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1 | INTRODUCTION

Cancer immunotherapy is a method to treat cancer patients by gener-

ating or augmenting their immune response against tumor cells.!?
Abbreviations: ATMP, advanced therapeutic medicinal product; B-ALL, B-cell acute
lymphoblastic leukemia; CAR, chimeric antigen receptor; CRS, cytokine release syndrome;
DLBCL, diffuse large B cell lymphoma; DKFZ, German Cancer Research Center (Deutsches of adoptive cellular therapy that generates a robust immune-mediated
Krebsforschungszentrum); GMP, good manufacturing practice; SOPs, standard operation
procedures.

Chimeric antigen receptor (CAR) T-cell therapy is an innovative type

antitumor response through the ex vivo manipulation of T cells.? In
[Correction added on 10-July-2020, after first online publication: Projekt Deal funding 2017’ the United States (US) Food and DrUg Administration approved

statement has been added.] two CAR-T therapies (Kymriah and Yescarta) with orphan drug
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designation, followed by similar approvals from the European Com-
mission in 2018. The two therapies are to treat relapsed or refractory
B-cell Acute Lymphoblastic Leukemia (for patients up to age 25,
Kymriah only) and Non-Hodgkin Lymphoma including diffuse large B-
cell Lymphoma (for patients over 18). However, the list prices of these
drugs are fairly high. For instance, in the US, the list price for Kymriah
is $475 000, and for Yescarta $375 000; in Germany, Kymriah has
been reported to be €320 000 per patient.®

Various stakeholders have raised concerns about the cost of
CAR-T therapy, given the increasingly heavier burden placed by
highly-priced cancer drugs on society.* Its high price, along with its
non-trivial associated clinical costs of hospitalization, causes much
struggle in payers to allocate adequate hospital reimbursement,
which can lead to treatment delay.” Also, patients in different coun-
tries may encounter restricted access or refused coverage by
payers,* or suffer financial toxicity in the US.®® Moreover, many
have expressed that this therapy with the current high price would
become unaffordable in the future,>’** because of its potential to
treat more cancer types.21%12 Unsurprisingly, immediately upon its
first marketing authorization, a question was raised about the pro-
duction cost of this therapy.®

Additionally, questions have been raised on the process-
related efficiency of the current centralized production of the CAR-
T therapy.*®” As a response, researchers proposed “on-site” pro-
duction of CAR-T cells, an alternative made possible by recent
technological improvement in production automation.®829 Com-
pared to the centralized mode, decentralized “in-house” production
does not require shipping and handling of the leukapheresis prod-
uct, which saves time and money. Furthermore, several labor-inten-
sive production work steps are handled by machines. Previous
studies have explored the estimation of the production cost using
economic modeling based on hypothetical data.?”>* However, to
date, no real-world production cost data have been made available.

Our study aims to estimate the “on-site” production costs of CAR-
T cells in an academic nonprofit setting based on data collected at a sin-
gle site in Germany. Possible scale-up scenarios are explored. This is
the first study that has used real-world data to calculate the cost of
decentralized production, a potentially less costly manufacturing para-
digm. It may provide useful information to manufacturers or providers

who consider adopting the decentralized production paradigm.

2 | METHODS

Our analysis was based on the T-cell production process at the
Research Group Good Manufacturing Practice (GMP) and T-Cell Ther-
apy at the German Cancer Research Center in Heidelberg, Germany,
in 2018. Our production strictly followed the quality specifications to
reach the standard clinical grade. Until recently, we have successfully
generated CAR T-cell products consisting of 8 x 108 to 5.5 x 107 cells
with yielding transduction rates of 30.9% to 98.9%. We calculated the
costs by identifying the major components and main activities in the

production process as applied in validation runs.

jonal Journal of Cancer

What's new?

Chimeric antigen receptor (CAR) T cell therapy is a promising
therapeutic strategy for certain types of malignancies. How-
ever, high acquisition costs of commercial products, cur-
rently manufactured in a centralized mode, is controversial.
Here, the authors examined the cost of an alternative
method of T-cell production in Germany. Based on maximum
capacity of one machine for automated manufacturing, fixed
costs were $584 131, with total cost per product about
$78 849. With use of three machines or use of a less-
expensive viral vector, costs dropped significantly. The ana-
lyses suggest that decentralized CAR T-cell production in a

non-profit setting would be relatively cost-efficient.

21 | Cell production process

In general, cell production includes cell collection, washing, selection, T-

cell activation, transduction, expansion, bead removal and harvest 2223

as
seen in Figure 1. Current automation technology enables machineries to
handle the core steps, which saves labor and time. CliniMACS Prodigy

was used for our calculation, although alternative devices also exist,
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FIGURE 1 Flowchart of the production process [Color figure can
be viewed at wileyonlinelibrary.com]
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including ambr 250, Aastrom Replicell System, Robotized Cell Processing
Expert System, Lonza Cocoon, “Kotozujuri”, Select Systems, Quantum
Cell Expansion System, Fully Automated Smart Cell Factory and Auto-
stem Stemcell Factory.!” A closed and automated manufacturing plat-
form can include steps from selection to harvest in a single-use, closed
tubing system.?”?% As a result, expanded T cells, with beads removed,
are ready to be harvested as personalized final product after 12 to
14 days. Although the core steps can be carried out by machines, highly
skilled and knowledgeable personnel and continuously trained techni-
cians are still needed to maintain the compliant GMP condition. In the
case of the DKFZ, a head of production, a qualified person and a head of
quality control (different from the head of production) were responsible
for the production process. Further, two experienced technicians were
involved in the production process. Additionally, a clean room was uti-
lized for the production, to minimize the risk of potential batch loss due

to infection.*®

2.2 | Cost calculation method

Our cost calculation first identified the work steps of the process,
including leukapheresis, cell production using a closed manufacturing
system, harvesting and optional cryopreservation,*’ as well as the key
production activities and related working hours. The main activities of
the two technicians included setting up the T-cell transduction pro-
cess in the machine using all of the consumables (following “standard
operation procedures” or SOPs generated by the machine software),
checking the process once per day, and changing the media and waste
bag(s) once per production. Extra hours were spent on preparing for
the production on the first day, and on harvesting T cells on the last
day, respectively. Prior to and during the production, the head of

production prepared protocols and SOPs, supervised and monitored
the production. The qualified person oversaw the production and
release of the products, and the head of the quality control
maintained the overall and specific quality. In addition, external labs
were utilized for sterile control and specimen tests.

Second, we determined fixed and variable costs. On a yearly
basis, fixed costs mainly included expenditure on purchasing and
maintenance of various equipment such as the closed manufactur-
ing system, liquid nitrogen tank, freezers and fridges and on the
clean room, as well as the salaries of the key personnel and techni-
cians (including annual trainings). All devices were assumed to have
zero salvage value and zero depreciation rate, according to the
accounting practice at DKFZ. The value of the machinery was
evenly distributed over each year of its life time, without consider-
ing value-added tax. For key personnel and technicians, gross salary,
including paid vacations and other benefits rates for public service
(Arbeitgeberbrutto) were used. Variable costs included expenditure on
consumables (eg, media, cytokines, beads, buffer and plastic ware) for
each production, human serum albumin and lentivirus. Note that con-
sumables such as wafers, syringes and caules were purchased for the
whole year and were therefore included in the fixed cost. Additional
costs of contamination controls and measuring endotoxin levels carried
out by external labs were also included in the calculation. All costs were
calculated in 2018 euros and converted into 2018 US dollars using Pur-
chasing Parity Power data from the World Bank.

3 | RESULTS

Yearly fixed costs of the main components are listed in Table 1. Since
only one machine for closed manufacturing was used, total fixed cost

TABLE 1 Annual fixed costs
Category Cost (euro) Cost (dollar) Percentage
Clean room (grade B) €70 000 $93 333 16.0%
Devices €29 482 $39 309 6.7%
Consumables (fixed yearly) €500 $667 0.1%
Responsible personnel €196 390 $261 853 44.8%
Experienced technicians €129 400 $172 533 29.5%
Training (yearly) €4000 $5333 0.9%
Maintenance and monitoring €8326 $11 101 1.9%
Sum €438 098 $584 131 100.0%
Category Cost (euro) Cost (dollar) Percentage TABL E 2 Variable cost per

production

Production materials (variable) €32 300 $43 067 92.8%
External tests and sterile control €353 $471 1.0%
Leukapheresis €2145 $2860 6.2%
Sum €34 798 $46 397 100.0%
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TABLE 3 Per production costs
Products Fixed cost Variable cost Total cost/product Fixed cost share Variable cost share Closed manufacturing systems
1 $584 131 $46 397 $630 528 92.6% 7.4% 1
2 $292 065 $46 397 $338 462 86.3% 13.7% 1
10 $58 413 $46 397 $104 810 55.7% 44.3% 1
18 $32 452 $46 397 $78 849 41.2% 58.8% 1
19 $38 391 $46 397 $84 788 45.3% 54.7% 2
36 $20 261 $46 397 $66 658 30.4% 69.6% 2
37 $25 567 $46 397 $71 964 35.5% 64.5% 3
54 $13 508 $46 397 $59 905 22.5% 77.5% 3
500,000+ TABLE 4 Costs per product using plasmid-based transfection
i [ Variable costs systems
400,000 I Fixed costs
_g Fixed Variable
© 300,000+ Fixed Variable  Total cost cost
% Products cost cost cost share share
2 200,000
8 1 $605 464  $26 397 $631861 95.8% 4.2%
s 100,000 18 $33 637 $26 397  $60 035 56.0% 44.0%
o
= ol 54 $17 912 $26 397  $44 309 404%  59.6%
NAY D KRB 0A DS ,O N LD >0 A
products/year
should decrease rapidly, because of this decline in fixed cost per
FIGURE 2 Per product fixed and variable cost [Color figure can production.
be viewed at wileyonlinelibrary.com]
3.1 | Scenario analysis

of production was $584 131. The main cost drivers were the annual
salaries of the responsible personnel and experienced technicians, as
illustrated in Figure S1.

Per production variable costs are listed in Table 2. $46 397 were
needed for one product, with variable cost components consisting
of production materials (main cost driver), tests, and leukapheresis.
Figure S2 illustrates the share of each component in the variable
cost. Production materials were composed of lentivirus ($866 666/
batch or $28 889/production), consumables (media, cytokines,
beads, buffer and plastic ware, with a total cost of $13 333/produc-
tion), and human serum albumin ($400/production), as shown in
Figure S3.

Total per production costs (as the summation of fixed cost
and variable cost) are presented in Table 3. Given the personal-
ized nature of the product, one closed manufacturing system can
only handle one product at a time, leading to its maximum capac-
ity of 18 products per year, with a total cost per product of
approximately $78 849. The maximum capacity estimation
included consideration of the individual production cycle length
(roughly 2 weeks), paid holidays of the technicians (6 weeks),
clean room shut down for maintenance (1 month) and other types
of maintenance (2 weeks). Typically, if more products are made,
annual fixed cost is divided among more products, thus yielding a
lower fixed cost per production. Therefore, as shown in Figure 2,

it would be expected that total cost per production in our case

311 | Scenario1l

At its maximum capacity, a clean room of roughly 20 m? (215 square
feet) can hold three closed manufacturing devices, which could lead
to a lower cost per production as presented in the lower sections of
Table 3. If more devices were to be added, the cost of devices,
responsible personnel, experienced technicians and maintenance
would also increase. However, the cost of the responsible personnel
and experienced technicians would not be proportionally multiplied.
Specifically, for two machines that make 36 products in a clean room,
only three personnel and 2.5 technicians would be needed, resulting
in per production cost of $66 658. For three machines making 54
products, 4 personnel and 3 technicians would be needed, resulting in
per production cost of roughly $59 905.

3.1.2 | Scenario 2

A cheaper substitute for transfection with lentiviral vectors are plas-
mid based integration vectors such as transposons and CRISPR/
CAS9,242> which have been tested successfully by us for the genera-
tion of CAR-transfected T cells. Plasmids cost $9333/production (1/3
of the cost of lentivirus), with the requirement for an additional

machine (electroporator, at a yearly cost of $10 667) for the three


http://wileyonlinelibrary.com

3442 @uicc

RAN ET AL.

closed manufacturing devices. Per production costs using plasmids are
listed in Table 4. Compared to lentivirus, using plasmids would lower
the variable cost by almost 45%, leading to per product cost of

$44 309 at the maximum capacity of making 54 products.

4 | DISCUSSION

Our cost estimation of the maximum capacity of 18 products per year
per machine was based on our experience in Germany, which can be
quite conservative. Institutions in other countries have made 24 prod-
ucts per year per machine with two machines running, which can
potentially lower the cost further. Nevertheless, even in our case, per
production cost was associated with substantial economies of scale,
that is, it went down fairly quickly when more T-cell products were
made. This would particularly be the case if more closed manufactur-
ing devices were to be installed in the clean room, mainly because of
the reduction in per product fixed cost as production scales up. More-
over, we used clean room of grade B (ISO 5). Fixed cost would be
lowered further if a clean room with a grade level of C (ISO 7%t was
used, which is possible for all steps using a closed system. Addition-
ally, plasmid vectors, a cheaper alternative to lentivirus, have different
levels of quality. If plasmids of regular quality were used with a cost of
approximately $40 000 per batch (instead of the best quality ones of
$280 000 in Scenario 2), per production cost would be as low as
$33 333, assuming the quality of T-cell products remain the same.
Certainly, a larger clean room with more devices installed could poten-
tially lower the costs further.

While our analysis is based on our local experience in Heidel-
berg, we do not believe the situation would differ much at other
sites in Germany, even if local variance in unit costs might result in
minor differences in costs. It should be noted, that regulatory issues
for the production of ATMPs are based on EU regulations, which are
then transferred to local legislation in all EU countries. Even outside
EU, these regulations are quite similar. Following these rules is man-
datory and results in similar quality requirements for consumables
and equipment, for clean rooms, and the demand for a proper quality
management system.

In addition to cost reduction, producing T cells within or close to
clinical facility would also save time and associated clinical costs. The
time period of 12 to 14 days for a closed and automated manufactur-
ing system to produce T cells is much shorter than the 3 to 4 weeks
currently required by the centralized manufacturing mode.*®>%* This
difference is likely due to the fact that neither cryopreservation nor
shipping of T cells is needed in the decentralized production mode,
which is actually preferred, as the quality of T cells suffer substantially
from freezing and thawing. In contrast, in centralized production, both
the leukapheresate and the final products are frozen, shipped and
thawed again. While waiting for the centralized T-cell product to be
ready, patients usually need to receive bridging chemotherapy for dis-
ease control.2* Shortening the production time and thus patients’
waiting time would avoid some or all costs of the bridging chemother-

apy, and would also reduce potential expenditure on hospital stays

and lodging involved in the waiting period. This would add to the cost

advantage of decentralized over centralized production.

41 | Limitations

Our study has several limitations. First, our estimation was based on
the experience of a nonprofit organization. Sunk costs such as person-
nel's effort on protocol writing, administrative paperwork for facility
and device setup, and GMP certification were not considered. Simi-
larly, research and development costs and clinical site onboarding
were excluded. Therefore, our results cannot be generalized to the
commercial setting, where additional costs would need to be incurred

t,11'15'18 and

in regulatory affairs and intellectual property managemen
a return on investment would be expected.!” Validation runs have to
be added as sunk costs and can be calculated as three additional prod-
ucts. Additionally, the scale-up pattern in a commercial setting would
be different,?® likely requiring high start-up costs to build new clean
rooms.2* On the other hand, the production mode in a commercial
setting would aim for profit maximization or cost minimization, which
can be potentially more efficient than our case. Nevertheless, our
results should be generalizable to other nonprofit organizations
(including academic university hospitals) that adopted similar produc-
tion processes. In fact, research conducted in the U.S. also showed
that “on-site” production using CliniMACS Prodigy was cost-saving
compared to centralized production.?®

We assumed that the machineries were used for their full life time,
whether that be for 10 years or 20 years, which might not reflect the
practice in other institutions. Depending on the practice of different
countries or institutions, some machineries could be replaced by newer
generations within the first few years, while others could be used for
longer than 20 years. Furthermore, we did not include the cost due to
production failure in our estimation, because the failure rate is relatively

272% and to our

low according to the literature, ranging from 0% to 5%
own experience. If we included the cost due to production failure in
our calculation, the maximum increase (assuming 5% failure rate) in cost
per product would be 3% to 4% at the maximum production capacity.
Additionally, the lentivirus used in our study was sold in batches, with
the cost of $866 667 per batch of 30 products. Also, pre-release test-
ing cost for contamination may be higher in other countries.

As mentioned before, we have used the CliniMacs Prodigy for
our calculation, but alternative devices do exist. To clarify, we do not
intend to endorse the use of one particular system over another.
Besides the production systems mentioned earlier, CAR-TXpress filed
the patent application for its automated technology,?! aiming to
improve efficiency and reduce manufacturing costs. Certainly, regula-

30,31

tory and other hurdles exist regarding decentralization, although

several manufacturers expressed preference to “in-house”

manufacturing, in terms of cost reduction, flexibility and efficiency.®?
Potential solutions to the challenges in automated production and
commercialization have been discussed in other studies.>334

Our estimation did not include clinical costs for patient screen-

ings, bridging chemotherapy, lymphodepleting chemotherapy, toxicity
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management and follow-up costs.'* In particular, the costs of toxicity
management (such as cytokine release syndrome, or CRS, and neuro-
toxicity) can be substantial for severe CRS or neurotoxicity.3>3¢ Con-
servative estimation of the clinical costs in the U.S. (from a payer's

perspective) ranged from 10% to 50% of the drug price.>¢38

4.2 | Acquisition costs

The high acquisition cost of CAR-T therapy has been subject to
intense discussion.>®3? On the one hand, this therapy seems to
offer high added value, given its innovative nature,*? and its poten-
tial for cure.24® Moreover, it has been designated as an orphan
drug, which often tend to have a high price tag. On the other hand,
there is concern on budget impact, since this innovative mechanism
for treating rare hematologic malignancies has the potential to be
applied to many more cancers.'*%12 Despite the 1-month-perfor-
mance guarantee in the U.S.*? and the risk-sharing agreement with
the German sickness funds (details of which have been treated as
“commercial in confidence” information) offered by the manufac-
turer of Kymriah, CAR-T therapies currently rank among the most
expensive pharmaceutical products. Yet, overall budget impact, as
the product of cost per patient and patient numbers, appeared
manageable in most jurisdictions to date, because of the small
patient population.*? Nevertheless, the patient population can
increase rapidly given its potential to treat more cancers. More-
over, while an inverse relationship has been found between preva-
lence and official prices of orphan medicinal products,*® this has
not been confirmed for cancer drugs.** As a consequence, the out-
look concerning the sustainability of spending on new cancer drugs
might well be more troublesome compared to that on non-
oncological orphan drugs.*®

Some proposals, such as annuity-based payment mechanisms,*®
cannot solve the issue, as they merely shift costs over prolonged time
periods. Also, the 1-month-performance guarantee offered by the
manufacturer essentially only makes the average price of
Tisagenlecleucel similar to its competitor who has no money-back
guarantee, given approximately 20% of the patients might fail in the
first month.*?

Against this background, more recently developed “in-house”
production mode may offer another option to bring down the
cost. As illustrated earlier, production costs can go down with
increasing volume because of economies of scale. Moreover,
potentially cheaper substitutes for expensive lentivirus might fur-
ther drive the cost down. Hopefully, this will translate into more
bearable acquisition costs, either as the result of increased com-
petition (eg, via the availability of decentralized manufacturing
processes as an alternative) or by outright price regulation (with
reimbursement decreasing with growing volume), or by a combi-
nation of both.

It is worth noting that the added value of CAR-T therapy might
yet to be fully justified,® as only few studies have been published with

long-term follow-up, which indicate effectiveness but are single arm,

Phase 1 or 2 trials.*”->° Several studies have provided some evidence
of CAR-T being cost-effective compared to the existing therapies at
higher thresholds, 3437 although it should be noted that its compara-
tors were of high price as well.>>%52

Although a novel, promising therapy, the centralized production
paradigm of CAR-T cells in a commercial setting is less than satisfac-
tory, particularly in light of its high price tag. “On-site” production in
an academic, nonprofit institution using automated machineries might
be an alternative mode to improve efficiency, primarily by lowering
production and overall cost. Our study contributes to our understand-
ing of the costs of T-cell production by providing fixed and variable
cost information on this newer production paradigm. The cost infor-
mation might also inform policy makers in developing future pricing
and reimbursement mechanisms. Future research is needed to calcu-
late the costs in a commercialized setting, and to consider the associ-

ated clinical costs.
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