each 24-hour period of 
perfusion.

These CFD data were critical in 
designing a cartridge which suffi-
ciently allowed perfused medium 
to spread throughout the cartridge. 
Cytokine concentration and stream-
line data shows that at 8.0 mL/min/
inlet laminar flow, the cartridge is 
split between eight regions. Each 
region is replenished with fresh 
differentiation medium after ca. 4 
days. Initial CFD simulations indi-
cated that dead zones formed at the 
location of the v-shaped notches, 
thus these notches were added to 
eliminate the dead zones and facili-
tate desired fluid flow. The eight cy-
lindrical pillars within the cartridge 
support the upper acrylic surface. 
Before these were added, slight sag-
ging of the acrylic was observed and 
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the acrylic was supported by me-
dium within the cartridge which 
would cause unnecessary pressure 
within the cartridge that may af-
fect the cells. Thus, these features, 
i.e., the notches and pillars, were 
added to alleviate the dead zone 
and pressure concerns resulting in 
the final EDEN cartridge design 
that sufficiently aided perfused me-
dium to flow within the cartridge 
without causing undesired pressure 
gradients.

Immature DC generation

Two iDC generation experi-
ments were conducted in which 
114.3 million and 78.3 mil-
lion MOs were seeded into the 
EDEN cartridge. After 6 days 

differentiation, 24.9 million and 
23.6 million iDCs were harvested 
from each cartridge. The num-
ber of viable iDCs harvested was 
calculated by multiplying total 
cells harvested by viable/CD45+ 

cells by iDCs (CD209+/14-). IDC 
yield (normalized to the number 
of MOs seeded) was calculated 
as the number of iDCs harvested 
divided by the MOs seeded and 
was 21.8% and 30.1% for the 
two EDEN experiments. 6-well 
plate controls show that iDC 
yield was similar to EDEN, where 
the well plate had a higher yield 
than EDEN in experiment 1 and 
a lower yield in experiment 2. Ti-
tration of MO seeding density is 
necessary to optimize iDC yield in 
EDEN. Tabulated data are shown 
in Table 1.

ff FIGURE 2
EDEN fluid flow simulations. 

(A) The EDEN cartridge flow channel. (B) The polystyrene surface (purple) at the base of the EDEN cartridge where the cells reside. 
(C) Streamlines due to perfusion within the EDEN cartridge. (D) Gauge pressure due to perfusion within the EDEN cartridge.
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Immature DC phenotype

Immunophenotyping of generated 
iDCs are shown in Figure 4. EDEN 
and 6-well plate generated iDCs are 
phenotypically similar after 6 days 
of differentiation. The iDCs are 
CD209 (DC-SIGN)+, CD14-, and 
exhibit low expression of CD80/83 
as expected for MO derived iDCs 
[20–22]. CD86 expression on 
EDEN 2 iDCs was unexpectedly 
high as this level of expression is 
typically expected on mature DCs. 
Dissolved proteins in fetal bovine 
serum (FBS) supplemented into 
the base medium may be a possi-
ble explanation for this irregular 
expression since FBS is animal de-
rived and its composition cannot be 
strictly controlled [23]. Addition-
ally, contaminating proteins in the 
cartridge, since it was hand built in 

the lab, could also explain this high 
expression [24]. Greater than 99.7% 
of the cells were CD45+ in the Panel 
B histogram (not shown). This pro-
tein expression profile for EDEN 
generated iDCs demonstrates the 
efficacy of EDEN in generating 
clinically relevant numbers of DCs 
that are phenotypically similar to 
well plate generated iDCs. 

Immature DC maturation

Immature DCs generated in EDEN 
1 were subsequently matured in a 
MicroDEN cartridge for either 1 
day or 3 days. 7.31 million iDCs 
were seeded into each MicroDEN 
cartridge (422,200 iDCs/cm2) and 
5.7 million (1 day maturation) and 
3.4 million (3 day maturation) ma-
ture DCs (mDCs) were harvested, 

ff FIGURE 3
Cytokine perfusion into the EDEN cartridge. 

The cartridge is initially filled with water (medium) without cytokines. Cytokines perfuse into the cartridge at the 8 inlet ports at 1.16 
mol/m3 (IL-4), flow through the cartridge driven by perfusion, and flow out through the outlet port at the center. In practice, the 
EDEN cartridge is filled with medium containing cytokines. The data is taken at the lower surface of the flow channel as indicated in 
Figure 2B.
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for a yield of 77.8% and 46.5%, 
respectively. Yield was calculated as 
the number of seeded iDCs divided 
by the number of harvested mDCs. 
Maturation results are tabulated in 
Table 2 and immunophenotype is 
shown in Figure 5.

Interestingly, both CD209 mark-
ers (Panel A and Panel C) showed 
a slight decrease of CD209 expres-
sion after 1-day maturation of iDCs 
and a significant decrease of CD209 
expression after 3 days maturation. 
The low mature DC (mDC) yield 
for 3-day maturation was due to 
the decrease of CD209 expression 

of these cells. The CD209- popu-
lation decreased from ca. 5% for 
iDCs and 1-day matured mDCs 
to 30% for 3-day matured DCs. 
CD80 expression increased from 
ca. 10% for iDCs to 44% for 1-day 
maturation; whereas, 3-day matu-
ration yielded 56% CD80+ cells of 
which only 20% were also CD209+. 
CD80 expression is generally 
low on iDCs and upregulated on 
mDCs, indicating successful matu-
ration [20–22,25]. Both CD80+ and 
CD80- mDCs strongly expressed 
CD83 (>90%) after 1-day matu-
ration. After 3 days maturation, 

ff FIGURE 4
Phenotype of EDEN and 6-well plate generated iDCs differentiated from MOs for 6 days. 

Labels above the figures indicate the gates from which the plots derive. WP: Well plate.
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CD83 was expressed on 80% of 
CD80+ mDCs but only 65% of 
CD80- mDC. CD86 expression was 
greatest for CD80+ mDCs for both 
1- and 3-day maturation with 68% 
and 84% of the mDCs expressing 
CD86. CD80- mDCs significantly 
lower level of CD86 expression, ca. 
40% for both 1- and 3-day matu-
ration. Collectively, these results 
indicate that maturation duration 
significantly affects phenotype and 

yield of mDCs for the experimen-
tal conditions studied. We caution 
against concluding that 1-day mat-
uration is optimal since function of 
matured DCs and cytokine excre-
tion should be evaluated in a mixed 
lymphocyte assay (MLA).

Maturation of iDCs can take 
place in the same EDEN cartridge 
as MO differentiation by perfus-
ing maturation medium into the 
cartridge; however, we decided to 

ff FIGURE 5
IDC and mDC phenotype from EDEN 1. 

Immature DCs were generated in EDEN then seeded into MicroDEN for 1 or 3 days maturation. Labels above the figures indicate the 
gates from which the plots derive.

f f TABLE 2
Maturation data for EDEN 1 generated iDCs. 

Experiment iDCs 
seeded
(x106)

Seeding 
density

(iDCs per 
cm2)

Cells 
harvested

(x106)

Viable
CD45+ 

cells

mDCs
CD209+

CD14-

Viable 
mDCs

harvested
(x106)

mDC 
yield

1-day 
maturation 7.31 422,200 6.24 96.3% 94.6% 5.7 77.8%

3-day 
maturation 7.31 422,200 5.30 92.1% 69.6% 3.4 46.5%

Maturation was performed in a small version MicroDEN cartridge. Phenotype data is shown in Figure 5.
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harvest iDCs from the EDEN car-
tridge to allow for counting and 
immunophenotyping of generat-
ed iDCs. One option is to perfuse 
maturation medium directly into 
the EDEN cartridge without har-
vesting the iDCs. A second option 
is to harvest the iDCs, resuspend 
in maturation medium, and reseed 
into the EDEN cartridge. A third 
option, the path we chose for this 
work, is to harvest generated iDCs 
from the EDEN cartridge, resus-
pend in maturation medium af-
ter counting cells and removing 2 
million DCs for phenotyping, and 
seeding into a smaller MicroDEN 
cartridge for 1 or 3 days matura-
tion while perfusing maturation 
medium. The desired workflow will 
depend on user requirements, e.g., 
obtaining iDC cell count, tailoring 
maturation cocktail to the number 
of iDCs, and iDC concentration/
seeding density for maturation.

Production of therapeutically 
active DCs in EDEN

Bespoke production of therapeuti-
cally active DCs follows the same 
general outline regardless of the 
targeted disease. The exact protocol 
will depend upon the desired char-
acteristics of the DCs and EDEN 
is designed to be easily integrated 
into current vaccine production 
protocols. The MicroDEN can be 
used to optimize differentiation, 
maturation, and peptide pulsing 
conditions before advancing to 
larger-scale therapeutically active 
DC generation in EDEN. It is rec-
ognized that monocyte enrichment 
(e.g., via elutriation or magnetic 
beads) must precede DC genera-
tion in EDEN and some manual 
handling is required to perform the 

DC generation process in EDEN; 
however, with sterile transfer-com-
patible consumable design, the en-
tire process can be carried out in a 
closed format.

The following is an example 
workflow incorporating EDEN for 
generating therapeutic DCs. Fig-
ure 6 shows how EDEN is used in 
the three major steps alongside im-
munological markers for iDCs and 
mDCs:

1.	 CD14+ MOs are cultured with 
IL-4 and GM-CSF for 5–10 days 
to generate iDCs. These iDCs 
will be CD14- and CD209 (DC-
SIGN)+. Few cells will express 
CD80/83 while a greater number 
of cells will be CD86+;

2.	 Immature DCs are either 
(a) harvested from EDEN, 
resuspended in maturation 
medium, and seeded back 
into the EDEN cartridge or a 
MicroDEN cartridge depending 
on the desired cell concentration 
during maturation or (b) left 
within the EDEN cartridge (i.e., 
not harvested) and maturation 
medium is perfused into the 
cartridge;

3.	 Immature DCs are matured for 
typically 1–2 days in maturation 
medium followed by peptide 
pulsing of typically 2–24 hours 
[8,13,26]. The mDCs express 
CD80/83/86 and have lower 
expression of CD209 compared 
to iDCs. Once the mDCs are 
pulsed with the target peptide(s), 
the DCs are considered 
therapeutically active. Figure 6B 
depicts cells being transferred 
from an EDEN cartridge to 
a MicroDEN cartridge for 
maturation and peptide pulsing;
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4.	 The therapeutically active DCs 
are transferred from either the 
MicroDEN cartridge (Figure 6C) 
or the EDEN cartridge into a 
harvest bag. 

CONCLUSIONS
EDEN was developed for GMP pro-
duction of therapeutically relevant 
numbers of iDCs in a single cell cul-
ture cartridge that is fully enclosed and 
unopen to the outside environment. 
Computational fluid dynamics simu-
lations aided the design of the EDEN 
cartridge to ensure that perfused 
medium flowed properly through-
out the cartridge and cytokines were 

sufficiently replenished. Fresh differ-
entiation medium was continuously 
perfused into the cartridge and de-
pleted medium was concomitant-
ly removed. Phenotype expression 
and yield of MO-iDCs was similar 
between EDEN and 6-well plate 
controls. Immature DCs were sub-
sequently matured in a MicroDEN 
cartridge and exhibited standard 
upregulation of CD80/83/86 and 
downregulation of CD209. These 
results show that EDEN successfully 
generates 20–25 million iDCs with a 
20-30% iDC yield at the conditions 
tested and demonstrate that EDEN is 
a viable option for scaling-up GMP 
production of therapeutically active 
dendritic cells.

ff FIGURE 6
EDEN workflow for generation of DC immunotherapy. 

(A) Enriched MOs are cultured in differentiation medium for 6 days in EDEN to generate immature DCs. (B) Immature DCs are 
transferred to a MicroDEN cartridge and cultured in maturation medium for 1 day to generate mature DCs. The mDCs are pulsed 
with targeted peptides to generate therapeutically active DCs. (C) The therapeutically active DCs are transferred into a harvest bag 
then transferred to Fill/Finish for quality control and preparation before patient infusion. Immature and mature DC markers shown 
were used in this study and are traditional DC identifying proteins. There are other markers which can be used to phenotypically 
classify peripheral blood monocyte-derived DCs. 
*CD1a, CD11c, HLA-DR, CD45 are expressed by both immature and mature DCs. 
#There are numerous other cocktails that can be used for maturing iDCs. 
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Critical considerations for allogeneic 
cell therapy scale up

SHARON GRIMSTER joined ReNeuron in 2013 and was subsequent-
ly appointed as General Manager of the Wales facility in September 2014. 
Sharon has significant experience in pharmaceutical development, and she 
has particular expertise in ATMPs, project management, biologics develop-
ment and manufacturing. Prior to working at ReNeuron, Sharon held senior 
team roles at Celltech, Antisoma and F-star, and has had responsibility for a 
range of development functions, including project management, regulatory 
affairs, manufacturing, quality and general operations. Sharon qualified as a 
coach at the Henley Business School and has a BSc from the University of 
Leicester and a Diplomas in Immunology and in Management Studies. She 
is also a Fellow of the Royal Society of Biology and an active member of a 
number of significant industry committees.

QQ What are some of your key priorities for the year 
ahead at ReNeuron?

SG: ReNeuron is going through a very exciting stage at the mo-
ment. We’ve got three key product platforms in our portfolio. 

One is CTX, a conditionally immortalized cell line, which is currently 
being investigated in a Phase 2b study in stroke.

The second programme is our human retinal progenitor cell product, 
which is a multi-donor product being used in a clinical programme for 
retinitis pigmentosa.

And thirdly, we have exosomes, which is a platform that is expanding 
rapidly at the moment. Exosomes are extracellular vesicles, which are se-
creted by stem cells. They have interesting characteristics of their own: I’ve 
heard it said about exosomes that it’s the way cells talk to each other – we 
just haven’t learned to listen yet, and I think that’s a very helpful way to 
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look at it, the biological knowledge in this area is expanding rapidly. There’s 
huge potential in exosomes and we have a lead position in the field. The 
CTX cell line is a very good producer of a consistent exosome population, 
and so we are able to produce large amounts of exosomes just by virtue of 
harvesting the spent media from our CTX cell production. We have also 
developed the purification process and the accompanying analytics, so we 
are in a great position to further exploit this technology.

So we have three platforms and we’re very active in the clinical trials 
stage at the moment, treating more patients than we’ve ever treated before 
in the 20-year history of the company. Clearly, that puts a lot of demand 
on the CMC team, both in terms of making materials for the current stud-
ies and also preparing the cell banks and the Drug Product and the data 
packages for the next phase of clinical trials. We are fortunate to have an 
excellent experienced team at ReNeuron who are delivering on this.

QQ Cell and gene therapy manufacturers adopting 
methods, technologies and strategies from the wider 
biopharma sector can sometimes polarize opinion. As 
someone who worked through those formative years 
for the mAbs field, what are the key elements of that 
experience that you bring to bear at ReNeuron? 

SG: I certainly do bring a lot from my background into what I 
do, and I think one of the things that attracted me to the cell and 
gene therapy side was that need to work from first principles – to 
maybe borrow elements from prior experience with other biolog-
ics, but without taking a ‘cookie-cutter’ approach, as ATMPs are 
very different from traditional biologics and there is much less of 
a platform approach in the industry. The differences are usually driven 
by the science behind the technologies.

I think applying the key requirements and concepts of pharmaceutical 
development and GMP is important, but applying these basic principles 
whilst making them specific to your process is what really matters. It’s often 
the things that appear simple that end up complex for ATMPs like aseptic 
manufacturing, supply chain control, practicalities such as mixing and cell 

counting, as well as operator train-
ing, and reducing the potential for 
human error. 

But perhaps it’s the fact that I was 
involved in the very early stage of bi-
ologics which makes me feel more 
comfortable being involved in the 

“There’s huge potential in exosomes 
and we have a lead position in the 

field.” 
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early stages of cell therapy. My experi-
ence has been at the front end of new 
technology more than in very large-
scale, established technology areas. So 
I think that’s probably why I feel we’re 
using the same basic toolbox to think 
through what we’re trying to do from 

first principles, and to design programmes, processes and analytics accordingly.
I do think, for this reason, that it’s a significant challenge for CMOs in 

this space. There are a limited number of good CMOs currently and many 
of these are expanding rapidly and they are bringing in people with bio-
pharma experience, who are often more used to defined platforms, and the 
ability to aseptically filter products at the end of the process.

One vital learning to borrow from early biologics is that it’s key to have a 
very close relationship with your contract manufacturers, and to treat it as a 
partnership as far as you can, notwithstanding the fact that the two parties 
have different commercial needs. For example, our Chief Medical Officer 
will visit our contract manufacturers to talk to them about the programmes 
from the clinical perspective: how the team in the CMO has the potential to 
benefit patients. At the early stages of development, it’s about partnering with 
the CMO to achieve the delivery of products to patients to establish whether 
the product is efficacious, The partnership then develops to minimise Cost of 
Goods, which will become a more significant aspect at a later stage. 

QQ With ReNeuron’s lead CTX platform therapeutic 
candidate now approaching late-phase clinical 
development, what are the key specific areas of focus 
for you in scale-up terms? 

SG: We are just completing a work programme that was fund-
ed by an Innovate UK grant, which we called CelltoSell, and that’s 
been about developing a platform approach as far as we can for 
our CTX and hRPC processes as they move into later stage devel-
opment. We worked with Loughborough University, Roslin Cell Thera-
pies and the Cell and Gene Therapy Catapult as part of the grant.

Both the CTX and hRPC platforms are allogeneic, so we’re focused on 
scaling up to large batch sizes of the same cells. We’ve looked at what steps 
the two processes have in common – at what we could combine in a sort of 
‘semi-platform’ approach, albeit one involving two very different technolo-
gies. We took this approach because it will make the manufacturing of the 
portfolio more efficient on a number of levels both while we are working 
with CMOs and also when we establish our own manufacturing facility. 

“It’s often the things that appear 
simple that end up complex for 

ATMPs...” 
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We’ve been exploring the extent to which we can get the analytics, supply 
chain and some of the cell growth steps to be similar, and yet optimised for 
each distinct process.

That work under this grant has gone very well and is just now coming to 
a close. In addition to the bioprocess steps and the analytical toolkit, we’ve 
been able to explore other elements such as the supply chain – the dual 
source and qualification of different materials, for example.

So we’ve make some great achievements in terms of reducing Cost of 
Goods, improving analytics and scaling these processes. We looked at both 
2D and 3D, and 2D gives us sufficient scale to satisfy commercial demand, 
so this is our approach going forwards. 

We do also have some good data with 3D, but that’s going to take a little 
bit longer. We see that as a follow-on option to potentially further reduce 
Cost of Goods in the long-term – we will continue progressing 3D in the 
background as part of our technology development programme.

With comparability, again, we take an appropriately holistic approach 
– relating to comparability in terms of all aspects of the process and the 
analytics. We think through the preclinical evidence we have for these 

products and how we expect that 
to translate into meaningful clinical 
endpoints for patients to determine 
what analytics can best predict that 
clinical response, and how we can 
make that into assays that can be 
validated.

For potency assays, regulators need to see that link from preclinical to 
clinical with assays that can be validated. From a practical product point of 
view, it is good to have that as early on in development as possible.

What we’ve learnt from our CTX cell line, we apply broadly to our 
hRPC product, which is in earlier stage trials – so we’re very much learning 
from one product to the other. And above all, we recognise that we must 
take a holistic and comprehensive approach. I’ve heard it said that com-
parability is like looking through the windows into someone’s house and 
trying to find out all about their life from that single snapshot. You only get 
a snapshot of each view, each method, each approach you take, so you have 
to look across everything – supply chain, analytics and process. 

QQ Can you go a bit deeper on ReNeuron’s approach to 
ensuring manufacturing of your allogeneic cell line, 
CTX, is scalable up to the sort of commercial levels 
necessary for a lead indication (stroke) with such a 
large global patient population?

“The current trend with facilities 
is for well sized, empty rooms and 

flexible space and I think that’s key...” 
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SG: Unlike the majority of cell and gene therapy products to 
have reached the market to date, our products are allogeneic, 
which means our medium to long term objectives relate to scaling 
up to get larger batch sizes and a process that can operate effi-
ciently at commercial scale in a GMP facility. On one level, this is 
appears easy, but the practicalities are of course challenging as you go along.

Again, this comes back to that basic toolbox from established biologics. 
Above all, it’s the control of each step as you scale up and establishing the 
critical control parameters early on, in terms of the media, the cell health, 
the volume you’re dealing with, the mixing, the time in the processing, the 
temperature… all the features that need to be controlled as you scale up 
and work with larger volumes and cell numbers. That’s why we need to 
concentrate on understanding critical control parameters and critical qual-
ity attributes earlier on in the development process.

So I would say it’s both difficult and not difficult at the same time… it’s 
challenging, but it’s good for us that we can get to full commercial scale 
without substantially changing technology at the moment: this helps us 
keep control, and demonstrate comparability.

QQ What are some of the other challenges you have 
encountered so far – and anticipate meeting in future 
– relating to scale up? 

SG: Every time you change scale, you find things that you don’t 
completely expect. Having relevant in-process analytics is essential to 
achieving process control during scale up – having ways to understand and 
predict the health of the cells is essential.

Working at scale is a challenge because while there’s a certain amount 
you can do in scale-down multifactorial experiments, there are some things 
which you will only find when you work at scale. And of course, once you 
work at scale, the consumables become quite expensive – which means you 
simply can’t do every experiment at scale. Similar to mature biologics, it’s 
about the predictive power of the multifactorial scale-down experiments – 
how that translates to what you then see at large scale, and when you tech 
transfer to different GMP facilities.

Training is so very important, too. Understanding the cells, what they 
look like, and how to handle them quite precisely is key. And coming back 
to CMOs, you can’t expect them to have the same very specific and deep 
knowledge of your platform as your own in-house people do. They will 
have good teams, but their skills are broader and they’re not working solely 
on your product. This is much more of an issue in cell therapy than in other 
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biologics because at the moment some aspects of early stage cell therapy 
manufacturing is still based on an individual’s skill, and this will be the case 
until processes are more fully closed and automated. This leads back to the 
importance of making sure you are very close to your CMO at the operator 
level in order to get the best performance from them. 

QQ You have to design a new cell therapy manufacturing 
facility tomorrow – what will be the key factors that 
are most critical for you? 

SG: Firstly – and this might sound a bit old hat – but start with 
the end in mind, both in terms of eventual scale and technological 
and possible future regulatory requirements, the recent revisions 
to Annex I of the EU GMP guidelines is an example. The current 
trend with facilities is for well sized, empty rooms and flexible space and I 
think that’s key: making sure you’re going to be state-of-the-art, that you 
have access to all the services you will need, and that you have as few con-
straints as possible in terms of size and space. That all comes at a cost, of 
course, but you must design for the future – so take a view on what the 
future is and stay flexible in your design.

Then think about what else might change in the future. A company’s gift 
is knowing what scale they expect to be at in future, but what are things 
that might move around them in terms of regulations, and the picks and 
shovels of the industry in terms of the equipment, and the supply chain of 
consumables and materials over the coming decade? 

Equipment changes over that sort of timeframe will take the form of 
improvements but may also result in some technology becoming obsolete 
and no longer supported by suppliers, so you need to think forward and 
stay ahead of the game given how long it takes to introduce changes. . On 
the regulatory side, as with technological evolution, there’s a limit to what 
you can predict, but be mindful of what you know about current and likely 
future trends in this area, and the fact that not all territories are completely 
aligned in this regard. Take a risk-based approach, in short.

And I think location is important, both in terms of making sure you can 
attract the right staff and having suitable local infrastructure available to sup-
port your supply chain and logistics needs. I don’t think this is substantially 
different from any biological facility, in that quality has be built in from con-
cept to completion This being aseptic manufacture, it has to be right.
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Towards commercial allogeneic cell 
therapy manufacturing

MARIA DEL PILAR REDONDO holds an MsC in Pharmacy, spe-
cializing in Pharmaceutical technology and analysis and control of drugs. 
Although she began her career at Pfizer within the area of Quality, she lat-
er focused on Pharmaceutical Development. After incorporation into the 
Pharmamar group in 2005, she became in charge of pharmaceutical de-
velopment and production of investigational medicines for the treatment 
of Alzheimer’s disease. Pilar joined Tigenix SAU in June 2013 as Senior 
Director of Technical Operations. Her responsibilities included the overview 
and management of activities in the areas of Pharmaceutical Development 
(CMC/Industrialization) and Manufacturing of the stem cell platform. 

QQ What are TiGenix’s priorities for the year ahead in 
manufacturing terms?  

PR: For manufacturing, our main priority over the coming 
months is to make sure we establish a stable supply for the com-
mercial rollout we’re planning across Europe – to secure the avail-
ability of products to patients in Europe. 

QQ What have been the chief challenges that you have 
had to address in scaling up TiGenix’s allogeneic cell 
therapy platform(s) and what has been your approach 
to addressing them? 

PR: I think the main challenges we have faced relate to es-
tablishing a robust team. As we approach commercialisation, we need 
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experienced staff to keep our prod-
uct quality consistently high, and 
comparable to quality achieved 
throughout the development phase. 
It is key to be able to grow your 
team while ensuring the relevant 
expertise is on hand to ensure this 
consistency in quality. 

We established a gradual onboarding plan, which has run in parallel with 
the ramp-up of manufacturing. This was designed to provide for a suffi-
cient qualification and training period with the new staff – to give them the 
necessary amount of time to achieve the level of expertise required. 

The second challenge I would highlight is access to raw materials and 
reagents. Both adequate quality and consistent supply are important for 
accommodating scale-up of the final product. 

Essentially, what we are doing here is to approach our materials suppliers 
and establish agreements with them – to be quite transparent with those 
that are critical to our process, sharing our expectations and making sure 
that we can work together throughout the course of the project and prod-
uct lifecycle. 

Raw materials are a central part of current discussions in the field: how 
to bring them up to what we could call ‘pharmaceutical standards’, both in 
terms of quality and supply continuity. I think we need to grow together 
with suppliers in this area towards this deep understanding of quality. The 
existence of some guidelines and technical documents from different bod-
ies and associations throughout Europe, the United States and other terri-
tories is quite helpful for studying the minimum expected levels of quality 
and helping the alignment between materials suppliers and cell therapy 
manufacturers. 

QQ TiGenix is one of a mere handful of advanced therapy 
companies to have experienced operations at the 
commercial level, in the shape of ChondroCelect. 
What do you take from that experience to apply to 
the manufacturing scale up for other products, such 
as Alofisel? 

PR: We had a fantastic learning experience with Chondro-
Celect to help guide this current project. I think one of the most 
important learnings we took from it was realising the paramount impor-
tance of being able to count on an experienced, highly-qualified team. As 
I mentioned earlier, the staff that is taking care of Alofisel is a combination 

“It is key to be able to grow your team 
while ensuring the relevant expertise is 
on hand to ensure this consistency in 

quality.” 
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of newcomers and very experienced 
people who have been involved in 
the development of the product. 
Again, the expertise and the qual-
ification of all staff are crucial for 
manufacturing success, and also 
on the laboratory side with quality 
aspects. 

A second learning from Chon-
droCelect which we applied during 
the development of Alofisel relates 
to interactions with local regulatory 

authorities, who of course visited us for inspections prior to licensure of the 
manufacturing facilities. Cell therapy being a relatively new business, it is 
especially important to have an open interaction with inspectors, sharing 
with them limitations, discussing their expectations, and generally having 
a very fluid dialogue. I have to say, it was a very positive and constructive 
experience for us. 

QQ How is the manufacturing organization at TiGenix 
evolving now that a big pharma company like 
Takeda has become involved as parent company? 
For instance, how will you seek to leverage the 
wealth of experience and resources within the larger 
organization?  

PR: I think that the situation we have now is extremely inter-
esting for all of us. TiGenix is focusing on bringing specific technical 
expertise into Takeda. We are bringing the experience of developing and 
manufacturing cell therapy products in an agile manner - experience inside 
the culture rooms, with the analytics and so on. At the same time, we’re 
now enjoying having Takeda supporting us by providing systems and pro-
cedures that we need for further development as the project grows - Takeda 
is already responsible for the commercialization of Alofisel and realizing the 
product’s full potential - so I think it’s a very complementary collaboration 
of manufacturing through to commercialization.  

QQ What is the single tool or technological innovation 
which has made the greatest positive difference to 
TiGenix’s bioprocessing and supply chain activities in 
recent times?

“We have developed a very specific 
tool that enables and ensures 

direct communication between the 
hospital and the manufacturing plant, 
providing visibility for all on the status 
of a specific patient’s product order 

along the length of the process.” 
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PR: I would definitely highlight our recent development of the 
supply chain. Looking into commercial roll-out, it was clearly necessary 
to evolve from the model we employed during the clinical trials. I have to 
say that it was a very nice joint effort, which was driven by Takeda’s supply 
organisation. We have developed a very specific tool that enables and en-
sures direct communication between the hospital and the manufacturing 
plant, providing visibility for all on the status of a specific patient’s product 
order along the length of the process – from the moment the hospital raises 
an order for a patient, through production and shipping, to administration 
of the final product to the patient. I think this is the one development that 
has made the greatest change in our situation, helping us to address our 
patients’ needs more appropriately. 

QQ Allogeneic cell therapy – within both the stem cell 
and cellular immunotherapy realms – is firmly back in 
the spotlight. Do you feel the time has finally arrived 
for this field to capitalize on its obvious potential and 
inherent commercial advantages?   

PR: My feeling is that we are now seeing our experiences ma-
terialise into something tangible. And I have to say that manufacturing 
and supply aspects are key drivers for this ongoing ‘confirmation of expec-
tations’ relating to the allogeneic cell therapy field: they are really the final 
test for these expectations.  

I do think there are still some issues to solve – we have touched on some 
of them previously, but I think the one I would highlight here relates to the 
harmonisation of regulations across different territories. 

I think in the pharmaceutical industry at large we have already seen the 
advantages of harmonisation initiatives. And if I had to select one area for 
allogeneic cell therapy where I think harmonisation across different terri-
tories will become clearly necessary in the future, it would be requirements 
for donor eligibility and donor qualification. We are still seeing a lot of 
differences country-to-country and region-to-region in this area - between 
Europe and the US, for example. Progress in this area would provide for 
real improvements in the speed and depth of market access for allogeneic 
cell therapy products on a global basis. 
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Autologous T cell immunotherapy 
scale out manufacturing models – the 
biotech perspective

DR NINA (EKATERINI) KOTSOPOULOU is Vice President of 
Process Development at Autolus. She joined the UCL spin-out CAR-T com-
pany in 2015 and set-up the vector and CAR-T production process and ana-
lytics, including delivery of the first clinical patient batches. Nina has a BSc in 
Chemistry from the University of Athens and a DPhil in lentiviral vectors for 
gene therapy from Oxford University. Following her PhD, she briefly worked 
in her supervisors’ company, Oxford BioMedica, and went on to do 2 post-
docs on haematopoietic stem cell biology, at Harvard Medical School and 
the University of Cambridge. She then joined GSK, where she initially led 
cell line development and associated process research for monoclonal anti-
bodies and derivatives thereof. She then led Process Development for GSK’s 
Cell and Gene Therapy portfolio, including working with the inspirational 
team at TIGET, and completing the MAA submission for the first product, 
Strimvelis, for the treatment of ADA-SCID. 

QQ What are some of the key priorities for the year ahead 
for you personally, and for Autolus? 

NK: Autolus is a clinical stage company, so the primary focus 
for the year ahead is delivering on our existing clinical trials: we 
have a broad clinical stage pipeline, with four product candidates 
in five haematological indications, and one solid tumour program.

At the same time, we’re also preparing for larger scale manufacturing 
to support future studies and, assuming future approval of our products, 
commercial launch. Finally, we are planning delivery of next-generation 
products for both haematological malignancies and solid tumours, with 
three next-gen versions of our lead programs. 
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QQ What are some of the particular issues relating to 
manufacturing scalability of technology platforms in 
the T cell immunotherapy space, and how have you 
sought to address them? 

NK: Designing and fixing a commercially viable process as ear-
ly as possible is very important. 

It’s key because we want to minimise comparability risk when we intro-
duce future process changes. And we want to be ready in time for commer-
cial launch, because with this type of product, compelling efficacy can be 
apparent from early clinical studies which offers the opportunity of acceler-
ated approvals, meaning very short development timelines. 

So what we’re trying to do – what we have implemented to date - is 
essentially a process that is commercially ready from the beginning of our 
clinical trials. We’ve designed our processes to be fully closed and semi-au-
tomated, operated in a low-grade cleanroom, and we’ve also ensured we 
have frozen apheresis in and frozen finished product out. This means we 
can manage the challenges of scheduling and optimising the throughput of 
products through our manufacturing facility to efficiently get the product 
to the patient. 

QQ When it comes to scaling out of autologous T 
cell therapies there have been some interesting 
developments from the commercial trailblazers as 
they look to establish production in different regions 
of the world. How is Autolus looking ahead to a 
potentially global commercial scenario in this regard? 

NK: We’ve designed and built our process based on what we 
feel is the right model for us, which is for semi- centralized manu-
facture – modular manufacturing established on a regional basis, 
with a small number of medium-sized facilities in key geographies. 

“...the primary focus for the year ahead is delivering on 
our existing clinical trials: we have a broad clinical stage 

pipeline, with four product candidates in five haematological 
indications, and one solid tumour program” 
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Having an automated process 
that is easily transferable allows us 
to build the number of facilities 
over time, based upon demand. 
What we will do initially is to es-
tablish a launch facility for about a 
thousand patients/products per year 
in the UK, and our first commercial 
facility for about 5,000 therapies 
per year in the US. 

I also think that given the number 
of products that need to be made for the indications we’re going for, it actually 
makes sense economically to go with this regional, central production model: 
not only do you have more consistency in terms of your testing, your operator 
experience and the overall quality systems, but using the facilities at full capac-
ity and releasing products rapidly – we are talking about probably releasing a 
product every 45 minutes to an hour– means that the cost of the investment, 
the equipment and the labour is reduced due to economies of scale. 

QQ Looking further ahead, where do you see the long-
term future of commercial autologous T cell therapy 
production in terms of the full spectrum of centralized-
de centralized strategic manufacturing models? 

NK: I do personally feel that pursuing a semi- centralized man-
ufacturing model is more favourable really, because this model will 
provide a more consistent approach to quality and economic ben-
efits as well. This is especially true right now, when we (as a field) have 
neither sufficiently advanced processes nor adequate product understanding, 
but even looking to a future where those issues have been resolved, I think I 
would still favour control of manufacturing in a small number of locations 
rather than at the patient’s bedside. But we shall see what the future brings! 

QQ In technological terms, where are the greatest current 
shortfalls, or missing pieces, in fully enabling optimal 
scale-out of these products, in your view? 

Everyone acknowledges that our industry is still quite immature and 
many people have said it’s a similar scenario to the monoclonal antibodies 
space a few decades ago. Although we have seen amazing efficacy in the 
clinic, and marketed products are now doing great things for patients, the 

“What we will do initially is to 
establish a launch facility for about a 
thousand patients/products per year 
in the UK, and our first commercial 

facility for about 5,000 therapies per 
year in the US.” 
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processes we have today have essen-
tially come out of academic labs, 
and the supply chain that comes 
with them is not that developed, 
either. So the consumables and 
equipment suppliers are lagging be-
hind: there’s lots of single-use ma-
terial, lots of bespoke, high-priced 
options that have been designed for 

research and not for routine, large-scale manufacture. I think as demand 
increases, the suppliers are going to help solve these problems. 

The other shortfall is not having deep enough product understanding. 
What we and everyone else has been doing to counter this is to look to fully 
characterise our products in order to generate that deeper understanding, 
and to improve control strategies, so that we have the appropriate release 
analytics. In tandem - and due to the fact that we are working with one 
patient-one batch - high throughput analytics are also very important. 

Away from the manufacturing system and the process technologies 
themselves, the system to deliver the cells to and from the manufacturing 
facility, and the capacity of the clinical centres to deal with the number of 
products that potentially need to be stored in liquid nitrogen, are also areas 
that are being addressed and so will mature over time. 

QQ Autolus was the first company to come on board 
with manufacturing at the new Cell & Gene Therapy 
Catapult facility in Stevenage, UK. How important 
is it to develop and maintain such public–private 
partnerships for GMP manufacturing? 

NK: We feel we have benefited very greatly from collaborating 
with the Cell and Gene Therapy Catapult. It helped us as a company to 
build up future clinical trial capacity without having to invest a lot of capital 
upfront. Instead, we’ve been able to focus on getting our processes and tech-
nologies in place to generate clinical data as quickly as possible. And, at the 
same time, it’s also giving us the opportunity to test our systems and design in 
a suitable environment before we finalise our own facilities’ design. 

Having a good quality agreement in place from the beginning, which 
very clearly states the responsibilities and accountabilities of both parties, is 
absolutely key for the success of collaborations like this one.This work is licensed un-

der a Creative Commons 

Attribution – NonCommercial – NoDeriva-

tives 4.0 International License.

“Everyone acknowledges that our 
industry is still quite immature and 
many people have said it’s a similar 

scenario to the monoclonal antibodies 
space a few decades ago.” 
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