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ABSTRACT
◥

The transfusion of naturally derived or modified cellular ther-
apies, referred to as adoptive cell therapy (ACT), has demonstrated
clinical efficacy in the treatment of hematologic malignancies and
metastatic melanoma. In addition, cellular vaccination, such as
dendritic cell–based cancer vaccines, continues to be actively
explored. The manufacturing of these therapies presents a consid-
erable challenge to expanding the use of ACT as a viable treatment

modality, particularly at academic production facilities. Further-
more, the expanding commercial interest in ACT presents new
opportunities as well as strategic challenges for the future vision of
cellular manufacturing in academic centers. Current trends in the
production of ACT at tertiary care centers and prospects for
improved manufacturing practices that will foster further clinical
benefit are reviewed herein.

Introduction
The application of ex vivo culturing and cellular engineering in

the development of novel adoptive cellular therapies (ACT) has
produced durable clinical responses in a variety of different relapsed
and treatment-refractory cancer histologies. Tumor infiltrating
lymphocytes (TIL) and chimeric antigen receptor (CAR) T cells
have consistently generated robust immune responses leading to
objective tumor regression in patients with melanoma and B-cell
malignancies, respectively (1, 2). Given this success, these modal-
ities, along with T-cell receptor (TCR) transduced T cells and
dendritic cell (DC)-based cancer vaccines, are now being developed
for the treatment of more aggressive cancers with lower mutational
burden.

Given the highly personalized nature of ACT, many of the
challenges associated the implementation of these cellular thera-
pies arise from their lack of scalability, intensive resource
demands, and cost. This is particularly pertinent to tertiary care
medical centers, where much of the pioneering immunotherapy
research and clinical trials that has driven the development of
ACT are conducted. With these manufacturing hurdles in mind, a
growing body of knowledge offers feasible means of improving
cellular therapy production at these academic immunotherapy
facilities. This review on the development and production of ACT
in the clinic will highlight innovations that could refine academic
workflows and ultimately improve the efficacy of future cellular
therapies, with an emphasis on TIL, engineered T cells, and DC
vaccines.

TIL
ACT using TIL has established itself as a proven treatment modality

for refractory melanoma, mediating objective responses and durable
complete responses in a number of clinical trials (3). When admin-
istered with a lymphodepleting chemotherapy regimen, TIL therapies
produced objective complete responses in 22% of refractory patients
withmelanoma as judged by RECIST, and 95%of the subset exhibiting
ongoing complete regression beyond 3 years (4). Responders were also
found to have a significantly larger number of infused cells remaining
in circulation 1-month posttransfer when compared with nonrespon-
ders (4). Notably, this TILmanufacturing scheme is reproducible, with
multiple independent clinical trials being conducted at a number of
research hospitals reporting similar patient populations and success
rates (5–7).

The adoptive transfer of TIL used in these trials is considerably
resource and time-intensive, as evidenced by manufacturing protocols
that require rigorous sterility safeguards and personnel training. This is
necessitated by significant good manufacturing practice (GMP) reg-
ulations—a bottleneck for all ACT, be it TIL, genetically engineered T
cells, or DC vaccines—that outline minimum requirements for the
workflows, cleanroom facilities, and controls used in the production of
cellular cancer immunotherapies in both academia and industry. In
order for academic programs to establish themselves as decentralized,
point-of-care manufacturing centers, considerable financial, logistical,
and regulatory hurdles must be cleared to build or convert facilities,
validate protocols, train and certify technicians, and acquire and
maintain the necessary reagents and instruments in accordance with
GMP standards.

TIL growth and expansion
TIL are generated through the isolation and serial expansion of

lymphocytes following surgical resection or biopsy of a lesion greater
than 2 cm in diameter (8). TIL are typically cultured in completemedia
(CM), an Roswell Park Memorial Institute (RPMI) based medium
containing human serum and IL2 and expanded directly from freshly
dissected tumor fragments or tumor digest samples that have been
enzymatically digested and mechanically dissociated into a single cell
suspension (8). Culture conditions are optimized for lymphocytes
only, leading to the death of plated tumor cells over the course of 2 to
3 weeks, until a pure culture of T cells remain (Fig. 1). TIL are then
tested for tumor reactivity and neoantigen specificity through co-
culture assays, with cultures exhibiting the highest IFNg secretion
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being selected for further expansion (9). This rapid expansion
protocol (REP) often involves the serial expansion of selected TIL
cultured in a mixture of complete media and AIM-V media supple-
mented with IL2, OKT3, an anti-CD3mAb, and irradiated allogeneic
peripheral blood mononuclear cells (PBMC) that serve as “feeder”
cells (10). The REP can be completed in 2 weeks with lymphocyte
harvest and infusion taking place on day 14 of culture (9). In total, TIL
growth and harvest takes between 5 and 6 weeks to complete with up
to 1 � 1011 lymphocytes being generated for infusion (3). Technical
issues associated with previous clinical trials do raise concern,
however, as a retrospective analysis of previous clinical trials found
that roughly 5% of patients accepted into trials did not successfully
produce TIL for use in treatment and were, thus, dropped from
study (10).

TIL selection and differentiation
Inherent in the immunotherapeutic potential and successful

manufacturing of TIL is the generation of tumor reactive CD8þ T
cells, which effectively proliferate and persist postinfusion. As such, T-
cell selection and differentiation may well offer means of circumvent-
ing technical issues associated with TIL moving forward. Numerous
studies have demonstrated that the infusion and tumor infiltration of a
high percentage of CD8þ T-cell was associated with improved objec-
tive responses (7, 11–13). Of note, the TIL clinical trial overseen by

Ithzaki and colleagues reported a 48% objective response rate in
patients with metastatic melanoma, with the TIL cultures of respond-
ing patients containing 20% more cytotoxic T cells than those of
nonresponders (13). Analysis performed by Radvanyi and colleagues
found similar results as the proportion of CD8þ T cells infused was
found to be significantly higher for the 48.4% of patients with
metastatic melanoma who responded to treatment (7). An analysis
of the phenotypic traits associated with neoantigen-specific CD8þ

lymphocytes found that reactive cells expressed significantly higher
levels of programmed cell death 1 (PD-1), lymphocyte-activation gene
3 (LAG-3), and T-cell immunoglobulin andmucin domain 3 (TIM-3),
while simultaneously expressing a lower level of the costimulatory
receptor 4–1BB (CD137; ref. 14). Growth in IL2 altered the expression
levels of these markers, indicating the enhancement of tumor-reactive
lymphocyte populations is not feasible following expansion in cul-
ture (14). PD-1 expression prior to expansion does, however, offer a
means of selecting for tumor-reactive CD8þ cell populations and
generating enriched populations of neoantigen-specific lympho-
cytes (15). CD8þ lymphocyte populations can also be enriched prior
to resection. An Anti-OX40 (CD134) mAb neoadjuvant treatment
prior to surgical resection was shown to increase CD8þ T-cell pro-
liferation, tumor-reactive activation, and TCRb clonality, indicating a
potential means of improving successful TIL growth and infusion
products prior to culturing (16).

Reinfuse post-
lymphodepletion Tumor

resection

Lymphocyte
growth and
tumor cell

death

Pure T-cell
culture

1

A

B

2 3

Neoantigen-
specific T-cell

selection

Rapid
expansion
protocol

Figure 1.

Overview of the culturing and selection of autologous TIL for use in ACT. A resected tumor sample is enzymatically digested and plated into a single cell suspension.
Cell culture conditions are suitable only for lymphocyte growth, yielding a pure T-cell culture as tumor cells die out. TIL are selected on the basis of tumor reactivity
and neoantigen specificity as demonstrated by co-culture and ELISA assays. Selected TIL are then rapidly expanded in culture supplemented with IL2, OKT3, and
PBMC “feeder” cells, after which the cells are harvested and prepared for infusion back into the patient. (Adapted from an image created with BioRender.com.)
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Agrowing body of research indicates that CD8þT cells can exist in a
stem cell-like state, occupying an intratumoral niche and possessing
the ability to both effectively kill tumor cells and clonally expand (3).
Although in vitro antitumor reactivity is associated with terminally
differentiated CD8þ T cells, these cell populations were found to have
significant impairments in functionality, proliferative capacity, and
persistence when adoptively transferred into murine models (17).
CD8þ T-cell populations are, in fact, largely heterogeneous, with the
differentiation state of cells and their observed rate of expansion and
persistence to be inversely proportional (18). A memory T-cell subset
was later discovered in humanized mouse models that exhibited both
stem cell-like self-proliferative and multipotent character with simul-
taneous memory phenotype expression and activity (19). Retrospec-
tive analysis of ACT products similarly found that patients who
responded to treatment possessed a population of neoantigen specific,
stem-likememory-progenitor T cells (CD39�, CD69�) with improved
TIL persistence when compared with tumor reactive cells in the
terminally-differentiated CD39þ,69þ state (20).

TIL for solid malignancies and tumors with low mutational
burden

Despite the success of ACTwith TIL in the treatment of melanomas
with high levels of somatic mutation, expanded use will rely on the
ability of the immunotherapy to effectively treat common epithelial
cancers with lower mutational burden as well as tumors with intra-
cranial metastases. Analysis of advanced melanoma with associated
intracranial metastases proved that TIL were capable of mediating
immune responses in the central nervous system (CNS) that were safe
and elicited objective clinical responses, however systemic impact of
circulating TIL had less effect on survival or the progression of disease
at sites that had not received localized therapy prior to treatment (21).
This immune response underscores the potential for TIL in the
treatment of CNS tumors, as glioblastoma and other brain tumors
have historically hadminimal response to therapeutic intervention, are
often characterized by a severe immunosuppressive environment, and
are difficult to surgically resect, making TIL culture more logistically
challenging. A population of circulating CD4þ memory T cells with
specificity for a cancer neoantigen was identified in 1 patient from a
small cohort of 5 patients with glioblastoma, reinforcing how chal-
lenging the development of TIL for low-mutational burden CNS
tumors will likely be while suggesting that targeted immunotherapy
is nonetheless feasible in this group of cancers (22). Glioma-derived
TIL were successfully expanded using a combination of IL2, IL15, and
IL21 with a 100% success rate (23). Notably these results could not be
replicated with a standard IL2-based expansion protocol. This unique
combination of cytokines required for effective TIL growth from CNS
tumors underscores the fact that manufacturing workflows may need
to be tailored to each solid tumor histology to fully optimize TIL
culture and production. The transcriptomic signatures of TIL within
glioblastoma also indicate that resident CD8þ T cells can potentiate
robust antitumor responses, however this response is likely suppressed
by the presence of TH17 lineage CD4þ T cells capable of inducing a
terminal state of exhaustion in cytotoxic T cells (24). The presence of
these subpopulations suggests that neoadjuvant therapy specifically
targeting this TH17 lineage could potentially improve the antitumor
response of tumor-resident CD8þT cells and increase efficiency of TIL
harvest for CNS tumors.

With limited clinical trial data, the safety profile of CNS-targeted
TIL is largely unknown. Apilot study using locally infusedTIL induced
transient and asymptomatic cerebral swelling in all 6 patients treated
but did not generate significant Grade 3 or 4 complications (25).

Off-target effects and severe CNS complications must nonetheless be
considered when infusing a substantial number of tumor-reactive TIL.

Outside of CNS tumors, multiple clinical trials have demonstrated
limited but significant clinical responses in other cancers characterized
by lower levels of mutation, with associated manufacturing strategies
posing a potential paradigm shift in howTIL are selected. TIL screened
for reactivity and selectively expanded on the basis of specificity for
both the KRAS G12Vmutation and human leukocyte antigen (HLA)-
C�08:02 initiated a 9-month complete response in a patient with
metastatic colon cancer, which progressed only after the genetic loss
of the HLA-C�08:02 allele (26). Similarly, TIL selectively reactive for
four mutant proteins identified using whole exome sequencing and
RNA sequencing induced an ongoing complete response in a patient
with chemorefractory hormone receptor-positive breast cancer (27). It
should be stressed that these results are from two individual patients
enrolled in an ongoing phase II clinical trial that has yet to be
completed (NCT01174121). Although the objective tumor regressions
associated with targeting specific mutations using HLA-restricted TIL
suggests that this highly personalized therapy can be a valuable new
approach for the treatment of solid tumors moving forward, this
strategy has yet to demonstrate effectiveness to the extent that it can be
expanded to a more generalized patient population.

The future of TIL at academic centers
The most significant challenge impeding the widespread adoption

of TIL therapies is the sheer volume of resources required to produce a
single therapy—be it the reagents used, the requisite labor and training
needed to produce these therapies, or the production time needed to
screen antigens and generate sufficient T-cell yield. Considerable
overhauling of open-system manufacturing protocols must be made
to ensure that TILmanufacturing is efficient, reduces reagent demand,
and is financially feasible in an academic setting. Many academic
institutions, for example, continue to rely on open systems consisting
of T175 flasks or 3-L culture bags to expand cell products. Given the
quantity of single-use flasks required for each individual TIL therapy,
this quickly becomes a significant cost burden. Gas-permeable biore-
actor platforms, such as gas permeable rapid expansion (G-Rex) flasks,
offer the benefits of regular sterility testing and high-density cell
growth necessary to manufacture all forms of ACT, however their
price point largely precludes their use in academic centers. Donor
PBMCs can also be replaced by artificial antigen-presenting cells
(aAPC), a lentivirus transduced cell line constitutively expressing
selected costimulatory molecules and cytokines optimized for the
propagation of a desired T-cell phenotype. The generation of GMP
grade aAPCs is complex, however, and does require additional
resources to manufacture.

Although effective atmanufacturing a small number of cell products
simultaneously, the limitations associated with the open system plat-
forms currently employed—the need for trained and experienced
manufacturing technicians, operating cleanroom environments that
must meet stringent GMP requirements, and the increased risk of
microbial contamination of cell products—make them unsustainable
for the large majority of academic immunotherapy programs
to effectively scale up TIL production. Automated, closed-loop
manufacturing platforms that can be more feasibly scaled to treat an
expanding patient population would thus play the most pivotal role in
reshaping academicmanufacturing programs. The Xuri cell expansion
system, a wave-mixed bioreactor that enables automated mixing and
oxygen transfer within the reactor, and the LoVo cell processing
system, which utilizes a spinning filtration membrane instead of
centrifugation, are two devices that have demonstrated the ability to
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rapidly expand and wash TIL as part of a closed and semi-automated
system, albeit one that also uses G-Rex flasks for expansion (28). Used
primarily for CAR T-cell manufacturing, the CliniMACS prodigy has
also demonstrated 3,000 to 15,000 fold expansion of TILwhen a REP is
performed using the instrument, however the 4 � 109 cells harvested
after one REP would not meet cell yield requirements for TIL
products (29). Emphasis should not only be placed on the automation
of expansion and purification, but of T-cell selection, allowing for the
enrichment of TIL through bead-based CD8þ selection or CD39þ T-
cell depletion for example, to effectively limit T-cell differentiation and
exhaustion and thus improve TIL therapy efficacy. Given the current
production capacity of closed system devices, subsequent or sequential
production runs to produce cell numbers optimized for TIL therapies
will be necessary until cell yield improves. Alternatively, TIL therapy
can be supplemented by the addition of another ACT requiring
reduced cell yield such as a pre-expanded TCR product or DC vaccine.
Regardless of the modalities used, these automated systems require
significant upfront expenditure but could effectively drive down year-
over-year costs by requiring less infrastructure and staffing.

Beyond manufacturing, the accurate identification of antitumor
T-cell receptors also poses a significant challenge to improving the
efficiency and efficacy of TIL therapy development. Antigen screening
and validation takes a considerable amount of time, delaying product
manufacturing. Combined single-cell RNA sequencing (scRNA-seq)
and T-cell receptor sequencing (TCR-seq) can potentially identify the
transcriptomic state of TCR clonotypes that target neoantigens as well
as nonmutated viral and tumor-associated antigens, circumventing the
need for functional screening of candidate neoantigens (30). Refining
the sensitivity of antigen identification will be invaluable to the
development of TIL therapies for cancers with low-mutational burden,
as the landscape of tumor antigens is proving to be far broader than
that of somaticmutations alone (31, 32). Orphan tumor-reactive T-cell
receptors, the term designated for receptors of unknown antigen
specificity, have been found to be reactive to autologous tumor
material in a number of solid tumors (33). Improved bioinformatic
analysis, incorporating whole genome sequencing and T-cell func-
tional analysis, will thus create the most opportunities to fully exploit
the limited antigenic targets available within tumors possessing low
mutational burden while simultaneously expediting the antigen iden-
tification timeline.

CAR
Recent FDA approval of CD19 B-lymphocyte–specific CAR T cells

for the treatment of diffuse large B-cell lymphoma and pre-B-cell
acute lymphoblastic leukemia underscores the potential CAR T cells
exhibit in the treatment of both pediatric and adult hematologic
malignancies. CARs have demonstrated clinical efficacy in the
treatment of several other relapsed or refractory leukemias and
lymphomas as well (2, 34–38). The duration of objective responses
to these therapies is highly variable, with relapse continuing to be a
barrier to more expanded use.

CAR T cells have had particularly little success in the treatment of
solid tumors. CAR T-cell development for the treatment of high-grade
gliomas may well serve as a model for developing new CAR for the
treatment of solid neoplasms, however. As of 2019, the largest number
of CAR T-cell clinical trials for solid malignancies was for brain
tumors. Three of 4 patients with diffuse midline glioma exhibited
clinical and radiographic improvement following infusion of CAR
directed at GD2, a highly expressed disialoganglioside expressed on
H3K27M-mutated glioma cells (39). Notably, on-target, off-tumor

toxicity was not observed and resulting cytokine release syndrome,
T-cell-mediated inflammation, and immune effector cell-associated
neurotoxicity was reversible. A CART-cell product targeting IL13Ra2
induced regression of all intracranial and spinal glioblastoma tumors
and elicited a clinical response lasting 7.5 months in a single patient
with recurrent disease. HER2-specific CAR generated a partial
response lasting more than 9 months in a single patient with pro-
gressive glioblastoma (40). CAR targeting EGFRvIII have also dem-
onstrated clinical benefit in some glioblastoma patients while also
suggesting that antigen loss is a likely pathway of therapeutic escape
within thesemalignancies (41). As CART-cell technology continues to
advance rapidly, these results underscore how more standardized and
efficient manufacturing strategies are necessary to both meet growing
demand and adapt to a rapidly evolving tumormicroenvironment and
antigen landscape following initial treatment.

T-cell collection
Current manufacturing techniques for CAR are significantly mod-

ified from those used in the production of TIL, however the cell yield
required and, likewise, the timeline for production, is significantly
reduced. Furthermore, CAR production is significantly more stan-
dardized than TIL production, as evidenced by the seven FDA
approved products available across multiple indications. T lympho-
cytes are collected via leukapheresis and patients often receive any-
where from 1 � 106 to 1 � 107 cells/kg of patient bodyweight at
infusion following conditioning chemotherapy (42). Commercial CAR
T-cell products can be administered at a maximum dose of 2 � 108

cells, a significantly lower absolute cell number than the cell count
necessary for the manufacturing of TIL therapies. This does not
completely circumvent the issue of cell yield and availability for
manufacturing purposes, as patients are often profoundly lympho-
penic following previous chemotherapy regimens, limiting the yield of
viable T cells for expansion and transduction (43). Once an apheresis
product is collected, density gradient centrifugation can be used to
wash and fractionate T lymphocytes, however this process is laborious.
A number of automated devices are now available that can remove
gross platelet and red blood cell contamination, such as the Cytomate
cell washer and COBE2991, or provide size-based cell fractionation to
isolate lymphocytes and deplete monocytes (44).

T-cell selection
Following isolation, T-cell subpopulation selection or depletion

can then be performed. T-cell cultures have historically been
enriched with a CD3þ population of cells, with the number of
PBMC used to initiate culture determined by the CD3þ cell
percentage as identified by flow cytometry (42, 45). T-cell subsets
can be further enriched or depleted using instruments such as the
CiniMACS Prodigy and associated antibody-conjugated magnetic
beads. CD4þ, CD8þ, and CD62Lþ T-cell selection and enrichment
has yielded CAR T-cell products with improved persistence and
antitumor activity (46, 47). Clinical-scale GMP protocols have
already been developed to isolate, transduce, and expand specific
T-cell populations (48). Selection is not a prerequisite to CAR T-cell
production, however. Tisagenlecleucel (tisa-cel) and Axicabtagene
ciloleucel (axi-cel) therapies, for example, are generated from bulk
T cells whereas lisocabtagene maraleucel (liso-cel) therapy requires
the sequential infusion of selected CD4þ and CD8þ cells at equal
target doses; all three therapies are FDA approved and have shown
promising efficacy and safety profiles (49).

The selection of T cells can serve as a point of focus for academic
manufacturing programs to optimize product efficacy andproliferative
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capacity using established workflows and instrumentation. CD4/
CD8 T-cell selection of starting apheresis product was found to
improve manufacturing feasibility via increased cell expansion,
transduction efficiency, and CD3þ cell recovery as well as the
ability to salvage previously unusable apheresis products as con-
firmed by CD3/CD28 enrichment product analysis (50). Similar to
TIL manufacturing, highly proliferative na€�ve and stem-like CAR
T cells were found to exhibit more robust clinical responses in
murine models independent of their transduced costimulatory
domain (43). A growing body of evidence suggests that subsets of
CD62Lþ T cells, in particular na€�ve (CD62Lþ, CD45RAþ), stem
cell memory (CD45RAþ, CD62Lþ, CD95þ), and central memory
T cells (CD62Lþ, CD45RA�) demonstrate superior antitumor
response and proliferative potential (19, 51, 52). These stem cell
memory T cells occupy a T-cell compartment characteristic of
na€�ve T cells, yet possess functional attributes of memory cells and
are associated with increased in vivo expansion of CAR T cells
following infusion (53). Most notably, these CD62Lþ T cells are less
prone to inducing cytokine release syndrome and thus demonstrate
a wider therapeutic index compared with unselected T cells (54). It
should also be noted that cell selection is not exclusive to T cells, as
NK cells harvested from cord blood and transduced with a CD19
construct generated objective clinical responses in patients with
recurrent or refractory CD19þ chronic lymphocytic leukemia and
non-Hodgkin’s lymphoma with no cytokine release syndrome or
neurotoxicity (55).

Alternatively, selective depletion of particular PBMC subpopula-
tions has also yielded more efficacious CAR T-cell therapies. CD14þ

monocytes have been noted to adhere to cell culture bags and
phagocytose magnetic beads used for activation. By depleting these
cells from apheresis products via rapid plastic surface adhesion inT175
flasks, the CD14þ monocyte content of T cells cultures was signifi-
cantly depleted while the CD3þ content significantly increased (56). A
threshold of at least 40% CD14þ monocytes within an apheresis
product was determined to warrant such depletion and resulted in
successful CART-cell productmanufacturing in 42 of 43 patients (56).
Depletion of CD25þ Tregs with the CD25-blocking mAb daclizumab
resulted in Treg depletion and reprogramming as well as improved
CD8 and CD4 T-cell priming (57).

T-cell activation
Prior to gene construct insertion, T cells must first be activated.

T-cell activation can be performed using OKT3 and IL2, as with TIL
activation, however bead-based activation has become standard,
particularly in closed GMP cell culture systems. Dynabeads, for
example, are superparamagnetic beads coupled to CD3 and CD28
antibodies. T-cell/Dynabead aggregates are agitated following stim-
ulation and subsequently passed through a strong magnetic field to
remove the beads, as the particles are hazard if infused into
patients (58). Alternatively, ExpAct Treg beads employ the same
magnetic particles while targeting CD3-biotin, CD-28, and anti-
biotin mAbs, allowing for selective activation of regulatory T cells as
well as conventional lineage T cells (44). TransAct, a colloidal
polymeric nanomatrix conjugated to humanized anti-CD3 and
anti-CD28 antibodies, eliminates the need for filtration as the
nanomatrix is biodegradable and can be removed from cell sus-
pension by centrifugation, however T-cell purification prior to
activation is necessary (44). Manufacturing protocols utilizing
bead-based activation or TransAct have shown comparable activa-
tion and both modalities demonstrate the ability to generate CAR
T-cell products (53).

Gene transfer
Following T-cell activation, CAR expression can be induced by

through construct delivery by viral and nonviral gene transfer systems.
g-Retroviral and lentiviral vector constructs are the twomost common
viral gene delivery systems used in CAR T-cell therapies given their
high gene transfer efficiency and stable CAR expression. Viral vector
production is particularly expensive, however, andmust undergo strict
FDA-regulated safety testing to assess for potential replicative capacity
as well as annual testing for replication-competent virus in patient
blood draws. Although insertional mutagenesis has occurred in early
gene therapy trials for X-linked SCID, retrospective analysis of PBMCs
from patient follow-ups indicate that these events were rare and,
furthermore, that transduced cells have the ability to persist and
function within patient circulation well after disease remission (59).
More importantly, no clinical events induced by insertional mutagen-
esis have been noted in conventionally manufactured CAR T-cell
products utilizing g-retroviral and lentiviral transduction (60).

Alternatively, the Sleeping Beauty (SB) transposon/transposase
system and clustered regularly interspaced short palindromic repeats
(CRISPR) coupled with CRISPR-associated protein 9 (Cas9) endonu-
clease can also genetically engineer T cells without the need for viral
transduction. These modalities circumvent the aforementioned safety
testing associated with viral vector GMP requirements and can
generate immunotherapeutic products at a fraction of the cost (61).
DNA plasmids encoding the SB transposase and a CAR construct can
be effectively electroporated into activated T cells inducing yield high
enough for clinical use in a majority of patients, however the electro-
poration efficiency is low compared with viral transduction (62). SB
electroporated T cells can be selected by aAPCs constitutively expres-
sing selected costimulatory molecules and cytokines optimized for the
propagation of a desired T-cell phenotype in culture supplemented
with IL2 and IL21, allowing for the targeted expansion of T cells with
integrated CAR capable of sustained propagation to clinically viable
yields in an average of 28 days (62). In a phase I/II trial of B-ALL
patients with relapsed disease, SB electroporated CAR T cells gener-
ated complete responses in a number of patients and CAR transgenes
were measured up to 10 months following infusion (63).

Similarly, CRISPR edited cells are electroporated with Cas9 ribo-
nucleoprotein complexes and guide RNA following T-cell stimulation
with comparable levels of knock-in efficiency as the SB transpo-
sase (61). Although a recent clinical trial for refractory melanoma
did not yield significant clinical responses, CRISPR electroporated
T cells engineered to express TCRs for NY-ESO-1 or LAGE-1 elicited
on-target tumor specificity and cellular persistence over 9 months,
indicating that Cas9-based immune rejection is not a limiting factor
with thismethodology (64). As the technology associatedwithCRISPR
and SB continue to rapidly progress, these early trials offer promise
for the development of more efficient and cost-effective nonviral cell
engineering.

Genomic integration can be circumvented through the use of a
messenger RNA (mRNA) gene transfer system. In vitro transcribed
mRNA can be introduced into T cells via electroporation, allowing for
the highly efficient transfection of CAR transgenes that is sufficient in
triggering antitumor responses (65). Gene expression is transient,
however, with surface expression detected for roughly 1 week (66).
The mRNA is translated in the cytoplasm, circumventing genomic
integration and effectively eliminating the risk of genotoxicity or the
creation of replication-competent retroviruses. This modality has
demonstrated proof of concept for the in vivo production of CAR
T cells in murine models using mRNA loaded nanoparticles (67).
Likewise, an adeno-associated virus (AAV) encoding a CAR transgene
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has also demonstrated the ability to generate in vivo CAR T cells
targeting human T-cell leukemia, however there are concerns associ-
ated with nonspecificity and potential random insertion as is the case
with other viral vectors (68). Although an in vivo strategy is far from in-
human trials, the concept could significantly simplify and standardize
manufacturing practices by largely eliminating cell production
requirements.

CAR constructs
CAR T cells genetically differ from other forms of ACT, with vector

constructs composed of single-chain variable fragment (scFv) from the
variable region of amAb, a hinged or spacer region that provides added
receptor stability, a transmembrane domain, a CD3z intracellular
signaling domain, and an additional costimulatory domain that can
be generated from a variety of receptors including CD28 and 4–
1BB (69, 70). This design bypasses some of the immunologic limita-
tions common in other ACT, specifically the need for T-cell costi-
mulation andMHC expression (71). CD28 is a costimulatory receptor
constitutively expressed on resting and activated T cells that, when
activated, induces a multiprotein signaling cascade and resulting
transcription factor activation that ultimately leads to NF-kB expres-
sion, IL2 production, and the promotion of T-cell proliferation and
survival through anti-apoptotic protein expression (72). 4–1BB is a
transmembrane protein that, while not expressed on resting CD4þ and
CD8þ T cells, is upregulated upon T-cell activation and induces IL2
production and anti-apoptotic protein expression via tumor necrosis
factor receptor factor recruitment that inhibits NF-kB kinase activity
and activates NF-kB signaling (73). Preclinical experiments demon-
strate that T cells expressing CD28-costimulated CARs had increased
cytokine production whereas large-cohort clinical trials likewise indi-
cated that the CD28 costimulatory domain was associated with higher
rates of neurologic toxicity (74). Although both costimulatory domains
have been highly efficacious in patients with relapsed hematologic
malignancies, confounding variables in themanufacturing process and
variations in CAR scFV, hinge, and transmembrane domains limit the
functional distinctions that the CD28 and 4–1BB costimulatory
domains impart on CAR T cells. As CAR design continues to develop
and improve, each component of the construct has proven to play a
critical role in CAR T-cell functionality, proliferative potential, dif-
ferentiation, exhaustion, and toxicities (75). The hinge and transmem-
brane domains used inCARdesignwere found to directly influence the
severity of cytokine release syndrome and associated neurologic
toxicity based on a clinical trial of patients with B-cell lymphoma (42).
Notably, although this structural change reduced the grade of neuro-
logic toxicity in patients, CAR blood levels and the clinical antilym-
phoma activity of transduced T cell were not impaired (42). Modifica-
tions to the costimulatory domain of CAR T cells have resulted in
similar improvements in functionality, with a single amino acid change
in a CD28-based CAR producing increased persistence, reduced
exhaustion, as well as increased skewing towards a more stem-like
Th17 fate (76). Constructs inducing the overexpression of the protein
c-Jun, a T-cell-activating transcription factor found to have reduced
expression in exhausted T cells, led to remarkably improved cell
expansion both in vitro and in vivo as well as increased IL2 and IFNg
production, reduced terminal differentiation, and antitumor
specificity (77).

T-cell expansion
Once transduced, CART cells can then be cultured and harvested in

preparation for infusion. CAR T-cell culture and expansion has been
commonly performed with IL2, however culture with exogenous IL7

and IL15 has been found to delay T-cell differentiation and preserve a
greater proportion of stem cell memory T cells (78). This increase in
stem cell memory T-cell population has yielded CAR T-cell products
with greater antitumor activity and a shorter required culture time
when compared with CAR T cells cultured in IL2 (79). Ex vivo
expansion of CAR T cells does pose the risk for inducing T-cell
exhaustion, however. Drug-regulation of CAR activity, where a small
molecule is introduced into CAR T-cell culture, has demonstrated the
ability limit T-cell exhaustion via receptor signaling cessation with the
multikinase inhibitor dasatinib, redirecting cell fate towards a more
memory-like phenotype with restored antitumor reactivity and tran-
scriptional reprogramming (80).

The future of CAR at academic centers
As the seven FDA approved CAR T cell products continue to prove

therapeutically and commercially viable, the development and scal-
ability of CAR manufacturing platforms within academic cell produc-
tion facilities will be critical to keeping pace with industry partners and
ensuring academic workflows can be transferred to commercial pro-
duction. CAR manufacturing must be further streamlined, standard-
ized, and economized. To this end, closed and automatedmanufactur-
ing systems offer a means of reducing labor costs, alleviating GMP
manufacturing environmental requirements, and minimizing the risk
associated with contamination or product variability. The CliniMACs
Prodigy, a combination of a cell washer, magnetic cell separation
system, and cell cultivation device is likely the most feasible means of
achieving this goal, as it is one of the systems available that can enrich
cell products within a closed environment (53). The Prodigy has
already demonstrated the ability to select and expand T cells from
preselected populations or whole apheresis, enabling the scalable
production of CAR T cells in a controlled, GMP-compliant manner
with no advanced manufacturing training necessary (81–83). Closed-
system continuous perfusion bioreactors offer varying degrees of
automatic T-cell selection, expansion, vector transfection or trans-
duction, cell washing, concentration, harvesting, cell product for-
mulation, and in-process control testing. A number of manufactur-
ing studies conducted at academic institutions have demonstrated
that closed-system bioreactors, including the Prodigy, limit micro-
bial contamination and are capable of generating CAR T cells with
tumor-specificity, functionality, and phenotypic expression similar
to immunotherapies generated by other methods (28, 84–86).
Although cell products did meet release criteria for expansion,
cytotoxicity, and sterility, issues did arise with variability in cell
growth, vector copy number, and myc overexpression (86). Trans-
duction efficiency and cell yield are sufficient for clinical application
in the manufacturing of CAR T-cell and DC therapies (85, 87, 88).
Importantly, the use of an automated, closed-loop manufacturing
system has already proven successful in the treatment of relapsed
and refractory B-cell malignancies in trials conducted at academic
medical centers (82, 89).

Refining transduction techniques beyond g-retroviral and lentiviral
vectors will also give academic manufacturing programs more flexi-
bility in developing future CAR T-cell therapies. The use of SB,
CRISPR Cas9, and mRNA gene transfer systems would circumvent
the need for costly release testing and viral vector production. Con-
cerns related to transduction efficacy, cell viability, duration of culture,
and the duration of expression in the case of mRNA can only be
dispelled through expanded clinical trials. Likewise, production var-
iability in relation to treatment outcomes must be closely monitored
before these modalities can be more widely adopted in academic
manufacturing protocols.
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The CAR transgene itself can also be updated through continued
exploration of costimulatory molecules, suicide genes, and expanded
CAR T-cell targets. CD20, CD22, CD30, CD33, CD138, CD171, CEA,
EGFR, EFGRvIII, ErbB, FAP, GD2, Glypican 3, Her 2,Mesothelin, and
NKG2D are all tumor associated proteins currently being targeted by
academic programs designing CAR T cells (90). Targeting novel
surface receptors is proving to be a key component of successful CAR
T-cell products for the treatment of solid neoplasms. Tumor hetero-
geneity and antigen loss as ameans of therapeutic escape reinforce that
creating CAR T-cell therapies that target multiple surface markers
through a pooled product may further improve clinical responses and
prevent disease relapse.

Given the commercial success of multiple CAR T-cell products,
collaboration with industry partners will further improve these
manufacturing tools. When leveraged with the resources and finances
available to the biopharma industry, the extensive experience academic
programs have in the CAR T-cell arena can facilitate needed techno-
logical advancement, accelerate workflow development, and promote
the expansion of CAR T-cell therapies to a greater patient population.

The T-Charge platform, developed byNovartis, could be a particularly
apt example of the benefit collaboration could pose for academic
manufacturing centers; although only abstract data are currently
available, the platform has demonstrated the ability to retain T-cell
stemness and rapidly produce CAR T-cell products in less than 2 days.

TCR
Similar to CAR T cells, TCR transduced T cells offer a means of

genetically engineered specificity via the transduction of viral vectors
while simultaneously circumventing the need for naturally tumor-
reactive T-cell availability. Although CAR T cells can target antigens
independent of MHC expression, TCR-transduced T cells can recog-
nize surface antigens as well as intracellular antigens presented by
MHC proteins (Fig. 2). This added specificity necessitates more
personalized therapies that arematched for a patient’s unique neoanti-
gen epitope and MHC complex, however TCR-transduced T cells do
have a significantly larger number of viable immunogenic targets that
can induce responses at much lower epitope densities (91). The
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Distinctions in the production of genetically engineered peripheral blood lymphocytes. Lentiviral or retroviral transduction of peripheral blood lymphocytes allows
antitumor TCRs and CARs to be expressed in otherwise nonspecific T cells. T cells are harvested via leukapheresis and are activated prior to transduction. While
transduction and expansion are similar, TCRs and CARs differ greatly in their structure, function, and selection. TCR selection requires tumor antigen screening and
HLAmatching to ensure proper recognition of anHLA-peptide complex presented to a TCR. Screening affinity-enhanced TCRs for off-target reactivity is also of great
necessity, particularly when targeting TAAs, given past examples of severe toxicity after infusion. CAR genes are artificially designed and constructed out of amAb-
derived scFv, which binds directly to a tumor-associated surface antigen aswell as intracellular signaling domains such as CD3z, CD28, and 4–1BB. (Adapted from an
image created with BioRender.com.)
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selection and generation of high-affinity TCRs for use in cell trans-
duction requires significant development and testing, originally via the
immunization of HLA transgenic mice with tumor-specific peptides
and harvesting of splenocytes for further T-cell stimulation and TCR
cloning (92). Phage display technology offers another means of TCR
isolation without the need for activated T-cell clones, whereby a
tumor-antigen peptide gene is incorporated into a bacteriophage
virion and displayed on its surface with preserved immunogenicity,
however TCRs generated using this technique have been found to
improve affinity at the cost of decreased target specificity (93, 94).
Manufacturing mirrors that of TIL, with IL2 and human serum being
used to expand transduced cells to infusion counts of roughly 1 � 1011

cells. Clinically, TCR-transduced T cells have demonstrated in vivo
engraftment, persistence, and prolonged TCR expression that has
led to durable tumor regression of several solid tumors including
synovial cell sarcoma, melanoma, and HPV-associated epithelial
cancers (95–97). As a result of affinity enhancement and selection,
TCR-transduced T cells have produced severe off-target toxicities
when targeting cancer testes antigens expressed on melanocytes and
neurons (92, 98). Off-target cardiotoxicity was later documented in 2
patients who receivedMAGE-A3 targeted TCRT cells and found to be
due to the recognition of the striatedmuscle-specific protein titin (99).
These events stress the importance of screening affinity-enhanced
TCRs for off-target and organ-specific toxicity prior to product
manufacturing and demonstrate that TAAs expressed at high levels
in healthy tissues should be approached with caution when selecting
target antigens. More recent trials have demonstrated reduced toxi-
cities, however tumor resistance did develop as a result of immune
editing associated with increased PD-1 expression by transduced
lymphocytes as well as alterations in cytokine secretion and antigen
presentation pathways (100).

The future of TCR at academic centers
Much like TIL, the future of TCR therapies will rely on improved

antigen selection. Academic manufacturing centers must take advan-
tage of new transcriptomic and high-throughput single-cell technol-
ogy to isolate neoantigen-specific TCRs in a reliable manner, as has
already been demonstrated (101). With the expansion of identified
antigenic targets, the sensitivity of screening assays must also be
improved to reduce the likelihood of off-target toxicities caused by
affinity-enhanced TCRs. As with CAR T cells, nonviral gene transfer
systems are an appealing alternative for use in academic production
and must continue to be developed. Proof of principle in manufactur-
ing lentiviral transduced TCR T cells with high yield, purity, viability,
and transduction efficiency has already been demonstrated using the
CliniMACS Prodigy in an academic medical center (102). Taken
together, initial results and recent developments offer a compelling
rationale for the further exploration of TCRT-cell therapy by academic
immunotherapy programs.

Stem Cells
Hematopoietic stem cells

As described earlier, stem-like T cells have demonstrated improved
expansion potential as well as a greater likelihood of objective clinical
response compared withmore terminally differentiated T-cell popula-
tions. The use of both hematopoietic stem and progenitor cells (HSC)
and induced pluripotent stem cells (iPSC) in the development of novel
genetically engineered cell therapies thus offers promise for increased
persistence and therapeutic efficacy. Harvested from bone marrow or
peripheral blood, HPSCs can recruit T cells through chemoattraction,

differentiate into DC promoting intratumoral T-cell activation, and
reliably engraft (103). This nonspecific, HSC-driven expansion is
induced by cytokines IL7 and IL9 and can preferentially drive growth
of adoptively transferred TIL following myeloablation (104). Admin-
istering HSCs following myeloablation also facilitated the migration
and recruitment of tumor-specific T cells to intracranial tumors,
causing improved efficacy of ACT in preclinical models of glio-
ma (105). Likewise, lineage negative HSCs, harvested from bone
marrow using magnetic bead isolation, which express C-C chemokine
receptor type 2 (CCR2) confer enhanced immunologic tumor sensi-
tization and rejection in PD-1-resistant preclinical models of medul-
loblastoma and glioblastoma (105). A clinical trial (NCT03334305) is
currently recruiting patients to assess the role of immunomodula-
tory stem cell therapy in high-grade glioma. The point-of-care
manufacturing of lentivirus gene-modifiedHSCsusing theCliniMACS
Prodigy has demonstrated proof-of-concept and is capable of gener-
ating CD34þ cell products in a semi-automated, GMP compliant
workflow (106).

Induced pluripotent stem cells
iPSCs, reprogrammed from an antigen-specific cytotoxic T cells,

can generate functional T cells through the recapitulation of signal
transduction events ex vivo (107). A total of 3 � 105 iPSCs are
necessary to induce differentiation and can generate over 2 � 1010

iPSC-T cells, however the entire process, fromT-cell clone induction to
T-cell regeneration takes roughly 4 months (107).

More efficient production systems are also being developed for the
manufacturing of iPSCs, avoiding the safety and scalability issues
associated with stem cell proliferation on inactivated PBMC feeder
cells traditionally used to generate T-cell lineage cells. A feeder-free
system encompassing all stages ofmanufacturing from iPSC induction
to T-cell expansion allows for the generation of banks of iPSC-T cells
that can be used for future “off-the-shelf” therapies, however the
timeline to induce iPSCs and regenerate T cells using this method is
not currently feasible for regular use in clinical manufacturing (107). A
closed-loop, automated, robotic cultivation system has also been
developed that cultures and splits iPSCswith similar safety and efficacy
as traditional culture methods (108).

The future of stem cell therapy at academic centers
Significant refinement of HSC and iPSC protocols and demonstra-

ble evidence of efficacy in human trials is necessary for the wider
adoption of stem cell-based therapies. The production timeline for
iPSCs in particular makes these a largely unviable modality for current
therapeutic use, however. Nonetheless, academic programs should
continue to monitor the development of stem cell-based therapies
moving forward, as they can provide valuable insight into the immu-
nomodulation of tumor microenvironments, limit T-cell exhaustion
and differentiation during expansion, and potentially supplement
current ACT modalities through a combinatorial approach.

Cancer Vaccines
Cancer vaccines utilize DCs and other APCs, both in vivo and

ex vivo, to induce innate inflammatory responses as well as prime
T-cell-associated adaptive immune responses against tumor-specific
antigens. A variety of tumor antigens, including somatically mutated
epitopes, viral epitopes, carcinoembryonic antigens (CEA), and self-
differentiated antigens, can be delivered to DCs for surface presenta-
tion to T cells viaMHCmolecules (109). The first adoptive cell therapy
to be approved by the FDA, sipuleucel-T, was, in fact, a DC vaccine for

Fenton and Mitchell

Clin Cancer Res; 29(5) March 1, 2023 CLINICAL CANCER RESEARCH850



castration-resistant prostate cancer consisting of ex vivo activated DCs
loaded with the fusion protein PA2024, a protein product consisting of
the prostate cancer-specific antigen prostatic acid phosphatase and the
cytokineGM-CSF (110). Evenwith the relative success of sipuleucel-T,
the majority of trials involving cancer vaccine modalities have yielded
limited objective clinical benefit (111). The administration of DC
vaccines with immune checkpoint inhibitors has however, yielded
objective responses in a number of patients withmelanoma (112, 113).
Although the lack of clinical responses is cause for concern, recent
evidence of the immunogenicity of cancer vaccines, including the
increased frequency of cancer-specific T cells in circulation, provides
optimism for the future of the treatment methodology, particularly
when considered in combination with other cancer immunotherapies.

Ex vivo DC stimulation
Ex vivo DC stimulation and expansion is one of a number of

modalities available for the development of DC vaccines. Following
fractionation of an apheresis product, immature DCs can be generated
via monocyte enrichment in a culture of IL4 and GM-CSF (88).
Sufficient monocyte recovery can be achieved in amajority of patients,
which have been heavily pretreated with past regimens of myelosup-
pressive chemotherapy, however phenotypic and functional capacity
of resulting DCs may be diminished in these cell populations (114).
Mature DCs are usually generated 4 to 7 days after culturing begins via

the addition of aAPCs, IFNg , poly-ICLC, or other stimulatory cyto-
kines (115, 116). Following stimulation, they can be pulsed with a
variety of antigenic materials, including: tumor specific peptides,
synthetic peptides, tumor RNA, and tumor lysates (Fig. 3). These
stimulated and pulsed DCs can then be injected through multiple
routes—intradermally, intracranially, intratumorally, subcutaneously,
or intralymphatically—with subcutaneous and intradermal injection
being the most common.

Peptide-loaded DC vaccines
One of the initial means of loading ex vivo DCs involved tumor-

specific peptides containing immunogenic epitopes generated through
isolation of peptides from whole tumor lysate or elution from the
tumor cell surface, synthetic production of tumor associated antigens,
or direct co-culture with the tumor lysate itself. Pulsing DCs with
tumor-derived peptides relies on proper MHC class I and class II
presentation as well as sufficient tumor availability to generate specific
peptides. Because of these limitations, trials using any form of pulsed
protein product are generally confined to patients with HLA A2
expression (109, 117). Clinical trials have proven, however, that this
technique is capable of inducing neoantigen-specific immunity and
T-cell-specific expansion in patients with advanced melanoma, glio-
blastoma, and ovarian cancer (115, 116, 118, 119). Issues with tumor
availability for use in tumor lysate and peptide vaccines can be
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Figure 3.

General schema for the development and production of ex vivo stimulated DC vaccines. Patients undergo leukapheresis, after which the cell product is fractionated
and monocytes are harvested. Monocytes are then cultured with stimulatory cytokines to generate immature DCs. Depending on the desired antigenic material,
tumor harvested via biopsy or resection is used to generate tumor lysates, tumor mRNA, or antigen-specific peptides. Selected material is then pulsed into mature
DCs, with the antigen-loaded DCs then being injected into the patient. (Adapted from an image created with BioRender.com.)
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circumvented through the use of synthetic peptides and mRNA,
modalities that provide greater flexibility for repeated vaccinations
and serve as attractive strategies for more scalable, large-volume
vaccine manufacturing. Vaccination can also be achieved through
tumor neoantigen sequencing and the direct subcutaneous injection of
synthetically manufactured long peptides containing antigen specific
neoepitopes that are then purified and admixed with poly-ICLC (120).
These long peptides are generated using prediction algorithms that
model neoepitope binding affinity with patient-associated HLAmole-
cules. Peptide-based DCs have been found to successfully generate
both systemic and intratumoral neoantigen specific CD4þ and CD8þ

T-cell responses against a majority of the neoantigens with a small
number of clinical responses in patients with high-risk melano-
ma (120). It should be noted that, despite antigen selection based on
predicted HLA class I binding, these peptide vaccines generate greater
class II stimulation and a predominantly CD4þ T-cell response (112).
More detailed analysis of personalized neoantigen sequencing is
beyond the scope of this review and has been discussed extensively
in recent literature (121).

mRNA-loaded DC vaccines
Previously mentioned challenges associated with the MHC class

restriction dictating peptide vaccine presentation can effectively be
circumvented through the use of mRNA pulsing and vaccination, a
modality that utilizes the intracellular translational and processing
machinery of a DC cell to present tumor-associated neoepitopes
specific to patient’s HLA haplotype (109). Evidence of immunologic
response, characterized by sustained T-cell antigen specificity and
selective expansion of antigen-specific T cells, has been demonstrated
against mRNA generated CEA, total tumor RNA, and tumor-
associated self-antigens (111, 122, 123). Nonmutated tumor-
associated antigens, such as the melanoma-associated antigens NY-
ESO-1 and MAGE-A3, can also be targeted and have effectively
produced expanded T-cell populations with specificity against a broad
range of neoantigens (124). Further clinical trials showed that a robust
immune response initiated by DC vaccination with nonmutated
tumor-associated antigens can, in fact, override central T-cell tolerance
and drive both CD4þ and CD8þ T-cell expansion (113). Uptake and
expression of RNA encoded antigens can be further improved with the
use of RNA-loaded cationic nanoliposomes (RNA-NP), which protect
RNA from extracellular degradation while also triggering the innate
immune response and secretion of inflammatory markers to further
stimulate cellular activation of DCs and macrophages (125). The
cationic lipid 1,2-dioleoyl-3-trimethylammonium-propane offers a
promising safety profile and, when complexed to tumor derived RNA
in murine models, increased MHC, B7, and APC maturation markers
while simultaneously expanding antigen-specific T cells with greater
efficacy than peptide vaccines (117). Loading RNA-NPs with iron
oxide was also found to enhance DC migration to lymph nodes,
stimulate the inhibition of tumor growth in mouse models, and
allowing for the prediction of vaccine induced antitumor response
via MRI (126).

Vaccine site preconditioning
Immunogenicity and DC migration to vaccine draining lymph

nodes can be further improved through the preconditioning of the
vaccine site with the recall antigen tetanus/diphtheria (Td) toxoid
prior to injection (127). In murine studies, the increased migration of
DCs in Td-treated mice was dependent on the expression of cytokine,
CCL3 (74). Similar results were later inferred within human subjects in
a series of clinical trials, demonstrating improved survival as well as

increased DC migration to draining lymph nodes among patients
preconditioned with Td, further confirming that CCL3 is an important
mediator of DC homing and migration (75).

The future of DC vaccines at academic centers
Gene transfection and DC vaccination must also be optimized as

manufacturing workflows shift toward automation. The electropora-
tion of DCs with mRNAs has been performed in several DC vacci-
nation clinical trials with results, demonstrating a substantial increase
in immune stimulation as well as good safety and tolerability pro-
files (128, 129). Likewise, the electroporation of T cells withmRNAhas
demonstrated reduced cytotoxicity when compared with viral vectors,
as mRNA is not capable of genomic integration, and does not have the
capacity to generate replication competent retroviruses (130). mRNA
electroporation also has high throughput capacity allowing for mul-
tiple rounds of electroporation when necessary, such as in the event of
loss of transgene expression (131). Cytotoxicity associated with high
voltage electroporation has been observed, however cell electropora-
tion protocols at optimized voltages have yielded T-cell products with
high viability and transfection efficiency (132, 133). Optimizing the
concentration of genetic material electroporated, cell density, and
length of T cell of stimulation were also found to improve transgene
expression and cell viability (134).

A major limitation to the broader application of electroporation in
ACT manufacturing continues to be the lack devices capable of
producing cell product quickly and with high transfection efficiency.
Most macroscale commercial electroporation machines are designed
for research grade transfection, which is unsatisfactory for use in
clinical grade manufacturing. Likewise, microfluidic electroporation
devices are not capable of generating transfected cell products at a
speed and volume necessary for the manufacturing of large-scale cell
therapies. By integrating components of both systems, such as a larger
sized, continuous flow tube and improved electrode arrays, new
electroporation devices are being developed with the capability of
processing cells at a rate of 20million cells perminute (132, 135). These
mechanical advancements, coupledwith the ability tomanufacture cell
products with limited tumor material, make mRNA electroporation
particularly amenable to scalable GMP production of DC vaccines
moving forward.

Academic-Industry Partnership:
A Catalyst for Future Innovation

These recent advancements in the scalability and optimization of
academic manufacturing workflows underscore the need for collab-
oration between academia and industry to fully realize the therapeutic
potential of ACT. The further development of closed and automated
manufacturing systems is vital to creatingmore cost-effective, safe, and
reproducible cell therapies that both meets the growing patient
demand and offers feasible implementationwithin health care systems.
With the success and FDA-approval ofACTplatforms for hematologic
malignances, industry interest and engagement in ACT development
for a variety of malignant diseases has expanded rapidly. High-quality
cellular manufacturing at clinical-scale has become recognized as an
important and often critical bottleneck to the successful advancement
and adoption of ACT platforms in clinical oncology. This exploding
commercial interest presents both strategic opportunities and chal-
lenges for academic centers invested or considering investment in
clinical-grade cellular manufacturing facilities and programs. The
evolving regulatory landscape and expanded capabilities by the bio-
pharma industry will threaten the niches enjoyed in this space by
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academic centers with clinical cellular manufacturing capabilities.
However, this same competitive interest also opens the door to new
collaborative possibilities and underscores the translational relevance
of addressing scientific questions in the field of cellular therapy and
manufacturing. Thus, academic centers have an expanded opportunity
to develop a strategic vision for spearheading endeavors in ACT of
cancer with relative assurance of numerous growth opportunities in
the coming years.

Conclusion
As evidenced in this review, clinical trials of ACT, while faced

with several key challenges in generating responses against a wide
variety of solid cancers, has demonstrated feasibility, clinical activity,
and an expanding foundation of knowledge regarding fundamental
immunobiology.Utilizing this new-found knowledge, supplemented by
innovations in molecular biology, genetic engineering, and cell proces-
sing, will be crucial to the development of more scalable, cost-effective,

and,most importantly, efficacious cell therapies (Fig. 4). Initial demon-
strations of improved clinical responses generated using ACT in
combination with other therapies, be it additional forms of ACT or
immune checkpoint inhibitors, suggests an intriguing path forward for
future clinical trials. Ultimately, the unique position academic medical
centers hold as clinical trial sites, cellular production facilities, and
hubs of innovation, make them vital players in the development and
manufacturing of more effective cancer immunotherapies.
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Figure 4.

Overview of adoptive cell therapies: their strengths, limitations, and promising new developments for academic production paradigms. The future of adoptive cell
therapy at academicmanufacturing centerswill rely on the adoption and refinement of new technologies and productionworkflows. Academic centersmust balance
the unique strengths (indicated by “þ” signs) and limitations (indicated by “�” signs) of each ACT modality with the logistical and regulatory pressures of GMP
manufacturing at their respective institutions. The rapid development of closed-loop manufacturing systems, driven largely by industry and commercialization, and
high-throughput cell sequencing platforms will enable the large-scale selection and expansion of T-cell products at academic centers. Associated protocols
developed using these platforms will be crucial to future clinical trials, the development of academia-industry partnerships, and establishing ACT as a valuable
component of cancer treatment for both hematologic and solid malignancies. (Adapted from an image created with BioRender.com.)
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