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Abstract

Engineered T cell therapies such as CAR-T cells and TCR-T cells have generated impressive 

patient responses in previously incurable diseases. In the past few years there have been a number 

of technical innovations that enable robust clinical manufacturing in functionally closed and 

often automated systems. Here we describe the latest technology used to manufacture CAR- 

and TCR-engineered T cells in the clinic, including cell purification, transduction/transfection, 

expansion and harvest. To help compare the different systems available, we present three case 

studies of engineered T cells manufactured for phase I clinical trials at the NIH Clinical Center 

(CD30 CAR-T cells for lymphoma, CD19/CD22 bispecific CAR-T cells for B cell malignancies, 

and E7 TCR T cells for human papilloma virus-associated cancers). Continued improvement in 

cell manufacturing technology will help enable world-wide implementation of engineered T cell 

therapies.
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INTRODUCTION

Over the last several years, engineered T cells such as chimeric antigen receptor (CAR)-T 

cells and TCR-engineered T cells have proven to be a powerful tool for treating B cell 

leukemia/lymphoma and melanoma/sarcoma, respectively [1–5]. Not only is this approach 

potentially curative for relapsed and/or refractory patients, engineered T cells are also more 

specific and can generate fewer off-target side effects than traditional approaches such as 

chemotherapy and radiation. At the same time, emerging evidence suggests combinatorial 

therapies such as anti-PDL1 can sensitize certain tumors for destruction by engineered T 

cells [6, 7], while advances in gene editing technology such as CRIPSR/Cas9 offer enticing 

possibilities for creating designer T cells in both allogeneic and autologous settings [8, 9]. It 

is no longer a question of whether engineered T cells have the potential to cure cancer, but 

how best to utilize these cells to offer each patient the greatest chance of a cure.

Indeed, the number of patients being treated with CAR- and TCR-engineered T cells 

is growing tremendously [10, 11]. From the 600+ registered clinical trials since 2003, 

it is estimated that more than 25,000 patients have been treated with CAR-T and TCR 

engineered T cells, the majority within the last three years [10]. Although phase I clinical 

trials may treat several dozen patients, as clinical trials advance through the pipeline, the 

need to scale manufacturing capability to meet demand is clear. Special consideration is 

required for both scaling up and scaling out the process, with autologous therapies in 

particular requiring substantial scale-out capacity.
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Enabling world-wide availability of engineered T cell therapies is a significant challenge. 

Central to that goal are advances in technology that render the manufacturing process as safe 

and efficient as possible. Automating key parts of the T cell manufacturing process (i.e., 

purification, expansion, and harvest) has garnered interest among many companies and may 

hold the key to improving safety and lowering overall costs. The potential advantages are 

many (Table 1), and yet T cells – like all cells – harbor the ability to sense and respond 

to their microenvironment, making the implementation of each manufacturing step critical 

to the performance of the final product. Here we describe some of the recent advances in 

automation technology for T cell manufacturing, with the caveat that it is not intended as a 

comprehensive list but rather to highlight the creative solutions the field has implemented.

CELL PURIFICATION

One of the first decisions clinical investigators face is whether they want to perform a T 

cell isolation or start from unselected peripheral blood mononuclear cells (PBMCs). PBMCs 

are routinely isolated in pre-clinical laboratories using open methods such as conical tubes. 

However, open methods are discouraged for clinical manufacturing due to the heightened 

potential for microbial contamination, due in part to the reduced usage of antibiotics in 

the culture medium. In the clinic, PBMCs are generally isolated using closed systems 

that are either semi-automated or fully-automated. Historically, instruments such as the 

COBE 2991 (Terumo BCT) have offered the ability to automate some parts of the density 

gradient separation [12]. More recently, Cytiva introduced the Sepax C-Pro and Sefia 
S-2000 technologies that can both perform fully automated density gradient separation at 

different scales, allowing the user to simply connect their product, buffer, and separation 

matrix (i.e. Ficoll) in a closed, sterile kit. The entire process takes less than 2 hours to 

process over a liter of product on the Sepax, with the Sefia having the ability to perform a 

platelet wash in tandem with density gradient separation.

A stalwart in cell therapy manufacturing, the CliniMACS Plus is often used to purify T 

cell populations. Anti-CD4 and anti-CD8 magnetic selection beads are typically combined 

to select a single T cell product on a magnetic separation column, or selections can be 

performed separately if specific CD4 or CD8 subsets or ratios are desired. Typically, 

CD3+ selections are not performed in order to leave this site available for anti-CD3 

stimulation. Although more expensive than density gradient separation, the T cell purity 

is much improved using CliniMACS selection; in our experience, we can routinely achieve 

>90% purity from a fresh MNC apheresis using a CD4/CD8 combined selection [13]. 

While the CliniMACS Plus automates the magnetic selection process, the upstream staining 

and washing must be performed by hand. Miltenyi subsequently released the CliniMACS 
Prodigy with the same core magnetic separation technology as the CliniMACS Plus, but 

the addition of a culture chamber and additional input lines and valves allow the user 

to simply attach cells, beads, and buffer and have the entire selection process performed 

automatically. Although the target cell capacity is smaller (3×109 targets on the Prodigy vs. 

10×109 on the CliniMACS Plus), the Prodigy saves significant hands-on time. Importantly, 

the method of T cell selection has a substantial impact beyond cost and labor, and that is 

in the actual performance of the manufactured CAR-T cells in vivo; in one recent study 

from our institution, switching to a CD4+CD8+ CliniMACS Plus selection from a CD3/
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CD28-enrichment resulted in lower doses being required for clinical efficacy [13]. This is a 

great example of how every step of cell therapy manufacturing, even the very first step, can 

have profound implications for the performance of the product in vivo.

In some cases, more complex selection schemes may be desired to isolate subsets of T 

cells such as stem cell memory (Tscm)-like cells [14] or regulatory T cells [15] based 

on multiparameter fluorescent detection. Standard droplet sorters are not GMP-compliant 

due to the open nature of the selection process. In contrast, the MACSQuant Tyto from 

Miltenyi is an elegant, GMP-compliant instrument that utilizes a single-use, closed-system 

cartridge with a high-speed valve that allows for the selection of 10 mL of product in 3 

hours. (An updated cartridge system was released in 2021 that reduces that time to just over 

1 hour.) The Tyto technology allows users to select cells based on fluorescence in up to 8 

channels using standard flow cytometry gating. In our experience, purity and recovery are 

comparable to a standard droplet sorter, and viability of sorted T cells is excellent at ≥ 95% 

(data not shown).

A critical concern for developing a selection process is the availability of GMP-compliant 

ancillary materials (i.e., beads, antibodies), particularly for later-phase studies. Another 

point of consideration is the desired T cell stimulation method. While soluble anti-CD3 

stimulation provides T cells with signal 1, antigen-presenting cells in the PBMC mixture are 

necessary to provide signal 2 to prevent T cell anergy. Thus, a PBMC starting population 

is important if anti-CD3 stimulation is desired, while isolated T cells require anti-CD3/anti-

CD28 co-stimulatory reagents such as Dynabeads or TransAct.

CELL EXPANSION

Once a T cell-selected or PBMC-enriched population is prepared, cells are generally seeded 

into a closed culture system to initiate cell stimulation and expansion. Excitingly, there are 

a growing number of instruments and technologies available to investigators to expand their 

engineered T cells. The available options range from straightforward and mostly manual 

operations (i.e., closed culture bags, G-Rex), to entirely end-to-end automation (Prodigy, 

Cocoon), or expanding T cells once they reach the exponential growth phase (Xuri W25, 

Quantum).

Cell culture bags are one of the simplest and lowest-cost methods to grow T cells in a 

closed system. In contrast to open systems such as plates or flasks, which heighten the risk 

of contamination, bags are fully closed and utilize syringes for the manipulation of cells or 

media. Given that T cells prefer to be activated “low and slow,” i.e., without any shaking 

or manipulations that may disrupt paracrine signaling, bag culture is perfectly suited to 

initiating T cell cultures. However, once T cells reach exponential growth phase (generally 

days 4–6), the size of the culture may require time- and labor-intensive manipulations, 

increasing complexity and decreasing reproducibility. Because of their simplicity and 

relatively low costs compared to automated technologies, culture bags remain a popular 

choice in early-phase studies.
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The Gas-permeable rapid expansion (G-Rex) bioreactor from Wilson-Wolf is a simple 

solution to the problem of large culture size. At the core of the technology is a gas-

permeable liquid silicone rubber membrane located at the bottom of a single-use plastic 

culture vessel, which allows gas exchange between the outside environment and the T cells 

resting on the membrane. G-Rex bioreactors come in a variety of sizes, the largest being a 

5L culture which can be seeded with as few as 250 million T cells. Importantly, cells should 

be in the exponential growth phase, but once seeded in the G-Rex they can grow in a single 

vessel for up to several weeks. Because T cells should ideally stay at the bottom of the 

vessel adjacent to the permeable membrane as much as possible, frequent sampling must be 

avoided. Immediately prior to harvest, the culture volume can be reduced by up to 80–90% 

by removing cell culture supernatant using the GatheRex system designed to work with any 

size G-Rex, simplifying the downstream harvesting process.

The Xuri W25 cell expansion system from Cytiva has a similar purpose to the G-Rex, in 

that it is designed for rapid expansion of cells following activation and/or transduction in an 

outside system, such as bags. Where they differ is the degree of technology and automation. 

Whereas the G-Rex a simple chamber device requiring manual operations, the Xuri offers a 

high degree of automation combined with impressive flexibility that allows investigators to 

tailor expansion protocols for their particular application. The heart of the Xuri technology 

(and its predecessor, the WAVE bioreactor) is a rocking platform that maintains temperature 

and gas control within an engineered culture bag, utilizing a customizable pump system that 

can accommodate either batch or perfusion feeding schemes. Importantly, Xuri culture bags 

are available in many sizes, ranging from a 1 liter culture (suitable for autologous CAR-T 

cells) up to 10 or 20 liters (more appropriate for allogeneic settings and/or solid tumor 

applications). Users can optimize the feed rates, rocking angles, and cell seeding parameters 

to achieve a high degree of expansion, up to 20 billion cells from a 2L culture bag [16]. 

As a plus, the system can monitor pH and dissolved oxygen for improved process control. 

Given the high degree of automation and the ease of scalability, it is no surprise that rocking 

platforms such as the Xuri (and its predecessor, the WAVE bioreactor) were utilized for 

several phase I/II CAR-T cell trials [17–20]. However, with automation comes a higher cost 

(including the instrument and consumables such as tubing sets), which can be a barrier to 

adoption.

The Quantum hollow fiber bioreactor (Terumo BCT) is another perfusion-based system 

with two compartments separated by a semi-permeable membrane. The T cells are typically 

cultured in the intra-capillary space of the hollow fibers, and the media is perfused in 

the extra-capillary side. The diameter of each fiber is approximately 200 μm, and with a 

membrane pore size of 17 kDa this keeps T cells and cytokines within the intra-capillary 

space while allowing gases and media components such as glucose and lactate to pass freely. 

This achieves a high cell density while still ensuring that adequate nutrient exchange through 

the recirculating media. Impressively, 10–20 billion T cells can be generated in a 9-day 

culture process on the Quantum [21].

New to the scene of cell therapy manufacturing is the Lonza Cocoon platform. Similar 

to the Xuri and the Quantum, the Cocoon provides environmental control in a compact 

bioreactor unit. A key difference from the Xuri and G-Rex is that the Cocoon is designed 
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for culture of T cells from Day 0 onward; indeed, new models of the Cocoon slated for 

release in 2022 have been updated with magnetic selection capabilities, which could prove 

useful for automated T cell purification and/or magnetic-debeading to increase the utility. In 

contrast to the Xuri with its scalable bag sizes, the Cocoon is currently available with a fixed 

Proliferation Chamber volume of 180 mL and a media re-circulation volume of 460 mL. 

The Cocoon was designed with a vision of being able to hook up dozens of Cocoon units 

(being branded as a Cocoon “Orchard”) to utilize vertical space and thus reduce footprint 

of commercial manufacturing facilities. Certainly, the high degree of automation combined 

with customizable unit operations and parallelization is a remarkable advancement, although 

much remains to be seen as more users adopt this new technology.

The CliniMACS Prodigy from Miltenyi has been widely adopted by the cell therapy field 

to automate full CAR-T cell processes [22–25] from selection, transduction, expansion, 

to harvest – and has recently launched add-ons capable of electroporation and final 

formulation on the same machine. The Prodigy features a Centricult unit that functions 

as both culture chamber and centrifuge, which is connected to highly engineered pump and 

valve system that allows the user to connect various culture components at key junctures 

(such as selection beads, stimulation reagent, lentiviral vector, medias, and buffers) that are 

processed automatically with very little user interaction. Notably, this all-in-one approach 

provides several key advantages, including less hands-on technician time and increased 

reproducibility. While the Prodigy is less scalable than the Xuri or G-Rex vessels (the 

Prodigy is currently only available with a 250 mL culture chamber), its user-friendly touch 

screen programming enables easy development and robust manufacturing. However, in 

contrast to the other expansion systems, Prodigy users are locked into utilizing Miltenyi 

media and stimulation reagents, potentially limiting its use for some investigators, and 

potentially increasing costs as well.

TRANSDUCTION AND TRANSFECTION

Both the Prodigy and Cocoon cell expansion systems are capable of transducing cells 

via automated addition and washout of viral vector. Indeed, the Prodigy is even capable 

of performing a spinoculation via its hybrid centrifuge/culture chamber. However, when 

growing T cells in cell culture bags, the transduction process is typically either static or 

spinoculated in culture bags, which can sometimes result in bag tears that compromise 

product integrity. The Sepax C-Pro (Cytiva) has now been adapted to perform automated 

spinoculations that can match or even surpass centrifuge-based spinoculation. The speed 

and time can be optimized, and we have found that it takes less hands-on time with greater 

transduction efficiency than traditional centrifugation [26].

On the transfection front, Miltenyi has debuted the Prodigy Electroporator as an add-on 

feature to the traditional Prodigy that can move cells from the culture chamber, through 

the electroporator, and back into the culture chamber via sterile tubing system for minimal 

hands-on time and maximum automation. A similar set-up has been designed for the Cocoon 

platform with the 4D-Nucleofector (Lonza) which also feature functionally closed tubing 

connections. Otherwise, the GTx Electroporator from MaxCyte can transfect up to 20 

billion cells in cGMP-compliant cartridges and boasts an established regulatory pathway 
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supported by an FDA Master File [27]. Several early phase clinical trials have already 

utilized this technology with success [28–31].

HARVEST and FINAL FORMULATION

When faced with liters of cell-rich culture media at the end of a manufacturing process, it 

quickly becomes clear that automatic washing and/or harvesting technologies can provide 

huge time savings in addition to improved recovery. The Lovo Cell Processing System 
(Fresenius Kabi) features a spinning membrane technology that allows for automation of 

cell washing processes that can be useful at both the beginning and end of a manufacturing 

process. The Lovo can perform automatic cell washing of up to 22 L of culture in a closed, 

sterile kit, ultimately concentrating the final product down to as little as 150 mL of product. 

The Sepax C-Pro (Cytiva) and the Sefia S-2000 (Cytiva) also feature a spinning membrane 

in a sterile, closed-system disposable kit, but the addition of a temperature-controlled 

thermal mixer on the Sefia can be used for the addition of DMSO during final formulation 

(or staining reagents such as antibodies or beads for automating other parts of the cell 

manufacturing process). Finally, the Finia Fill and Finish system (Terumo BCT) can 

perform the final formulation for cryopreservation of up to 3 product bags, chilling the 

cells and performing the DMSO mixing step in a temperature-controlled manner, potentially 

improving cell viability compared to manual mixing. Automated controlled-rate freezers can 

freeze cryobags or cryovials to fit a variety of configurations, such as the commonly-used 

instruments from Planer, although newer systems have been developed that do not require 

the use of a liquid nitrogen, including the Viafreeze from Cytiva.

SELECTING AN EXPANSION PLATFORM: OUR APPROACH

Since 2012, our institution has helped to develop cell manufacturing processes for numerous 

engineered T cell therapies for phase I/II clinical trials at the NIH Clinical Center. In this 

section, we discuss our approach to developing a manufacturing schema for engineered T 

cells and present key manufacturing data from patient products. To this end, we present three 

case studies of engineered T cell therapies manufactured using various methods for different 

clinical applications (Figure 1A).

Case Study 1: CD30 CAR-T cells expanded in cell culture bags

In 2016, we developed a manufacturing protocol for a fully-human CD30 CAR-T cell 

product for the treatment of lymphoma [32], with targeted dose levels between 0.3–9×106 

transduced T cells per kg. Following PBMC enrichment from an MNC apheresis using a 

COBE 2991 blood cell separator, approximately 800–1200×106 CD3+ cells were seeded 

into culture bags (PermaLife, Origen Biomedical) at a density of 1.5×106 CD3+ T cells/mL 

(median %CD3 = 45.3%, Table 2). On Day 1, 360–395×106 total nucleated cells were 

transduced for 48 hours with lentiviral vector plus protamine sulfate. The rationale behind 

using 360–395×106 cells on Day 1 was to use exactly one vial of lentiviral vector (which 

in some runs was scaled 3-fold); therefore, initiating 800–1200×106 CD3+ cells on Day 

0 ensured adequate cell numbers for Day 1 transduction. Cells were expanded in media 

containing 50 ng/mL soluble anti-CD3 and 300 IU/mL IL-2, and cell density was adjusted 

on Day 3 and Day 5 to between 0.5 – 1×106 viable cells/mL, with requisite volume of media 
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being added to the culture to achieve the target cell density. The culture was transferred to 

larger bag sizes as necessary, from 30 mL up to 5 liters to accommodate various cell culture 

volumes and growth rates. All cultures were harvested on Day 7 using a Lovo device for 

automatic cell washing, and cells were cryopreserved for infusion at a later time.

We successfully manufactured 25 products for patients enrolled at 4 different dose levels 

(Table 2), only one of which was manufactured a second time from a new apheresis product 

due to a tubing set leak on the COBE 2991. The median total number of cells at harvest 

was 2.2×109 (range = 0.4–10.6×109, Figure 1B). The highest dose level enrolled was 

9×106 CAR+ cells/kg (7 patients enrolled), and with a median patient weight of 83 kg this 

corresponds to approximately 750×106 transduced CAR+ cells required for treatment alone. 

The median number of transduced CAR-T cells was nearly two-fold above the number 

required for the maximum dose, at median 1454×106 CAR+ cells at harvest on Day 7 (range 

= 185–7894×106).

The use of PBMCs plus soluble anti-CD3 activation via OKT3 makes this process one of the 

simplest to implement; bag cultures are straightforward, and activation via soluble antibody 

means that there are no labor-intensive de-beading steps. Despite the variability of T cells 

in the initial PBMC population (11.4 – 63.7% CD3+ on Day 0), 24/25 products were ≥80% 

CD3+ on Day 7 harvest, and 18/25 were ≥95% CD3+ (Figure 1E).

Case Study 2: CD19/CD22 bispecific CAR-T Cells manufactured on the CliniMACS Prodigy

In 2016, we began developing a Prodigy-based manufacturing process for a CD19/CD22 

bispecific CAR designed to address the emerging issue of antigen-negative relapse of CD19 

CAR therapies in B cell malignancies. Early hurdles to Prodigy adoption here and elsewhere 

included defining the TransAct anti-CD3/28 washout step [25], as well as ensuring sterile 

and complete addition of important culture components such as selection beads, vector, 

and TransAct. A 7 to 12-day process was initially established using the Prodigy T Cell 

Transduction (TCT) program, which was subsequently shortened to 7 to 9 days in later 

clinical trials. This clinical trial, which is still open and accruing patients, is focused on 

treating pediatric and young adults; the dose levels targeted were 0.3, 1, and 3×106 CAR-T 

cells per kg (dose levels 1–3), with the majority of patients enrolled on dose level 3. With 

an average weight of 60 kg for the 24 patients enrolled, this corresponds to approximately 

180×106 transduced cells needed for the clinical dose alone at dose level 3.

The Prodigy has proven to be very effective at manufacturing CAR-T cells at this scale. Of 

the 24 patients enrolled and apheresed to date, all products were successfully manufactured, 

with 23/24 of the manufacturing runs harvested on Day 7 and 1/24 on Day 9. Approximately 

100–130×106 CD4/CD8 selected T cells were seeded on Day 0, followed by a 48-hour 

lentiviral transduction process on Day 1. The median TNC at harvest was 1.883×109 

cells (Figure 1B), and with a median transduction efficiency of 68% at MOI = 40, this 

corresponded to 1.261×109 transduced T cells at harvest (Table 2). Of the 24 runs, 12 

utilized selection on the Prodigy instrument, while 12 utilized the CliniMACS Plus. As 

expected, there was no difference in T cell purity between the CliniMACS Plus and Prodigy, 

with both yielding an average of 95% CD3+ (data not shown).
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As expected, the final %CD3+ and TNC were more consistent on the automated Prodigy 

system compared to the CD30 CAR-T process described above (Table 2 and Figure 1B, 

2E, 2F). Certainly, the CD30 CAR-T process has increased heterogeneity in the starting 

product (using PBMCs instead of selected T cells), as well as potential variability from 

manual technician processing in bag cultures. However, the Prodigy process had a ceiling 

of approximately 2.2×109 cells at harvest on Day 7, whereas the bag culture could regularly 

yield over 3×109 cells over the same culture duration (9/25 cultures, Figure 1B).

Case Study 3: E7 TCR T Cells expanded in G-Rex bioreactors

The targeted dose for E7 TCR-engineered T cells for the treatment of HPV-related epithelial 

cancers is orders of magnitude higher than CAR-T cells (1011 vs 108 cells, respectively). In 

this case, the use of scalable bioreactor systems is essential, and G-Rex bioreactors offered 

a straightforward solution given the scalability and ease of use. The E7 protocol, developed 

in 2015 and currently still recruiting patients, involves an initial 7 to 10-day culture with 

two retroviral transductions followed by a 14-day rapid expansion protocol (REP) in G-Rex 

bioreactors, for a total culture duration of 21–24 days [12, 33].

To start, cultures were initiated from fresh or cryopreserved PBMCs enriched from an MNC 

apheresis via a COBE 2991 instrument (median %CD3 = 33.6%, Figure 1G). PBMCs were 

cultured for 48 hours in media supplemented with anti-CD3 (50 ng/mL) and IL-2 (300 

IU/mL). On Days 2 and 3, a minimum of 30–60×106 viable cells (depending on dose level) 

were transduced in 30 mL bags coated with retronectin followed by a 2-hour spinoculation. 

On Day 4, transduction was stopped, and cells were cultured in fresh media until Day 7, 

which could be extended to Day 10 for slower-growing cells. For the first two dose levels, 

at least 10×106 TCR+ T cells were required to seed into 1x G-Rex-500 bioreactor (5 L 

capacity), while dose level 3 required at least 60–80×106 TCR+ T cells for seeding 6–8x 

G-Rex-500 bioreactors.

For the REP culture phase, feeder cells were added (1×109 irradiated PBMCs per 10×106 

TCR T cells, 100:1 ratio) along with anti-CD3 re-stimulation (30 μg/mL) and increased 

concentration of IL-2 (3000 IU/mL). To avoid over-diluting cells with media upfront, each 

G-Rex-500 was initiated in a volume of 200 mL, and media was added on Days 4, 7, and 11 

(800 mL, 1200 mL, and 1700 mL, respectively). The target harvest day for the REP culture 

was Day 14, corresponding to Day 21 total culture. The harvest process was a significant 

undertaking involving harvest up to 40 L of culture in 3 discrete steps: (1) each individual G-

Rex was volume-reduced and harvested into transfer packs via the GatheRex, (2) cells from 

all G-Rex bioreactors were combined, if applicable, followed by (3) automated washing on a 

LOVO device.

Of the 25 patients enrolled and apheresed on the E7 study, 18 were enrolled on the 

highest dose level corresponding to 100×109 transduced T cells. For these 18 patients, the 

median TNC at harvest was 123.3×109 total T cells (Table 2, Figure 1B). With transduction 

efficiencies ≥91% for all patients (median TE = 95%), this corresponded to a median of 

118.2×109 TCR T cells. Of those 18 patients, only 2 did not reach the target of 100×109 

TCR T cells, falling just short at 96.4×109 and 97.2×109 TCR T cells. Despite not meeting 

target dose, the products were still infused (not re-manufactured), although they were not 
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considered as part of the calculation of maximum tolerated dose. The corresponding median 

fold-change at this highest dose level was 491-fold (Day 21–24 / Day 2, range = 135 – 

2033-fold, Figure 1C).

Importantly, E7 TCR T cells could mediate epithelial tumor regression [34], although 

several challenges exist with manufacturing. Spinoculation in bags has been hampered by 

bag leakage at high centrifugation speeds, since bags are not necessarily designed for this 

task. Recently, we have found that this issue is mitigated by spinoculating in the Cytiva 

Sepax C-Pro device [26], which in addition to offering a closed, sterile solution is also 

fully automated and thus requires less hands-on time. Another challenge is the use of feeder 

cells, which were mixed from 3 distinct allogeneic donors in order to mitigate some of the 

deleterious effects of donor-to-donor variation. Later iterations of this culture for yet another 

distinct TCR (KK-LC-1), are focused on the elimination of feeder cells and reducing REP 

phase from 14 days down to 11 days to simplify the process and treat patients faster.

Selecting a manufacturing process: where the rubber meets the road

At the NIH Clinical Center, we are fortunate to have the institutional ability to pursue 

multiple manufacturing strategies, including bags, Prodigy, G-Rex, and others in the 

development pipeline. There are several concerns that drive initial conversations between 

our cell manufacturing team and investigators looking to bring cell therapies to patients. 

These discussions generally focus on scalability, comparability, and cost (Table 3).

In addition to the questions above, investigators may have different goals in initiating a 

clinical trial. Is the goal to treat several patients at isolated academic centers to generate 

deep and meaningful insights, perhaps trading a higher cost for greater robustness? Or is 

the focus on a low-cost translatable method that may be easier to implement but perhaps 

not as robust? Ultimately the field needs to bridge the gap, and automation is helping to 

improve robustness such that products are more consistent and less prone to manufacturing 

failures. Innovation in cell manufacturing technology will continue to promote consistency, 

and competition should drive costs downward as more companies enter the marketplace.

But before that can occur, more correlative studies are needed to identify what features 

lead to the best patient response, which may be different for each clinical setting. For 

example, lower T cell exhaustion in the infusion product correlates to better outcomes [35], 

driving investigators to shorten their manufacturing protocols to prevent exhaustion and treat 

patients faster [36–38]. As another example, several studies have identified that in vivo T 

cell persistence is a feature of efficacy in CD19 CAR therapies, leading investigators to 

hone in on Tscm-like phenotype in the infusion product [39, 40]. Importantly, correlative 

studies are predicated on the existence of a cohort of patient responders in order to identify 

those correlates of efficacy. As more correlates are identified, the field can begin to innovate 

manufacturing methods to drive those features in the final infusion product.

CONCLUSION

The last decade has seen an explosion of innovation in cell therapy manufacturing, with 

automated technologies easing key process bottlenecks while improving reliability. The 
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most useful technologies will be flexible and customizable to allow the optimization of key 

process variables, while still remaining user-friendly for wide-scale adoption. While there 

are now several options on the market for true end-to-end automation of engineered T cells, 

other technologies that automate key process steps (i.e., selection, transduction, expansion, 

harvest) allow investigators to connect automated and/or manual processes in a modular 

fashion to tailor their overall process to best fit their needs.
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Figure 1: Key manufacturing data from patient products manufactured using various expansion 
systems.
(A) Culture schematic with major processing steps. (B) TNC at harvest: CD30 CAR-T = 

7 days culture, CD19/22 CAR-T = 7–9 days culture, E7 TCR = 21–24 days culture (only 

maximum dose level is shown). (C) CD30 CAR-T fold change = CD3+ TNC of Final 

(Day 7) ÷ Day 1; CD19/CD22 bispecific CAR-T fold change = CD3+ TNC of Final (Day 

7–9) ÷ Day 0; E7 TCR fold change = CD3+ TNC of Final (Day 21–24) ÷ Day 2 (only 

dose level 3 is shown). (D) Transduction efficiencies were measured via CAR-specific flow 

cytometry on the day of harvest. (E) – (G) Percent CD3 in the starting product compared 

to final product. PBMCs = peripheral blood mononuclear cells, TNC = total nucleated cells, 

TR=transduction, REP = rapid expansion phase.
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Table 1:

Potential benefits of using automated closed-system technology for T cell manufacturing

• Ability to maintain sterility via functionally closed disposables

• Reduce operator errors by relying on pre-programmed steps

• Increased consistency by reducing operator-to-operator variability

• Reduce hands-on time for technicians, which may reduce product cost

• Less skilled workforce required; potential cost savings in training staff
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Table 3:

Questions to consider when choosing a manufacturing platform

• What is the target dose? How scalable does the manufacturing process need to be?

• How close does the investigator want to replicate pre-clinical methods? Are they intending to compare to other clinical trials using a certain 
system?

• Does the manufacturing scheme require non-standard manipulations that would be difficult to perform on an automated system? Are there 
significant technical limitations?

• How quickly can staff be trained on the new process?

• How does cost factor into the decision-making?
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