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ABSTRACT
Engineered T cell therapies have revolutionized modern oncology, however processes for manufacturing 
T cell therapies vary and the impact of manufacturing processes On the cell product is poorly understood. 
Herein, we have used a commercially available hollow fiber membrane bioreactor (HFMBR) operated in 
a novel mode to demonstrate that T cells can be engineered with lentiviruses, grown to very high 
densities, and washed and harvested in a single, small volume bioreactor that is readily amenable to 
automation. Manufacturing within the HFMBR dramatically changed the programming of the T cells and 
yielded a product with greater therapeutic potency than T cells produced using the standard manual 
method. This change in programming was associated with increased resistance to cryopreservation, 
which is beneficial as T cell products are typically cryopreserved prior to administration to the patient. 
Transcriptional profiling of the T cells revealed a shift toward a glycolytic metabolism, which may protect 
cells from oxidative stress offering an explanation for the improved resistance to cryopreservation. This 
study reveals that the choice of bioreactor fundamentally impacts the engineered T cell product and must 
be carefully considered. Furthermore, these data challenge the premise that glycolytic metabolism is 
detrimental to T cell therapies.
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Introduction

T cells present a powerful tool for cancer treatment given their 
ability to circulate throughout the body and “seek out and 
destroy” tumor deposits. The process of infusing cancer 
patients with tumor-specific T cells is known as adoptive 
T cell therapy. Evidence of clinical success in leukemia, mela-
noma, synovial sarcoma, cervical cancer and EBV-associated 
malignancies has proven that adoptive T cell therapy is a viable 
strategy for treating human cancers.1–5

A key challenge in adoptive T cell therapy is the source of 
T cells, as naturally occurring tumor-specific T cells are rare. 
Large numbers of tumor-targeted T cells can be generated by 
engineering T cells to express chimeric antigen receptors 
(CARs), where the intracellular signaling components of the 
T cell receptor are fused to an extracellular binding domain, 
typically a single-chain antibody, that is specific for a ligand on 
the tumor.6 T cells engineered with CARs (termed CAR-T cells) 
have proven to be a powerful method for treating hematologi-
cal malignancies.7 The enthusiasm for CAR-T cells is mitigated 
by severe, potentially lethal, toxicities, which must be carefully 
managed to ensure patient survival.8 Novel synthetic receptors 
have been developed to overcome these toxicities,9,10 including 
the T cell antigen coupler (TAC) receptor developed by our 
group.11 As we better understand the biological processes that 

underpin therapeutic efficacy and toxicity, the field will ulti-
mately develop synthetic receptors that are tailored to particu-
lar disease states.

A central component of the process used to manufacture 
T cells is the vessel, or bioreactor, used to culture the T cells. In 
most cases, the bioreactor is a plastic dish or culture bag, which 
requires an operator to manipulate cells and medium. We 
believe the ideal bioreactor should allow all unit operations to 
be carried out within a single device in an integrated fashion, 
thereby overcoming the need for multiple transfer steps typi-
cally required for cell expansion, and downstream processing 
steps such as centrifugation. Additionally, as personalized cell 
therapies present a scale-out, rather than a scale-up, challenge, 
the bioreactor and associated equipment should occupy as 
small a footprint as possible to enable the installation of multi-
ple closed units within a single manufacturing suite. Hollow 
fiber membrane bioreactors (HFMBR) are ideally suited for 
this purpose. They are perfusion-based, protect cells from high 
shear stresses, ensure adequate oxygen transport to cells, aid in 
achieving high cell density and productivity, reduce media 
requirement, and allow integration of cell culture with down-
stream processing; all in a small footprint. Nutrients can be 
added to, and toxic metabolites can be removed from, 
HFMBRs in a controllable manner allowing all unit operations 
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associated with the T cell culture to be performed in a single 
bioreactor, which reduces the number of human interventions 
and will facilitate the ultimate automation of the manufactur-
ing process.

Herein, we describe the outcomes of manufacturing T cells 
in HFMBR using a novel operating mode that enables high 
density manufacturing of engineered T cells with a novel tran-
scriptional program that enhances therapeutic potency.

Results

Manufacturing yields

Our manual T cell manufacturing process is shown in 
Supplemental Figure 1a. Isolated peripheral blood mononuc-
lear cells are activated using beads coated with anti-CD3/anti- 
CD28 to start the culture (Day 0). The recombinant virus used 
to engineer the activated T cells is added 18–24 h later (Day 1). 
The T cells are subsequently monitored regularly to maintain 
the cell concentration at 1–3 × 106 cells/ml, which is accom-
plished by scaling the culture into increasingly larger volumes 
and vessels (Supplemental Figure 1b).

Using HFMBR technology, we sought to create a “one-pot” 
solution involving integrated T cell activation, transduction, 
expansion, and formulation, all within a single bioreactor. 

Rather than using cell transfer to progressively larger vessels 
for cell expansion, we use membrane-based convective perfu-
sion to remove waste products and provide fresh culture med-
ium to grow T cells to extremely high densities within a small 
reactor volume (Supplemental Figure 1c). In an HFMBR, cells 
could be grown either on the shell side of the device or within 
the lumen of the hollow fibers; we have chosen to culture the 
T cells on the shell side to increase the effective volume of 
bioreactor available for cell growth. In the conventional mode 
of operation of an HFMBR for growing cells on the shell side, 
aerated media is fed to the lumen of the hollow fibers 
(Figure 1a). Dissolved nutrients and oxygen present in the 
media diffuse through the wall of the hollow fibers and reach 
the cells growing on the other side, i.e. the shell side, defined 
here as the extracapillary (EC) space. In this mode of operation, 
the mass transport of nutrients to the cells is limited by their 
respective diffusion coefficients within the membrane and the 
liquid boundary layer on the media-side, while the rate of 
oxygen transfer is limited by its solubility in the influent 
media. In our novel mode of operation (Figure 1b), the condi-
tioned air (5% CO2, 37 C) is fed directly to the lumen of the 
hollow fibers and hence the effective oxygen concentration 
gradient across the hollow fiber is significantly higher than in 
the conventional mode of operation. Consequently, the rate of 
oxygen transfer is substantially enhanced. The equations 

Figure 1. Schematics of HFMBR operating modes. Panel A shows the conventional mode of operation of a HFMBR where aerated medium is circulated through the 
hollow fibers. Fresh nutrients diffuse from the medium to the extracapillary (EC) space where the cells are located and waste molecules diffuse in the opposite direction. 
Panel B shows the configuration of our new mode of operation where air is drawn into the lumen of the hollow fiber to facilitate more direct gas exchange with medium 
and cells in the EC space. Panel C shows the intermittent feeding component of our novel mode of operation where medium is pumped directly into the EC space of the 
bioreactor, which results in the removal of spent medium through the lumen of hollow fiber to the lumen where it is pumped out through the effluent IC port as waste. 
This novel model of operation allows for timed intermittent feeding and waste removal and more efficient aeration than the conventional mode of operation.
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governing oxygen transport in this mode of operation are 
presented in the Supplemental Figures 2 and 3. Further, using 
our novel mode of operation, nutrients are fed intermittently 
by convection (Figure 1c), which is faster than the diffusive 
transport mechanism employed in the conventional mode of 
operation. Using a semi-automated feeding strategy, the glu-
cose level within the HFMBR was monitored regularly and 
depletion of glucose was used as an indirect measure of T cell 
growth. Feeding was performed using peristaltic pumps (see set 
up in Supplemental Figure 4) as described in the methods.

In these experiments, we initiated all cultures with 106 

peripheral blood mononuclear cells. In the case of the manual 
method, cultures were fed every 2–3 days and cell concentra-
tion was adjusted to 106 cells/ml with each feeding resulting in 
final culture volumes on the order of 10–40 ml. In the case of 
the HFMBR experiments, the culture volume was fixed at 
1.2 ml (i.e. the volume of the bioreactor). The bioreactor was 
intermittently perfused with fresh medium to supply fresh 
nutrients and to remove toxic metabolites based on depletion 
of glucose as described in the methods.

We tested this novel HFMBR mode of operation for the 
manufacture of three types of T cell: 1) T cells that were not 
transduced with virus (NT), 2) T cells that were transduced 
with a virus encoding a chimeric antigen receptor specific to 
HER-2 (CAR) and 3) T cells that were transduced with a T cell 

antigen coupler receptor specific for CD19 (TAC). We gener-
ated these three products using PBMC from five healthy 
donors in order to establish the universality of the HFMBR 
operating mode. In all cases, a T cells were cultured in parallel 
using both the HFMBR and manual methods.

The viability of T cells was equivalent (i.e. >90% viability) at 
the end of the culture period using both the manual and the 
HFMBR methods. There was no significant difference in trans-
duction efficiency between the HFMBR and manual groups, 
although there was a trend toward higher transduction in the 
T cell cultures grown in HFMBR (Supplemental Figure 5). 
Interestingly, the HFMBR conditions yielded a product with 
a bias toward CD8 + T cells whereas the manual method had 
a bias toward CD4 + T cells (Figure 2a); CD8 + T cell: CD4 + T 
cell ratio from HFMBR was 1.64 ± 0.15 and the ratio from the 
manual method was 0.90 ± 0.070 (p = .0007).

Even though the working volume of the HFMBR was mark-
edly lower than the volume of vessels used in the manual 
method, the total yield of T cells using the HFMBR method 
was only approximately 4-times lower than the manual 
method. This was irrespective of whether the cells were engi-
neered with a chimeric receptor or not (Figure 2b). The T cells 
in the HFMBR grew to a concentration approximately 6-times 
greater than that in the manual method (Figure 2c) and surface 
densities that were 70-times greater than that obtained with the 

Figure 2. Properties of the manual and HFMBR cultures. Panel A. At the end of the manufacturing period, the T cells were collected, enumerated and subjected to 
flow cytometry to determine the relative frequency of CD8 + T cells and CD4 + T cells. The lines denote parallel manual and HFMBR cultures performed on the same day 
with the same donor. The symbols denote the condition: squares identify NT T cells, circles identify CAR T cells and diamonds identify TAC T cells. P-values were 
determined using Students t-test. Panels B – D. Fold-expansion, cell concentration and density are shown for the day 10 of culture, which is the day of harvest. * denotes 
p < .05 and ** denotes p < .01; P-values were determined using Students t-test.
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manual method (Figure 2d). With regard to medium con-
sumption, the manufacturing process using the HFMBR 
yielded an average of 1.3 × 106 cells per ml of medium con-
sumed (SD = 5.37 x 105 cells/ml; n = 41) whereas the manual 
process yielded an average of 3.7 × 106 cells per ml of medium 
consumed (SD = 2.27 x 106 cells/ml; n = 18; p < .0003). Thus, 
while the use of the HFMBR method allows a marked reduc-
tion in the process footprint, this was achieved at the cost of 
greater material consumption. This drawback could potentially 
be mitigated through process optimization guided by precise 
process control.

Culture in HFMBR enhances therapeutic potency

A preclinical murine xenograft model of acute lymphoblastic 
leukemia (NALM-6) was used to measure the therapeutic 
potency of the T cell products. We observed a striking 
change in the potency of the T cell products generated in 
the HFMBR. Whereas treatment with non-transduced T cells 
had no impact on tumor growth, regardless of the manufac-
turing method (Figure 3a, left hand panels; Supplemental 
Figure 6), a single dose of 4 × 106 CD19-TAC-positive 
T cells produced in the HFMBR cured 13 out of 13 (100%) 

Figure 3. Therapeutic activity of T cells manufactured using the manual method and HFMBR. PBMC were engineered with CD19-TAC using either the manual 
method (blue lines and diamonds) or the HFMBR (red lines and diamonds); in parallel, a batch of PBMC was manufactured without virus transduction (non-transduced). 
Mice bearing NALM-6 xenografts were treated with a high dose (4e6) or low dose (1–1.5e6) of T cells. Tumor growth was monitored by bioluminescence and mouse 
survival was monitored for 50 days. Panel A. Tumor growth measured by bio-luminescence following treatment with high dose of T cells. Upper left, Non-transduced 
T cells manufactured using the manual method; Upper right, CD19-TAC-engineered T cells produced using the manual method. Lower left, Non-transduced T cells 
manufactured using the HFMBR; Lower right, CD19-TAC-engineered T cells produced using the HFMBR. n = 12–13 for each treatment group. The fraction of mice 
without tumor at the end of the study is displayed in the upper left hand corner of each graph. Panel B. Mouse survival following treatment with CD19-TAC T cells 
engineered using the manual method or the HFMBR. Left panel, high dose of T cells (n = 13 per treatment group); Right, low dose of T cells (n = 5 for CD19-TAC T cells 
produced manually, n = 10 for CD19-TAC T cells produced in HFMBR). Red diamonds, T cells produced in HFMBR; Blue diamonds, T cells produced manually. P-values 
were determined using the Log-rank (Mantel-Cox) test.
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of treated mice (Figure 3a, lower right panel; Figure 3b, left 
panel, red diamonds; Supplemental Figure 6), while the 
equivalent dose of CD19-TAC-positive cells produced by 
the manual method resulted in durable cure in only 8 out 
of 13 (60%) of the mice (Figure 3a, upper right panel; 
Figure 3b, left panel, blue diamonds; Supplemental 
Figure 6). More strikingly, when the dose was reduced to 
1–1.5 × 106 CD19-TAC-positive T cells per mouse, CD19- 
TAC T cells produced in the HFMBR were still capable of 
causing complete regression of all tumors and eradicating 
the majority of NALM-6 tumors (Figure 3b, right-hand 
panel, red diamonds; Supplemental Figures 7–8), while the 
CD19-TAC T cells produced using the manual method had 
no therapeutic effect (Figure 3b, right panel, blue diamonds; 
Supplemental Figures 7–8). These data demonstrate that 
manufacturing T cells in the HFMBR yields T cells with 
greatly enhanced therapeutic potency.

T cells produced by manual and HFMBR methods display 
comparable functionality

To determine whether the enhanced potency of the T cells 
manufactured in the HFMBR was related to more robust 
T cell effector functions, we assessed cytotoxicity and cytokine 
production of engineered T cells manufactured through the 
manual process and the HFMBR process (Figure 4). For these 
experiments, we used T cells from manufacturing runs using 
CARs specific for HER-2 (circles) and BCMA (triangles) and 
TACs specific for CD19 (diamonds). To assess cytotoxicity, the 
T cells were co-cultured with tumor targets expressing the 
relevant target (SKOV-3 for HER2-CAR-engineered T cells; 
NALM-6 for CD19-TAC-engineered T cells; KMS-11 for 
BCMA-CAR-engineered T cells; Figure 4a, solid line). Robust 
cytotoxicity was observed against all tumor lines and no sig-
nificant differences in cytotoxicity were observed when T cells 

Figure 4. Functional characterization of the T cell manufactured using the manual method and HFMBR. PBMC were manufactured using either the manual 
method (blue symbols) or the HFMBR method (red symbols). T cells engineered with either the HER2-CAR (circles), the CD19-TAC (diamonds) or the BCMA-CAR 
(triangles). To assess antigen-specific response, the engineered T cells were co-cultured with tumor cells expressing the relevant target antigen [SKOV-3 for HER2-CAR- 
engineered T cells (left-hand panel); NALM-6 for CD19-TAC-engineered T cells (center panel); KMS-11 for BCMA-CAR-engineered T cells (right-hand panel)]. Solid lines 
represent the CAR/TAC-engineered T cells. Dashed lines represent non-engineered T cells. Panel A. Cytotoxicity was assessed following overnight co-culture. Each 
product tested was derived from a different donor. Each panel represents an independent experiment and production run. Error bars represent standard error of the 
mean for technical triplicates. Panel B. The frequency of T cells producing IFN-γ (left-hand panels), TNF-α (central panels) and IL-2 (right-hand panels) was assessed by 
intracellular cytokine staining following a 4-hour co-culture with tumor cells expressing the relevant antigen target. A total of 8 products generated from 5 different 
donors were tested. The data were generated from 8 independent experiments. P-values were determined using a paired Students t-test. NS = non-significant.
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were manufactured in the HFMBR compared to the manual 
method. Cytotoxicity against the tumor lines was critically 
reliant upon the tumor targeting domain on the synthetic 
antigen receptor as non-transduced T cells displayed no cyto-
toxicity in these assays (Figure 4a, dashed lines).

To assess the impact of manufacturing on cytokine produc-
tion, T cells were co-cultured with tumor targets expressing the 
relevant target as described in the previous paragraph (SKOV- 
3 for HER2-CAR-engineered T cells; NALM-6 for CD19-TAC- 
engineered T cells; KMS-11 for BCMA-CAR-engineered 
T cells) and the frequency of cytokine-producing T cells was 
assessed 4 hours later by intracellular cytokine staining. We 
focused these assays on cytokines associated with the polyfunc-
tionality of tumor-reactive T cells (IFN-γ, TNF-α and IL-2; 
Figure 4b). Similar to the cytotoxicity assessment, we did not 
observe a consistent impact of the HFMBR manufacturing 
process on the ability of engineered T cells to produce cyto-
kines following stimulation with relevant targets (Figure 4b; 
example of flow cytometry gating is provided in Supplemental 

Figure 9). Non-transduced T cells were not stimulated to 
produce cytokine above background levels demonstrating 
that the activation of the cytokine production was specific for 
the antigen binding domain of the synthetic antigen receptor 
(Supplemental Figure 10).

T cells produced in the HFMBR display greater resistance 
to cryopreservation

Clinically, T cells are typically cryopreserved following manu-
facturing to facilitate safety testing, logistics and timing of 
administration as each of those events is associated with an 
uncertain time frame. Upon thaw, the T cells may display a loss 
of viability and dosing is designed to adjust for this loss. Our 
functional studies were performed with cryopreserved cells and 
we noted that T cells manufactured in the HFMBR displayed 
greater viability at the time of functional assay. We, therefore, 
performed a detailed examination of T cell viability at various 
time points post-thaw. To this end, T cells were manufactured 

Figure 5. T cells manufactured using the HFMBR display elevated viability post-thaw. Panel A. PBMC were manufactured using either the manual method or the 
HFMBR method. At the end of the manufacturing period, all T cell products were cryopreserved in CryoStor® CS10 for the same period of time. Subsequently, the T cells 
thawed and cultured in the presence of cytokines and viability was monitored. Panel A. The viability of cryopreserved T cells from two independent manufacturing runs 
using different donors were monitored over a period of 200 hours. Each graph represents an independent experiment. Panel B. T cells from an additional 12 
manufacturing runs were treated as in panel A and viability was assessed between 36–40 hrs post-thaw. HER2-CAR T cells are shown as circles, CD19-TAC T cells are 
shown as diamonds and non-transduced T cells are shown as squares. Cells manufactured in the HFMBR are shown in red, cell manufactured using the manual method 
are shown in blue. A total of 22 T cell products were thawed to generate these results. These data represent 7 independent thawing experiments using T cell products 
from 3 donors that were processed in 4 independent manufacturing runs. P-value was determined using a paired Students t-test.
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using the manual method or the HFMBR process, cryopre-
served, thawed, placed in culture and viability was assessed 
over a period of 200 hours (Figure 5a). Upon thaw, the 
T cells produced in the HFMBR displayed viability of greater 

than 75%, whereas T cells produced using the manual method 
displayed viability on the order of 50–80% (Figure 5a). T cells 
produced by the manual method continued to lose viability 
during culture for 48 hours after thawing, whereas the T cells 

Figure 6. Transcriptional profiling of T cell cultures grown using the manual method and the HFMBR. T cell products from three donors engineered with the 
CD19-TAC using either the HFMBR or manual methods. Additional sets of non-transduced T cells were also prepared from all three donors using both manufacturing 
methods. RNA was prepared from all products and subjected to RNAseq. Panel A. Venn diagram representation of pairwise comparison of CD19-TAC-engineered T cells 
produced using the manual method (TAC-Manual), CD19-TAC-engineered T cells produced using the HFMBR (TAC-HFMBR), non-transduced T cells produced using the 
manual method (NT-Manual), and non-transduced T cells produced using the HFMBR (TAC-HFMBR). The diagram shows genes, differentially expressed with an absolute 
fold change of at least 1.5. Panel B. Heatmap and hierarchical clustering of transcripts differentially expressed with an absolute fold change of at least 1.5. D1-NT = Donor 
1, non-transduced; D1-TAC = Donor 1, CD19-TAC-engineered; D2-NT = Donor 2, non-transduced; D2-TAC = Donor 2, CD19-TAC-engineered; D3-NT = Donor 3, non- 
transduced; D3-TAC = Donor 3, CD19-TAC-engineered. Panel C is a network of the GO terms (Biological Processes component) commonly enriched in the HFMBR 
products. Panel D shows biological pathways that are enriched in the HFMBR (red) or the manual process (blue).

ONCOIMMUNOLOGY e1995168-7



produced in the HFMBR displayed limited loss in viability, 
regardless of whether they were transduced with a CAR 
(Figure 5a, left side), a TAC (Figure 5a, right side) or left non- 
transduced (NT; Figure 5a, both sides). Over time, the cultures 
of manual T cells regained viability as the surviving T cells 
proliferated in the presence of the cytokines (Figure 5a).

We subsequently examined the viability of 12 other manufac-
tured products where T cells were left non-transduced or engi-
neered with the HER-2-CAR or CD19-TAC in both manual and 
HFMBR conditions. The cells were placed in culture and viability 
was assessed 30–36 hours later (Figure 5b). In all cases, cells 
produced in the HFMBR displayed greater viability following 
the approximately 1.5 days of culture (69.1% ± 3.2%) compared 
to cells produced using the manual method (27.1% ± 4.1%).

Culture in HFMBR changes T cell programming

To understand the impact of the HFMBR culture conditions on 
the resultant T cell product, we characterized the transcrip-
tome of T cell products from three donors engineered with the 
CD19-TAC using both methods, i.e. HFMBR and manual 
methods. As a control, non-transduced T cells were also pre-
pared by culturing cells from all three donors using both 
manufacturing methods. Thus, six T cell products were pro-
duced in the HFMBR and six T cell products were produced 
using the manual method. RNA was extracted from each pro-
duct and subjected to RNA sequencing. Both, unsupervised 
hierarchical clustering and Principal Component Analysis 
revealed a clear distinction between products produced 
through the HMFBR and manual methods (data not shown). 
Since the unsupervised hierarchical clustering revealed a donor 
effect, we performed a paired differential expression analysis 
using limma, which revealed 348 and 382 transcripts that were 
up-regulated in TAC- and NT-T cells grown in the HFMBR, 
respectively, and 187 and 222 transcripts that were down- 
regulated in TAC- and NT-T cells grown in the HFMBR, 
respectively. Out of these, 266 transcripts were upregulated in 
all HFMBR products, regardless of whether they were trans-
duced, and 136 transcripts were downregulated in all HFMBR 
products, regardless of whether they were transduced 
(Figures 6A and 6B). Gene Ontology (GO) analysis of the 
gene lists specific to each of the comparisons revealed numer-
ous cellular processes associated with these transcriptional 
events, including carbohydrate metabolism and responsiveness 
to hypoxia (Figure 6c), which were differentially regulated 
regardless of transduction. Assessment of the biological path-
ways using these differentially expressed genes revealed 
marked upregulation of the transcription factor HIF-1α and 
glycolysis in T cells generated using the HBMR (Figure 6d). 
Specifically, there were increases in the expression of key HIF- 
1α regulated glycolytic enzymes including PFKFB3, PFKFB4, 
HK2 and PDK1. We also performed single sample Gene Set 
Enrichment Analysis (ssGSEA) and found that the T cells 
produced in the HFMBR had enrichment in signatures con-
sistent with naïve/memory T cells (Supplemental Table 1). 
Thus, unexpectedly, the T cells produced in the HFMBR dis-
played a fundamentally distinct programming relative to the 
T cells manufactured under conventional manual conditions.

Discussion

Herein, we have explored a novel operating mode for hollow 
fiber membrane bioreactors (HFMBRs) that revealed multiple 
advantages for T cell manufacturing. The hollow fiber mem-
branes served three primary functions: enhancement in oxygen 
transfer by more direct aeration, cell retention within the 
bioreactor, and fast addition and removal of nutrients by 
a convection-based fluid mechanism. The HFMBR enabled 
a dramatic reduction in the footprint of the manufacturing 
process by greatly enhancing the density of the T cell culture. 
Such an outcome could be leveraged for further development 
of a compact automated solution, which could be accommo-
dated within the limited space of a hospital cell therapy lab.

The unexpected outcome of this study was enhanced T cell 
therapeutic efficacy associated with improved resistance to 
cryopreservation following manufacturing in the HFMBR. 
RNA-seq analysis revealed an enrichment in transcriptional 
pathways associated with the hypoxia-inducible transcription 
factor, HIF-1α, in T cells manufactured in the HFMBR, which 
seemed to contradict the general approach of the HFMBR 
where the goal was to augment oxygen availability to the 
T cells. As HIF-1α is also known to promote metabolic repro-
gramming in T cells12 and all the HIF-1α target genes that were 
upregulated are associated with metabolic reprogramming 
toward glycolysis rather than responsiveness to hypoxia,13 the 
involvement of the HIF-1α pathway is consistent with elevated 
glycolysis rather than a response to hypoxia. In fact, the tran-
scriptional profile of the HFMBR-derived T cells is consistent 
with a state of aerobic glycolysis, which is a process employed 
by proliferating T cells for biosynthesis of macromolecules to 
support cell division.14 Metabolic reprogramming toward 
aerobic glycolysis offers an explanation for the enhanced sur-
vival of the T cell generated in the HFMBR. Thawing of cells 
following cryopreservation results in supraphysiological levels 
of reactive oxygen species which can lead to reductions in cell 
viability.15 While aerobic glycolysis is an inefficient means to 
generate ATP, it does provide a vitally important means to 
buffer against reactive oxygen species. Specifically, the shunting 
of glucose into the pentose phosphate pathway rather than the 
tricarboxylic acid cycle generates NADH,16,17 which is an 
essential reducing factor required for recycling of antioxidant 
glutathione from glutathione disulfide. Although the effects of 
cryopreservation on human T cells has not been broadly 
explored, studies of cryopreserved spermatozoa has demon-
strated that agents which limit oxidative stress can improve 
viability and motility upon thawing.18–21 Therefore, it seems 
reasonable that elevations in aerobic glycolysis would be 
expected to enhance viability by buffering against potentially 
toxic levels of oxidative stress generated during thawing.

Despite the impressive clinical results and the promise of 
improved chimeric receptor designs, the cost of goods 
remains an issue that must be addressed. Currently, T cells 
are produced using semi-automated workflows that require 
highly trained technical staff, expensive and sophisticated 
infrastructure, and a single course of therapy is priced on 
the order of USD$350,000.22,23 For these therapies to become 
broadly available, it is necessary to reduce the complexity of 
production and the cost of the cell product. Development of 
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an automated and scalable manufacturing process is a critical 
step in the evolution of this field and could bring down the 
cost of cell therapies to a level that would be sustainable 
within the limited health care budgets of most nations.24 

The HFMBR is an excellent base for the development of 
a fully closed automated manufacturing device. The Terumo 
Quantum is automated HFMBR-based instrument that can be 
used to expand T cells;25,26 however, there have been no 
published reports of successful in situ T cell engineering in 
the Quantum system. The Quantum HFMBR is also 
a different design from the one we used in this manuscript. 
T cells are grown on the luminal side of the membrane in the 
Quantum, which contrasts from our operation mode where 
the T cells are located on the shell side of the bioreactor. The 
Quantum also operates in a conventional mode where aerated 
medium is circulating in the extracapillary fluidic path, which 
requires an additional gas transfer module to condition the 
medium. It is unclear whether such the operating mode of the 
Quantum would offer the same benefits as the direct aeration 
that we have employed.

Overall, the results support further investigation of this 
operation mode in HFMBRs for clinical T cell manufacturing. 
Although not tested in this study, the HFMBR could also be 

used for final polishing of the cell product where the culture 
medium is exchanged with cryopreservatives and formulating 
agents. We are working on the next stage of automation of the 
HFMBR device with ultimate goal of developing a fully auto-
mated solution that is Good Manufacturing Process compliant.

Materials and Methods

Isolation of PBMCs

In this study, human peripheral blood mononuclear cells 
(PBMCs) were obtained from volunteer healthy donors at the 
McMaster Immunology Research Center; in some cases, the 
PBMC were isolated from leukapheresis products purchased 
from HemaCare Corporation (Van Nuys, CA).

This study was approved by the Research Ethics Board of 
McMaster University, Hamilton, Canada. Written informed 
consent was obtained from all healthy donors who provided 
peripheral blood samples. PBMCs were isolated from hepar-
inized whole blood by density gradient centrifugation over 
Ficoll-Paque-Plus (Biosciences, Piscataway, NJ). After the pur-
ification process, PBMCs were frozen down in 90% human AB 
serum/10% DMSO.

Table 1. Immunological gene sets significantly regulated in both TAC and NT in bioreactor. ssGSEA was performed using MSigDB C7 collection of immunological 
gene sets. Next, differential regulation of these gene sets was examined by using limma. Only corrected p-values < 0.05 were examined further (see Methods). Gene sets 
significantly regulated in both TAC and NT are presented in the table. Gene sets related to T cell memory are highlighted in yellow.

GeneSet Description

TAC NT

p-value p-value

Down-regulated in Bioreactor
GSE11057_CD4_EFF_MEM_VS_PBMC_UP Genes up-regulated in comparison of effector memory T cells 

versus peripheral blood mononuclear cells (PBMC).
4.93E- 

02
3.51E- 

02
GSE11057_EFF_MEM_VS_CENT_MEM_CD4_TCELL_UP Genes up-regulated in comparison of effector memory T cells 

versus central memory T cells from peripheral blood 
mononuclear cells (PBMC).

1.23E- 
02

9.47E- 
03

GSE11057_NAIVE_VS_EFF_MEMORY_CD4_TCELL_DN Genes down-regulated in comparison of naive T cells versus 
effector memory T cells.

4.93E- 
02

3.80E- 
02

GSE26928_CENTR_MEMORY_VS_CXCR5_POS_CD4_TCELL_UP Genes up-regulated in comparison of CD4 central memory 
T cells versus CD4 CXCR5 + T cells.

3.51E- 
02

2.21E- 
02

GSE11924_TH1_VS_TH2_CD4_TCELL_DN Genes down-regulated in comparison of Th1 cells versus Th2 
cells.

9.46E- 
03

1.4E-02

Up-regulated in Bioreactor
GSE16522_MEMORY_VS_NAIVE_CD8_TCELL_DN Genes down-regulated in comparison of rested memory CD8 

T cells from pmel-1 mice versus rested naive CD8 T cells from 
pmel-1 mice.

1.85E- 
02

1.23E- 
02

GSE21360_NAIVE_VS_SECONDARY_MEMORY_CD8_TCELL_UP Genes up-regulated in CD8 T cells: naïve versus 2� memory. 6.40E- 
03

6.40E- 
03

GSE21360_SECONDARY_VS_QUATERNARY_MEMORY_CD8_TCELL_DN Genes down-regulated in memory CD8 T cells: 2� versus 4�. 6.74E- 
03

6.40E- 
03

GSE22886_NAIVE_CD4_TCELL_VS_MEMORY_TCELL_UP Genes up-regulated in comparison of naive CD4 T cells versus 
unstimulated memory CD4 CD8 T cells.

9.82E- 
03

6.74E- 
03

GSE23321_CD8_STEM_CELL_MEMORY_VS_CENTRAL_MEMORY_CD8_TCELL_UP Genes up-regulated in CD8 T cells: stem cell memory versus 
central memory.

6.74E- 
03

6.40E- 
03

KAECH_DAY8_EFF_VS_MEMORY_CD8_TCELL_DN Genes down-regulated in effector CD8 T cells at the peak 
expansion phase (day 8 after LCMV-Armstrong infection) 
compared to memory CD8 T cells (day 40+ after LCMV- 
Armstrong infection)

3.51E- 
02

4.66E- 
02

GSE24574_BCL6_HIGH_TFH_VS_TCONV_CD4_TCELL_UP Genes up-regulated in BCL6 [GeneID = 604] high follicular 
helper T cells versus T conv cells.

4.1E-02 3.5E-02

GSE33425_CD161_INT_VS_NEG_CD8_TCELL_DN Genes down-regulated in CD8 T cells: KLRB1 int versus KLRB1- . 2.1E-02 3.3E-02
GSE9650_EFFECTOR_VS_EXHAUSTED_CD8_TCELL_DN Genes down-regulated in comparison of effector CD8 T cells 

versus exhausted CD8 T cells.
1.4E-02 9.5E-03

GSE9650_GP33_VS_GP276_LCMV_SPECIFIC_EXHAUSTED_CD8_TCELL_UP Genes up-regulated in comparison of virus specific (gp33) 
exhausted CD8 T cells versus the virus specific (gp276) cells.

4.1E-02 3.4E-02
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Lentiviruses and chimeric receptors

The details and production of the lentivirus encoding the 
HER2-28ζ CAR (HER2-CAR) containing IgGκ leader, anti- 
HER2 clone H10-2-G3 DARPin, CD8α hinge, CD28 trans-
membrane and cytoplasmic domains, and CD3ζ cytoplasmic 
tail was previously described in Hammill et al., 2015.27 The 
details and production of the lentivirus encoding the CD19- 
TAC containing a CD8a leader sequence, FMC63 single-chain 
antibody, humanized UCHT1 single-chain antibody and CD4 
transmembrane/cytoplasmic domains was previously 
described in Helsen et al., 2018.11

Glucose and pH analysis

The glucose concentration in spent media was measured using 
Contour Next Blood Glucose Monitoring System (Bayer 
HealthCare LLC, Mishawaka, USA). The pH was measured 
using the pH strips (range of 5–8) according to manufacturer’s 
instruction.

Manual T cell manufacturing

T cells were expanded from PBMCs as described in supple-
mental Figure 1. Cell expansion was performed in RPMI 1640 
(ThermoFisher Scientific, Waltham, MA) supplemented with 
10% Fetal Bovine Serum (FBS) (ThermoFisher Scientific), 25- 
mM HEPES (Sigma-Aldrich Canada Co.) and 2-mM 
L-glutamine (Sigma-Aldrich Canada Co.), non-essential 
amino acids (ThermoFisher Scientific), 50µM β- 
mercaptoethathanol (ThermoFisher Scientific), 100U/mL 
penicillin + 100μg/mL streptomycin (ThermoFisher 
Scientific), 1mM sodium pyruvate (Sigma Aldrich). T cell cul-
tures were supplemented with 10ng/ml IL-2, and 10ng/ml IL-7 
(Pepro Tech, Rocky Hill, NJ) on each scale up or perfusion day.

PBMCs were thawed and placed in round bottom 96 well 
plates at 105 cells/well. PBMCs were activated using anti-CD3 
/CD28 DynaBeads (Thermo Fisher Scientific) at a 0.8:1 bead-to 
-cell ratio on day 0. Twenty-four-hour post-activation, lenti-
virus was added, in the case of the T cells engineered with CAR 
or TAC. The activated T cells were transferred to a 24-well 
plate on day 4. On day 7, T cells were collected, suspended in 
fresh medium at a concentration of 1×106 cells/mL and trans-
ferred to a 25ml T-flask. The manufactured T cells were col-
lected on day 10 for analysis and cryopreservation in CryoStor 
CS10 (BioLife Solutions Inc., Bothell, WA) in liquid nitrogen 
vapor phase. Viability was assessed using a Cellometer with 
ViaStain ™ AO/PI (Nexcelom Bioscience, Lawrence, MA).

HFMBR system

The principal component of the membrane bioreactor system 
is a hollow fiber membrane module. (Repligen; C02-E300-05- 
N). The hollow fiber membrane module used in this study 
contained six hollow fiber membranes, the total membrane 
surface area being 20 cm2. The PBMCs were grown outside 
the fibers (i.e. in the shell side or in the extracapillary space, 
EC). The lumen of the fibers (i.e. the intracapillary space, IC) 

were used to transfer nutrients, metabolites and oxygen as 
explained in Figures 1B and 1C. The hydraulic permeability 
and sieving coefficient of the hollow fiber membrane allows 
nutrients, metabolites, and gases easily across the fiber from IC 
side to EC side, while the T cells and the α-CD3/CD28 activat-
ing beads are retained on the EC side of the bioreactor. The 
culture manipulations such as aeration and media exchange are 
managed using two ISMATEC peristaltic pumps (model # C.P. 
78023–20, 78016–30; Cole-Parmer Instrument Co. Vernon 
Hills, USA), and a set of valves and fittings (Nordson Medical 
and Cole-Parmer), which direct the flow of the different fluids 
through the disposal tubing set (Cole-Parmer Instrument Co. 
Vernon Hills, USA) shown in Supplemental Figure 4. The 
bioreactor was set up as a single-use, closed system where 
disposable tubing was used for aeration, media perfusion, 
virus addition, and effluent (waste) collection. During the 
manufacturing process, the culture media was delivered from 
a media bag, stored in a Styrofoam box, cooled with a gel ice 
packs to maintain the integrity of the medium. The membrane 
module was placed in a conventional cell culture incubator (5% 
CO2, 37°C and over 95% humidity). Gas exchange in the 
bioreactor was mediated by flushing the hollow fiber mem-
branes with the gas mixture from the interior of the cell culture 
incubator.

T cells, activating beads and virus were loaded into the 
HFMBR inside of a biosafety cabinet. Initially, PBMCs (1x106 

cells in 1mL of RPMI supplemented as described above) and α- 
CD3/CD28 activating beads were injecting into the membrane 
EC port followed and the EC port was closed inside biosafety 
cabinet (Supplemental Figure 4a). The fluidic tubing, fresh 
media and waste line were connected to two peristaltic 
pumps and pre-installed in the incubator. One peristaltic 
pump drew conditioned air through tubing connected to the 
IC port from the incubator at a constant flow rate of 1ml/min 
throughout culture duration for ten days. The other pump was 
used for periodic feeding of the culture. Cytokine supplemen-
ted fresh media was fed through tubing attached to the EC port 
at a rate of 1 LMH (l/m2h) volumetric flux. Initially, feeding 
was performed once every 24 hours. The glucose and pH of the 
spent medium was measured in the waste material after each 
feed. When the glucose level dropped below 7 mM, the feeding 
schedule was changed to once every 12 hours. Again, glucose 
levels were monitored in the waste and the feeding schedule 
was changed to every 8 hours when the glucose in the waste 
dropped below 7 mM. Finally, feeding was switched to every 6 
hours if there was further evidence of glucose depletion. In the 
final period of manufacturing, feeding every 6 hours was able 
to sustain glucose levels about 7 mM and we did not decrease 
the feeding schedule further.

Phenotypic analysis of cell surface markers by flow 
cytometry

CAR and transduction marker tNGFR expression was evalu-
ated through immunostaining and analysis by flow cytometry. 
To measure surface expression of the HER2-CAR, T cells were 
incubated with recombinant HER2-Fc chimera protein (R&D 
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Systems) followed by phycoerythrin-conjugated anti-human 
IgG Fc secondary conjugated antibody (Jackson 
ImmunoResearch). To measure surface expression of the 
BCMA-CAR, T cells were incubated with recombinant BCMA- 
Fc chimera protein (R&D Systems) followed by phycoerythrin- 
conjugated anti-human IgG Fc secondary conjugated antibody 
(Jackson ImmunoResearch). To measure CD19-TAC expres-
sion, T cells were incubated with biotinylated-Protein 
L (Thermo Fisher Scientific) followed by phycoerythrin- 
conjugated streptavidin (BD Pharmingen). The expression of 
T cell phenotypic markers (CD4, CD8 and tNGFR) was 
detected by direct staining with conjugated antibodies (BD 
Biosciences). Flow cytometry was conducted on BD LSRII or 
BD LSRFortessa cytometers (BD Bioscience) and analyzed 
using FlowJo vX software.

Tumor cell lines

Human tumor cell lines SKOV-3 and LOXIMVI were provided 
by Dr. Karen Mossman, McMaster University, Hamilton, ON. 
KMS-11 cells were a kind gift from Dr. Kelvin Lee, Roswell 
Park Cancer Institute, NY. NALM-6 cells were purchased from 
the DSMZ-German Collection of Microorganisms and Cell 
Cultures. All tumor lines were cultured in RPMI 1640 supple-
mented with 10% heat-inactivated FBS, 2 mM L-glutamine, 10 
mM HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin, 
and 55 nM β-mercaptoethanol (Cell culture medium and addi-
tives were purchased from Thermo Fisher Scientific). Cell lines 
were routinely tested for presence of mycoplasma using 
a commercial kit from InvivoGen. The cell lines were engi-
neered with a lentivirus that encodes enhanced firefly 
luciferase28 to permit use in the luciferase-based cytotoxicity 
assay and to enable in vivo monitoring.

Functional analysis of T cells by intracellular cytokine 
staining

We employed a previously published protocol.11 Briefly, engi-
neered T cells were stimulated with antigen-expressing tumor 
cells, for 4 hours at 37°C in 96-well flat-bottom plates (Falcon) 
at a ratio of 2:1 effector-to-target; SKOV-3 was used to stimu-
late HER2-CAR T cells, KMS-11 was used to stimulate BCMA- 
CAR T cells and NALM-6 was used to stimulate CD19-TAC 
T cells. BD GolgiPlug (BD Biosciences), a protein transport 
inhibitor, was added to T cells prior to incubation with tumor 
cells following manufacturer’s guidelines. Following the stimu-
lation period, T cells were stained for surface markers (CD4, 
CD8) followed by fixation and permeabilization using BD 
Cytofix/Cytoperm (BD Biosciences) to permit detection of 
intracellular cytokines. Cytokine secretion was detected by 
staining of IL-2, TNFα, and IFNγ (BD Biosciences), followed 
by flow cytometric analysis as described above.

In vitro cytotoxicity luminescence assay

To evaluate cytotoxicity, 5 × 104 luciferase engineered tumor 
cells were co-cultured with T cells in a white flat bottom 96- 
well plate (Corning) at indicated effector:target for 18h at 37°C; 
SKOV-3 was used as a target for HER2-CAR T cells, KMS-11 

was used as a target for BCMA-CAR T cells and NALM-6 was 
used as a target for CD19-TAC T cells. After co-culture, 0.15  
mg/mL D-Luciferin (Perkin Elmer, Waltham, MA) was added 
per well and luminescence was measured using a SpectraMax 
i3 (Molecular Devices, Sunnyvale, CA) across all wavelengths. 
The % Target Killing was determined as: 1 – [((Emission of 
Test Well − Background)/(Emission of Well with Tumor Cells 
Alone − Background))] × 100%. Each condition was tested in 
triplicate.

Adoptive transfer and in vivo monitoring

The McMaster Animal Research Ethics Board approved all 
murine experiments. Five-week-old female NOD.Cg- 
Rag1tm1MomIl2rgtm1Wjl/SzJ (NRG) mice were purchased 
from The Jackson Laboratory (Bar Harbor, ME) or bred in- 
house. Seven to eleven-week-old male NRG mice were injected 
with 0.5 × 106 NALM6-effLuc cells intravenously. A single 
doses of engineered T cells was administered after 4 days of 
tumor growth. Tumor burden was monitored through biolu-
minescent imaging as we have described previously.11,29 Mice 
were injected intraperitoneally with D-Luciferin solution 
(15 mg/ml; Perkin Elmer; Waltham, MA) at a dose of 10uL 
D-Luciferin solution/gram of body weight 14 min prior to 
dorsal and ventral imaging using an IVIS Spectrum (Caliper 
Life Sciences; Waltham, MA). Images were analyzed using 
Living Image Software v4.2 for MacOSX (Perkin Elmer) and 
dorsal and ventral radiance was summed. Termination criteria 
included moribundity or hind limb paralysis. In all cases ani-
mal treatment strictly adhered to McMaster Animal Research 
Ethics Board instructions and guidelines.

RNA-seq analysis

RNA was collected from 2.5×106 T cells processed using 
Qiagen RNeasy Plus Mini kit (QIAgen Inc) and eluted in 
35µl water. The sequencing was performed by using the 
Illumina HiSeq. Processed reads were aligned to hg38 
(UCSC) reference genome using HISAT230 and then reads 
were counted by using HTSeq.31 Genes, which did not have 
sufficiently large counts across samples were removed by using 
filterByExpr (limma package;32) resulting in 11,970 genes. The 
remaining values were normalized with TMM normalization 
method33 and then transformed with voom transformation.34

Differential expression analysis was performed by using 
limma package;32 it examined differential expression between 
the groups of interest, by pairing samples based on the donors. 
Obtained p-values were corrected with BH correction for mul-
tiple hypothesis testing35 and corrected p-values <0.05 were 
considered to be significant. Genes significantly regulated with 
a fold change of at least 1.5 were used for further analyses. The 
Reactome FI plug-in36 in the Cytoscape environment37 was 
used to build Protein-Protein Interaction (PPI) Networks, 
which were subsequently used to examine pathway enrich-
ment. Gene Ontology analysis was performed with BINGO38 

plug-in in the Cytoscape environment to find overrepresented 
biological processes. Shared pathways and biological processes 
were examined further.
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Single sample Gene Set Enrichment Analysis (ssGSEA), an 
extension of Gene Set Enrichment Analysis (GSEA;39) followed 
by limma analysis was performed to find gene sets significantly 
enriched in each of the comparisons, and gene sets shared 
between both comparisons were examined.

Statistical analysis

Descriptive statistics showing means, standard deviations, and 
p-values for were calculated using Microsoft® Excel® data ana-
lysis (including Students t-tests) or GraphPad Prism8.2 
(including Log-rank (Mantel-Cox) tests). P-values are as 
shown or *=p<.05, **=p<.01, ***=p<.001.
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