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Background. Chimeric antigen receptor (CAR) Tcell therapy, a “living drug” immunotherapy, harnesses the power of T-cells from
a patient (autologous) or healthy donor (allogeneic) to target and kill cancer cells and has shown unprecedented outcomes in
patients with relapsed and refractory malignancies. Treatment with CAR-T cells requires the application of unique skillsets in
recognised specialist centres for successful outcomes and requires management by the multidisciplinary team incorporating the
specialist pharmacist.Method. A multimodal research strategy was employed for this literature review whereby PubMed, Google
Scholar, Embase, Stella Library Search, EMA website, and EBMT website were sources of information. Te search was limited
from 2020 onwards with key terms referring to CAR-T cell therapy. Results and Discussion. Tere are six CAR-T cell products
currently approved by the European Medicines Agency (EMA) and Food and Drug Administration (FDA) which target hae-
matological malignancies with abundant clinical trials underway exploring new and improved CAR designs and antigen targets.
As CAR-T cell therapy is an advanced therapy medicinal product (ATMP), there is need for an extensive regulatory framework
underpinning its safety and efcacy. Te clinical pharmacist plays an integral role in the provision of safe and efective CAR-Tcell
therapy including governance, operational and clinical aspects of treatment. Pharmacists may also be involved through provision
of “Qualifed Person” (QP) expertise in clinical trials and for release within hospitals under certain circumstances. Tere is a need
for harmonised and accessible guidance on the clinical delivery of ATMPs such as CAR-T cells, with fully delineated re-
sponsibilities of pharmacists involving the oversight and supervision of CAR-Tcell treatment. Conclusion. Tere is an unmet need
to provide suitable and applicable literature for clinical pharmacists who are involved in the delivery of CAR-T cells. We have
provided an overview of T-cell biology and an explanation of CAR-Tcell design and the biomanufacturing process. We reviewed
the complex and multifaceted treatment cycle requiring considerable logistics, and described the involvement of the clinical
pharmacist in each part of this cycle from patient selection to postinfusion care. Finally, we look to the challenges and future
opportunities that will require the involvement of the clinical pharmacist.

1. Introduction

According to the World Health Organization (WHO),
cancer is one of the leading causes of death globally ac-
counting for approximately 10 million deaths in 2020 [1].
Conventional cancer treatment regimens include surgery,
chemotherapy, and radiation therapy [2], which are variably

efective and widely used. Nonetheless, severe adverse ef-
fects, recurrence, resistance, and metastasis remain com-
monplace [3, 4]. In a bid to revolutionise cancer treatments
and bring about lasting remission, immunotherapy has
brought about treatment alternatives which can better target
tumour cells, thus transforming the treatment landscape for
many malignancies [5].
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Cancer immunotherapy can be classifed as active (i.e.,
actively boosting the immune system) or passive (i.e.,
through the transfer of cells to target the cancer) and
provides an alternative treatment strategy to treat more
advanced and/or recalcitrant diseases [6]. Adoptive cell
therapy (ACT) is a form of passive immunotherapy whereby
cells of the immune system (either tumour resident or
peripheral blood modifed immune cells) are infused into
cancer patients to mediate anticancer efects [7]. A proven
ACT strategy is chimeric antigen receptor-T (CAR-T) cells,
where T cells are genetically reprogrammed to possess
properties to target, bind, and kill specifc tumour cells.
CAR-Tcells and CAR-Tcell therapy are considered an active
area of research with 9,098 papers published on CAR-Tcells
(accessed from Scopus on May 18, 2023), 3,008 of which
have been published since 2022. According to the https://
ClinicalTrials.gov database under “CAR-T Cells” (accessed
on May 18, 2023), there are 1,395 interventional clinical
trials of which 1,091 are in phase I and 688 are actively
recruiting participants. Despite the success of CAR-T cell
treatment for B-cell malignancies in bringing about com-
plete remission (CR) in patients with relapsed and refractory
conditions, this novel therapy is not without its
drawbacks [8].

Six CAR-T cell products are currently approved by the
European Medicines Agency (EMA) and Food and Drug
Administration (FDA), yet there remain many unknowns
regarding persistence, short- and long-term toxicity and side
efects, and applications beyond haematological malignan-
cies [9]. CAR-T cell therapy can potentiate life-threatening
immune-mediated conditions such as cytokine release
syndrome (CRS), immune efector cell-associated neuro-
toxicity syndrome (ICANS), and potentially graft versus host
disease (GvHD) in the allogeneic setting [10]. Furthermore,
the persistence of CAR-T cells in vivo and the lengthy
production times of CAR-T cell products are signifcant
challenges that can impact the efcacy and availability of
CAR-T cell therapy [11]. Due to the complexity of care
associated with such innovative therapies, the safe provision
of CAR-T cell therapy demands a multidisciplinary team
(MDT) approach [12]. ATMP pharmacists have a key role in
the management of CAR-T cell therapies within the MDT
such as selection, coordination, ordering, procurement,
preparation, and dispensing of the CAR-T cell product,
providing education to staf and patients, and supporting
toxicity management [13]. Te duties and specifc training
for pharmacists are defned by the European Society of
Blood and Marrow Transplant and the European Haema-
tology Association (EBMT-EHA) [14], yet these therapies
are evolving at such rapid pace with widening indications
that a more fexible approach is required with consideration
of earlier training modules in the area of “Living Drugs” for
clinical pharmacists.

In this review, we focus on the role of T cells in cancer
immunotherapy, how CAR-T cell therapy is shifting onco-
therapeutic paradigms, and the intrinsic role of the phar-
macist for the safe provision of CAR-T cell therapy.

2. The Role of Normal T Cells in Immune
Responses and Immunometabolism

2.1. T Cells in the Immune Response. T cells are a population
of white blood cells which play a fundamental role in
protecting the body against pathogens and tumours, as well
as in mediating tolerance. Tey are distinguished from other
immune cells mainly by the presence of a T cell receptor
(TCR), which confers specifcity in binding to a target. Tcells
have multiple functions such as cytotoxicity, recruitment,
and regulation [15] (Figure 1). Te functionalities of T cells
vary according to their phenotypic profle (which can also be
related to cell trafcking through tissues and homing), gene
expression, and secreted proteins and enzymes [16]. Prior to
antigen exposure, T cells are quiescent or naı̈ve (Tn) and
require activation to diferentiate into the many efector
phenotypes. In adults, Tcells for the most part express either
CD4 or CD8 as coreceptors, which determine the mecha-
nism by which they can detect antigens and their efector
functions (Figure 1). Via the TCR, CD4+ Tcells (or T-helper
cells) detect peptide antigens presented on major histo-
compatibility complex (MHC) class II of antigen-presenting
cells. In response, they elicit an adaptive immune response
by producing cytokines which can enhance or suppress the
Type 2 immune responses [17]. Tese cytokines activate and
recruit CD8+ Tcells [18]. CD8+ Tcells are activated upon the
detection of an antigen on MHC class I, followed by pro-
liferation to generate a “cytotoxic efector T cell pool”
[19, 20]. Tis population of T cells can recognise cells
expressing tumour-specifc antigens and induce apoptosis of
tumour cells via perforin, granzyme B, and other cytotoxic
cytokines. A subpopulation of CD4+ T cells includes regu-
latory T-cells (Tregs), which mediate immune suppression by
downregulating efector Tcells and maintaining tolerance to
self-antigens [21]. Tregs are exploited by tumour cells to
mediate immune suppression of efector cells in the tumour
microenvironment (TME) resulting in exhausted T cell
phenotypes and anergy [20]. Te diferent lineages of T cell
subsets diferentiate in the peripheral nodal tissues to exe-
cute specialised efector functions.

Activation of T-cells is mediated by antigen presentation
on the MHC of an antigen presenting cell (e.g., dendritic
cell) with an accompanying costimulatory signal [22]. Upon
activation, T cells secrete proliferative/survival cytokines
such as IL-2, IL-4, and IL-7, which in turn enable the
proliferation of efector T cells (TEFF) to carry out their
respective functions [15]. Te microenvironment, coupled
with the cytokines secreted, determines the phenotype in
which they diferentiate into: terminally diferentiated ef-
fector T cells (TEMRA), which ultimately exhaust and ex-
perience cell death, stem central memory T cells (TSCM),
central memory T cells (TCM), or efector memory T cells
(TEM) (smaller proportion) facilitated by IL-7 and IL-15
(Figure 1) [15]. Te diferent subtypes of T cells and their
level of diferentiation are regulated by diferent metabolic
profles, which can impact longevity, persistence, and
antitumour cytotoxicity [16, 17, 20].
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2.2. T Cell Immunometabolism. Te ability of T cells to
adapt to their environment and sustain energy intensive
processes involved in activation, proliferation, diferen-
tiation, and survival is dictated by T cell immunome-
tabolism [20]. Immuno-metabolic regulation is mediated
by the complex interplay between extracellular and in-
tracellular signalling pathways and metabolic enzymes
[20–23]. Te main metabolic pathways that sustain T cell
function include glycolysis and oxidative phosphoryla-
tion (Figure 1) [20, 22]. Te glycolytic pathway is char-
acterised by the breakdown of glucose to pyruvate, which
is afected positively or negatively based on transcrip-
tional, posttranslational, and metabolic regulators. Gly-
colysis rapidly generates two molecules of ATP per
molecule of glucose (low yield) and provides other
metabolic substrates such as lactate which can be

transported into the mitochondria to be used in the
tricarboxylic acid cycle [22, 23]. Glycolysis is required to
maintain the maximum metabolic rate. Oxidative
phosphorylation slowly generates 36 ATPs per molecule
of glucose (high yield) by coupling the tricarboxylic acid
cycle and the mitochondrial electron transport chain. Te
fatty acid oxidation (FAO) pathway also plays a role in
T cell metabolism by providing substrates to the tri-
carboxylic acid cycle and mitochondrial electron trans-
port chain and thus is an essential player in oxidative
phosphorylation [22, 23]. Oxidative phosphorylation is at
play in lower energetic demands and higher energetic
demands (coupled with anaerobic glycolysis). Te dy-
namic switch from one metabolic pathway to another
depends on the T cell’s energetic demands as well as its
level of diferentiation and phenotype [22, 23].
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Figure 1: Key features of T-cells. Te T-cell populations can be divided into two broad efector classes with their difering immune and
metabolic profles. Tcells are naı̈ve until primed with two signals: (i) antigen presentation and (ii) costimulation. Once primed, the Tcells are
activated and become efector Tcells and express CD40L on their surface. (a) CD4+ T-cells are helper Tcells which have a variety of functions
such as recognition of antigen peptides on dendritic cells viaMHC class II and secrete cytokines dependent on the subtype of CD4+ Tcell, for
instance, T1, T2, T7, and Treg release diferent cytokines which bring about various responses. (b) CD8+ Tcells are cytotoxic cells which
bind via MHC class I. (c) T cells secrete cytokines in response to activation via their cognate antigen/MHC and coligation with various cell
surface molecules, such as CD40/CD40L. (d) CD8+ T cells bring about cancer cell death through the secretion of perforin (PFN) and
granzyme B (GzmB) and cytokines such as IFN-c and TNF-α. T cell metabolism difers greatly between the diferent subtypes; (e) näıve
Tcells, memory Tcells, and stem cell memory Tcells depend on (f) oxidative phosphorylation and mitochondrial biogenesis to satiate their
energetic demands and efector Tcells, whereas efector memory Tcells depend on (g) glycolysis and amino acid metabolism for sustenance.
Tese metabolic profles explain why efector CD8+ T cells exhaust and diferentiate into terminally diferentiated efector phenotypes and
experience cell death. Key: MHC�major histocompatibility complex, IL-10� interleukin 10, TGF-β� transforming growth factor beta, IL-
4� interleukin 4, IL-15� interleukin 15, IL-9� interleukin 9, IL-13� interleukin 13, IL-17� interleukin 17, IL-22� interleukin 22,
IFNy� interferon Γ, TNF-α� tumour necrosis factor alpha, TCR�T-cell receptor, T2�T helper cell 2, T17�T helper cell 17, T1�T
helper cell 1, Treg � regulatory T cells, PFN� perforin, GzmB� granzyme B, Tn � näıve T cells, Tscm � stem cell memory T cell, and
Tcm � central memory T cell.
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CD8+ Tn cells rely on oxidative phosphorylation and FAO
to sustain their homeostatic proliferation and survival [20].
Upon activation, CD8+ Tn cells require both glycolysis and
oxidative phosphorylation for their metabolic reprogramming
and cell growth [20]. When fully diferentiated into their ef-
fector phenotype, CD8+ TEFF cells have comparatively high
energetic demands relying on glycolysis and glutamine
metabolism to proliferate and secrete cytotoxic cytokines [24];
this increased energy is required to clear the inciting antigen
and ultimately diferentiate into the senescent TEMRA. Tm cells
have an efcient metabolic profle by utilising oxidative
phosphorylation, FAO, and mitochondrial biogenesis (via
cytokines inducing mitochondrial morphological modifca-
tions) to enable this phenotype to remain for years until they
encounter the same inciting antigen again [25]. Activation of
TEM cells occurs upon a secondary encounter with the inciting
antigen; glycolysis and amino acid reuptake are required to
sustain this energetic demand [26]. CD4+ T cells have a dif-
fering metabolic profle due to their diferentiation into diverse
subtypes [16–18].

CD4+ Tn cells have low energetic demands that are satisfed
by oxidative phosphorylation and the action of the homeostatic
cytokine, interleukin-17 (IL-17), which initiates the PI3K/
AKT/mTOR signalling cascade, promoting glucose uptake and
facilitating the FAO pathway in the mitochondria [16]. Acti-
vated CD4+ T cells undergo subset diferentiation which have
various functions such as proinfammatory and anti-
infammatory efects. Proinfammatory subsets include T1,
T2, and T17 which are energetically sustained by the
combination of oxidative phosphorylation and glycolysis with
high levels of glucose uptake [17]. Anti-infammatory Tregs are
sustained mostly by oxidative phosphorylation coupled with
FAO and have Foxp3-blunted glycolysis [16].

Tere are various metabolic barriers that compromise
T cell ftness within the TME. Te tumour microenviron-
ment suppresses T cells due to the accumulation of toxic
metabolites such as reactive oxygen species [22]. Te acidic
and hypoxic conditions due to rampant glycolysis accu-
mulating lactate and protons also contribute to suppression
of Tcells [27]. In addition, nutrient depletion of glucose and
arginine by the TME further suppresses T cell function [22].
Tumour cells express immune checkpoint molecules such as
programmed cell death protein 1(PD1) and cytotoxic T-
lymphocyte association protein 4 (CTLA4) and T cell in-
hibitors such as myeloid-derived suppressor cells, tumour-
associated macrophages, and Tregs [22]. Tese factors act
synergistically to exhaust T cells, thereby dampening their
bioenergetics [17]. Te less diferentiated T cell phenotypes
such as Tn cells, TSCM, and TCM have increased persistence
in vivo and capacity for self-renewal which are conducive to
enhanced and sustained antitumour activity [17]. Targeting
the bioenergetics of T cells provides a potential strategy to
enhance the efcacy of cancer immunotherapy [17, 28].

3. HarnessingTCells inCancer Immunotherapy

Cancer immunotherapy is a therapeutic modality where the
immune response is enhanced to eradicate tumour cells with
the goal of extending progression-free survival (PFS) and

overall survival (OS) [5–7]. When harnessed appropriately,
cellular immunotherapy is intrinsically superior to con-
ventional drugs, as cells are dynamic living agents with
a multitude of dynamic capacities such as signalling cas-
cades, secretion of cytokines, formation of immunological
memory, and persistence in the body for months, or even
years [29–31]. In contrast, conventional pharmaceuticals,
which generally target specifc molecules or pathways, are
excreted on average within hours of administration [4].
Conventional therapies also lack the ability to diferentiate
between tumour and nontumour cells and indiscriminately
target rapidly growing cells (cancerous or otherwise) [4].
Cancer immunotherapy can specifcally recognise unique
mutations and protein expression of tumour cells and op-
timise the immune response to overcome standard evasive
defence mechanisms of treatment resistance [29, 30]. Tis
capacity can be attributed to antigen-directed cytotoxicity,
the ability to provoke a signalling cascade resulting in
clearance of tumour cells and the durability, longevity, and
functionality of the response [29]. Tere are three main
categories of cancer immunotherapy which harness T cells:
immune checkpoint blockade, cancer vaccines, and ACT
such as CAR-T cells whereby T cells are redirected towards
tumour-associated antigens for cytotoxic efect [29, 30].

4. CAR-T Cells as “Living Drugs”

CAR-T cell therapy is a form of personalised cancer treat-
ment in which T cells from a cancer patient (autologous) or
a healthy donor (allogeneic) are harvested and reprog-
rammed ex vivo to express a genetically engineered receptor
that targets and kills cells expressing tumour-specifc anti-
gens [2]. Due to these properties, CAR-T cells are termed as
“living drugs” [31]. In contrast to endogenous TCRs, CARs
execute the efector function and memory specifcity of the
T cell in a non-MHC-restricted manner [32]. Tese genet-
ically enhanced CAR-T cells are infused into the patient to
target recalcitrant and resistant malignancies with re-
markable success in B-cell haematological malignancies [33],
such as leukaemias, lymphomas, and plasma cell dyscrasias.
Unfortunately, there is a signifcant challenge in translating
CAR-T cell therapies to non-B cell malignancies such as
T cell malignancies, myeloid neoplasms, and solid tumours
[33, 34]. Tese challenges are in part due to shared antigen
expression between malignant and normal cells resulting in
life-threatening complications such as aplasia and other on-
target toxicities. Continued advancements in technology,
unique target identifcation, and combination therapies hold
promise for expanding the application of CAR-Tcell therapy
beyond B-cell tumours [34, 35].

4.1. CAR Architecture. Te CAR is a hybrid receptor
composed of four domains which combines difering
functional components to form a synthetic receptor which
targets specifc antigens and stimulates the T cell to exact its
cytotoxicity efects (Figure 2). Te domains are classifed as
the extracellular, transmembrane, hinge, and intracellular
signalling domains, which can be optimised to enhance
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efcacy and safety [36].Te extracellular domain of the CAR
is responsible for antigen recognition and binding. Tis can
be attributed to the heavy and light single-chain variable
fragment of a monoclonal antibody (murine- or human-
derived), which is interconnected with a peptide linker
(Gly4Ser) forming a single-chain variable fragment (scFv)
[37]. Te relative position of the heavy and light chain
variable regions can afect the afnity and specifcity of the
CAR to the target antigen and is therefore carefully con-
sidered to avoid excessive afnity resulting in activation-
induced cell death (AICD) of the CAR-T cell or T-cell
terminal exhaustion [38]. Other antigen-binding domains
are being explored to improve function in CAR-T cell-
related approaches, including nanobodies, cytokines, and
peptides [39]. Te hinge and transmembrane domains
connect the extracellular and intracellular domains to
provide fexibility, which is correlated with binding and
signalling [40]. CD28 and CD3ζ are commonly used in the
transmembrane domain to improve stability and CAR di-
merization/incorporation into endogenous TCRs, re-
spectively. Te intracellular signalling domain is composed
of two sections: the activation domain and the costimulatory
domain. Te activation domain, which is composed of
CD3ζ-derived immunoreceptor tyrosine-based activation

motif, is not sufcient to activate the CAR-T cell, and thus
the costimulatory domain is necessary. CD28 and 41BB are
the most used costimulatory domains, yet they have diferent
functional and metabolic profles [39].

Te blueprint of CAR constructs is an active area of
research to improve the functionality and safety of the CAR-
T cell product. To date, fve generations of CARs have been
developed; the second generation CAR is most widely used
and clinically advanced [39]. Engineering modifcations of
the CAR can potentially maximise the therapeutic window,
reduce CAR-related toxicity, enhance the efcacy of CAR-T
cells including their persistence in vivo and within solid
tumours, and fortify the CAR by armouring it with other
capabilities, e.g., immunomodulatory molecules [39, 41–43].
Te emerging engineering strategies are paving the way for
a generation of optimised and personalised CAR-T cell
therapies.

4.2.CAR-TCell “Vein-to-Vein”TreatmentProcess. TeCAR-
Tcell treatment process is lengthy and complex posing many
potential treatment barriers for patients (Figure 3). Te
production, bio-manufacturing, and shipment logistics of
CAR T cells can take up to fve weeks, representing a major
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drawback, particularly in patients with aggressive cancers
[44]. During this waiting period, patients may require
bridging therapies to control the disease and reduce the
tumour burden, which is associated with increased toxicities.
A current area of development is to reduce “vein-to-vein”
time, from when the patient’s blood is taken to when the
reprogrammed Tcells are reinfused back to the patient [45].
To ensure safety and decrease variability in the fnal product,
the manufacturing of CAR-T cell products is highly con-
trolled and goodmanufacturing practice- (GMP-) compliant
with processes undergoing rigorous quality control check-
point testing [46, 47].

At the point of relapse, the patient is referred for CAR-T
cell therapy and assessed against predetermined selection
criteria, and mandatory pre-CAR-T cell therapy in-
vestigations are undertaken (Figure 3). Te pharmacist re-
views the CAR-T cell order and verifes patient approval as

per manufacturer requirements and that the patient meets
criteria for reimbursement. A comprehensive medication
review is conducted to identify and discontinue medications
that could potentially impact the number and functionality
of harvested T cells, such as corticosteroids, immunosup-
pressants, and chemotherapy. Additionally, drugs that might
interfere with the apheresis process, such as antihyperten-
sives, are evaluated, and a washout period for certain
medications may be initiated. During the leukapheresis
process, the blood leukocyte compartment is procured, and
the remainder of the blood is simultaneously reinfused back
to the patient. Te process can take 3–6 hours (over 1-2
harvests, 3–6 hours per harvest) for sufcient leukocyte
numbers to be harvested (as per collection requirements for
diferent manufacturers) [48]. Te harvested leukocytes are
processed, packaged, and labelled with an apheresis ID and
or manufacturer’s batch ID to ensure chain of custody. For
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instance, in the EU, the starting cells must be collected
within an authorised Tissue Establishment (TE) and in
accordance with EU directive 2004/23/EC, precollection
mandatory viral markers are required within 30 days of
collection, with mandatory sterility testing at source, and
products must have a Single European Code (SEC) assigned
for shipment; thus, the product is shipped to manufacturer
as a starting TE-compliant cell product and returns as
a drug.Te starting product may be shipped fresh on the day
of collection or cryopreserved, depending on manufacturer’s
requirement.

Te biomanufacturing of the starting material (patient or
donor leukocytes) begins with removal of contaminating
cells by enrichment of the Tcells by isolation of lymphocytes
by size and density and promotion of certain biomarkers
associated with persistence and antitumour activity via
counterfow centrifugal elutriation [49]. Activating Tcells to
proliferate using CD3- and CD28-antibody-coated para-
magnetic beads is required for transfection/transduction of
the CAR into the T cells as they proliferate using vectors,
such as lentiviral or gammaretroviral vectors [45], or more
novel nonviral technology. Tis allows the CAR to be
expressed on the T cell surface after permanent integration
into the proliferating T cell genome. Te transduced T cells
are then expanded in a bioreactor, such as WAVE (Cytiva),
G-Rex (Wilson Wolf), Cocoon (Lonza), or CliniMACs
Prodigy (Miltenyi), using cell-based artifcial antigen pre-
senting cell- (aAPC-) coated beads, expansion media, sera,
and cytokines (e.g., IL-2) [50]. Te culture conditions are
carefully considered to ensure the quality and polarization of
CAR-Tcells. Determining the ratio of CD4+ : CD8+ Tcells is
becoming more relevant since there are now signifcant data
to support a correlation with the incidence of adverse efects,
such as CRS and ICANS, as well as with improved efcacy of
treatment [50–52]. Te expansion process typically takes
4–11 days before the CAR-T cells are formulated into the
fnal product and cryopreserved in a solution with 10%
DMSO. Each clinical batch, generally 1–3 bags of product,
undergoes rigorous release testing with fnal product release
by a Qualifed Person (may be a pharmacist with relevant
expertise) before it is transported cryopreserved to the stem
cell lab for separate GMO storage in vapour phase liquid
nitrogen as a medicinal product on behalf of pharmacy (at
which point a pharmacist ensures that the product is within
specifcation); multiple stakeholders are involved requiring
excellent communication.

Temanufacturing process and scheduling of the patient
for therapy must be well coordinated; chain of custody is
critical here requiring that the returned cells have the same
full ID as shipped starting cells. Bridging therapy (if re-
quired) is administered following leukapheresis and prior to
lymphodepletion to ensure disease control prior to infusion.
Five to seven days prior to CAR-T cell administration, the
patient undergoes lymphodepletion for three consecutive
days to ensure endogenous lymphocytes are removed to
enhance the levels of homeostatic cytokines. A rest period of
48 h is allowed after lymphodepletion before CAR T in-
fusion. Once the cryopreserved CAR-Tcell product integrity
is confrmed along with original chain of custody ID, it

undergoes clinical thawing at the bedside by scientifc or
clinical staf according to institutional and manufacturer’s
standard operational procedures (SOPs) in recognised CAR-
T cell treatment centres, authorised by a haematologist, and
is administered to the patient. Two doses of tocilizumab
(anti-IL-6 receptor monoclonal antibody therapy) must be
readily available and administered (if required) within two
hours in the case of CRS, according to common grading
criteria and SOPs (beyond the scope of this review). Te
patient is hospitalised for up to 10 days postinfusion to
monitor for adverse events (infection, CRS, and ICANS),
and long-term follow-up continues following patient dis-
charge. EBMT regulation requires that patients are followed
up for 15 years after CAR-T cell therapy to ensure there are
no long-term undefned toxicities.

5. The Challenges and Potential Solutions

CAR-T cell immunotherapy is a major advance in the
treatment of relapsed and refractory B-cell malignancies.
However, the application of CAR-T cells is limited by
a multitude of challenges such as efcacy and safety, severe
toxicities, applicability to treating solid tumours [35], lo-
gistics, and related costs (Figure 4).

5.1. Efcacy andPersistence ofCAR-TCells. Poor persistence
and exhaustion of the CAR-T cell product can negatively
afect clinical efcacy (Figure 4(a)). Te TME is a hostile
environment for T cells and other immune cells in which
they compete for key nutrients required to drive meta-
bolism, such as glucose, glutamine, and fatty acids [25, 26].
Furthermore, the TME recruits immunosuppressive cells
and aerobic glycolysis through the Warburg efect which
promotes hypoxic conditions resulting in dampened dif-
ferentiation and cytokine production of T cells. Within the
TME, there is an accumulation of toxic metabolites such as
kynurenine, reactive oxygen species [27], tryptophan [28],
and adenosine [29] and expression of immune checkpoint
modulators such as CTLA4 and PDL1 [30]. Tese actions
contribute to T cell dysfunction and exhaustion, resulting
in poor CAR-T cell persistence. Te enrichment of less
diferentiated T cell subsets such as Tn, Tscm, and Tcm
during the bioprocess can improve the persistence of CAR-
T cells; this can be achieved by the promotion of oxidative
phosphorylation, e.g., by modulating the CAR construct or
the optimisation of biomanufacturing [44]. For instance,
the integration of more specifc co-stimulatory signals in
the CAR construct, such as CD28, CD19, 41BB or CD27
can enhance CAR-Tcell functionality and persistence [43].
CAR-T cell culture conditions can also be optimised
through the use of exogenous cytokines such as IL-7 and
IL-15 and through nutritional optimisation of culture
media to promote Tscm [43, 53]. In addition, targeting
mitochondrial biogenesis through exogenous cytokines
can enhance less exhausted phenotypes [35] and maintain
ROS balance to preserve efector function and prevent
T cell exhaustion [54, 55], enabling more durable drug
responses and disease remission.
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5.2. CAR-T Cell-Associated Toxicities. CAR-T cell therapies
are unfortunately associated with serious adverse efects
including on-target, of-tumour toxicities, anaphylaxis, and
most commonly CRS and ICANS (Figure 4(b)) [56, 57].
On-target, of-tumour toxicities occur when CAR-T cells
attack normal cells also expressing tumour-associated
antigens (TAAs) that can result in normal cell aplasia,
e.g., normal B-cell aplasia observed with anti-CD19 CAR-T
cell therapies [56]. In addition, anaphylaxis can be induced
due to the immunogenicity of murine-derived scFv of the
antigen-binding domain of CAR-T cell products. Tese
risks may be partially mitigated by employing more spe-
cifcally targeted antigens and by humanising the scFv,
respectively [57].

CRS, which manifests early postinfusion, is the most
frequently reported toxicity [56]. It is mediated by imbal-
anced supraphysiologic cytotoxic cytokine release due to
extensive T cell proliferation and tumour cell cytotoxicity in

vivo, potentially exacerbated by myeloid infltration and
activation at the tumour site.Te pathophysiology of CAR-T
cell-related CRS is associated with the release of IL-6, which
is treated with tocilizumab and in refractory cases with
anakinra (IL-1 antagonist). Biomarkers associated with se-
vere CRS (sCRS) include peak levels of several serum cy-
tokines such as IFNc, tumour necrosis factor-α (TNFα), IL-
2, IL-6, IL-10, ferritin, and C-reactive protein (CRP) [58].
Patients who develop sCRS are at higher risk for developing
ICANS, which can manifest following CRS [59]. Risk factors
include higher disease burden, high CAR-T cell infusion
dose, preexisting neurological conditions, and cyclophos-
phamide/fudarabine-based pre-lymphodepleting regimens
(which enhances expansion of CAR-T cells in vivo).
Uniquely, endothelial cell activation plays a role in the
pathophysiology of ICANS with potential treatment options
in future targeting endothelial cell stabilisation reducing the
permeability of the blood-brain barrier (BBB) [60]. In
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Figure 4: Challenges for CAR-T cell immunotherapy. CAR-T cell therapy is a complex treatment process. While outcomes are promising,
there are associated challenges that must be addressed to assure continued success. (a) Te efcacy and persistence of CAR-Tcells in vivo is
limited by the immunosuppressive TME, which impairs CAR-T cell function and reduces their anti-tumour efects. (b) CAR-T cell
immunotherapy is associated with serious adverse efects such as cytokine release syndrome, neurotoxicity, anaphylaxis, and “on-target, of-
tumour” toxicities. Tere are eforts in place to manage these toxicities and new CAR engineering strategies to ofset these efects.
(c) Expanding the therapeutic scope to solid tumours is needed tomeet the unmet clinical need for treatment options for solid malignancies.
Tere are many strategies being employed to overcome evasive solid tumour cells such as manipulation of CAR-T cell trafcking and
combined TCR CAR-T profles to limit antigen escape. (d) Tere is a signifcant logistical challenge associated with CAR-T cell therapy.
Pharmacists are heavily involved in the logistical orchestration of this therapy from the leukapheresis process, to communicating with the
other sites involved to coordinate timelines for instance. Key: IL-10� interleukin 10, TGF-Β� transforming growth factor-Β,
TAMs� tumour-associated macrophages, TANs� tumour-associated neutrophils, Tregs � regulatory T cells, MDSC�myeloid-derived
suppressor cells, ROS� reactive oxygen species, PD1� programmed cell death protein 1, scFv� single chain variable fragment, and
TAA� tumour-associated antigen.
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addition, safety mechanisms, such as “of-switches” and
“suicide genes,” are being explored to deactivate CAR-Tcells
in the event of “on-tumour, of-target” and CRS
toxicities [39].

5.3. Expanding the Terapeutic Scope to Solid Tumours.
Expanding the scope of CAR-T cell therapy beyond B-cell
malignancies to solid tumours is a tremendous challenge due
to poor trafcking and infltration to the solid tumour, in
part due to the hostile TME, tumour heterogeneity of tu-
mour cells, and antigen escape (Figure 4(c)) [61]. For CAR-T
cells to act in tumour sites, they require the expression of
adhesion molecules on both T cells and tumour vasculature,
appropriate homing signals, and binding to TAAs to become
activated with expansion to relevant therapeutic densities.
Tere is marked difculty in identifying TAAs due to the
innate heterogeneity of solid tumour cells. Furthermore, the
relevant antigens expressed are at low levels (or not efec-
tively expressed) or they may be widely expressed on of-
target cells resulting in toxicity. Tumour cells are also re-
sponsible for the downregulation and masking of immu-
nogenic epitopes. Tere is an active area of research
exploring TAAs unique to solid tumours andmechanisms to
overcome antigen escape, such as multitargeted CAR-T cell
therapeutic approaches [39].

5.4. Logistics Challenges. Tere are complex logistics asso-
ciated with the provision of CAR-T cell therapy despite
progress in the design and operation of the CAR-T cell
supply chain (Figure 4(d)). Access to CAR-T cell therapy is
currently limited to eligible patients who have been heavily
pretreated with up to at least two lines of previous tradi-
tional therapy; the complex manufacturing process of
CAR-T cells takes up to several weeks further restricting
availability [62]. Biomanufacturing of individualised au-
tologous CAR-T cells must be under GMP-compliant
conditions in an accredited facility, and timelines be-
tween the patient and manufacturing facility must be
predefned and coordinated [63]. Biomanufacturing fail-
ures and shortages in manufacturing slots may result in
patients waiting up to several months for treatments; this
timeline may not be sustainable for those with aggressive
conditions who may ultimately become ineligible during
the waiting period. Tere are eforts being made to fnd
alternative sources of T cells and to scale up the
manufacturing process to shorten the lead time, for in-
stance, point-of-care manufacturing of CAR-T cells in
specialist centres.

5.5. Are Allogeneic CAR-T Cells theWay Forward? Tere are
many drawbacks associated with current clinical
manufacturing processes, for instance, the vein-to-vein
manufacturing time is not appropriate for patients with
rapidly proliferative diseases such as B-cell acute lym-
phoblastic leukaemia (B-ALL), where the progression of
the disease can worsen prognosis and result in treatment
ineligibility. A signifcant complicating factor is that these

patients generally have a paucity of good quality T cells
due to previous treatments and/or the nature of their
disease. As the demand for CAR-T cell therapy increases,
logistically there is a marked need for more readily
available treatment options and shorter lead times [47].
Te development of allogeneic CAR-T cells provides
a potential solution, to provide readily available “of-the-
shelf” cryopreserved batches of universal CAR-T cells, as
shown in Table 1.

Allogeneic CAR-T cell therapy is an active area of re-
search, with 143 clinical trials currently underway as per
https://ClinicalTrials.gov; none have reached phase III
(accessed on May 18, 2023). Allogeneic CAR TCRαβ T cell
therapy is a form of allogeneic CAR-Tcell therapy currently
in phase I clinical development whereby the T cell is
engineered to express both the CAR and the TCR. Te
process involves PBMCs procured from healthy donors
with immune cells unimpacted from previous cancer
treatments and the immune efects of cancer, enabling
standardisation of product and redosing of patients with
the same batch and multiple batches of diferent HLA
subtypes [64]. Despite the myriad of potential benefts of
“of-the-shelf” CAR-T cell treatments, there is an increased
risk of alloreactivity and GvHD which impede any anti-
tumour activity [69]. GvHD is mediated by the TCRαβ of
the allogeneic T cells recognising HLA mismatch and in-
ducing host rejection. Many mechanisms are investigated
to produce allogeneic CAR T cells with a reduced risk of
GvHD by the generation of TCR-defcient CAR-T cells.
Tese strategies include the knockout of the T cell receptor
α constant (TRAC) locus by gene editing using Zinc Finger
Nucleases, CRISPR-Cas9, and TALEN technology. Te
TRAC locus is targeted as only a single gene encodes for α
chain, whereas two genes encode for β chain, therefore
disrupting the TCRαβ and preventing the recognition of
HLA mismatch reducing alloreactivity and thus GvHD.
MHC edits targeted by genetic ablation can also reduce the
immunogenicity of allogeneic CAR-T cells. Autologous
CAR-Tcells remain superior due to their longer persistence
in vivo and need for less intensive preconditioning regi-
mens. However, allogenic CAR-T cell therapy allows for
cheaper and “of-the-shelf” availability. Te optimisation of
allogenic CAR-T cell therapy to avoid rejection is an active
area of research with clinical trials ongoing to assess the
safety, efcacy, and feasibility of such treatment [70]. One
such example which is further along the drug pipeline is
UCART19, a “frst-in-class” allogeneic anti-CD19 CAR that
is non-HLA matched and transduced with TALEN, dis-
rupting the expression of endogenous surface TCRs and
CD52 (highly expressed on T cells and associated with
GvHD) [71]. Preconditioning using an anti-CD52 mono-
clonal antibody, alemtuzumab, is required to produce an
ideal environment for expansion in this case and is asso-
ciated with a lower incidence of GvHD. Tere are further
ongoing preclinical and clinical trials with allogeneic CAR-
Tcells underway [72] with diferent allogeneic technologies
in development. Te advent of universal CAR-T cells will
remarkably revolutionise CAR-T cell therapy increasing its
accessibility and applicability.
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6. The Clinical Pharmacist Perspective of CAR-
T Cells

CAR-T cell agents are now approved for patients with
relapsed/refractory B cell lymphoma, B-ALL, and mul-
tiple myeloma (MM), having demonstrated enhanced
overall response rates (ORRs) and CRs [73]. Tere are six
CAR-T cell products currently approved by the EMA, on
a conditional approval basis (Table 2): tisagenlecleucel,
axicabtagene ciloleucel, brexucabtagene autoleucel,
lisocabtagene maraleucel, idecabtagene vicleucel, and
ciltacabtagene autoleucel.

6.1. Disease Considerations. Non-Hodgkin Lymphoma
(NHL) is a heterogeneous group of lymphomas, for which
CAR-Tcells are considered in patients with B-cell NHL who
have failed at least two lines of standard therapy, as per
ZUMA-1 [66], ZUMA-5 [76], JULIET [65], TRANSCEND
NHL 001 [67], and ZUMA2 [79] trials, or after second-line
therapy [73] (Table 2). B-ALL, the most common childhood
malignancy, has a poor prognosis for those over the age of
50 years and in children following relapse [83]. Tisagenle-
cleucel is indicated for refractory/relapsed B-ALL in children
and young adults (<26 years) [84] and brexucabtagene
autoleucel is indicated for use in adults >26 years with re-
lapsed/refractory disease. CAR-T cell therapy targeting the
B-cell maturation antigen (BCMA) has improved outcomes
for patients with relapsed MM, a plasma cell neoplasm with
high rates of relapse and resistance due to mutations driven
by clonal evolution [85]. Two CAR-T cell products are
approved for adult patients with this indication, idecabta-
gene vicleucel and ciltacabtagene autoleucel, after four failed
lines of standard therapy (Table 2).

6.2. How Patients Are Prepared for Treatment. Te selection
of patients for CAR-Tcell therapy is based on disease status,
treatment history, ftness, and EBMT-EHA and national
recommendations to ensure they meet criteria. Patients can
experience worsening of their condition while waiting for
CAR-T therapy, and approximately 7% of patients do not
survive to completion of CAR-T cell manufacturing [84],
highlighting the importance of bridging therapy
[68, 74, 75, 77, 78, 80–82, 86]. Bridging therapy is anticancer
treatment which is administered from the point of collection
of leukocytes until the initiation of lymphodepleting therapy
to maintain disease control [87] (Figure 3). Terapy is se-
lected based on a disease- and patient-specifc basis and may
involve chemotherapy, radiotherapy, or immunotherapy.
Tis period mandates frequent monitoring of the patient to
efectively manage complications. Prior to CAR-T cell in-
fusion, the patient undergoes lymphodepleting condition-
ing, such as cyclophosphamide and fudarabine, to promote
enhanced expansion and engraftment of CAR-T cells after
infusion in vivo. Tese conditioning treatments can also be
associated with superior disease-free survival and CAR-Tcell
persistence in vivo [88, 89]. Te lymphodepletion process is
scheduled 3–5 days prior to CAR-T cell administration
enabling a favourable immune environment for CAR-T cell

expansion. CAR-T cell treatment involves the collaboration
of a multidisciplinary team, with the clinical pharmacist
performing an integral role.

6.3. Clinical Pharmacist Role in the Provision of CAR-T Cell
Terapy. Pharmacists play an intrinsic role in all steps of the
CAR-T treatment cycle (Figure 5) including governance and
operational and clinical aspects, particularly toxicity man-
agement and postinfusion care [13, 90].

Tere are three levels of governance protocols which
must be adhered to in the provision of CAR-T cell therapy:
(1) those by the Foundation for the Accreditation of Cellular
Terapy (FACT) and the Joint Accreditation Committee of
International Society for Cellular Terapy (ISCT) and Eu-
ropean Society for Blood and Marrow Transplantation
(EBMT) (FACT-JACIE) International standards, (2) Na-
tional, and (3) Local governance. Pharmacists should be
cognisant of the unique governance which underpins CAR-
Tcells as ATMPs via priority medicines, PRIME scheme.Te
quality, safety, and efcacy of these products are annually
reviewed and classifed under the conditional authorisation
by the EMA, and the ATMP status mandates CAR-T cell
product compliance with GMP standards [31, 91]. GMP
assures the manufacture of a high-quality product, in a re-
producibly controlled, auditable, and GMP-accredited fa-
cility with GMP-accredited equipment and appropriately
trained personnel [46]. Tere are extensive documentation
requirements and guidelines to ensure compliance with
GMP. All treatment centres must be accredited by FACT-
JACIE competent authorities [2, 92]. All treatment centres
are invited to participate in a data collection initiative to
report their fndings to the EBMTcontributing towards Post
Authorisation Studies (PAS) mandated by the EMA.

Te operational role of pharmacists in the provision of
CAR-T cell therapies is multifaceted and critical to the
success of these innovative treatments and as per FACT-
JACIE standards (Figure 5). Pharmacists are responsible for
ensuring the provision and implementation of relevant
policies by serving on drugs and therapeutics committees
and by providing recommendations and developing
guidelines and standard operating procedures (SOPs) re-
garding the transportation and handling of CAR-T cell
products, administration of the product, risk management
plan (RMP) management, and toxicity management [13].
Pharmacists should implement such guidelines by de-
veloping electronic medical records (EMRs) documenting
patient treatment plans, lymphodepletion regimens, and
toxicity management plans in conjunction with treating
haematologists and provide patient and staf education and
wallet card provisions (detailing patient information and
health care professional (HCP) information which they can
present to HCPs if needed: emergency department, phar-
macy, and medical visits). Pharmacists have a critical role to
play in storage, handling, and inspection of the product
upon receipt, ensuring the chain of identity and that the
product is stored in a time- and temperature-specifc
manner with clear temperature monitoring SOPs in place
and ensuring that biohazard signage and spill kits are
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available throughout, with recommended record keeping
throughout the transport chain up until administration.

Te pharmacist must review (1) the treatment plan and
oversee and ensure the appropriate dosage (per kg or m2/
body surface area, or fat, single versus split dose or based on
tumour load) and dose adjustments based on hepatic and
renal function, (2) the schedule of bridging therapy and/or
lymphodepletion regimen, (3) the CAR-T cell therapy, (4)
the supportive care (emetogenic, gastro-protection, oral
care, fungal, PJP, and HSV prophylaxis), (5) premedications
(paracetamol and diphenhydramine or another H1 antag-
onist), and (6) the wash-out period prior to leukapheresis if
suitable. Te pharmacist should perform a medication
reconciliation and medication review prior to treatment for
drug-drug interactions and ensure the restriction of medi-
cations such as glucocorticoids and live vaccines (avoided six
weeks prior to lymphodepletion conditioning and treat-
ment). It is also the responsibility of the pharmacist to
undertake a risk assessment, which includes record keeping
and reporting, notifcation of intended use of a biological
agent, protective measures (e.g., PPE), and appropriate
disinfectant and waste policy. An important aspect of the
risk assessment is verifcation and documentation of the
availability of at least two doses of tocilizumab for

emergency administration to treat CRS following infusion of
product. It is notable that waste disposal of the infusion bags,
giving sets, and anything that was in direct contact with the
CAR-T cell product has specifc GMO waste handling
requirements.

CAR-Tcell therapy-associated life-threatening toxicities,
i.e., CRS and ICANS, can be disease-related or CAR-T cell-
related, and such complications are managed on a short-
term, medium-term, and long-term basis. Te pharmacist is
directly involved in helping to manage these toxicities and
postinfusion care through the development of SOPs and
review of drugs and recommended dosages for treatment.

In the short-term monitoring phase (infusion to day 28),
patients are required to remain in hospital for up to 10 days
postinfusion for monitoring of CRS, ICANS, septic shock,
and other adverse reactions. CRS is themost common toxicity
with an overall incidence of 74–94% [93], a median onset of 2-
3 days (dependent on the type/generation of CAR-T cell in-
fused), and a median duration of 7-8 days. CRS is charac-
terised as a systemic infammatory response which can
manifest as fevers, hypotension, hypoxia, tachycardia, chills,
hepatic/renal/cardiac dysfunction, coagulopathy, and hae-
mophagocytic lymphohistiocytosis. Te severity varies and is
assessed by a standardised grading scale (I–IV) [94]. Treat-
ment management involves the administration of tocilizumab
(a monoclonal antibody that targets the IL-6 receptor), and
staf should be educated on the two-hour window adminis-
tration. Pharmacists should also be aware of the limitation of
use of myeloid growth factors, particularly granulocyte-
macrophage colony-stimulating factor (GM-CSF) for three
weeks following infusion as it may worsen CRS. ICANS is the
secondmost common adverse efect with an overall incidence
of 58–87% [94], a median onset of 4–6 days, and a median
duration of 6–17 days. ICANS can develop concurrent with
CRS or following resolution. It can be identifed early through
the deterioration in handwriting and impaired concentration,
though any neurological impairment can be considered
treatment related. Neurotoxicity assessment for CAR-T cell
therapy involves the American Society for Transplantation
and Cellular Terapy (ASTCT) ICANS Consensus Grading.
Tis accounts for diferent domains such as the immune
efector cell-associated encephalopathy (ICE) score, which
should be performed at least every 8 hours, assessing the level
of consciousness, presence of seizures, motor skill fndings,
and elevated ICP/cerebral oedema, with a 0–4 grading scale
for each domain. Management of toxicities for CRS and
ICANS and their treatment algorithm should be included in
CAR-T cell therapy SOPs.

Te medium-term follow-up phase (day 28 to day 100
postinfusion) involves monthly monitoring for toxicities,
such as delayedmacrophage activation syndrome andCRS, B-
cell aplasia, GvHD, and infections. Te long-term follow-up
phase (day 100 onwards postinfusion) includes the moni-
toring of complications such as hypogammaglobulinemia and
prolonged cytopenia and secondary malignancies, genotox-
icity, immunogenicity, and other neurological complications.
Since CAR-T cell therapy is a novel immunotherapy, long-
term efects are still being investigated and the imple-
mentation of standardised protocols and policies for ongoing
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Figure 5: Provision of CAR-T cell therapy from a pharmacist’s
perspective. Te ATMP clinical pharmacist plays an important role
in the multidisciplinary team for the safe and efective provision of
CAR-T cell therapy. Tey have a variety of responsibilities, in-
cluding development of SOPs and guidelines within their in-
stitution, the building of treatment plans within the patient
electronic medical record (EMR), ensuring the availability of at
least two doses of tocilizumab for immediate treatment of CRS, and
quality tracking of CAR-Tcell therapy quality metrics. Pharmacists
help manage CAR-T cell-associated toxicities, provide supportive
care, verify medication prescriptions, ensure the chain of identity of
the product and correct time and temperature storage, assist in
logistics, provide patient and staf education, and furnish patients
with a treatment wallet card.
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follow-up is required [95]. Parameters which should be
monitored include disease status, further treatments, late
efects, infections, immunological status, new malignancies,
autoimmune disease, endocrine, reproductive and bone
health, neurological status, psychological status, cardiovas-
cular status, respiratory status, and gastrointestinal and he-
patic status. Pharmacists may also be responsible within the
MDT for the development of a comprehensive pharmaco-
vigilance CAR-T cell therapy program.

6.4. Future Developments from a Clinical Pharmacist
Perspective. Te feld of CAR-Tcell therapy is an active area
of research in which there is a global efort to design CAR-T
cell products with improved response rates, persistence in
vivo, tumour targeting, and reduced toxicity [41, 96]. Tere
is ongoing research into potential biomarkers and early
interventions to identify, manage, and potentially prevent
toxicities. Te combination of CAR-T cell therapy with
other anticancer agents or armoured with immunomod-
ulators is being explored to ofset “on-target, of-tumour”
efects [58] and to synergistically enhance therapeutic ef-
fcacy [97]. Tere are currently diferent cell therapy
products undergoing clinical trials targeting solid tumours
[35, 58, 59, 98] (Supplementary Table 1), T-cell and my-
eloid malignancies [99] and other non-cancer conditions,
such as autoimmunity [100]; multitargeted CARs [42, 101]
are also being evaluated to overcome tumour antigen es-
cape mechanisms. Emerging strategies being explored to
overcome safety and efcacy issues include switch-based
control systems, combinatorial antigen recognition tech-
nology to circumvent on-target, of-tumour toxicities [39],
and stimuli-based activation of CARs at tumour sites
[59, 96, 102, 103]; the next generation of CAR-T cells will
exhibit multitargeted recognition regulated by intrinsic
signals and harness gene editing to improve persistence
and resistance to the suppressive factors within the TME
and the integration of fail-safes or “suicide-switches” in the
event of toxicities [102, 103]. Understanding the patho-
physiology of toxicities associated with treatment will
enable more targeted and efective treatment options to be
developed. Scaling-out of the manufacturing process to
shorten manufacturing time and increase the availability of
“of-the-shelf” allogeneic products is being explored to
allow for readily available CAR-T cell products with re-
duced side efects such as GvHD [42]. Allogeneic sources of
CAR-T cells would enable a readily available and cost-
efective treatment option, allowing immediate access to
these life-changing therapies.

Te increased demand for CAR-T cell immunotherapy
necessitates optimised administrative and logistical strategies
for workfow, scaling, and coordination in which the specialist
pharmacist plays a fundamental role [104]. As this type of
therapy uses “living drugs,” there is a need for a concerted
logistical efort to ensure the chain of identity is upheld, the
process of collection, manufacturing, and infusion is or-
chestrated efciently between the diferent sites involved, and
that there is marked consideration for the logistics associated
with patient access. For instance, optimising ordering plat-
forms, transportation, supply chain visibility, and efective

communication between sites of care (clinical site, manu-
facturer, and stem cell lab) is crucial to ensure the successful
operation of this time-sensitive and potentially lifesaving/
curative therapy [104]. Efectively, the implementation of safe
and efective CAR-Tcell therapy depends on the collaboration
of the multidisciplinary team (MDT), in which there is an
increasing need for specialised CAR-T cell/ATMP pharma-
cists and standardised responsibilities of the pharmacist
within the MDTregarding ordering, product receipt, storage,
preparation, and dispensing [12].

7. Conclusions and Recommendations for
Further Research

CAR-T cell therapy has become standard of care in some
forms of blood cancers and a promising treatment modality
against other types of neoplasms and potentially immune and
infectious diseases. As these products are “frst-in-class” with
increasingly more clinical trial data and ongoing research,
a thorough understanding of their biophysical properties,
control of heterogeneity, overall efcacy, and long-term safety
will allow for the development of safer and more efcacious
CAR-T cell products and release criteria for improved out-
comes. Te current body of literature highlights knowledge
gaps and potential areas for further investigation including (1)
comprehensive and integrated multiomics analysis of CAR-T
cells that may enable novel strategies to improve CAR-T cell
efcacy, persistence, and metabolism to enhance clinical
outcomes; (2) continuous refnement and enhancement of the
evidence base for allogeneic CAR-T cells for the realisation of
more cost-efective and broader applications; and (3)
streamlined manufacturing processes to minimise “vein-to-
vein” time, including the incorporation of the clinical phar-
macist in a comprehensive MDT throughout this process to
implement CAR-T cell therapy in personalised clinical prac-
tice. In this review, we have placed special emphasis on the
perspective of the clinical pharmacist within this team, in-
corporating distinctive expertise in medication management,
patient care, quality control and tracking, education for pa-
tients and caregivers, MDT collaboration, and research and
quality improvement initiatives required to successfully place
novel therapeutics into practice. Tere is an urgent need to
develop harmonised international practical guidelines that
delineate the role and integration of pharmacists in the
management, safety, and delivery of CAR-T cell therapy, in-
cluding the role of the Qualifed Person in releasing cellular
products where they are manufactured (and in dispensing at
point-of-care). We hope that this review has successfully
identifed relevant knowledge gaps and has highlighted the
role of the pharmacist within theMDTfor CAR-Tcell therapy.
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