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Design of CAR-T Cell Manufacturing Process
Abstract
CAR T-cell therapy is at the frontier of personalized immunotherapy. It is a therapy that essentially
reprograms a patient’s own T-cells to attack certain blood cancers. A sample of a patient's T cells are
collected from the blood, then modified to produce chimeric antigen receptors (CARs) on their surface.
When these CAR T cells are reinfused into the patient, the new receptors enable them to latch onto a
specific antigen on the patient's tumor cells and kill them, ideally sending the patient into remission and
essentially curing their cancer. Currently, CAR T-cell therapy is FDA approved as standard of care for some
forms of aggressive, refractory non-Hodgkin lymphoma and for patients with relapsed or refractory acute
lymphoblastic leukemia up to age 25. There is a great deal of development occurring to use this therapy
in solid tumor cancers, which will bolster the need for large-scale manufacturing processes. This project
seeks to develop and optimize a large-scale parallelizable manufacturing process for CAR-T cell therapy.
To begin this manufacturing process, whole blood is drawn from a patient and passed through a filter to
collect the leukocytes. These leukocytes are then purified and selected for using antigen markers to
isolate purified T-cells. The T-cells are activated and undergo a gene transfer to express the chimeric
antigen receptor (CAR) through the immunological reprogramming process. During a week-long
expansion phase in parallelized small bioreactor units, the T-cells proliferate until they are comprised
primarily of successfully modified T-cells. Due to the personalized nature of CAR-T cell therapy, all doses
must be contained in single use reactors and facilities in order to prevent patient cross-contamination.
Once T-cells have been harvested, they are processed, formulated and concentrated in a resuspension
solution, after which they will be cryopreserved and transported back to the original hospital or clinic for
infusion. This process design results a yearly production of 3,000 individual CAR-T doses each year.
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University of Pennsylvania
School of Engineering and Applied Science
Department of Chemical and Biomolecular Engineering
220 South 33rd Street Philadelphia, PA 19104
April 21, 2020
Dear Dr. John Crocker and Mr. Bruce Vrana,
Enclosed is a process design to produce chimeric antigen receptor (CAR) human primary T-cells for treatment
of Non-Hodgkin’s Lymphoma (NHL) via adoptive cell transfer (ACT). The proposed process seeks to modify
the key separation steps involved in isolating patient T lymphocytes from whole blood to produce more
consistent, pure material for seeding T-cell expansion cultures. As sufficient purity and T-cell number of this
seeding material are paramount to the success of the manufacturing process, more effective separation means
increased manufacturing success. CAR T-cell therapy is a novel immunotherapy, and patient demand will
skyrocket in the coming years as it continues to become more widely available and possibly expand into solid
tumor indications. This design anticipates increased demand by supporting a manufacturing capacity of 3,000
patients a year—double the current number of 1,500.
The proposed design aims to perform whole blood apheresis using a leukoreduction filter, followed by a
Percoll density gradient separation tailored to patient-specific peripheral mononuclear blood cell (PBMC)
properties, in order to ensure more consistent lymphocyte collection across highly variable patient populations.
These steps will occur in the hospital setting before cryopreservation and shipment to a centralized
manufacturing facility, where desired antigen specific T lymphocytes will be isolated using column-free
magnetic positive selection with nanoparticle artificial antigen presenting cells (aAPCs). Enriched T
lymphocytes, activated by stimulatory ligands on aAPCs, will be reprogrammed to express the CAR phenotype
through gene transfer and expanded in an automated stirred tank bioreactor system. The product CAR T-cells
will undergo quality control and formulation operations before they are cryopreserved and shipped back to the
clinic before infusion into the patient.
Although the final dose will vary based on patient physiology and needs, the process is capable of producing
5x108 CAR T-cells at a rate of 3000 doses per year. An NPV analysis indicated building a facility is not
profitable at this time and should be delayed until further technological development of cell therapy has been
achieved.
The research within has been drawn from a vast array of clinical and academic literature on CAR T-cell
manufacturing. Guidance from Dr. John Crocker, Dr. Jeffery Cohen, Dr. Andrew Fesnak, and a group of
industrial consults with diverse backgrounds was instrumental to the development of this design. Our group
welcomes questions or requests to provide supplemental information, as we strive to provide a comprehensive
and robust design.
Sincerely,

________________________
Liam Bartie

______________________
Lauren Duhamel

______________________
Ruby Pan
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1 Abstract
CAR T-cell therapy is at the frontier of personalized immunotherapy. It is a therapy that
essentially reprograms a patient’s own T-cells to attack certain blood cancers. A sample of a
patient's T cells are collected from the blood, then modified to produce chimeric antigen
receptors (CARs) on their surface. When these CAR T cells are reinfused into the patient, the
new receptors enable them to latch onto a specific antigen on the patient's tumor cells and kill
them, ideally sending the patient into remission and essentially curing their cancer. Currently,
CAR T-cell therapy is FDA approved as standard of care for some forms of aggressive,
refractory non-Hodgkin lymphoma and for patients with relapsed or refractory acute
lymphoblastic leukemia up to age 25. There is a great deal of development occurring to use this
therapy in solid tumor cancers, which will bolster the need for large-scale manufacturing
processes. This project seeks to develop and optimize a large-scale parallelizable manufacturing
process for CAR-T cell therapy.
To begin this manufacturing process, whole blood is drawn from a patient and passed
through a filter to collect the leukocytes. These leukocytes are then purified and selected for
using antigen markers to isolate purified T-cells. The T-cells are activated and undergo a gene
transfer to express the chimeric antigen receptor (CAR) through the immunological
reprogramming process. During a week-long expansion phase in parallelized small bioreactor
units, the T-cells proliferate until they are comprised primarily of successfully modified T-cells.
Due to the personalized nature of CAR-T cell therapy, all doses must be contained in single use
reactors and facilities in order to prevent patient cross-contamination. Once T-cells have been
harvested, they are processed, formulated and concentrated in a resuspension solution, after
which they will be cryopreserved and transported back to the original hospital or clinic for
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infusion. This process design results a yearly production of 3,000 individual CAR-T doses each
year.
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2 Introduction and Objective-Time Chart
2.1 Introduction
Non-Hodgkin’s lymphoma (NHL) is a cancer that originates in the lymphatic system and
affects lymphocytes. It is one of the most common cancers in the United States, accounting for
about 4 percent of all cancers. According to the American Cancer Society’s estimates for 2020,
about 77,240 people will be diagnosed and about 19,940 people will die from it, an increase of
4.4 percent from 2019 [66]. The most common therapies are chemotherapy and radiation, which
are used for 69 and 58 percent of patients, respectively. Although these methods give a
reasonable amount of success, up to 50 percent of NHL patients become refractory to relapse
after treatment and must undergo additional rounds of therapy [65]. As a result, it is necessary
that alternative therapies be used. A prospective option is CAR-T cell therapy.
Chimeric antigen receptor (CAR) T cell therapy is a form of immunotherapy that uses
specifically engineered T lymphocytes to target and destroy cancer cells [8]. This cell therapy
technology is a revolutionary therapeutic platform in oncology, and just the beginning of a new
era of personalized cancer treatments – see Section 4.2. CAR-T cell therapy is in the early stages
of development but shows incredible promise in the burgeoning field of cell therapy to treat
cancer. Additionally, CAR-T demonstrates great promise in the economic impact of healthcare
treatments. When standardized on a cost per quality of life scale, CAR-T outperforms
conventional chemotherapy and targeted treatments by three times – see Section 7.1 for more
details.
So far, it has been shown to be effective in treating aggressive, refractory non-Hodgkin
lymphoma as well as pediatric relapsed or refractory acute lymphoblastic leukemia with an 83
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percent remission rate in a single dose [80]. However, its use is restricted by its high costs and
limitations in scalability due its highly personalized design and the inherent variability in patient
biology. We seek to resolve these issues in this process proposal.
In the current manufacturing process,
summarized in Figure 2.1.1, leukocytes are
isolated from a patient’s whole blood in a
process known as apheresis: 10 to 15 liters of
whole blood is circulated and processed in a
machine, separating out leukocytes while
returning the remaining blood cells to the
patient continuously. Then, depending on the
purity and yield of T lymphocytes in the
collection, the blood can (1) undergo a size
and density-based separation process called
elutriation, (2) be positively selected for
using antibody-tagged beads, (3) receive
both separation techniques, or (4) go straight
to activation and expansion. This is due to

Figure 2.1.1. This figure gives a general overview of the
CAR-T cell therapy process. Whole blood is collected
from a patient so their T cells can be isolated and
genetically engineered to express CAR. The cells are
grown over the course of weeks, before being reinfused
into the patient. Cleveland Clinic, 2018.

variability in blood cell concentrations between patients due to biological differences and stages
of disease progression. After the T cells are reasonably isolated, they are incubated over several
days with viral vectors encoding CAR. CARs are fusion proteins composed of a tumor antigen
recognition domain and intracellular T cell signaling and costimulatory domains [8]. These
activated T cells are then grown in wave bioreactors for about two weeks and tested to ensure
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genetic modification. If cell culture expansion and screening are successful, the CAR-T cells can
then be administered to the patient.
The personalized nature of CAR-T cell therapy introduces numerous logistical and
geographical considerations, as shown in Figure 2.1.1. First, a patient’s immune cells are
collected from their blood in a hospital or clinic setting. Then, they are cryogenically preserved
and shipped to a manufacturing facility. At a centralized manufacturing facility, these cells are
processed and undergo genetic reprogramming to transform them into an anti-cancer therapeutic.
The final formulation of patient-specific reprogrammed T-cells are then cryopreserved and
shipped back to the hospital or clinic setting for infusion back into a patient. These geographical
manufacturing considerations will be addressed and evaluated in the following proposal.

Figure 2.1.1 Geographic and logistical considerations associated with the manufacture of CAR-T cell therapy.
Modified from Industry Today (2017).

2.2 Biological Background
2.2.1 Composition of Blood
The major components of blood include plasma, red blood cells, white blood cells, and
platelets. Plasma, the liquid component in which cells are suspended, makes up over half of total
blood volume; red blood cells, or erythrocytes, constitute about 40-percent; and platelets form
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about 2-percent. On the other hand, white blood cells, also known as leukocytes, are much fewer
in number, making up less than 1-percent of blood. There are five main types of leukocytes:
neutrophils, lymphocytes, monocytes, eosinophils, and basophils [73].
T cells are a subdivision of lymphocytes that develop in the thymus. They are a part of
the adaptive immune system and account for 15-20 percent of leukocytes [15]. Although all T
cells express the surface protein marker CD3, they can be further divided into two major subsets
of T lymphocytes: the CD4 and CD8 populations. CD4 “helper” T cells are responsible for
regulating immune responses. On the other hand, CD8 “cytotoxic” T cells, when activated, can
start signaling cascades that can lead to cytokine production and ultimately, kill the targeted cell
[15]. These functions make T cells particularly useful in cancer immunotherapy.

Figure 2.2.1.1 This diagram shows the major types and subtypes of blood cells, organized by
lineage. The major types of cells discussed in this paper are lymphocytes, monocytes, and
erythrocytes (red blood cells). National Cancer Institute
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2.2.2 CAR-T Cells
CAR-T cell therapy involves engineering
a patient’s own T cells to express chimeric
antigen receptors that allow them to specifically
target and destroy tumor cells. CARs are
transmembrane receptor proteins that contain
several functional domains, including an
extracellular single-chain variable fragment
(scFv) that binds tumor surface antigens and an

Figure 2.2.2.1. Schematic of a CAR-T cell interacting
with a tumor cell. The major components of the cells are
labeled, including the antigen-binding domain and
activation domains. (Titov, et. al., 2019) [71]

intracellular activation domain for signal
transduction. These two domains are separated by a spacer that is optimized to improve the
efficiency of target recognition (Figure 2.2.2.1). CARs are often supplemented with auxiliary
intracellular co-stimulatory domains that enhance the production of cytokines, antibodies, and
other functional proteins [71]. To date, there are only two CAR T-cell products approved by the
Food and Drug Administration: Novartis Kymriah® and Gilead Kite Yescarta® for the treatment
of non-Hodgkin’s B-cell lymphoma and pediatric lymphoblastic leukemia. Both products target
the CD19 antigen, a biomarker found naturally on all B cells. More details can be found in
Section 4.2.

2.3 Motivation
Although the current amount of doses per year is approximately 1,500, we expect it to
increase rapidly; CAR-T cell therapy has a number of advantages over traditional chemo and
radiation therapies: it consists of a single infusion, has a faster recovery time, has lower rate of
relapse, and has an overall shorter amount of inpatient care. Currently, it is only offered to NHL
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or pediatric leukemia patients who have refractory or relapsed tumors, but it has the potential to
replace traditional treatments, especially once it is successfully applied to other forms of cancer.
As a result, there must be a plan to meet that increased demand.
The major barriers to CAR-T cell therapy are its variability and its high costs. This is
partially unavoidable, in that patients have inherent biological differences and are at different
stages of cancer progression, affecting the number of T-lymphocytes that can be safely collected
from them. The aspect of this that can be controlled are the upstream processes involved;
because the entire process is dependent on the quality of the starting material, it is important to
develop effective collection and separation processes that result in considerable and consistent Tcell enrichment. In addition, this eases the process for medical practitioners and manufacturers,
as well as allows for partial automation. The greatest contributor to the price of CAR-T cell
therapy is labor cost: currently, the process requires many skilled operators due to the rather
unwieldy instrument design and protocols. Standardizing and automating the CAR-T cell therapy
process would tackle the major issues of variance and costliness, allowing manufacturers and
providers to expand production as well as increase the accessibility of the therapy for patients.

2.4 Project Charter
Project Name
Leaders
Project Scope

Design of CAR-T Cell Manufacturing Process
Liam Bartie, Lauren Duhamel, Ruby Pan
In Scope
• Manufacturing process with capacity to support 3000 patients
annually
• Pre-manufacturing separation and purification process to ensure
quality and success in cell engineering and expansion steps
• Automation of cell expansion steps to improve standardization and
decrease labor hours
• Design of manufacturing equipment and facilities
• Rigorous economic analysis to determine feasibility of venture
P a g e | 14

Deliverables

Timeline

• Adherence to health and safety guidelines
Out of Scope
• Laboratory research and development of CAR-T cell engineering (i.e.
tumor antigen receptors, chemokines, cytokines)
• Design, funding, and performance of clinical trials
• Obtaining FDA approval for Biologic License Application
• Obtaining patent license for nanoparticle beads
• Laboratory blood tests
Business Opportunity Assessment
• What are the current and projected market and competitive
landscapes for CAR-T cell therapy?
• What advantages does our proposed manufacturing process have over
current practices (i.e. KYMRIAH®, YESCARTA®)?
• What are the ROI, IRR, and NPV for this project?
Technical Feasibility Assessment
• Does our proposed process have the capacity to treat at least 3000
patients with CAR-T cell therapy annually, as predicted by models?
Manufacturing Capability Assessment
• Will this process and its products meet FDA requirements?
• Are hospitals capable of and willing to take on a larger portion of the
separations process?
Design of the process, equipment and facility as well as a rigorous economic
analysis will be completed in four months

2.5 Objective-Time Chart
Objective
Complete CAR-T
cell background
research
Initial market and
competitive analysis
Process flow
diagram for CAR-T
cell manufacturing

January

February

March

April

W3 & W4

W3 & W4

W1, W2, &
W3

W1, W2, W3, & W4
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Equipment
determination and
costing analysis
Complete economic
analysis
Analyze
environmental and
health/safety
considerations
Complete revisions

W3 & W4

W1, W2, &
W3

W4

W1

W4

W1

W1 & W2

Present final design

Report
due 4/14
Present
4/28
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3 Innovation Map

Figure 3.1 Innovation map for CAR-T cell therapy. Patient-specific chimeric antigen presenting T-cells will be
prepared from whole blood collected from patients.
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4 Market and Competitive Assessment
4.1 Market Analysis
The global targeted cancer treatment market is estimated to be valued at $120 billion in
2020. The market is expected to reach $162.2 billion, showing 7.7% growth on average through
2025 [81]. Personalized cell therapies, and CAR-T specifically, currently make up a small
fraction of that overall market. The CAR-T market reached $726 million in 2019, with two
approved treatments and two companies in the market. More products are expected in 2020,
along with an expected increase in the number of patients receiving existing treatments. These
products intend to cover a wider range of cancer applications, and eventually infiltrate the solid
tumor oncology treatment space. The CAR-T cell therapy market is projected to reach 9.7 billion
in 2024 [80].

Figure 4.4.1. Global Cancer Incidence Trends, 2010-2040 [81]

This uptick in targeted cancer therapies also follows a trending increase in the global
cancer burden. By 2040, the World Health Organization anticipates an increase to about
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28 million new cases annually by 2040, a 62% increase over 2018, as shown in Figure 4.1.1.
Therefore, the need for personalized and effective targeted oncology therapeutics will grow and
the CAR-T market will reflect this trend.

4.2 Competitive Analysis
The U.S. Food and Drug Administration (FDA) has approved two CAR T cell therapies for
the treatment of cancer patients to date. Both these treatments—axicabtagene ciloleucel
(Yescarta®) and tisagenlecleucel (Kymriah®)—are autologous products and both are designed
to target the CD19 antigen that is expressed by most leukemias. Both treatments are approved for
subsets of patients with relapsed or refractory large B cell lymphoma, while Kymriah is also
approved for subsets of children and young adult patients with acute lymphoblastic leukemia
[77]. The currently available CAR-T treatments can cost anywhere from $370,000 to $450,000,
depending on what type of cancer it is being used to treat [80].
The first on-market CAR-T therapy, Kymriah, is manufactured by Novartis. In August of
2017, the FDA approved Kymriah (tisagenlecleucel) as the CAR-T cell therapy for certain
pediatric and young adult patients with a form of acute lymphoblastic leukemia (ALL). The
European Commission followed suit a year later in August of 2018, granting Novartis marketing
authorization for Kymriah in Europe [80].
Yescarta (axicabtagene ciloleucel) was the second CAR-T cell therapy approved by the
FDA in October of 2019. It is manufactured by Kite, a subsidiary of Gilead. Yescarta is at
present manufactured in Kite’s commercial manufacturing facility in El Segundo, California. It
was recently announced in April of 2019 that Gilead is building a 279,000-square-foot facility in
Maryland to expand Yescarta manufacture and their prospective future T-cell receptor therapies.
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The site will employ up to 800 workers [82]. Kite demonstrated a 99 percent manufacturing
success rate with a median manufacturing turnaround time of 17 days. This is a higher
performance than Novartis’ product, which has a 90 percent manufacturing success rate and a
median turnaround time of 23 days [16].
In addition to these two approved and established CAR-T therapies, there are numerous
treatments that will soon be FDA approved and readily available from other manufacturers.
Table 4.2.1 shown below highlights CAR-T therapies that are in late stage development and will
be viewed as potential competitors in the coming years [80].
Drug
KTE-X19

Company
Kite, a Gilead Company

lisocabtagene
maraleucel

Bristol-Myers Squibb

C-CAR088

Cellular Biomedicine
Group Inc.

MB-107

Mustang Bio

JNJ-682284528

Janssen Pharmaceutical

MB-102

Mustang Bio

Comments
In December 2019, submitted a BLA to the
U.S. FDA for this CAR-T cell therapy for the
treatment of adult patients with relapsed or
refractory mantle cell lymphoma
In December 2019 at ASH meeting, BMS
announced data from multiple studies
evaluating liso-cel, an investigational CD19directed CAR-T cell therapy with a defined
composition of purified CD8+ and CD4+ CART cells
In December 2019 at ASH meeting, CBMG
presented early data from its ongoing phase I
investigator-initiated trial of its CAR-T cell
product candidate, C-CAR088, in patients with
relapsed or refractory multiple myeloma
Currently being assessed in two Phase 1/2
clinical trials for XSCID and in August 2019
was granted the RMAT designation by FDA
December 2019: FDA designated this CAR-T
candidate a Breakthrough Therapy for the
treatment of relapsed/refractory multiple
myeloma; it had previously received similar
status in Europe
August 2019: FDA approved IND application
to initiate a multicenter Phase 1/2 clinical trial
of MB-102 in AML, blastic plasmacytoid
dendritic cell neoplasm and high-risk
myelodysplastic
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P-BCMA-101

Poseida Therapeutics

AUTO1

Autolus Therapeutics
plc

syndrome
May 2019 received FDA Orphan Drug
Designation for the Treatment of Multiple
Myeloma
A CD19 CAR-T cell investigational therapy;
currently being evaluated in two Phase 1
studies, one in pediatric ALL and one in adult
ALL
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5 Customer Requirements
5.1 Customer Analysis
CAR-T cell therapy is FDA-approved for treating aggressive, refractory non-Hodgkin
lymphoma and pediatric relapsed or refractory acute lymphoblastic leukemia [8]. These patients
have undergone multiple rounds of chemotherapy and radiotherapy, but had only experienced
temporary, if any, improvements before experiencing tumor resistance to treatment or worsening
of symptoms. This is often the only option these patients have left.
Furthermore, CAR-T cell therapy is currently being adapted to treat other forms of cancer,
including those with solid tumors. It is highly likely that an efficient and effective process to
manufacture CAR-T cells will be necessary in the near future.

5.2 Effective Treatment
Though the antigen receptors and structure of the CAR-T cells is out of scope for this
project, we still seek to improve the effectiveness of the treatment through standardized
separations practices and automated expansion processes. One of the major determining factors
of whether the treatment will succeed is based on the purity of the starting T cell culture. For that
reason, it is essential to design a highly specific, yet efficient, separations process to ensure the
proper isolation of T lymphocytes. Moreover, this proposal seeks to automate the manufacturing
process as much as possible as this would not only decrease the labor hours required for the
process, but would also improve the batch failure rate: it is reported that in general, manual cell
therapy processes have a 10-percent failure rate, while automated processes would decrease the
rate to about 3-percent [49]. This is due to automated processes would require fewer handling
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steps, which decreases the risk of contamination. In addition, it can allow for more consistency
product quality, creating an overall, more effective treatment.

5.3 Consistent and Predictable Timeline
The CAR-T manufacturing process has a highly variable
timeframe (Figure 5.3.1). Part of this is due to the differences in
biology and stages of disease progression in patients, but another
is that currently, there is not a standard method of separation:
after apheresis, the extracted leukocytes could go through
elutriation, positive selection, both, or neither. As a result, the
starting cultures of T-lymphocytes begin at varied levels of
quality, leading to variability in required timelines. Therefore, we
must be able to create a process that can appropriately deal with
these inherent patient differences in a standardized manner, leading

Figure 5.3.1. This graph
demonstrates the variation in
days it takes patients to be
treated after starting the CAR-T
therapy process. The median is
23 days. [16]

to a more uniform T-cell starting culture and thus, allowing for a more predictable timeframe for
the entire process.
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6 CTQ Variables – Product Requirements
6.1 Seeding Culture Composition
The variable in the CAR-T manufacturing process that is most crucial to the to the
successful production of a viable T-cell product is the composition of the T-cell material after
whole blood is collected and separated [75]. For this reason, this project chooses to focus on the
early processing steps of blood collection and T-cell isolation in the CAR-T manufacturing
process, to ensure the highest likelihood that a viable product is produced from each patient
sample.
Peripheral blood cell counts vary considerably based on a variety of patient-specific metrics
such as clinical indication, prior treatment, and demographic factors. Certain cell populations,
such as monocytes, myeloid derived suppressor cells, and tumor cells, are known to actively
inhibit the ex vivo expansion of T-Cells in culture. Other populations, such as natural killer (NK)
cells will compete for nutrients with desired T-Cells, which is detrimental to growth and final
product purity [92]. Successful expansion of reprogrammed T-cells to a high enough viable cell
density to promote efficacious treatment when infused into the patient is dependent on the purity
of the stating material, as well as sufficient activation of the antigen specific T-cells. Current
clinical trials demonstrating promising therapeutic outcomes have used a dosage in the range of
106-107CAR T-cells per kilogram of body weight [2]. Using a basis of 100kg for patient body
weight, which is 19.3kg heavier than the average body weight in North America [89], this yields
a dosage range of 108-109cells per patient. Based on T-cell culture growth data gathered from a
series of runs in the selected production platform—the ambr 250 automated stirred tank
bioreactor—a target seeding density of 0.5x106 cells/mL, or 5x107 total human primary T-cells
was selected. By minimizing the variability of starting culture material and employing an
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automated stirred tank bioreactor system for enhanced expansion (see Section 13.4), the process
herein is designed to produce 5.8x108 CAR T-cells. Based on available clinical trial data [93],
this final cell number will be sufficient for production of an efficacious formulation. While the
metric of T-cell culture seeding density is an important guideline in ensuring successful
manufacture, it must be noted that clinicians must pre-screen patients in order to determine the
viability of CAR T-cell therapy based on blood counts, as high enough levels of problematic cell
populations mentioned above may make a patient ineligible for treatment [92].

P a g e | 25

7 Product Concepts
7.1 Advantages to conventional therapies
Non-Hodgkin B-cell lymphoma and leukemia are most often treated with chemotherapy.
This typically consists an intravenous delivery of four drugs, cyclophosphamide, doxorubicin,
vincristine, and prednisone; and a monoclonal antibody against B cell protein CD20, rituximab
(Rituxan) [66]. Currently, CAR-T cell therapy is only considered if the patient has undergone at
least two rounds of treatments.
However, turning to CAR-T cell therapy as a primary method of treatment could be
extremely advantageous to the patient. First, it is issued as a single dose. Chemotherapy is
typically given in cycles of three weeks. The total number of cycles and the dosage are
dependent on the stage of the patient’s cancer as well as the patient’s age: a younger patient can
potentially be given a high-dose chemotherapy treatment followed by a stem cell transplant,
since chemotherapy can severely damage the bone marrow. Moreover, chemotherapy is often
paired with radiation therapy for aggressive tumors; radiation treatments are typically given five
days a week over several weeks [79].
Second, CAR-T cell therapy is designed to be more cancer-specific to limit off-target/offtumor toxicity. Chemotherapy, on the other hand, targets dividing cells, since cancer cells tend to
proliferate at a higher rate than most normal cells do [78]. However, though most healthy cells
remain at rest, there are also important body tissues where cells are constantly growing including
hair, bone marrow, skin, and the lining of the digestive system. This can lead to a compromised
immune system, organ damage and blood clots. In some cases, patients report mild cognitive
impairments and dysfunction. These effects usually do not last long-term, but for patients with
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particularly aggressive cancers that require higher and more frequent treatments, they can last for
years post-treatment.
Thirdly, from a healthcare economics perspective, CAR-T demonstrates a clear valuebased advantage. The potential value of a therapy is commonly measured via cost effective
analysis using quality-adjusted life years (QALY) that enable standard comparison of
interventions in terms of their value. QALY’s account for the increased quality of life (mobility,
communication, cognition) provided by a therapy and the length of time it will increase the
patient’s lifespan. The Institute for Clinical and Economic Review (ICER) performs these QALY
assessments. In 2018, they cited the total cost of therapy as $667,000 for 9.28 QALYs gained.
For a comparable chemotherapy (clofarabine based), the total cost of therapy was $337,000 for
only 2.10 QALYs gained [83]. As a result, it costs only $46,000 per QALY gained for CAR Tcell therapy compared to chemotherapy at an expensive $136,000 per QALY gained. In terms of
clinical value gained, CAR-T therapy is less than half the cost of conventional chemotherapy
treatments.
With its clear advantages, CAR-T cell therapy has the potential to displace conventional
treatments for lymphoma and leukemia. Through standardization and automation, this project
aims to extend production capacity of CAR-T cells to improve accessibility.

7.2 Translatability to solid tumors
Although CAR-T cell therapy is not currently used to cancers such as melanoma,
pancreatic, and breast cancers, there have been considerable developments in applying CAR-T to
treat solid tumors [71]. As a result, it is very likely that the potential market for CAR-T will
significantly rise in the future, signifying the need for a process that can accommodate this
increased demand.
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However, adapting CAR-T cell therapy to solid tumors is not as simple as changing the
target tumor antigen. Research as suggested that it may be necessary to alter structure of the
CAR itself, have more specific ratios of CD4+/CD8+ T cells, have multiple targeting receptors,
add more costimulatory domains, and account for many other considerations [71]. Moreover, the
CAR engineering process is constantly being modified to enhance its efficacy. Our project
design can easily account for these engineering changes since it primarily encompasses the
processes that will remain relatively consistent: apheresis, T-cell isolation, and expansion.

7.3 Translatability to other forms of cell therapy
Perhaps most note-worthy is the ability of this process design to translate to other forms of
cell therapy including tumor-infiltrating lymphocyte (TIL) therapy. The instruments designed in
this project are not necessarily CAR-T cell specific, but rather general cell isolation and
expansion processes that can easily be adapted for other cell types. In the case of TIL, a tumor
sample is taken from a patient, the sample is fragmented, and the lymphocytes present in the
tumor are collected and engineered. Our proposed design can isolate these tumor-infiltrating
lymphocytes and expand them through a similar method as that of CAR-T. The only major
difference would be in the genetic engineering step.
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8 Superior Product Concepts
Our proposed CAR-T cell manufacturing process has numerous advantages compared to
both conventional cancer therapies and current CAR-T cell manufacturing. The most important
quality of cancer therapy is its effectiveness. Conventional cancer therapies, which include
chemotherapy and radiation therapy, often require multiple treatments over the course of many
months, forcing patients to face short- and long-term health effects including increased risks of
illness, infection, and organ damage. Despite this, there is, at best, a 50-percent chance of
completely curing a patient with non-Hodgkin B-cell lymphoma of the disease through
chemotherapy [66]. CAR-T cell therapy, in comparison, shows about 83-percent cancer
remission rate from a single dose [80]. It only requires a treatment period of only two to three
weeks. This is because CAR-T cells are specifically engineered to target cancer cells, limiting
off-tumor effects. That is not to say that this therapy is without side effects; the most common
risks are cytokine release syndrome, neutropenia, and anemia [20]. Cytokine release syndrome
typically causes influenza-like symptoms and typically only requires supportive care. At more
severe grades, a patient might be given an IL-6 receptor agonist tocilizumab with
tisagenlecleucel, which mitigates side effects while having no inhibitory effect against the CART treatment.
More specific to our project design is its advantages over the current manufacturing
processes of Kymriah® and Yescarta®. The first advantage is in our separations process. Current
methods involve using a continuous flow leukapheresis machine to collect leukocytes over the
course of two to three hours and then, based on the purity and yield of the sample, isolating Tcells through elutriation, positive selection, both, or neither. Though there are recommendations
for what method to use, there are no clear guidelines, resulting in inconsistent starting culture

P a g e | 29

qualities. Furthermore, this requires a lot of materials handling, which risks human error and
contaminations. Our proposed method, in contrast, involves a completely closed separations unit
and an established separations protocol. This eliminates excessive handling as well as reduces
variance in the quality of the starting culture. The second advantage is in our proposed expansion
process: instead of using numerous disposable T-flasks and wave-bags, our project design uses a
completely automated bioreactor system to grow cell culture. In addition to reducing materials
handling and improving end material quality, this method also generates fewer waste products.
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9 Competitive Patent Analysis
There are currently many patent applications tied to different components of CAR-T cell
therapy. The majority of patents focus on the biologic technology associated with gene editing
techniques and specific CAR constructs for T-cell therapies. Different companies have their own
proprietary CARs, with modifications in the transmembrane and endodomain co-stimulatory
structures and signal peptides, in addition to the antigen-recognition regions. Manufacturing the
gene editing vectors, including lentiviral and retroviral constructs, is out of the scope of this
design. For the purposes of this project, only the patents focused on the CAR-T cell
manufacturing process are discussed in this section.
Both Novartis and Gilead hold patents on the manufacturing process for their respective
CAR-T therapies on the market [6,9]. Gilead’s patent on CAR-T cell manufacturing was initially
assigned to Kite Pharma but was reassigned to Gilead upon their acquisition. Novartis holds the
longest standing manufacturing patent from December of 2014, which was first initially assigned
to the University of Pennsylvania and later licensed to Novartis. Notably, in 2017 Gilead was
sued by Juno Therapeutics for patent infringement on their CAR-T cell therapy manufacturing
patent and found guilty. That patent became public domain, and therefore does not apply as
infringement for the proposed process.
While the manufacturing process proposed in both of these patents is similar to the process
for this project, the T-cell separation steps are notably distinct. In the case of Novartis, the patent
cites the selection process as “A specific Subpopulation of T cells, such as CD3", CD28", CD4",
CD8", CD45RA", and CD45RO" T cells, can be further isolated by positive or negative selection
techniques. For example, in one embodiment, T cells are isolated by incubation with antiCD3/anti-CD28 (i.e., 3x28)-conjugated beads, such as DYNABEADSR M-450 CD3/CD28 T,
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for a time period sufficient for positive selection of the desired T cells.” It is not mentioned in the
patent to combine the selection of T-cells with activation using beads conjugated with CD28 and
MHC Class II molecules simultaneously [9].
Neither of the patents for CAR-T manufacturing possess claims related to the apheresis
procedure for cell collection. Patents on an apheresis and blood collection system are deviceassociated. A patent search provided patents on devices that only performed apheresis and did
not include a density-gradient centrifugation step specific to leukocyte selection. Therefore, this
project concludes that the leukocyte collection device proposed will not be subject to patent
infringement.
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10 Preliminary Process Synthesis
Several collection, isolation, and expansion techniques were considered for the design of
this process and compared for efficiency, efficacy, and scalability. The concepts in this section
were evaluated closely but were not used in the final design.

10.1 Leukocyte Collection
An alternative apheresis method we
considered uses continuous microfluidic
filtration system optimized to isolate
leukocytes by size and shape from whole
blood [59]. Whole blood is pumped into a
channel containing three-dimensional
sieves on the sides that allow the small,
flexible erythrocytes to pass through into a
diffuser while preventing bulky
lymphocytes from entering. Leukocytes

Figure 10.1.1. This is a schematic of a small-scale,
continuous microfluidic filtration system. Whole blood
flows into a chamber containing microfabricated sieves
that are optimized for erythrocyte flow through.
Remaining leukocytes continue through the main channel.
(Sethu, et. al., 2005) [59]

and erythrocytes interact with these filter
elements at different degrees based on the blood flow rate and fluidic resistance: it was found
that at low flow rates, the interaction between leukocytes and the filter is extremely weak,
causing leukocytes to be pulled by the inlet flow through the main channel to the outlet, where
they can be collected. However, the use of this method was limited by the small scale of the
prototype and lack of studies in its ability to be scaled up. Furthermore, because the steps
following apheresis will be conducted as batch processes, it is unnecessary to use a continuous
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system for the isolation of leukocytes: the only necessary requirement is that the filter flowthrough is returned to the patient in a safe and efficacious manner.

10.2 T-Cell Isolation and Separation
10.2.1 Fluorescent-Activated Cell Sorting (FACS)
Because a major goal of this project was to isolate T-cells at high degrees of purity, a
highly specific sorting method that we analyzed was fluorescence-activated cell sorting (FACS),
which uses fluorescent antibody tags to identify cells and sort them one-by-one. Although this
device is capable of sorting at 104 cells/s, it would take over fourteen hours to sort the estimated
amount of starting material we would collect from apheresis. Moreover, because T-cells are
particularly sensitive to shear stress [29], even at this processing speed, cell viability typically
drops to 35-45 percent post-FACS [65]. Thus, if we restricted the parameters to specifically sort
leukocytes to increase the processing speed, it is likely that cell viability would decrease even
further, forcing us to increase the amount of starting material by processing larger volumes of
blood to use this method. Furthermore, CAR-T therapy does not require that level of specificity;
the T-cell culture just has to be “pure enough” to prevent interference from other cells during the
expansion phase.

10.2.2 T-Cell Selection Technology
Due to the perceived complexity and cost associated with integrating immunomagnetic
separation steps into current CAR-T Cell manufacturing processes, systems for lymphocyte
isolation such as the Terumo BCT Elutra®, which uses counter-flow elutriation to separate
lymphocyte from monocyte fractions, have been the industry standard. Manufacturing failures
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associated with impurities in this lymphocyte fraction that hinder the successful expansion of Tcell cultures has led clinical manufacturers to explore antibody bead-based selections, which
confer much higher specificity and consistency in the content of the leukocyte fraction entering
cell culture[34]. Additionally, the importance of effective T-cell activation on successful
expansion has been highlighted in the literature, with antibody conjugated beads producing
greater rates of proliferation due to their enhanced specificity [ 88].
Current clinical research continues to examine the promise of antibody bead-based
selection procedures to produce defined ratios of antigen specific T cells, such as
CD4+/CD8+[34]. Companies such as Miltenyi Biotec, who are seeking to develop clinical grade
automated manufacturing systems like the CliniMACS Prodigy (see section 10.4), have
integrated magnetic antibody bead-based selection steps into their protocols with apparent
success [18]. Thus, the biological specificity that this step confers will continue to motivate its
inclusion in cutting edge manufacturing process design, as it has the potential to greatly enhance
the T-cell purity despite typical variabiltiy in patient-derived PMBC material [Fesnak]. In light
of these trends, the process hererin seeks to utilize a clinical grade superparamagnetic
nanoparticle artificial antigen presenting cell (aAPC) with biologically inspired design
principles. Particle properties were selected and optimized based on enrichment and costimulation capabilities, essentially creating an “all in one” reagent to ensure success at this
crucial manufacturing step. Thus, negative selection protocols, such as the Miltenyi Biotec Pan
T-Cell Isolation Kit, that utilize antibody cocktails and magnetic separation columns to deplete
non-target cell populations (e.g. monocytes, NK cells, dendritic cells, etc.) were determined to be
inefficient and costly. Negative selection technologies utilize 10+ distinct antibodies that makes
their use at manufacturing scale extremely costly from a consumables and quality control
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perspective [25,37]. Additionally, another reagent would still be required to activate the T-cells
isolated by negative selection. The current industry standard immunomagnetic stimulation of TCells is the use of aCD3/aCD28 Dynabeads, as described in Novartis’ patent for manufacture of
Kymriah® (tisagenlecleucel) [9]. However, clinicians have noted substantial loss of target cells
during necessary elution of these magnetic particles, likely due to their large size (1-4.5µm) [34].
Novel research in nanobiotechnology for immunomodulation motivated a design that optimizes
particle characteristics such as size, shape, ligand type, and density based on empirical T-cell
enrichment data [69].

10.3 Gene Transfer
CAR-T cell therapy involves engineering a
patient’s own T cells to express chimeric antigen
receptors that allow them to specifically target and
destroy tumor cells. CARs are transmembrane
receptor proteins that contain several functional
domains, including an extracellular single-chain
variable fragment (scFv) that binds tumor surface
antigens and an intracellular activation domain for
signal transduction. Current CAR-T therapies rely
on stable CAR expression using viral gene transfer
delivery systems, as shown in Figure 10.3.1.
There are two major types of stable gene
expression vectors used for clinical applications:

Figure 10.3.1 Viral production strategies
to induce T-cells to express the CAR
construct. [16]

γ-retroviral vectors and lentiviral vectors.
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Lentiviral vectors are widely used as they have an established precedent in biologic research
and display a safer genomic integration profile than their retroviral counterparts. Similar to γretroviral vectors, lentiviral vectors mediate high gene transfer efficiency and drive stable level
of CAR expression [2]. Unfortunately, there are significant obstacles for scaling up the lentiviral
vector production platform. They include the lack of widely available stable vector packaging
systems due to the intrinsic fusogenic property of the commonly used VSV-G viral envelope, lot
size limitation, and lot-to-lot variability imparted by the current multi-plasmids transient
transfection procedure [5].
γ-retroviral vectors are also used to provide stable CD19 CAR expression. They are
presently used in approximately a fifth of all clinical trials requiring gene transfer delivery. In
addition to high gene expression, another attractive feature of retroviral vectors is the availability
of multiple stable packaging cell lines. Retroviral vectors have been shown to be safe for
adoptive T-cell therapy in long-term studies [5]. It is feasible to generate enough cGMP grade
vector stocks to support high throughput vector production by expanding retroviral stable
packaging producer cell lines in the scalable Pall iCELL bioreactors [2].
Although lentiviral vectors are more widely used in current manufacturing practices, this
project chose to use retroviral vectors as a gene delivery system due to their ease in scalability.
Extensive studies have established comparability in terms of the safety of both viral systems
[87]. The ability to produce CD19 CAR expressing γ-retroviral vectors in large scale will drive
down the cost of the gene transfer step in this process and contribute to an economical optimized
CAR-T cell therapy process without sacrificing safety or efficacy of the product.
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10.4 Fully Integrated T-Cell Manufacturing
The CliniMACS Prodigy Integrated CAR-T manufacturing system is, at first glance, a
miracle device in that it is capable of automatically performing every step of the separation,
activation, engineering, and expansion process of developing CAR-T cells [28]. However, upon
further examination, it is unlikely that if demand for CAR-T cell therapy were to increase as it is
predicted to do in the future, it will be able to meet that demand: because the therapy has a
timeline of 2-3 weeks per patient, each CliniMACS machine would be occupied for the entire
duration of those weeks, limiting the number of patients that can be treated at each given time. It
is much more efficient and cost-effective to individually scale up individual aspects: for
example, cell expansion is the most time-consuming step in the process, but it is also the most
easily automatable. Furthermore, focusing on individual steps makes the process for adaptable;
when new techniques of CAR-T manufacturing are developed, it would be preferable to modify
specific steps rather than to have to redesign the entire machine.
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11 Assembly of Database
Operating conditions were based on manufacturer guidelines and established CAR-T cell
manufacturing guidelines. Instrument and material costs were estimated based on existing
technologies and products. Remaining costs were evaluated and adjusted based on existing
CAR-T cell manufacturing data.

P a g e | 39

12 Process Flow Diagram and Material Balances
Overall and detailed process flow diagrams for our proposed CAR-T cell manufacturing
process are shown in this section. More details are provided in Sections 13, 15, and 16.

12.1 Summary of Process

Figure 12.1.1. This figure shows the overall process flow diagram of the proposed CAR-T cell
manufacturing process. Collection and isolation of lymphocytes occurs at hospitals or clinics. Cell
engineering and expansion is performed at a centralized manufacturing facility. The final formulation is
then shipped from centralized manufacturing back to the original hospital or clinic and re-administered to
the patient.

12.2 Hospital/Clinic Process Design
The lymphocyte isolation steps occur in a clinic or hospital setting. The equipment for this
process will be produced en masse and replicates will be placed at hospitals across the United
States. This will address the geographic challenge of direct patient access required as an initial
resource for CAR-T cell therapy.
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Figure 12.2.1. This figure shows the detailed process flow diagram for the collection and isolation of
lymphocytes. It includes filtration apheresis, density gradient isolation and cryopreservation of lymphocytes.
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Figure 12.2.2. This figure shows the detailed process flow diagram for the filtration apheresis steps. Whole
blood is flowed through a leukoreduction filter and filtered blood is returned to the patient continuously.
Leukocytes are flowed into a centrifuge. Stream numbers correspond to those in Figure 12.2.1.
Table 12.2.2. This table describes the temperatures, pressures, flow rates, and cell compositions of the streams
shown in Figure 12.2.2. Stream 2 refers to the number of leukocytes that remain in the filter post-counterelutriation.
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Figure 12.2.3. This is the detailed process flow diagram for the density gradient separation and the cryogenic unit
steps. Four centrifugation steps are involved: removal of buffer, Percoll separation of granulocytes, Percoll
separation of monocytes, and a wash step. Finally, a cryogenic solution will be added to freeze lymphocytes for
transportation. Stream numbers correspond to those in Figure 12.2.1.
Tables 12.2.2 (a) (b). This table describes the temperatures, pressures, flow rates, and cell compositions of the
streams shown in Figure 12.2.3.
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12.3 Centralized Manufacturing Process Design

Figure 12.3.1. This is the overall flow diagram for the centralized manufacturing process design. It begins
with the thawed lymphocytes being flowed through a positive selection column to isolate the T cells. These T
cells are placed in a T-75 flask, where the CAR genetic engineering process takes place. These cells are
seeded in a bioreactor (ambr®250) and expanded over a course of approximately two weeks. Throughout the
process, the cells undergo QC testing and cell density/viability measurements. When the cells have grown to
an appropriate density, they will be centrifuged and cryogenically preserved. They are then ready to be
shipped back to the hospital or clinic to be infused into the patient.
Table 12.3.1. This table describes the temperatures, pressures, and types of cells in the streams corresponding
to those in Figure 12.3.1.
STREAM NUMBER
TEMPERATURE (°C)
PRESSURE (ATM)
TOTAL NUMBER OF CELLS
CAR-T Lymphocytes
Non-engineered T Lymphocytes
B Lymphocytes

19
-80
1

20
4
1

21
37
1

22
37
1

23
37
1

24
37
1

25
-80
1

2.6 x 108
4.5 x 107

5 x 107
-

2.5 x 107
2.5 x 107
-

5.8 x 108
-

5.8 x 108
-

5.8 x 108
-

5.8 x 108
-
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Figure 12.3.2. This is a detailed workflow for generating nanoparticles for the positive selection step. After the
nanoparticles are completed, they will be mixed with thawed lymphocytes for one hour before being washed
and eluted. The resulting product are antigen specific T cells.
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13 Process Descriptions
Our proposed CAR-T cell manufacturing process can be broken down into lymphocyte
isolation, positive selection of T cells, gene transfer, expansion, and quality control testing.
Figures 12.2.1-12.3.1 summarize the process. For each step, different equipment and solvents
were chosen and optimized to produce the most desirable results.

13.1 Lymphocyte Isolation
The lymphocyte isolation process begins with a complete blood count (CBC) panel along
with a small-scale Percoll density gradient to determine monocyte and lymphocyte densities.
Following this pre-testing, the patient will undergo filter apheresis (Figure 12.2.2). Their blood
will be further processed through density gradient separation, followed by cryopreservation
(Figure 12.2.3). This upstream process occurs in a hospital or clinic setting, with close
geographic proximity to the patient.

13.1.1 Blood cell count and density pre-tests
Within six hours prior to leukapheresis, a patient will undergo a CBC test to calculate the
minimum volume of blood that must be collected to ensure achieving the necessary seeding
density of T cells in the downstream expansion steps. The blood volume that needs to be
processed is approximately 1-L per patient.
In addition to counting the total number of cells, collected monocytes and lymphocytes will
be run on a density gradient using Sigma-Aldrich Percoll PLUS to determine an appropriate
Percoll percentage to separate the cells. Monocytes and lymphocytes will be centrifuged with
varying percent solutions between 40 and 50-percent of Percoll in 0.3 M NaCl/H2O until a there
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is a visible separation between the two cell types. This percentage will be used for the isolation
of lymphocytes.

13.1.2 Filtration apheresis
The skin at the puncture sites will be cleansed with 2-percent chlorhexidine/70-percent
alcohol combination. 0.2-ml of 1-percent lidocaine will be given at the same sites for anesthetic
effect. An arteriovenous fistula needle will be inserted into the vein in the antecubital region of
the “inlet” arm. An IV catheter will be placed in the vein of the other, “receiving” arm [72]. An
external valve will be opened to allow whole blood to freely flow through the inlet tube. An
internal pump will ensure continuous and steady flow at a rate of about 2 ml/s through the tubes
leading up to a leukoreduction filter.
This filter has a diameter of 8.7 cm and a maximum hold up volume of 97-ml, allowing it
process up to 1.5 L of blood at a time. The fiber-mesh filter contains pores sized 3 µm in
diameter and 40 µm in depth, allowing small, flexible erythrocytes to squeeze through while
trapping bulky lymphocytes. Filter flow through will be returned to the patient continuously,
starting at a 2 ml/min and slowly increasing until reaching a controlled rate of 2 ml/s. This will
be controlled by a pump. After the processing the necessary volume of blood, the external valves
should be closed, and the patient should be disconnected from the machine. At the operator’s
command, the internal valves connecting the filter to the inlet and outlet tubing will be closed
tightly while the valves located on the buffer stream and the outlet stream to the centrifuge open.
150-ml of the buffer, which consists of 3 percent 0.05 M ethylenediaminetetraacetic acid
(EDTA) in phosphate-buffered saline (PBS), will be pumped at 10 ml/s through the backend of
the filter, releasing the trapped leukocytes. The leukocytes mixed in with the PBS/EDTA

P a g e | 47

solution will be flowed into a 200-ml disposable centrifuge tube, pre-placed within a single
chamber centrifuge. This process is summarized in Figure 12.2.2.
The total volume of blood processed will be determined based on the patient’s complete
blood count test results. Although the volume of blood needed should not need to exceed 1.5 L
per patient (the average should be about 1 L), if larger volumes of blood are needed to achieve
the target number of leukocytes, this process should be repeated using a new filter.

13.1.3 Percoll density gradient centrifugation
The density gradient separation consists of four steps executed consecutively in a single
centrifuge tube. The centrifugation steps should be observed through the instrument’s particle
dispersion analyzer system (Section 15.1.2, Appendix G). First, the leukocytes in the
PBS/EDTA solution will be centrifuged at 350g for 7 minutes to concentrate the cells. The
leukocytes will form a solid pellet at the bottom of the centrifuge tube. The supernatant,
consisting primarily of the PBS/EDTA solution, will be aspirated into a cell waste container.
The cell pellet will then be resuspended in a 33-ml of a 55 percent Sigma-Aldrich Percoll
PLUS in 0.3 M sodium chloride and then centrifuged at 580g for 15 minutes [62]. Because
between 10 and 20 percent of the cells in the pellet are dense leukocytes including neutrophils,
eosinophils, and basophils, it is most optimal to remove them before proceeding to the more
crucial separation in this process: monocytes and lymphocytes. At the end of this step, there
should be three main layers in the tube. Because the lymphocytes and monocytes will be found
above the Percoll barrier, they should first be flowed into a “temporary holding” tube. The
remaining material in the centrifuge tube should be aspirated into the cell waste container.
The collected lymphocytes and monocytes will be flowed back into the centrifuge tube and
resuspended in a pre-determined concentration of Percoll/sodium chloride solution. Typically,
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this solution is between 40 and 50 percent Percoll, with an average of 46%. The mixture will be
centrifuged at 580-g for 15 minutes [27]. Because lymphocytes are relatively denser than
monocytes, they will pellet at the bottom, while the monocytes will form a cell layer above the
Percoll barrier. The monocyte and Percoll layers will be aspirated into the cell waste container,
leaving behind the lymphocyte pellet.
Lastly, the lymphocytes will be resuspended in 200-ml PBS and centrifuged at 400g for ten
minutes to wash the cells. The PBS will be aspirated, and the cells will be resuspended in 2-ml of
10 percent dimethyl sulfoxide (DMSO) in heat-inactivated human serum albumin (HSA) to
prepare the cells for centrifugation [63]. This step is shown in Figure 12.2.3.

13.2 Cryogenic Freezing and Shipping
The resuspended cells in DMSO/HSA will be transferred into a 3-ml cryogenic vial and
passively cooled at a rate of 1°C/min until they reach -80°C [63]. They should then be
maintained at -80°C for at least three hours. At this stage, they are ready for transport to a
centralized manufacturing facility. Transport will occur on dry ice and expedited to the
centralized manufacturing facility at an overnight rate whenever possible. Geographic proximity
between the hospital/clinic setting and manufacturing facility will introduce variability in the
shipping duration, but <24 hours is the standard.

13.3 Positive Selection and Activation of Antigen Specific T-Cells
Along with lymphocyte isolation step described in Section 13.1, positive selection of
antigen specific T-cells using custom magnetic nanoparticles is a key design pillar in meeting the
goal of producing consistent, sufficiently pure starting material for T-cell expansion. Isolating
desired T-cell populations from patient PMBC material is critical to the success of the
manufacturing process, as it dictates the success of T-cell reprogramming and expansion (see
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Section 6). Immunomagnetic cell separation, characterized by magnetically labeling cells with
antigen coated particles, has many advantages including its versatility, scalability, and most
notably selectivity. For example, current selection methods using anti-CD4/anti-CD8 beads have
been shown to achieve median purities of around 90% in CAR T-cell manufacturing [92].
However, in most current manufacturing processes magnetic bead-based separations are
performed optionally based on outcomes from apheresis or elutriation procedures, and the
widespread adoption of the technique is under evaluation in clinical trials due to the “cost and
complexity” it introduces [34] (see Section 10).
The rising popularity and viability of immunotherapy based treatments, including CAR T
and other adoptive cell therapies (ACTs), has motivated extensive cutting-edge research into
immunomodulation and how to
harness its power. Specifically,
the importance of sufficient T-cell
activation for successful
transduction and expansion of Tcells ex vivo has been highlighted
throughout the literature.
Activation is a biochemical
signaling process in which cells

Figure 13.1. Nanoparticle artificial antigen presenting cells (aAPCs) bind
to local TCR clusters on the cell surface, enabling enrichment and
activation of T-cells [69].

known as antigen presenting cells (APCs) engage the T cell receptor (TCR) and other cell
surface receptors such as CD28 to initiate cascades of molecular events such as phosphorylation.
This interaction allows the T-cells to proliferate and direct immune responses and respond to
antigens, such as those presented by foreign pathogens [94]. As endogenous APCs such as
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dendritic cells have proven unreliable in CAR T-cell manufacturing, researchers have looked to
develop artificial antigen presenting cells (aAPCs)—custom reagents that use antibody coupled
particles to mimic endogenous signaling activities [5]. The process described below uses
superparamagnetic nanoparticle aAPCs, shown in Figure 13.1, designed for simultaneous
isolation and activation of T-cells to create a high performance reagent capable of being
produced in house. Particle parameters such as size, concentration, and ligand density were
derived from empirical design studies based on T-cell biology [68].

13.3.1 Production of Nanoparticle Artificial Antigen Presenting
Cells
Stocks of nanoparticle artificial antigen presenting cells (aAPCs) will be produced in
house for use in the isolation of antigen specific T-cells from cryopreserved lymphocyte
material. Peptide loaded dimeric major histocompatibility complex (pMHC-Ig) and anti-CD28
monoclonal antibody will chemically conjugated to the surface of functionalized nanoparticles.
Note that the choice of signaling peptides for immunomodulation can be modified to select for a
wide range of unique antigen-specific cell populations.
First, 27mg of Human HLA-A2:Ig Fusion Protein (BD Biosciences) will be loaded with
peptide SIYRYYGL (Genscript). HLA-A2:Ig in PBS at a concentration of 1mg/mL will be
denatured by adding 243mL of denaturation buffer (150mM NaCl, 15mM Na2CO3in DI H2O,
pH 11.5) and incubating for 15 minutes at room temperature. For loading, a 50M excess
SIYRYYGL peptide, or 6mg total, will be added to the denatured MHC:Ig. Thus, 0.3mL of a
20mg/mL DMSO stock will be added to 2.7mL PBS, diluting the concentration to 2mg/mL. This
3mL of 2mg/mL peptide solution will be added directly to the vessel containing denatured
MHC:Ig, and the solution will be immediately brought to pH 7.4 by titrating with a buffer
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comprised of 250mM Tris HCl in DI H2O, pH 6.8. The solution containing renatured peptideMHC complex will be incubated at 4°C for 48 hours. Finally, the peptide loaded MHC complex
will be concentrated and washed with PBS using Amicon® Ultra 15 mL Centrifugal Filters with
a 50kDA molecular weight cut-off. The desired final concentration is 1mg/mL and should be
checked by spectrophotometer [71]. The final product of this process step will henceforth be
referred to as pMHC or Signal 1.
NHS activated superparamagnetic iron oxide nanoparticles (SPIONs) with a diameter of
300nm, obtained from OceanNanotech, will be coated with pMHC and anti-CD28 ligands. The
SPIONs must first be resuspended, as they are obtained in lyophilized form. The buffer used to
resuspend the SPIONs is 25mM 2-(N-morpholino)ethanesulfonic acid (MES) with 0.01% Tween
20 adjusted to pH 6.0. In a sterile 50mL conical tube, 21.5mL of resuspension buffer will be

Figure 13.2. pMHC complex and anti-CD28 are conjugated to NHS-functionalized iron oxide
nanoparticles to enable the particles to magnetically label and activate T-cells [71].

added to 215mg of total beads, and the tube will be vortexed until there is not visible
aggregation. The 50mL conical tube will then be placed in an Easy 50 EasySep™ Magnet to
separate the supernatant from the SPIONs. The SPIONs will then be sterilized by washing with
25mL of 70% ethanol, which will then be decanted. Next, the SPIONs will be resuspended in
10.75mL buffer and vortexed. In order to conjugate the two signal molecules to the SPIONs as
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shown in Figure 13.2, 13.5mL of pMHC stock solution and 8mg InVivoMAb anti-human CD28
will be added to the tube containing to resuspended SPIONs—a ratio of 0.1mg total protein to
1mg SPIONs. The 50mL conical tube will then be vortexed and placed on a lab shaker on a high
setting in order to promote mixing while the functionalized particles are allowed to react with the
protein for 2.5 hours at room temperature. At the end of the 2.5-hour reaction period, the reaction
will be quenched using 2.5mL of a buffer comprised of 100mM Tris-HCl pH 7.4 and placed
back on the shaker for another 30 minutes. At the end of
the 30 minutes, the tube will be placed in the Easy 50
EasySep™ Magnet and repeatedly washed with 30mL
PBS until the supernatant is clear in order to remove
excess protein. Finally, the particles will resuspended in
21.5mL of a solution of 10mM PBS and 0.01% Tween pH
7.4 and transferred to a 40mL glass scintillation vial [71].
This stock solution has a final concentration of 10mg
SPIONs/mL and can be stored at 4°C for up to six

Figure 13.3. Simultaneous binding of pMHC to
TCR and anti-CD28 to CD28 receptor enables
enrichment and co-stimulation of T-cells with a
magnetic nanoparticle [69].

months. Thus, replicating the above procedure twice per
year ensures that the 430mg of SPIONs required for positive selection of antigen specific T-cells
will be available for use.

13.3.2

Immunomagnetic Isolation of Antigen-specific T-cells

Selecting for the desired T-cell population is an extremely important process step that
enables for sufficient expansion and activation of the target cell population that will be
reprogrammed into CAR-T cells. The nanoparticle aAPCs produced in the previous process step
allow for precise selection and co-stimulation of this cell population by a binding interaction
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between the pMHC complex and the T-cell receptor (TCR), as well as an interaction between the
anti-CD28 ligand and the CD28 receptor on the surface of the cell, as shown in Figure 13.3 [69].
Cryopreserved, patient-derived lymphocytes serve as the starting material for this magnetic
immunoprecipitation. First, lymphocytes in 10% DMSO and 90% human serum albumin (HSA)
will be transferred to a sterile 14mL polystyrene tube, pelleted using a lab centrifuge, and
resuspended in 10mL PBS supplemented with 0.5% HSA and 2mM EDTA. In order to isolate
the desired T-cells from this population, or 0.142mg of nanoparticle aAPCs (see Appendix A)
are added to the 14mL tube. A schematic representing the general workflow for selection of
magnetically labeled cells is provided in Figure 13.4. The tube will be placed on a lab shaker to

Figure 13.4. A schematic of the general workflow of immunomagnetic selection from
a heterogeneous cell suspension. This process utilizes positive selection to isolate Tcells through magnetic labeling with custom nanoparticle aAPCs. [STEMCELL.com]

promote continuous mixing, placed within a temperature controlled environment at 4°C and
incubated for one hour to ensure the sufficient binding of aAPCs to TCRs [71]. After the
incubation period, the tube will be placed in "The Big Easy" EasySep™ magnet, and the particle
bound T-cells will migrate to the side of the tube, allowing for removal of undesired cells by
aspirating the supernatant with a sterile pipette. At this point, the cells and particles will be
resuspended in 10mL GMP-grade Lonza X-Vivo 10 Serum-free media supplemented with

P a g e | 54

30,000IU interleukin-2 (IL-2) and brought to a total volume of 22mL in a sterile feed reservoir
(see Section 13.5). For quality control purposes, a 200mL sample should be removed in order to
obtain a cell count with an automated hemocytometer. The separation described in this section
was designed to isolateantigen specific T-cells, which is the desired seeding density for the
expansion of the T-cells in culture. It should be noted that a gene transfer step is required in
order to reprogram these antigen specific, patient derived T-cells by inserting the gene for the
chimeric antigen receptor (CAR).
Although alternative gene transfer methods associated with the Sleeping Beauty transposon
system (see alternate process considerations) were considered, process descriptions related to
gene transfer were determined to be out of scope of this design and are largely omitted.

13.4 Gene Transfer
13.4.1 Viral Gene Transfer
A γ-retroviral vectors will be used provide stable CD19 CAR expression. These vectors will
be purchased from an external source as cGMP grade vector stocks to support high throughput
CAR-T cell production. The sterility of the γ-retroviral vectors used will be tested to ensure that
they are free of contaminating microorganisms, assays for replication-competent retroviruses and
mycoplasma testing of the cells and media used in the process help determine that the final CAR
T cell product is free from adventitious agents and safe for infusion into patients. Cells are
transduced in T-75 flasks with retrovirus according to the transduction protocol in Appendix E
by overnight incubation. Further optimization of the biologic steps in the gene transfer protocol
is out of the scope of this report.
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13.4.2 Non-viral Gene Transfer
Both retroviral and lentiviral vectors are complicated complex biological reagents that
require intensive and expensive biosafety testing. A relatively new plasmid-based expression
system, the Sleeping Beauty transposon/transposase system manufactured by Ziopharm
Therapeutics in Cambridge, MA, has been used to introduce anti-CD19 CAR into T cells by
electroporation [57]. The advantages of this system are its simple manufacturing procedure,
relatively low cost, and straightforward release testing. This gene delivery system is comprised
of a single plasmid, which has a much simpler and low-cost manufacturing procedure than its
viral counterparts. Additionally, plasmids pose less of a safety risk than a viral vector, so a
transposon system would require significantly less quality control and release testing, decreasing
the time and cost of manufacture [54].
Yet the biggest advantage to this gene transfer system is that it removes the need for weeks
of T-cell expansion post-gene transfer as shown in Figure 10.3.2. In a viral system the T-cells
need to be expanded in vitro until the viral vectors can infiltrate cell membranes and integrate
into the T-cell’s genome. Only then will the cells begin expressing CAR constricts. With a
transposon system, the plasmids are electroporated into cells immediately, and genomic
integration occurs without the need for expansion.
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Figure 10.3.2. For the production of CAR-T cells, a faster and less expensive alternative to viral-mediated gene transfer
is the Sleeping Beauty system, which relies on electroporation to deliver a transposon/transposable construct. In this
image from Ziopharm Oncology, a Sleeping Beauty procedure enables T cells to co-express a CD19-specific CAR and
membrane-bound inerleukin-15 [51].

This technology is only in preliminary Phase II clinical research, and just completed a Phase
I trial in 2016. The Phase I clinical trial for anti-CD19 CAR-T cell therapy using the sleeping
beauty transposon/transposase system demonstrate promising safety metrics and show low T-cell
toxicity [44]. Details on the clinical trial results are included in Appendix C. For the purposes of
this project, it is recognized that the transposon system would be the gene therapy step of choice,
however the technology development is in too early of a stage to accurately determine the
technical success and production feasibility of this method. Therefore, the main proposed process
will use a viral gene transfer step. For thoroughness, both scenarios will be costed out, with a
primary manufacturing process that uses viral gene transfer evaluated in parallel with a
secondary manufacturing process that uses a transposon system.
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13.5 T-Cell Expansion
Following retroviral transduction of the CAR construct, the T-cells are expanded for 7-14
days as gene editing and further selection occurs. Conventionally T-cells have been expanded
using manual, small-scale and often static culturing systems such as T-flasks and wave bags.
Such systems are used because there is an unsubstantiated concern that primary T- cells are
shear sensitive, or prefer static conditions, and therefore do not grow as effectively in more
scalable, agitated systems, such as stirred- tank bioreactors, as compared with T- flasks and
culture bags. The T-cell expansion step will be performed using an ambr® 250 automated
bioreactor system, which has growth kinetics consistent with wave bags in static cell culture, and
equivalent production quality [33]. The ambr® 250 system is a high throughput, automated
bioreactor system for process development with 24 fully featured single-use 250 mL mini
bioreactors. This highly parallel system provides full individual control of culture conditions for
each bioreactor, allowing for reactors to inoculate and operate on different time frames. A single
reactor unit is used for each patient. The 24-bioreactor station is complete with, sensor readers,
pumps and a liquid handler to significantly reduce manual operator interactions and subsequently
reduce the risk of contamination. Additionally, the ambr250 system is housed in an integrated
class II biological safety cabinet designed to maintain an aseptic environment even during robot
manipulation of bioreactors, significantly reducing any risk of vessel contamination.
Before the reactor can be seeded with the material from the isolation step, the single-use
vessel will be loaded with 80mL of GMP-grade Lonza X-Vivo 10 Serum-free media (SFM)
supplemented with 30,000IU interleukin-2 (IL-2) and connected to the control system, in order
to condition the pH probe overnight. The vessel is unbaffled and has a single “elephant ear”
impeller with a diameter of 30mm, which will be operated at 200rpm for the duration of the 7
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day culture period. The 5 × 107 human primary T- cells and nanoparticle aAPCs are resuspended
in 22 ml of the supplemented Lonza X-Vivo 10 SFM, reaching a final seeding density of 0.5 ×
106 cells/ml in a total volume of 100 ml. For each run, another 50 ml of supplemented Lonza XVivo 10 SFM is added every 3 days. Media exchange occurs after day 5. A 200-rpm impeller
agitation speed in an unbaffled vessel is used, as it has been proven to produce the highest final
T-cell yield at 4.65 ± 0.24 × 106 viable cells/mL [33]. Cells are harvested and spun down using a
centrifuge after approximately 7 days, at a minimum titer of 2 × 106 viable cells/mL, which
yields approximately 500 × 106 viable cells in each reactor. This is a sufficient cell number for
formulation and QA testing.

13.6 Formulation & Quality Assurance Testing
In order to clear the final T-cell product for patient administration, the final formulation
must pass specific FDA regulations and toxicity requirements. This is crucial to the design, as
any quality errors would result in a complete plant shutdown and lengthy investigation by the
FDA, losing a significant amount of time and money. The following are a list of the standard
assays that must be performed as part of release testing [86]. Cell counts: viable cell counts were
performed using standard Trypan blue exclusion method and counted on a Corning Cell Counter.
Immunotyping by FACS Analysis: for phenotyping of end of production T-cells, a sample was
washed in PBS and stained at room temperature. CD4, CD8 and CD27 antibodies were added
and the final product was analyzed on a flow cytometer. Viral Clearance: the presence of DNA
sequences encoding the retroviral envelope was investigated in the genomic DNA extracted from
1 × 106 T-cells using QIAamp DNA Blood Midi Kit (QIAGEN). Endotoxin Detection:
endotoxin level in final products was determined using the FDA-approved Endosafe® - Portable
Test System (Charles River Laboratories) as per the manufacturer's recommendations. This test
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measures color intensity directly related to the endotoxin concentration in a sample. The level of
sensitivity is between 0.10-10 EU/ml. Results are converted to EU/kg based on patient weight
and product volume. Cytotoxicity: cytotoxic activity of T-cells was determined using a standard
chromium release assay. Following 4 hr. incubation at 37°C, supernatants were harvested, and
radioactivity was counted in a microplate scintillation counter.

13.7 Cryogenic Freezing and Shipping
Refer to Section 13.2.

13.8 Infusion
To deplete endogenous lymphocytes prior to adoptive transfer of CAR–T cells, patients
received chemotherapy regimen for at least 3 days prior to adoptive transfer of CAR-T cells,
according to physician recommendation. The final dose of T-cells is administered through
intravenous injection to the patient at 2 × 105 cells/kg. This dose was chosen from a study that
observed reproducible in vivo proliferation of CAR–T cells and antitumor activity, and low
doses (2 × 105 cells/kg) of the defined-composition CAR–T cell product was sufficiently potent
for inducing CR without a high rate of toxicity in patients with a high tumor burden [85].
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14 Energy Balance and Utility Requirements
Due to the complicated geographical considerations of this process, overall energy and
utility requirements were not calculated in depth.
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15 Equipment List and Unit Descriptions
The quantity of each type of the equipment has been determined based on prediction of 3000
patients undergoing CAR-T therapy annually, accounting for equipment clean up and preparation
times.

15.1 Lymphocyte Isolation Instrument
Although the first three steps in the lymphocyte isolation process occur in a single unit, it
can be broken down into three units: a leukoreduction filter, a 200-ml single chamber centrifuge
with dispersion analysis technology, and a cryogenic unit. The expected dimensions (W x H x D)
of the entire device is 50 x 37 x 80 cm3.

15.1.1 Leukoreduction Filter
The first step uses a leukoreduction filter. This filter is based on the Haemonetics RS
Leukocyte Reduction Filter but will be scaled up so that it can hold up to 1.5 L of blood. This
scale-up, along with valves, was factored into the estimated price of $65 per leukoreduction filter
kit (including disposable tubing) by 2.5 times the given quote. The filter is made up of synthetic
microfibers prepared as a nonwoven web with a pore size of 3-µm and a filter thickness of 40
µm. It has a diameter of 8.7-cm, giving it a maximum hold-up volume of 97-ml. It has a max
flow rate 160 ml/min at 300 mmHg, but it will likely be run at a slower rate. Based on studies
using Haemonetics filters, there should be over 99% collection of leukocytes, with a 60-70%
recovery of leukocytes through counter-elution with 140-ml PBS and 4-ml EDTA, which are
priced at $4.24 and $0.16 per run, respectively.

15.1.2 200-mL Single chamber centrifuge with dispersion analyzer
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The second step uses a 200-ml single chamber centrifuge with a dispersion analyzer
system. The design will primarily be based on the LUMiSizer® dispersion analyzer, which
consists of a centrifuge and software that allows real-time analysis of particle and droplet
velocity distributions for sedimentation; this is important because it verifies the proper separation
of blood cells during density gradient separation. This design is combined with aspiration system
that allows for the system to be completely closed. Our price estimation is based on a
combination of the LUMiSizer® and the Control Medical Technology ASPIRETM aspirator:
$61,075.07. This system also requires disposable tubing, priced at $32.99/patient; 200mL singleuse centrifuge tube ($7.07/patient, Thermo ScientificTM NuncTM) and a number of solutions:
approximately 28-ml of Percoll ($22.86/patient, GE Healthcare PercollTM PLUS), 0.49-kg of dry
sodium chloride ($0.005/patient, Fischer ScientificTM), 0.02-ml dimethyl sulfoxide
($0.41/patient, Sigma-AldrichTM), and 0.18-ml Human Serum Albumin ($3.87/patient, SigmaAldrichTM).
The centrifuge can achieve between 6g and 2300g in speed. Samples will be spun at 4
degrees Celsius, but the instrument can be set in the range 4 to 60 degrees Celsius. The particle
dispersion analyzer uses Space- and Time-resolved Extinction Profiles (STEP) technology
(Appendix G) to instantaneously measure the extinction of the transmitted light across the
length the sample as it is being centrifuged, allowing both the machine and the operator to
determine is a proper separation had taken place. It can detect particles between the ranges of 10
nm to 1000 µm using multiple wavelengths of light [74].

15.2 Cryogenic Unit
The cryopreservation section of the device can reach a temperature of at least -80 degrees
Celsius, as per standard protocol for freezing T lymphocytes. It is insulated using aerogels, so it
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does not disturb the other parts of the instrument. Its expected dimensions (W x H x D) are 2 x 8
x 2 cm3, so that it can hold a 3-ml cryovial ($0.29/patient, Argos Technologies PolarSafe®).

15.3 Positive Selection and Activation of Antigen Specific TCells
The T-cell isolation step will be performed using a column-free magnetic separator. T-cells
that have been magnetically labeled through incubation with superparamagnetic nanoparticle
aAPCs (see Section 13.2) are suspended in a 10mL of buffer within a 14mL polystyrene tube
($0.31/patient, Corning Inc. Falcon®). A magnetic separator with a 17 x 95mm cavity designed
to hold these vessels enables the magnetically labeled particles to be retained within the tube
while the supernatant is aspirated. Five of these magnetic separators (“The Big Easy” EasySep™
Magnet, STEMCELL™ Technologies) will be purchased for $1,475 each. The magnetic
separators should be stored between 15-25°C, disinfected with 10% bleach solution after each
use, and cleaned with 70% ethanol to ensure sterility and dryness.

15.4 ambr250 High Throughput Bioreactor
The T-cell expansion step will be performed using an ambr250 automated bioreactor
system. The ambr® 250 system is a high throughput, automated bioreactor system for process
development with 24 fully featured single-use 250 mL mini bioreactors. 7 units will be
purchased for $1,068,170 each, and a set of 24 single-use reactor vessels used inside the reactor
can be purchased for $9,080.This highly parallel system provides full individual control of
culture conditions for each bioreactor, allowing for reactors to inoculate and operate on different
time frames. The 24-bioreactor station is complete with, sensor readers, pumps and a liquid
handler to significantly reduce manual operator interactions and subsequently reduce the risk of
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contamination. Additionally, the ambr250 system is housed in an integrated class II biological
safety cabinet designed to maintain an aseptic environment even during robot manipulation of
bioreactors, significantly reducing any risk of vessel contamination.
A single un-baffled vessel reactor bag will be used for each patient. The baffled vessel used
is equipped with a single larger 3- segment, 45°pitched blade impeller (D = 30 mm) and is
unbaffled. The impellers pumped downwards and key culture parameters including pH, dO2,
temperature, and the headspace gas flow were measured continuously and monitored throughout
the expansion step.

15.5 Cryogenic Unit
The cryopreservation section of the device can reach a temperature of at least -80 degrees
Celsius, as per standard protocol for freezing T lymphocytes. It is insulated using aerogels, so it
does not disturb the other parts of the instrument. Its expected dimensions (W x H x D) are 2 x 8
x 2 cm3, so that it can hold a 3-ml cryovial ($0.29/patient, Argos Technologies PolarSafe®).
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16 Specification Sheets
The following pages contain the specification sheets for each of the units used in the
proposed process. The purpose of each unit, its vendor (if applicable), estimated price, physical
description, and required operating conditions are included.
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16.1 Lymphocyte Isolation Instrument
Description and
Function

Venders
Operation
Materials Handled

The lymphocyte isolation instrument consists of three major internal
units: a single-use leukoreduction filter, a 200-ml density gradient
centrifuge with STEP technology, and a cryogenic, cell-freezing unit.
The machine should be pre-loaded with solution/buffer kits and
disposable tubing before running. There is an interactive userinterface that allows the operator to verify proper separations and
override if needed. This unit is operated in the hospital or clinic, and
the resulting product is shipped to the manufacturing facility for
further CAR-T development steps. On average, 1-L of blood will be
processed by the leukoreduction filter: leukocytes will be trapped and
remaining blood flow through will be returned to the patient, pumped
at a steady rate. Lymphocytes will be isolated from leukocytes in the
density-gradient separation step and then be frozen at -80 degrees in
the cryogenic step. It is expected that about 3 x 109 lymphocytes will
be collected.
Leukoreduction Filter
Haemonetics®
Centrifuge with STEPLUM and Control Medical Technology
Technology
Batch
Lymphocytes
Monocytes
Erythrocytes
Other leukocytes

Solutions/Buffers
Handled

Characteristics

PBS
EDTA
Percoll PLUS®
0.3 M NaCl/H2O
DMSO
HAS
Model (based on)
Construction Material

Dimensions

Input (cells/batch)
3 x 108
5 x 107
6.1 x 1011
3.5 x 108
Input (ml/batch)
150
4
28
28
0.2
1.8

Output (cells/batch)
3 x 108
5 x 107
6.1 x 1011
3.5 x 108
Output (ml/batch)
150
4
28
28
0.2
1.8

LUMiSizer® and ASPIRE®
Plastic and 304 stainless steel casing,
plastic and silicone tubing, USP Class
VI-compliant LDPE single-use bag,
polycarbonate single-use centrifuge
tube
Full vessel
50 x 37 x 80 cm3
Leukoreduction
8.7 cm diameter
filter
Centrifuge
15 cm diameter
Cryogenic unit
2 x 8 x 2 cm3
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Sterilization

Centrifugation Settings

Maximum Vessel Volume

Disposable bags, tubing, and filter;
clean permanent vessel with nonabrasive cloth with mild detergent and
water
1.) 350g x 7 min (4°C)
2.) 580g x 15 min (4°C)
3.) 580g x 15 min (4°C)
4.) 400g x 10 min (4°C)
Leukoreduction
97-ml
filter (max. holdup)
Centrifuge
200-ml
Cryogenic unit
3-ml

16.2 Positive Selection Column-free Separator
Description and
Function

Venders
Operation
Materials Handled

Characteristics

The column-free magnetic separation apparatus performs positive
selection of magnetically labeled T lymphocytes in order to isolate
them from undesired cell populations in the patient-derived
lymphocyte fraction. The 14mL polystyrene tube is a single use vessel
that will hold 3x108 lymphocytes suspended in 10mL of PBS
supplemented with 0.5% HSA and 2mM EDTA. The nanoparticle
aAPCs will be bound to the target T lymphocytes when the vessel is
placed in the STEMCELL™ magnetic separator.
STEMCELL™ Technologies (Magnet); Corning (Falcon® 14mL
polystyrene tubes); Nanoparticle aAPCs manufactured in-house (see
13.2.1)
Batch
Input (cells/batch)

Output (cells/batch)

T lymphocytes
B lymphocytes
Nanoparticle aAPCs
Model

2.6 x 10
5.0 x 107 (cells lost)
4 x 107
4 x 107
10
4.25 x 10
4.25 x 1010
The Big Easy" EasySep™ Magnet

Construction Material

Polystyrene internal vessel, Magnet
body is anodized aluminum with rare
earth magnetic elements
17 x 95 mm2 (internal cavity)
Polystyrene tubes are sterile; magnetic
separator should be disinfected with a
10% bleach solution and cleaned with
70% ethanol and deionized water
14-ml

Dimensions
Sterilization

Maximum Vessel Volume

8
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16.3 Sartorius ambr® 250 high throughput system
Description and
Function

Venders
Operation
Materials Handled

The ambr® 250 high throughput system is a single-use, multi-parallel
bioreactor system that is fully automated for cell expansion. It
contains 24 250-ml individual bioreactors; it can support up to 24
different patient CAR-T expansion processes simultaneously. It is
complete with sensor readers, pumps and a liquid handler to
significantly reduce manual operator interactions and subsequently
reduce the risk of contamination. Additionally, it is housed in an
integrated class II biological safety cabinet designed to maintain an
aseptic environment even during robot manipulation of bioreactors,
significantly reducing any risk of vessel contamination
Sartorius AG
Batch
Input (cells/batch)

CAR-T lymphocytes
Solutions/Buffers
Handled
Characteristics

7

2.5 x 10

Input (ml/batch)

Lonza X-Vivo 10 Serumfree media
Model
Construction Material

Dimensions
Sterilization

Maximum Vessel Volume

80

Output (cells/batch)

5.8 x 108
Output (ml/batch)

80

ambr® 250 high throughput
Silicone, C Flex® tubing,
polycarbonate bioreactor vessel, EPDM
seal, 316 stainless steel biosafety
cabinet interior, 304 stainless steel
work surface
2.42 x 1.15 x 3 m3
Clean biosafety cabinet surface with 10
percent bleach solution followed by
sterile distilled water and 70-percent
ethanol or non-corrosive antimicrobial
agent; bioreactors and tubing are
disposable
250-ml
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17 Equipment Cost Summary
17.1 Costing Strategy
Due to the complex nature of CAR-T cell manufacturing, a full equipment costing of each
step in the process is out of scope of this project. Because CAR-T cell technology is so novel, the
team currently does not have access to the detailed operation data required for a full bottom-up
costing analysis. In addition, thorough design modifications for some of the process steps was
out of scope of this report.
To combat this discrepancy in information, a cost analysis was performed by building a
base-case costing analysis of an existing CAR-T cell manufacturing process and adjusting the
calculations to adhere with the team’s modifications. The costing analysis was performed based
on Gilead’s manufacturing process for Yescarta, one of the two commercially available CAR-T
cell therapies. Yescarta was chosen because the product was recently acquired from Kite
Pharma, a company that produced Yescarta as their only product. Therefore, the SEC financial
filings from Kite and the Yescarta patent could be used to develop accurate cost estimations. In
addition, multiple consulting firms have performed a comprehensive cost analysis of Yescarta
and published their findings. The documents used to produce the equipment cost calculations for
the base-case are included in Appendix D. This consists of excerpts from SEC filings for Kite
pharma, the Yescarta patent, and published costing analyses by multiple consulting firms.
The equipment costs for this proposed process were generated by comparing discrepancies
in the equipment used by the base case analysis and the equipment used in our process. The total
equipment cost for the base case individual step was then replaced with the total equipment cost
for the modified cost used in this design process. For that reason, the equipment listed below is
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not a comprehensive representation of all equipment used in this manufacturing process. Rather,
it is only the equipment deviations made from the base-case process. This strategy was repeated
for each step in the manufacturing process that deviated from the Yescarta base case, as outlined
below. This strategy generated a customized equipment cost analysis that enabled the highest
amount of calculation accuracy.

17.2 Hospital Site Costs
Because the lymphocyte harvesting steps in the CAR-T manufacturing process occur at a
hospital or clinic facility, the equipment costs associated with these steps are attributed to the
hospital. They do not occur as expenses in the profitability report, as the hospital is technically
purchasing this equipment for their use and supplying the manufacturing company with the
cryopreserved lymphocytes. For thoroughness, the equipment costs for these steps were
calculated and compared to the base case, as shown in Table 17.2.1 and 17.2.2. The costs
outlined specify a singular processing unit, and each hospital site may have multiple units
depending on their processing capacity. One processing unit has a throughput of 2.5
hours/patient for our proposed system, and a throughput of 5 hours/patient for the base case
system. Therefore, the discrepancy in purchasing costs between the base case and proposed
equipment can be mitigated by the ability to process double the number of patients on the new
machine. This increase in processing speed can be attributed to the automation of the leukocyte
collection and enrichment process as described in Section 13.1.
The lymphocyte enrichment steps occur as an enclosed system which will be sold as an
individualized product. Therefore, this equipment is not traditionally priced for installation in a
facility. The base case Optia leukapheresis system exists as an enclosed equipment system. For
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this process, a custom system was designed and costed to build the equipment using purchased
parts as shown in Table 17.2.2.
Table 17.2.1 Hospital site equipment costs for base-case Yescarta manufacture.
Equipment Name
Optia Leukapheresis System

Manufacturer

Purchase Cost

TerumboBCT

$114,000
Total $114,000

Table 17.2.2 Hospital site equipment costs for proposed process.
Equipment Name
Density-gradient centrifuge with
light-detection capabilities
Laboratory Aspirator with pump

Manufacturer

Purchase Cost

Lumisizer

$60,000

Aspire

$107
Total $61,075

Accounting for BMF of 2 $122,150
Accounting for 10% for computers, 10% for "site prep", 10% $219,870
for the electrical, and 50% plumbing and construction (source:
consultant)

17.3 Manufacturing Costs
The equipment listed below only identifies the equipment discrepancies between the
proposed process and the base case used. It is not a complete list of every piece of equipment
used in the process, which was considered out of scope of the project as explained in Section
17.1.

17.3.1 T-Cell Separation and Activation
Table 17.3.1 T-cell separation and activation steps for base-case Yescarta manufacture.
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Equipment Name (# needed)

Manufacturer

Indiv, Unit Purchase Cost

DynaMag™-15 Magnet (10)

Invitrogen

$960

Elutra Enrichment System (2)

TerumboBCT

$50,000
Total $109600

Table 17.3.2 T-cell separation and activation steps for proposed process.
Equipment Name (# needed)
“The Big Easy” EasySep™ Magnet
(5)

Manufacturer

Unit Purchase Cost

StemCell Technologies

$1,475
Total $7,375

17.3.2 T-Cell Expansion
Table 17.3.3 T-cell expansion for base-case Yescarta manufacture.
Equipment Name (# needed)

Manufacturer

Indiv, Unit Purchase Cost

Cell counter (10)

Corning

$3,851

Wave Shaker (70)

GE

$15,586

Biosafety Cabinets (20)

Labconoco

$20,523
Total $1,539,992

Table 17.3.4 T-cell expansion for proposed process.
Equipment Name (# needed)
Ambr HT 24 modular reactor system
(7)

Manufacturer
Sartorius

Indiv. Unit Purchase Cost
$1,068,170
Total $7,477,190
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18 Fixed Capital Investment Summary
18.1 Costing Strategy
An explanation of the costing strategy used is included in Section 17.1. The facility costs
were found to be comparable to the base case process. for the modified cost used in this design
process. This strategy generated a customized equipment cost analysis that enabled the highest
amount of calculation accuracy. Equipment was assumed to be depreciated over a 5-year use
period.

18.2 Facility
Based on economic analyses in the literature and SEC filings in Appendix D, the total cost
to build a facility for the base case of Yescarta is $26 M. The facility costs were found to be
comparable for the proposed process, pending the proposed facility is placed in Santa Monica,
CA at the same location as the Yescarta facility. A sensitivity analysis was performed to
determine the geographic impact on plant costs – see Section 20.4.

18.3 Equipment
The total equipment costs for the base case of Yescarta is $3,492,000 per year. This equates
to a cost of $2,328 per dose. By altering the manufacturing steps for T-Cell separation,
activation, gene transfer and expansion, the total equipment costs for the proposed process is
$4,871,943 per year. This equates to $3,248 per dose. Equipment was depreciated over a 5-year
use timeframe.
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19 Operating Cost
19.1 Variable Costs
19.1.1 Hospital Variable Costs
The raw material costs attributed to the process steps that occur in hospitals and clinics
across the country are $273 per dose. This is remarkably lower than the raw material costs for the
base case Yescarta manufacturing process at $550 per dose. Hospital/clinic variable costs are not
represented on a per year basis because the throughput of each hospital or clinic is variable and
depends on geographic, hospital research capacity, and skill variables. Discrepancies between the
raw materials used for both cases are listed below.
Table 19.1.1 Leukocyte isolation raw material cost for base-case Yescarta manufacture.
Component

Cost/year

Optia disposables kit

825,000

Total

825,000

Table 19.1.2 Leukocyte isolation raw material cost for proposed process.
Component
Scaled-up Leukoreduction Filter Kit
Thermo Scientific™ Nunc™ 200mL Centrifuge Tube
Phosphate-Buffered Saline (PBS), Corning®
EDTA - EDTA disodium salt 0.05 M in aqueous solution,
VWR Chemicals BDH®
GE Healthcare Percoll™ PLUS Centrifugation Media
Sodium Chloride, Lab Grade, Fisher Science Education

Cost/year
195,000
21,218
12,720
470

Dimethyl sulfoxide, Sigma-Aldrich

68,586
15
1,230

Human Serum Albumin, Sigma-Aldrich

11,610

Extra Tubing, Accuris Instruments

98,970

Total

409,820
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19.1.2 Manufacturing Variable Costs
The annual cost of purchasing raw materials for this process is estimated to be $7.32 M,
which equates to $4,879 per dose. These calculations were developed based on the Yescarta raw
material cost of $15.7 M annually, with a $10,476 cost per dose. Only the raw material
discrepancies between the proposed process and base case are listed below. Any raw materials
that remained comparable between the processes are not listed.
Table 19.2.1 T-cell selection and activation raw material cost for base-case Yescarta
manufacture.
Component
Dynabeads™ Human T-Activator CD3/CD28
Phosphate buffered saline
Culture medium: Advanced RPMI Medium
Heat inactivated Fetal Calf Serum (FCS)
Recombinant human IL-2
Elutra disposables

Cost/year
6,630
374
9,600
19,350
45
8,100,000
8,136,000

Total

Table 19.2.2 T-cell selection and activation raw material cost for proposed case.
Component
300nm NHS Activated Superparamagnetic Iron Oxide beads
DimerX I: Recombinant Soluble Dimeric Human HLA-A2:Ig
Fusion Protein

Cost/year
8,567
297,000

InVivoMAb anti-human CD28

1650

Linker Peptide SIYRY
Falcon® 14 mL Round Bottom Polystyrene Test Tube

270
1860

EDTA, 0.5 M, pH 8.0, Molecular Biology Grade
Amicon® Ultra 15 mL Centrifugal Filters
Total

116
1,180
310,643
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There is a large difference in the materials costs for the separation and activation step. This
is due to the Elutra disposables accounting for the majority of the cost in the base case. The
proposed process modifies this step by changing the separation and enrichment process to
require less disposable materials per run.
Table 19.2.3 T-cell expansion raw material cost for base-case Yescarta manufacture.
Component
T75 Flask
T175 Flask
GE 2L plastic Wavebag
Culture Medium
Detatchment Medium
Wash Buffer
Total

Cost/year
$29,580
25,020
315,930
1,206,000
40,800
2,400
1,619,730

Table 19.2.4 T-cell expansion raw material cost for base-case Yescarta manufacture.
Component
Ambr 24 wave bag single use replacements
Culture Medium
Total

Cost/year
1135000
330,000
1,465,000

19.2 Labor Costs
One of the primary goals in this process design was to increase the level of automation in
order to decrease variability, reduce failure rates and cut labor costs for the manufacturing
process. Currently, CAR-T manufacture is incredibly labor intensive, and labor accounts for 71%
of the cost to produce a dose. As shown in the following sections, this process was successful in
significantly reducing labor costs.
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19.2.1 Hospital Site Labor Costs
The hospital or clinic process is operated by an apheresis technician. The proposed
leukocyte collection process has a labor cost of $111,188 per year, compared to an estimated
252,618 in the Yescarta process. This reduction in labor cost represents an automation of the
machinery used to collect and isolate leukocytes, as well as a reduction in the amount of
technical skill required to operate the machinery.

19.2.2 Manufacturing Labor Costs
The labor costs for the proposed process are $50,567,550 per year, compared to an estimated
$61,983,000 per year for the base case of Yescarta. The proposed labor costs were estimated
based on the discrepancy in labor hours for the steps in the process that were altered from the
base case. The following table highlights these labor costs in a breakdown by task.
Table 19.3.1 Labor costs for CAR-T cell manufacturing process.
Labor Task
Manufacturing
QC
QA
Supply Chain
Other (IT, HR, etc)
Overhead Management
Total

Base Case Cost/Year Proposed Case Cost/Year
26,776,656
15,361,206
8,925,552
8,925,552
8,925,552
8,925,552
6,136,317
6,136,317
5,020,623
2,880,226
6,198,300
4,692,095
61,983,000
46,920,947
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20 Other Important Considerations
20.1 Regulatory Requirements
The use of CAR-T cell therapy will require approval from the FDA. The product will have
to successfully undergo clinical trials before being used in human patients to ensure its safety
and efficacy. Prior to receiving approval to begin clinical trials, an Investigational New Drug
(IND) application will have to be submitted to the FDA. The FDA will use this application to
evaluate the manufacturing process, any available safety and toxicity data, and clinical protocols
before issuing their approval to begin clinical studies [41]. The design and performance of
clinical trials have been deemed out of scope for this project. However, it is important to note the
parameters that will be evaluated during these trials.
Due to the nature of CAR-T as an autologous therapy, only a Phase I/II and a Phase III
clinical trial will be performed. In Phase I/II trials, volunteers with B-cell lymphoma will be used
to assess long-term cancer progression. This phase will test dose escalation, initial chemo
treatments and any associated side effects. Phase III trials will then use a larger patient
population to assess dosing levels and efficacy.
Throughout the manufacturing process, there are significant validation criteria that need to
occur under FDA regulations. Due to the complex nature of CAR-T cell products a list of inprocess and release tests is required to provide adequate evidence of identity, safety, purity, and
potency. Release testing will be performed to assess gram stain, endotoxin, mycoplasma,
replication competent retrovirus, and prevention of genotoxicity by appropriately limiting the
level of transgene integration. Purity of the product relies in part on specified levels of CD3+ and
CAR+ T cells. The impurities introduced by patient starting material and ancillary components,
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such as undesired cell types, tumor burden, and residual beads, have to be quantified and below
certain specific levels approved by the FDA [42].

20.2 Environmental Safety Concerns
Due to the high level of single use consumables in this process, a large volume of biohazard
waste will be generated in the production process. All waste will be stored in marked biohazard
containers and will be picked up by a contracted environmental heath and safety company for
proper disposal. This facility will reach a BSL2 level of safety. All personnel will wear the
proper PPE equipment, including masks, gloves, laboratory gowns, face and eye protection.

20.3 Patient Tracking
Each manufactured dose is specific to a particular patient. It would be catastrophic and
potentially result in patient death if there was a mix-up of cells in production or crosscontamination between bioreactors occurred. To combat this risk, a patient tracking barcode
system will be introduced at each step in the process.

20.4 Plant Location
The plant site will be placed near a centralized airport hub in the United States, in order to
facilitate rapid shipment and receival of cryogenically preserved patient cells. A sensitivity
analysis of the impact of plant location based on labor cost and facility costs on the IRR of the
project is shown below in Figure 20.4.1. To place the plant in Boston, MA, a centralized
biotech space and in close proximity to nay research hospitals for example, the IRR would be
38.6% based on a labor cost of 37$/hr and rent at $113/square meter. To place the plant in the
greater Chicago area, a centralized airport hub in the US, the IRR would be 39.5% based on an
average labor cost of $25 and rent at $39/ square meter. These adjustments significantly change
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the IRR by a range of 5 percentage points, implying that a cheaper, centralized location such as
the Chicago area would be a good choice for the plant location.

Figure 20.4.1. Sensitivity analysis for IRR based on variables of plant location. Ranges of labor
costs and rent were sourced from Bruce Levine’s work- see Appendix D.

20.5 Sleeping Beauty Transposon System
It is not feasible for the team to recommend the use of a nonviral gene transfer step using the
Sleeping Beauty Transposon system at this time because this technology is only in stage 2
clinical trials. However, the cost to produce CAR-T cells using this manufacturing process was
still calculated for clarity purposes. The cost of manufacture for the gene transfer step was
estimated using the cost to manufacture a plasmid in large scale, as compared to the cost to
manufacture a retroviral vector in the proposed process. It was assumed that this technology was
developed in-house and would not have an associated licensing fee. Upon analysis, the cost to
operate with this manufacturing process is $62.4 M/year and $41.6 K per dose. This is an $8 M
per year savings over the process proposed in this project. These savings can be primarily
attributed to the fact that there is no need for an expansion step in the nonviral production
process and a decrease in the necessary and costly quality control steps because no viral particles
are present. Therefore, it is recommended that this gene transfer step be implemented to achieve
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cost savings if this technology is found to be safe and FDA approved through clinical trial
testing.
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21 Profitability Analysis
21.1 Marketing Analysis and Basic Approach
The cost of bringing a new biologic therapy to the marketplace has been steadily increasing,
with recent estimates projecting a required investment of over $2-3 billion to progress from a
laboratory idea to successful commercialization. Pharmaceutical companies are spending more
money on R&D, while the number of therapies they bring to the market per year is declining
[17]. Due to the personalized nature of CAR-T cell therapies, their cost structure and profitability
analysis is especially skewed because high-risk oncology therapies fall on the highest pricing
ranges.
Determining the profitability of a CAR-T cell therapy product has considerations outside of
the cost of plant manufacture. Holistically, development, production and clinical costs to bring a
CAR-T cell therapy to market equate to $2.58 billion. A full estimation of the holistic design
process is out of scope of this project; however, this project chose to remain accurate to the
industry. Profitability metrics were not calculated conventionally by only evaluating the cost to
manufacture a plant, as this would produce an unrealistically high rate of return. Instead, the cost
of R&D was factored into the analysis as well as the production costs. Then, the results were
compared to metrics available in the literature for the existing CAR-T cell therapy, Yescarta to
highlight discrepancies.

21.2 Pricing of CAR-T Therapy
It is the biotechnology industry standard that the price of a high-end biologic therapy is 1525% of the cost to produce a dose [38]. Based on this metric, the price of CAR-T for this process
was most conservatively priced at 15% of the cost of manufacture, at $333,000 per dose. This
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cost markup was intended to partially recoup the R&D costs of development in the price per
dose.

21.3 Profitability Analysis and Metrics
Since CAR-T cell therapy development is an incredibly complicated process, the
conventional metrics of an internal rate of return and net present value do not paint a full picture
of the profitability and economic impact of this product. Additionally, due to the incredibly
cutting-edge and early stage nature of CAR-T cell therapy technology, the facility was assumed
to operate over a 5-year period, with an initial investment of $26 M in facility startup costs and $
4.7 M in equipment purchase. When a profitability analysis was performed as shown in Figure
21.3.1, the Return on Investment (ROI) for the plant is 34.07% and the Internal Rate of Return
(IRR) was calculated to be 31.99% The Net Present Value (NPV) in the year 2025, assuming
facility startup in 2020, of -$20,426,100. Working capital requirements are shown below in
Table 21.3.2. This project falls short on recouping the significant costs of R&D in such a short
timeframe, as is the nature of cutting-edge cell therapies in current development. This plant
would need to be operational for more than 5 years to recoup these costs. Unfortunately, due to
the changing nature of this technology, we feel that building a plant at this time will only render
it feasible for 5 years. To combat this, the team recommends this design is not built in 2020, but
rather to wait for a few years until the technological development curve has slowed and building
a plant would be economically profitable. An NPV calculation for biotechnology products is also
an inaccurate estimation because the discount rate is not consistent across all stages in the
production process. For example, the discount rates vary based on the project stage as early
(40%), mid (27%) or late stage (19%). Therefore, the NPV calculation is also not an excellent
profitability metric [46].
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Figure 21.3.1. Profitability metrics for the proposed CAR-T production process.

Figure 21.2.1. Working capital requirements for the proposed CAR-T production process.

To broadly estimate a more accurate profitability assessment of the proposed CAR-T cell
therapy manufacturing process, the base case of comparable Yescarta manufacture was used. As
shown in Table 21.3.3, the cost to produce a CAR-T cell therapy product is comparable, with a
20% decrease in the cost to manufacture a single dose. The estimated IRR for Yescarta’s process
is 13%, with an NPV of $1.26 billion over a 15-year timeframe, based on projections from
consulting firms in the literature [91]. These values are much more realistic for an autologous
cell therapy within the biologics market, and it is recommended that the facility build be delayed
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for at least a couple years until a longer facility lifespan can be achieved and a profit can be
made.
Table 21.3.3 Cost of Manufacture Comparisons for proposed process versus Yescarta process.

Labor
Materials
Facilities
Equipment
Total

Base Case
Cost/Year
Cost/Dose
61,983,000
41,322
15,714,000
10,476
6,984,000
4,656
3,492,000
2,328
87,300,000
58,200

Proposed Process
Cost/Year
Cost/Dose
50,567,550
33,712
7,318,733
4,879
6,984,000
4,656
4,861,943
3,241
69,732,225
46,488

21.4 Clinical Value Implications
Outside of the profitability of this project, the healthcare economic implications that CART cell therapy has should not be discounted. The potential value of a therapy is commonly
measured via cost effective analysis using quality-adjusted life years (QALY) that enable
standard comparison of interventions in terms of their value. QALY’s account for the increased
quality of life (mobility, communication, cognition) provided by a therapy and the length of time
it will increase the patient’s lifespan. The Institute for Clinical and Economic Review (ICER)
performs these QALY assessments. In 2018, they cited the total cost of therapy as $667,000 with
9.28 QALYs gained per treatment. For a comparable chemotherapy (clofarabine based), the total
cost of therapy was $337 000 with only 2.10 QALYs gained [83]. As a result, it costs only $46
000 per QALY gained for CAR T-cell therapy compared to chemotherapy at an expensive $136
000 per QALY gained. In terms of clinical value gained, CAR-T therapy is less than half the cost
of conventional chemotherapy treatments.
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22 Conclusions and Recommendations
Introducing autologous cell therapies will greatly transform the success rates of current Bcell lymphoma oncology treatments available. Based on the design exercises and economic
analyses, it is recommended that the novel manufacturing design for production of CAR-T cell
therapy is delayed until a longer plant lifetime can be ensured after the technology matures. It is
recommended that before actually implementing this process and building the facility, several
years be dedicated to further research and development. CAR-T cell therapy is in the extremely
early stages of development, and the next decade will provide large technological advances to
the biologic gene transfer and manufacturing process. In addition, it is recommended that the
sleeping beauty transposon system is used for the gene transfers step to reduce costs – if
approved. This cannot be the primary recommendation due to the early stages of the
technology’s development. Additionally, it is recommended that partnerships with large
biotechnology companies or research-heavy hospitals be explored in the future. There will be
significant clinical trial costs associated with bringing this product to market, so partnering with
larger firms who could fund this venture and research hospitals to conduct the leukocyte isolation
and clinical trial courses would be beneficial. This venture will be attractive in the biotechnology
industry, as this project addresses a critical need for long-term successful treatment of oncology
patients.
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25 Appendix
A – Nanoparticle aAPC Design
Design considerations related to the nanoparticle aAPCs used in the positive selection and
activation of antigen specific human primary T-cells are covered in this section. Intuitions behind
this design derived from studying T-cell biology and performing experiments in T-cell
enrichment, activation, and expansion with a variety of nanoparticles designed to mimic
endogenous antigen presenting cells are based on the work of Dr. Jonathan P. Schneck, Dr.
Jonathan W. Hickey, and their colleagues at Johns Hopkins University. Through their research,
they have developed a model for particle binding kinetics and optimized particle properties
governing isolation.
Based on experiments detailed in the papers “Efficient Magnetic Enrichment of Antigenspecific T Cells by Engineering Particle Properties” and “Biologically Inspired Design of
Nanoparticle Artificial Antigen-Presenting Cells for Immunomodulation,” a particle diameter of
300nm was selected. Compared to other nanoparticles with the same stimulatory ligands with a
range of diameters from 50nm-4500nm, the 300nm particles proved to be most effective at
enriching and activating antigen-specific CD8+ T-cells. As the volume of the particle determines
its magnetic strength, packing, and ability to engage TCR clusters, it allows for the calculation of
the number of aAPC particles per cell that are required to achieve the purported enrichment at a
given particle diameter. Calculation of this important parameter was performed based on the
following excerpt [68]:
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By calculating the slope dashed line in Figure B, which is an analytically derived linear
relationship between the volume of attached particles and particle radius, the effective T-cell
surface area available for particle binding (SAengaged) can be determined. Note that although the
particle diameter is plotted on the x-axis of Figure B, the analytical equation uses the radius of
the particle. Using Equation (4):

For a particle with a diameter of 300nm, the number of aAPCs/cell for optimal engagement of Tcell surface area is:

For effective isolation of 5x107 T-cells from the lymphocyte fraction this requires:
#𝑎𝐴𝑃𝐶𝑠 = #

𝑎𝐴𝑃𝐶
∗ #𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
𝑐𝑒𝑙𝑙

#𝑎𝐴𝑃𝐶𝑠 = 850

𝑎𝐴𝑃𝐶
∗ (5 ∗ 10! 𝑇 𝑐𝑒𝑙𝑙𝑠)
𝑐𝑒𝑙𝑙

#𝑎𝐴𝑃𝐶𝑠 = 4.25 ∗ 10!"
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The number of nanoparticles per milligram of lyophilized formulation is 3x1011/mg according to
OceanNanotech specification (see Appendix H). Thus, 0.142mg of nanoparticle aAPCs is
required per patient to perform the desired isolation.
For further reading on the experiments that informed the design of the nanoparticle aAPCs used
in this process, consult references 68, 68, & 71. Members of the Schneck lab were extremely
helpful throughout the design process in answering questions regarding their published and
ongoing research.
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B – Gene Transfer Protocol
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C – Sleeping Beauty Transposon System Data
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D – Economics
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E – Vendor Equipment Data Sheets
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F – Base Case Equipment Data Sheets
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G – STEP® Technology
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H – Material SDS Sheets
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