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ABSTRACT
Immunotherapy, especially immune cell-based therapy, is a strategy for cancer treatment that has
over the past decades focused on novel modifications and targets. In recent years, adoptive cell
immunotherapy has continuously evolved, with studies of different platforms utilizing different im-
mune effector cells to kill a variety of cancer cells. This review summarizes the various kinds of
immune cells which have been used in adoptive cell therapy (ACT), including natural killer cells,
cytokine-induced killer cells, T cells, and engineered immune cells. Most reports have shown that
ACT can induce tumor regression, both in animal studies and clinical trials. However, the high cost
of ACT is the greatest disadvantage of this strategy. Moreover, the efficacy of treatment is variable
among patients. To reduce these disadvantages, off-the-shelf immune cells are considered the
best solution to reduce the cost while maintaining the efficacy of treatment. In this review, we will
discuss the potential of various kinds of immune cells for development as ``off-the-shelf'' immune
cells for use in adoptive cell therapy, based on their unique advantages.
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INTRODUCTION
Immunotherapy, especially cellular immunotherapy,
has led to a renaissance in immunotherapy and has
revolutionized cancer remedy options. Cancer im-
munotherapy is a strategy which uses the antitumor
properties of the immune system to fight cancer. The
concept of manipulating the immune system to com-
bat cancer relies on the immune surveillance of ma-
lignant cells during cancer progression or abnormal
cell growth. The field of cancer immunotherapy was
initiated back in the 1890s in a study by W.B. Co-
ley. Briefly, in his study, tumor regression was ob-
served after injecting heat-killed streptococci at the
tumor site of a patient with bone sarcoma1. To
date, the immunotherapy field has achieved several
milestones, including the approval of cytokine ther-
apy (e.g. interleukin (IL)-2 and interferon (IFN)-
alpha), immune checkpoint blockade (e.g. anti-
cytotoxic T-lymphocyte-associated protein (CTLA4)
monoclonal antibodies and anti-Programmed Death
1 (PD-1)/Programmed death-ligand 1 (PD-L1) anti-
bodies), and cell-based immunotherapy (e.g. vaccine
and adoptive cell therapy (ACT)).
Immunotherapy, especially ACT, has brought novel
remedy options for cancer treatment. The develop-
ment of cellular immunotherapy has included a long
history of successfully discovering effective immune

effector cells and appropriate cancer cell targets. In-
deed, ACT is a promising cancer treatment approach
that exploits the natural antitumor properties of hu-
man immunity to eliminate cancerous cells 2. Lym-
phocytes are obtained from the patient (autologous
cells) or from healthy donors (allogeneic cells), ex-
panded ex vivo, and then passively transfused to pa-
tients3. This strategy can theoretically produce an
adequate amount of effector immune cells and en-
hance the recipient’s antitumor capacity by bypass-
ing the tolerance of host immunity to tumor4. An
early attempt of harnessing the immune function to
eliminate cancer cells was demonstrated in 1953 by
Mitchison in a mouse model; transplantation of an
“educated” mouse lymph node to a naïve one showed
therapeutic efficacy5. The first ACT clinical trial was
reported in 1988 using tumor-infiltrating lympho-
cytes to treat patients with melanoma; later, in 2002,
the development of pre-conditioning regimens sig-
nificantly enhanced ACT6. More recently, there are
been greater advances in cellular Immunotherapy, in-
cluding the FDA-approved clinical applications of two
chimeric antigen receptor (CAR)-T cell therapies (Ti-
sagenlecleucel (KYMRIAH) and axicabtagene ciloleu-
cel (YESCARTA) in 2019) for the treatment of re-
lapsed or refractory large B cell lymphoma.
”Off-the-shelf ” immune cells offer an ideal solution to
universalize the application of cellular immunother-
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apy. This platform can solve the current problem
of autologous immunotherapy, including cost, time
and therapeutic efficiency. Note that the cost for a
CAR-T infusion starts at $475,000 (the total cost with
standard therapy can reach $968,800), and the cost
for a therapy based on tumor-infiltrating lymphocytes
(TILs) in the USA is from $97,600–$168,4407. Thus,
only a small portion of patients can afford the cost
of this state-of-the-art immunotherapy. Moreover,
the major disadvantages of the above treatments are
the lack of T cell production in cancer patients and
the patients’ weakened immune system. The extent
and obstinacy of antigenic stimulation are exposed
during chronic infections and cancer, which leads to
the compromise of T cell function; dysfunctional T
cells fail to eradicate infection and cancer effectively8.
Therefore, T cells derived from patients are often in-
sufficiently generated to be utilized for cancer treat-
ment.
The off-the-shelf strategy allows scale-up and cryop-
reservation to reduce production and process time,
and to allow immediate availability and repeat trans-
fusions. Furthermore, this strategyminimizes clinical
trial data heterogeneity, creating an optimized stan-
dard for treatment. Altogether, the ”off the shelf ” im-
munotherapy has raised the hope of significantly im-
proving cancer survival and revitalizing cancer im-
munotherapy. In this review, we cover the current
strategies of adoptive cell immunotherapy (using nat-
ural killer cells, cytokine-induced killer cells, T cells,
and engineered immune cells) and discuss the ”off-
the-shelf ” approach for each type of cell.

T LYMPHOCYTES
Lymphocytes are found in healthy tissues and blood,
as well as found penetrated in tumor tissues. Accu-
mulation of T lymphocytes in tumor tissues has been
demonstrated to be correlated with a favorable prog-
nosis, thus indicating their antitumor function and, in
turn, emphasizes the interest in T lymphocyte strate-
gies for cancer treatment8–10. Following the approval
of IL-2 as a therapeutic agent, lymphokine-activated
killer (LAK) cells were then introduced, as they were
lymphocytes that could be grown in culture with IL-
2. Despite being easily isolated and expanded ex vivo,
LAK cells failed to achieve prolonged persistence in a
patient with metastatic cancer, even with a high dose
of IL-211.
Another ACT strategy is the use of TILs. A het-
erogeneous population of lymphocytes (including T
cells and natural killer (NK) cells) was obtained
from patient tumor tissue and expanded ex vivo12.

These tumor-isolated lymphocytes contained tumor-
specific T cell subsets and exhibited a stronger anti-
tumor effect than peripheral blood-derived lympho-
cytes or LAK cells13. The presence of TILs in pri-
mary melanoma has become a hallmark for prog-
nosis; the high intra-tumoral level of CD8+ T cells
over regulatory T cells (Tregs) showed greater infor-
mative value for prognosis and for success of im-
munotherapeutic regimens14. Originally, TILs were
isolated frommetastaticmelanoma and grown in vitro
in IL-2 supplemented medium. Before TIL treat-
ment, patients received non-myeloablative lymphoid-
depleting chemotherapy; patients received subse-
quent IL-2 following TIL infusion to support in vivo
survival of TILs and clinical efficacy 15. TIL strategy is
aimed at re-functionalizing impaired resident tumor-
specific T cells, which are inactive in the tumor mi-
croenvironment.
TILs was first experimentally introduced in 1983 16.
A study in 1988 demonstrated the safety and feasibil-
ity of TIL therapy; there were reports of toxicities as-
sociated with the administration of IL-2 but no tox-
icities were attributed to TIL infusion17. Moreover,
only melanoma-isolated TILs showed specific in vitro
lytic activity against autologous tumors. A report on
metastaticmelanoma patients indicated that objective
response (OR) was observed in 11/20 patients (55%);
2 of them responded to TILs after IL-2 treatment fail-
ure18. Notably, no patients died upon treatment but
reversible side effects resulted from IL-2 infusion. In
2011, a clinical trial was conducted to evaluate 93 pa-
tients with progressive metastatic melanoma follow-
ing previous systemic treatment19. The overall re-
sponse rate (RR) was higher in the group treated with
TILs and chemotherapy plus total body irradiation
(TBI), compared to that without TBI (50% compared
to 72%, respectively). In addition, 20/93 (22%) pa-
tients experienced complete response (CR), and 19/93
(20%) patients showed complete regression for more
than three years. A recent systematic review and
meta-analysis study showed that treatment with high-
dose IL-2 plus TILs was comparable with checkpoint-
blockade Immunotherapy (CBI)20. TILs offered a
second-line therapy with acceptable responses for pa-
tients who failed to respond to CBI treatment and,
more importantly, had fewer adverse events (AEs)
and greater modification capabilities compared to
CBI treatment alone. However, data suggest that tu-
mors which escape from CBI might also escape from
TILs using the same resistance mechanisms. CBI-
naïve patients respondedwell to TIL treatment, with a
median response duration of 69.1 months, compared
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Table 1: The advantages and disadvantages of some kinds of immune cells in immune cell therapies

Immune cells Description Mechanisms Advantages Disadvantages

TILs Natural T lymphocytes
extracted from the tu-
mor biopsy

Recognition of TAA through
MHC-I complex by condi-
tioned TCRs

TAA specificity
and
recognition

Restricted to MHC-I
complex
Low expression of
antigenic peptides in
specialized cells

Natural killer
cells

Natural killer cells ex-
tracted from the pe-
ripheral blood or um-
bilical cord blood

Based on the expression
of self-MHC class I, which
suppresses NK cell activity
through engagementwith a set
of killer cell immunoglobulin-
like receptors (KIRs)

MHC-
independent
cytotoxicity

Non-specific killing

Cytokine
induced killer
cells

CIK cells can be eas-
ily expanded from
mononuclear cells
(MNCs) from pe-
ripheral blood, bone
marrow, or umbilical
cord blood

The cytotoxic function of CIK
cells heavily depends on the
expression of activating re-
ceptor NKG2D and NKG2D-
associated adaptor molecule,
disulfide adaptor protein 10
(DAP10)

MHC-
independent
cytotoxicity

Non-specific killing

TCR-T cells T lymphocytes modi-
fied to express a tgTCR

Recignition of tumor anti-
genic peptides by tgTCR on
MHC-I complex

Augmented
specificity in
targeting TAAs

Restricted to MHC-I
complex and HLA-
A2 patients tgTCR
genetic mis-match
with native TCR

CAR-T cells Engineered T cells ex-
pressing an antibody-
binding scFv ex-
odomain fused with
a CD3z chain intra-
cellular domain via
a transmembrane
domain

CAR domain recognizes and
binds to specific TAAs in a
MHC-independent manner

Highly specific
modified 
T cells

The cell prepararion
is complex
Cytokine release
syndrome largely

to 4.8 months, in the case of patients with prior expo-
sure to CBI21. Furthermore, a higher number of TIL
infusion correlated with more favorable responses,
but the effects were only recorded in CBI-naïve pa-
tients. Besides, a recent study demonstrated the feasi-
bility of TILs in M1c melanoma patients; a 33% OR
was achieved in patients with both treated and un-
treated brain metastasis22. Data indicated that TILs
that were safely localized to brain could mediate dis-
ease regression; however, therapeutic efficiency was
limited and required additional treatment.
In addition to their success inmelanoma cancer treat-
ment, TILs have also been successful for other can-
cer types. Sanja Stevanovic et al. reported that 2
of 29 patients with HPV-associated epithelial can-
cers achieved CR following TIL treatment23. Til the
time of the publication, the 2 patients on the study
survived out to 67and 53 months, respectively, fol-

lowing treatment. In a phase I clinical study with
TILs following chemo-radiotherapy for advanced na-
sopharyngeal carcinoma (NPC), 19/20 (95%) of pa-
tients were reported with OR, and 18 patients ex-
perienced 12-month disease-free survival (DFS) or
longer after treatment24. In a 2018 report, in a case
of chemo-refractory metastatic breast cancer, the pa-
tient achieved complete durable responses and sur-
vived for greater than 22 months after receiving TILs
in combinationwith IL-2 andCBI25. Therefore, those
results demonstrate the promising potential of TILs
for advanced cancer treatment.
Currently, 13 clinical trials with autologous TILs are
supported by the National Cancer Institute (NCI). Al-
though several studies have been focused on different
types of solid tumors, the application of TILs is still re-
stricted to melanoma, and its efficiency is limited by
unsuccessful ex vivo expansion, scale-up, and storage.
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Moreover, TIL infusion requires a non-myeloablative
lymphodepleting regimen and co-administration of
IL-2, which are both associated with life-threatening
adverse effects12,26. Data on TIL treatment is highly
variable and the use of TILs is also limited due to their
high cost. Overall, TILs still represent a promising ap-
proach as a personalized immunotherapy for future
cancer treatment; further strategies for expansion and
modification are under investigation to enhance the
efficiency of treatment15,27.

NATURAL KILLER (NK) CELLS
Natural killer (NK) cells were first identified in 1975 as
effector lymphocytes which belong to the innate lym-
phoid cell family28,29. Unlike T cells, NK cells can
specifically recognize tumor cells by a unique mech-
anism that is different from the engagement of T cell
receptor (TCR) on T cells with antigen bound to Ma-
jorHistocompatibility Complex (MHC)molecules on
target cells. In fact, NK cells do not require any ac-
tivation to kill harmful cells that are missing MHC
I markers (which would be unrecognizable by CD8+

T cells). Thus, the ability of NK cells to detect and
efficiently kill abnormal cells, missed by other im-
mune cells, lends support to their important role in
immune surveillance. Their role in tumor suppres-
sion has also been demonstrated in mouse models
and, importantly, in a prospective study with more
than 3,500 participants over 11 years30. The pres-
ence of infiltrating NK cells in tumor tissues has been
correlated to improved prognosis 31–33. In blood, NK
cells represent 10-15% of circulating lymphocytes.
They are characterized by the absence of TCR/CD3
and the presence of neural cell adhesion molecules
(NCAM/CD56). NK cells are divided into two main
populations: immature CD3−CD56brightCD16− cells
and mature CD3−CD56dimCD16+ 34,35. Immature
NK cells are responsible for cytokine production and
immune regulatory function, while mature NK cells
are responsible for cytotoxicity function.
The antitumor properties of NK cells are regulated by
complex signaling, based on the balance of inhibition
and activation signaling from different cell surface re-
ceptors36–38. The principle of NK-mediated cytotoxic
mechanism against infected/abnormal cells is based
on the expression of self-MHC class I, which sup-
pressesNKcell activity through engagementwith a set
of killer cell immunoglobulin-like receptors (KIRs).
KIR-inhibitory receptor family is expressed on and is
a marker of mature/functional NK cells. Mature NK
cells are formed by a process called ”licensing” or ”ed-
ucation”, which involves MHC and KIR interaction,
contributing to fully functional NK cell development.

In the presence of MHC class I molecules, KIR recog-
nizes and transduces inhibitory signals, subsequently
suppressing NK cell function. In contrast, in the ab-
sence of MHC class I as well as MHC-KIR engage-
ment, known as ”missing-self ”, the inhibitory signal
by KIR is suppressed 39. Self-reactive NK cells de-
velop an anergic state, leading to incompetent func-
tion. Thus, NK cells mediate cytotoxicity toward can-
cer cells by ”missing-self ” mechanism, recognizing
alteration of self-MHC on cancerous cells. Indeed,
NK cells and CTLs represent a loophole in the im-
mune system in that NK cells can replace the role
of T cells when tumor cells alter MHC expression.
The cytotoxic function of NK cells also requires the
addition of stimulation signals. Stress-induced self-
ligands, including MHC class I polypeptide-related
sequence A/B (MICA/B) and UL16-binding proteins
(ULBPs), are upregulated in stressed, infected or
DNA-damaged cells, including cancerous cells. These
ligands are detected by the activating NKG2D recep-
tor, thereby shifting the balance of the NK cell activa-
tion state and inducing cytotoxic function. Other ac-
tivating receptors involved in the cytolytic activity of
NK cells include those of the natural cytotoxicity re-
ceptor family (e.g. NKp30, NKp46 and NKp44), and
the DNAM-1 adhesion molecule40 41.
Several clinical studies of autologous NK cell ther-
apy have been conducted. Adoptive IL-2-activated
autologous NK cell transfer has demonstrated safety
in patients but also enhancement of NK cell activ-
ity in patients with advanced cancers42,43. Autolo-
gous NK cells can persist for up to months. How-
ever, the cells failed to suppress tumor progression
and expressed low levels of NKG2D receptor44, pos-
sibly due toKIR/KIR-Lmatching and ”self ” inhibition
signals45,46. Other factorswhich contribute to the low
antitumor effects include competition for cytokines
and Treg development47,48. Several strategies have
been proposed to improve therapeutic efficiency with
autologous NK cell therapy, including ex vivo-primed
NK cells with irradiated human feeder cell line, and
inclusion of heat shock protein 70 (HSP70) in combi-
nation with immunoglobulin G-1 (IgG1)49,50. Autol-
ogous NK cells cultured with anti-CD16 showed im-
provement in 5-year progression-free survival (PFS)
(51.1% vs. 35%, p = 0.044) and overall survival (OS)
(72.5 vs. 51.6, p = 0.037) of stage IIIA-C colon cancer
patients51. A combination of HSP70-activated autol-
ogousNK cells and anti-PD-1 antibody improved sur-
vival of patients in stage IIIB non-small-cell lung car-
cinoma (NSCLC) patients; no cancer progression was
detected out to 33 months52.
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Since the cytotoxic function of NK cells is mediated
by an inhibitory signal from KIR/KIR-L engagement,
the allogeneic approach presents KIR mismatch, thus
suppressing inhibitory signals53. Clinical studies
have demonstrated antitumor activity based on KIR-
mismatch of allogeneic NK cells. In an early study
on haploidentical hematopoietic stem-cell transplan-
tation (HSCT) for acute myeloid leukemia (AML) pa-
tients, alloreactive NK contributed to lowering the
risk of relapse, thus avoiding graft rejection with-
out graft-versus-host disease (GvHD)54–56. Further-
more, patientswho received allogeneicHSCTwere re-
ported to show NK lymphocyte reconstitution in pe-
ripheral blood. It is suggested that allogeneic NK cells
prevent GvHD through cytolytic effects on T cells
and dendritic cells (DCs), thus minimizing GvHD
symptoms. The first clinical trial by Miller in 2005
demonstrated the feasibility and safety of allogeneic
NK cell therapy for cancer patients; 5/19 patients with
poor-prognosis AML showed complete hematologic
remission without risk of severe adverse effects or
GvHD57. Haploidentical NK cells followed by IL-2
subcutaneous injection could persist up to onemonth
in patients who received prior high-dose Cyclophos-
phamide and Fludarabine (Cy/Flu) conditioning reg-
imen. Besides, a high level of endogenous IL-15 by
Cy/Flu conditioning treatment favors in vivo expan-
sion of NK cells and contributes to cancer remission
in patients. Allogeneic NK cell infusion followed by
stem cell transplantation and non-myeloablative con-
dition regimens showed potential graft-versus-tumor
(GvT) effect without toxicity 58. Following the suc-
cess of the first clinical trial, safety concerns and desire
for enhanced clinical efficacy prompted further in-
vestigations in hematological malignancies59–61 and
solid tumors, including NSCLC, ovarian, and breast
cancer62–64. Allogeneic NK cells showed antitu-
mor effects against solid tumors in a study using al-
logeneic stem cell transplantation and low-intensity
conditioning. Furthermore, the allogeneic NK cells
exhibited the ability to infiltrate tumor tissues and
cross the blood-brain barrier. In 2010, a study by Il-
iopoulou et al. showed that 2-4 doses of 2.9 x 107 NK
cells/kg/dose were well-tolerated by the stage IIIB-IV
NSCLC patients, without any symptoms of systemic
side effects or GvHD63. Moreover, among the 15 en-
rolled patients, 2 experienced partial response (PR)
and 6 had stable disease (SD), with a median follow-
up of 22 months. A study on malignant lymphoma
patients showed that 8/17 patients developed stable
disease, and 9/17 patients showed progressive dis-
ease (PD). Also, up-regulation of NKG2D on CD8+

T-cells and increase in chemokine production were

reported62. Interestingly, it was demonstrated that
higher numbers of incompatible KIR led to better PFS
in terms of clinical outcome.
Another source of allogeneic NKs for anti-cancer
therapy is the umbilical cord blood (UCB). In UCB,
NK cells account for 30% of whole blood, compared
to 10% in peripheral blood, while bearing a similar
ratio of CD56dim to CD56bright phenotype as that of
peripheral blood. Moreover, the low level of T/NKT
cells lowers the risk of GvHD. The use of UCB allows
highly efficient NK isolation from the blood by a sin-
gle step of positive selection for CD56. UCB-based
HSCT showed safety in patients with hematologic
malignancies, and donor NK cells were rapidly re-
constituted upon transplantation. A report on adop-
tive transfer of UCB-derived NK cells showed that
in 350 units of blood, researchers could select HLA-
matched UCB partially for 10 AML patients in trials
with both KIR receptor ligand mismatch and KIR B
haplotype65.
The use of UCB-NK cells lowers the risk of contami-
nation with circulating tumor cells from patients and
viral transmission from a donor. It has been re-
ported that the low production of granzyme B, per-
forin, IFN-gamma, and tumor necrosis factor (TNF)-
alpha limit the cytotoxic function of UCB-NK cells.
Upon stimulation by cytokines, such as IL-2, IL-15
and IL-18, UCB-NK cells acquired cytotoxic func-
tion66. A report on the CD56bright population of
UCB-NK cells showed that upon stimulation by IL-
2 and IL-18, there was a significant enhancement
of IFN-gamma production67. NK cells expanded
with K562-based artificial antigen-presenting cells
(aAPCs) under GMP conditions not only showed up-
regulated expression of perforin and granzyme B, but
also displayed strong cytolytic ability against multi-
ple myeloma, B-cell non-Hodgkin lymphoma, and
leukemia cancer models68–71. Using a gas-permeable
culture system following GMP compliance, NK cells
were expanded up to 2,389-fold from frozenUCB and
1848-fold from fresh UCB, yielding > 95% of the cell
population. In a study in 2017, a phase I clinical trial
recruited 12 patients with advanced myeloma and di-
vide the subjects into four cohorts for treatment with
four different dosages72. UCB was chosen based on
4/6 HLA matched loci, and NK cells were expanded
from the cryopreserved UCB under GMP conditions
in a gas-permeable bioreactor. The UCB-derived NK
cells were expanded with IL-21-expressing aAPCs in
IL-2, and after CD3-depletion, accounted for 98.9% of
the cell population prior to infusion. Patients received
lenalidomide (10 mg) and melphalan (200 mg/m2)
prior to UCB-NK treatment. Results showed that
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doses ofUCB-NKcells up to 1 x 108cells/kg/dosewere
well-tolerated, and there were no recorded toxicities
or GvHD. Moreover, 10/12 patients experienced very
good PR, with a median follow-up of 21 months. In-
terestingly, UCB-NK cells acquired the expression of
CD16, KIR, NKG2D, NKp30 and inhibitory receptor
NKG2A following in vivo infusion, thereby suggest-
ing that pre-treatment with the combination therapy
(of lenalidomide and melphalan) enhances the clini-
cal efficiency of NK cells.
On the other hand, UCB is a rich source of CD34+

hematopoietic stem cells (HSCs) and hematopoietic
progenitor cells (HPCs). CryopreservedUCB showed
no alteration in phenotype and cytotoxic function
while CD34+-derived NK cells retained their func-
tion compared to fresh UCB; moreover, upon stimu-
lation by cytokines, the latter cells expressed matured
cell markers CD16 and KIR, and exhibited strong
efficiency at killing cancer cell both in vitro and in
vivo73–75. Dolstra et al. succeeded in expanding NK
cells up to 2000-fold from UCB-CD34+ cells in clini-
cal grade conditions, reaching > 90% purity 76. UCB-
derived CD34+-NK cells first demonstrated promise
as a cellular immunotherapy in 10 old-aged patients
with a poor prognosis of AML 65. In terms of safety,
infusion of UCB-derived NK cells, with cyclophos-
phamide and fludarabine pre-conditioning, was well-
tolerated by the patients; there were no observed im-
mediate toxicities, GvHD, or cytokine release syn-
drome. Indeed, 4/10 patients experienced DFS of 60,
52, 22 and 16months, while the other 6 patients had a
median survival of 12 months. Some patients also re-
ceived non-myeloablative conditioning ofCy/Flu, and
without co-administration of exogenous IL-2. Inter-
estingly, this treatment resulted in higher endogenous
IL-15 concentration in the blood, thus favoring the
maturation of UCB-derived NK cells post-infusion,
and upregulating CD16 as well as KIR. Moreover,
there was no significant Treg proliferation in patients
followingnon-IL-2 treatment. The latter results corre-
late with other studies, particularly with in vivo stud-
ies in which co-injection of IL-15, or in combina-
tion with monoclonal antibodies, showed enhance-
ment of patient survival 73,74. A study of metastatic
colorectal cancer (mCRC)-bearing mice showed that
UCB-derived NK cells induced a significantly higher
cytotoxic effect than peripheral blood-derived NK
cells73. A combination of IL-15 andUCB-derivedNK
cells led to upregulation of CD16 and KIRs in NSG-
leukemia mouse model74,75. Data indicated that con-
ditioning regimen or co-administration of IL-15 fa-
vors maturation of UCB-derived NK cells in in vivo
conditions, thereby enhancing NK cell cytotoxicity.

Along with UCB-NK and peripheral blood-NK cells,
theNK cell line is an alternative approach that has also
been extensively studied due to availability and ac-
cessibility. Different NK cell lines have been isolated
from leukemia and lymphoma patients, and grown
in vitro77. NK-92 is the most popular NK cell line
from non-Hodgkin’s lymphoma patients. It has been
extensively studied in preclinical and clinical trials,
and approved for clinical trials by the US FDA as a
cell immunotherapy source. NK-92 cells were ex-
panded in vitro in IL-2 dependent conditions, and
scaled up in ex vivo conditions following cGMP com-
pliance78,79. These cells lacked KIR expression and
highly expressed NKG2D, resulting in KIR mismatch
and superior antitumor effect 80. Preclinical studies
showed that irradiated NK-92 is safe, without risk of
immunogenic or tumorigenic potential and GvHD.
The NK-92 cell line also possesses an antitumor ef-
fect against a broad spectrum of human cancers in
xenograft models80–83. However, these cells lacked
CD16, and thus unable to mediate cytotoxicity by the
ADCC pathway, limiting their cytotoxicity.
Several phase-I trials have demonstrated the feasibil-
ity of the NK-92 cell line for cancer treatment. Sev-
eral studies reported that infusions of irradiated NK-
92 were well-tolerated, with no long-term toxicities
recorded, and the incidence of AEs was rare82,84–86.
The studies have included advanced cancer patients,
with doses up to 1 x 1010 cells/m2 that were well-
tolerated without severe AEs. General reactions were
reported as mild and transient. Overall, severe toxici-
ties of grade 3/4 were reported. However, their fre-
quency was low. Clinical responses were reported
in some cases, even though patients were under ad-
vanced disease status. Briefly, 75% of lung cancer pa-
tients (3 of 4 patients) achieved positive clinical re-
sponse and SD, and NK-92 cells persisted in vivo in
blood up to 48 h after infusion in 2 patients 87. A re-
cent clinical study on refractory and relapsed AML
showed that although no significant clinical responses
were reported, adoptive transfer of NK-92 demon-
strated safety and potential 86. In this study, 3 of 7
patients were reported with transient activity while
no dose-limiting toxicities or grade 3-4 toxicities were
observed. Furthermore, therewas no changes in char-
acteristics/properties of the recipient’s lymphocytes
following NK-92 cell infusion. According to Clinical-
trials.gov, 14 clinical trials with NK-92 are underway,
in recruitment phase, enrollment by invitation, or ac-
tive (though not recruiting) status. There were also
three completed clinical trials with patients bearing
hematological malignancies and solid tumors. Com-
pared to autologous NK cells, NK-92 cells have the

4175



Biomedical Research and Therapy, 7(12):4170-4189

properties for ”off-the-shelf ” production. NK-92 rep-
resents a readily available source of cell and meets the
standard for a cGMP-compliant cell bank. Indeed,
primary NK cells are highly variable and inefficient to
be scaled up, while the NK-92 cell line can be scaled
up and cryopreserved for repeated transfusions.
Moreover, NK-92 cells are easily modified by genetic
engineering. Extensive studies have tried to improve
the antitumor activity of NK cells and overcome the
limitation of lack of CD16 expression88. High-affinity
NK cells (haNK), which are engineered NK-92 cells
with CD16A receptor and endogenous IL-2, have
been authorized for several clinical trials against solid
tumors35,53,80. Regarding the use of target-activated
NK or CAR-NK cells, engineered NK-92 cells have
been investigated for glioblastoma, neuroblastoma,
NSCLC, myeloma, prostate cancer, and breast can-
cer in preclinical and clinical trials. Also, anti-CD19-
NK-92 has been investigated for hematological malig-
nancies and anti-CD33 has been evaluated for AML
patients. However, NK-92 cells are derived from
lymphoma cancer cells, requiring irradiation before
transfusion to prevent their proliferation in recipients,
thus limiting their cytotoxic function and long-term
efficiency.
Both autologous and allogeneicNK cell therapies bear
different advantages and disadvantages. Both still
have potential in immunotherapy applications. Au-
tologous NK cells show safety without severe AEs.
However, their low efficacy and the possibility of con-
tamination from circulating tumor cells (CTCs) rep-
resent two major problems that need to be consid-
ered. On the other hand, allogeneic NK treatment
results in a more favorable outcome. Similarly, allo-
geneic NK cells have problems, namely that they are
linked to more AEs and potential of GvHD from T
cell contamination. Conditioning regimens and ad-
ministration of exogenous cytokines are required to
prevent rejection and long-term effects of allogeneic
NK cells. The lack of available data and controver-
sial results also limit the application of allogeneic NK
cells. However, the allogeneic approach provides an
available source of cells and the potential of an ”off-
the-shelf ” solution for immunotherapy. Overall, both
auto- and allo-NK approaches hold promise as future
platforms of immunotherapy. However, more devel-
opments are needed to enhance their therapeutic use.

CYTOKINE-INDUCED KILLER (CIK)
CELLS
Cytokine-induced killer (CIK) cells are a heteroge-
neous population derived from CD8+ T cells, and are

best known as CD3+CD56+ natural killer T (NKT)
cell phenotype. CIK cells can be easily expanded from
mononuclear cells (MNCs) from peripheral blood,
bonemarrow, or umbilical cord blood. CIK cells were
reported to show a high expansion rate and strong cy-
totoxicity compared to LAK cells89. CIK cells are ex-
panded ex vivo following the standard protocol using
anti-CD3 antibody, IFN-gamma, and IL-290. Over
14-21 days, CIK cells can expand up to 1000-fold,
and consist of two main subsets (CD3+CD56− and
CD3+CD56+), and a low level of CD3−CD56+ NK
cells. The antitumor activity of CIK cells is inde-
pendent of MHC molecule and is attributed to the
CD3+CD56+ population89,91. The cytotoxic func-
tion of CIK cells heavily depends on the expres-
sion of activating receptor NKG2D and NKG2D-
associated adaptor molecule, disulfide adaptor pro-
tein 10 (DAP10). NKG2D is upregulated in the pres-
ence of IL-2 in in vitro culture. Recently, the replace-
ment of IL-2 by IL-15 resulted in upregulatedNKG2D
expression and enhanced cytotoxic function of CIK
cells92–95. Lymphocyte function-associated antigen
1 (LFA-1) and intracellular cell adhesion molecule
1 (ICAM-1) also play important roles in mediating
the cytotoxic function of CIK cells through cell-cell
contact89,96. The cytotoxicity of CIK cells is con-
trolled via FasL, perforin/granzyme B, as well as se-
cretion of TNF-alpha and IFN-gamma97,98. Com-
pared to NK cells, CIK cells lack inhibitory recep-
tors (KIR, NKG2A/CD94) and show low expression
of NK-specific activating genes (NKp30, NKp44, and
NKp46)99. NKp30 at low density in CIK cells has
been demonstrated to play a role in the recognition
and killing of lymphoma cells in response to IL-15-
supplemented conditions100,101. Since CIK cells re-
tain expression of TCR, engagement of TCR-MHC
molecules augments the cytotoxic function of CIK
cells; in contrast, interference in TCR engagement
shows no impact 100. Several studies have focused on
improving proliferation as well as cytotoxicity of CIK
cells90,102.
In vitro studies have shown that CIK cells demonstrate
greater cytolytic effects compared to LAK cells against
different cancer cell lines, including glioma, hepato-
cellular carcinoma, ovarian cancer, cervical cancer,
lung cancer, lymphoma, primary AML, and chronic
myelogenous leukemia (CML) 90,103. Recent studies
further indicated the effectiveness of CIK cells to-
ward cancer stem cells and chemo-surviving cancer
stem cells104–106. In mouse models, CIK cell infu-
sion promoted a prolonged survival of tumor-bearing
mice. CIK cells induced minimal toxicity against

4176



Biomedical Research and Therapy, 7(12):4170-4189

hematopoietic precursors107. A study on lymphoma-
bearing mice showed that CIK cells could be detected
in the liver and spleen within 16h after infusion. CIK
cells could be detected at 72h after infusion at the tu-
mor site and persisted up to 9 days later 108. Mice re-
ceiving CIK cell infusion showed tumor regression;
with respect to survival, the mice showed no relapse
up to 6 months after infusion. In contrast, untreated
mice experienced severe PD. In 1999, the first phase
I clinical trial of autologous CIK infusion was con-
ducted in 10 patients, and demonstrated the feasibility
and safety of autologous CIK-based cell immunother-
apy. In that study, the only AE observed was grade
2 fever, which was ameliorated by the next day109.
In 2005, Thomas Leemhuis et al. conducted a phase
I study consisting of 9 relapsed lymphoma patients.
No immediate adverse reactions were recorded. In
terms of treatment outcome, 2 patients showed PR
and 2 achieved SD110. In recent years, phase III clini-
cal trials of autologousCIK cells have been conducted,
with patients receiving autologous CIK immune-cell
therapy showing improved PFS and OS. Moreover,
severe AEs were similar for both control and treated
groups, suggesting that there were no CIK-related se-
vere adverse effects 111–113. Several autologous CIK
studies have been conducted in solid and hemato-
logic malignancies, indicating the therapeutic efficacy
and safety of autologous CIK cells in high-risk pa-
tients90,99,102,103,114–117.
Since CIK cell function does not depend on MHC
recognition, approaches using allogeneic CIK cells
have been extensively studied and reported in lit-
erature. Preclinical models have demonstrated low
GvHD symptoms and potential cytolytic activity of
CIK cells in an allogeneic setting 118–120. In in vivo
mouse studies, infusion of 20 x 106 CIK cells was well-
tolerated, while infusion of 2.5x106 splenocytes led to
acute GvHD121–123. Interestingly, infused CIKs pro-
duced high levels of IFN-gamma, which prevented the
GvHD effect122,124. According to Sangiolo et al., the
CD3+CD56− population in the allogeneic CIK cells
were responsible for the GvHD effect; on the other
hand, CD3+CD56+ cells maintained their cytotoxic
function without causing GvHD118,120. Also, CIK
cells expressed lower GvHD-homed molecules and
had lower in vivo division rates, making them highly
susceptible to apoptosis than naïve splenocytes. CIK
cells also induced a lower risk of GvHD in the allo-
geneic approach.
Moreover, clinical studies have demonstrated the fea-
sibility, safety, and efficacy of allogeneic CIK cells.
The first phase I clinical trial used allogeneic CIK cells

to treat 11 patients with relapsed hematological ma-
lignancies after HSCT. CIK cell dose was up to 12.4 x
106 cells/kg125. Treatments were well-tolerated, and
no immediate adverse effects were recorded during
infusion. Among the 11 patients, 3 showed CR and
1 had SD. Acute GvHD was recorded in 4 patients;
2 of them developed chronic GvHD later. Interest-
ingly, patients who developed GvHD had the most
significant clinical responses. Following the success
of the first phase I clinical trial, several phase I/II clin-
ical studies have since been carried out to further in-
vestigate the clinical efficacy of allogeneic CIK cells in
hematological malignancies124,126,127.
Recently, a phase IIA clinical trial in 2017 evaluated al-
logeneic CIK cell therapy in 73 participants who expe-
rienced relapse after allogeneic HSCT. The treatment
scheme included donor lymphocyte infusion (DLI),
followed by allogeneic CIK infusion126. Among the
73 participants, 3 died before treatment due to dis-
ease progression and 60 patients received CIK infu-
sion, with 43 of the 60 finishing the treatment course.
Safety data indicated that allogeneic CIK administra-
tion was responsible for 4/12 cases of acute GvHD
and 11 cases of chronic GvHD (10 of which occurred
during or after finishing CIK treatment). CR was ob-
served in 19/71 (26%) patients, PR observed in 3 (4%)
patients, and SD in 8 (11%) patients. The proportion
of patients with PFS for 1 and 3 years was 31% and
29%, respectively, whereas OS was 51% and 40%, re-
spectively. A study in 2019 evaluated the efficacy of
CIK infusion compared to DLI. Allogeneic CIK cell
infusion resulted in a significantly lower risk of GvHD
than that from DLI, and CR was achieved in 68% of
patients treated with CIK therapy. Cumulative inci-
dence of relapse (CIR) in CIK-treated patients was
significantly lower than that of those receiving DLI,
even though patients with CIK treatment had higher
risk score and worse prognosis128.
In study of 303 recruited patients with six different
solid tumors, 54 were diagnosed with NSCLC and
chosen for further evaluation129. It was reported that
there was no significantly different response between
autologous and haploidentical allogeneic treatment.
The significant AEs included insomnia, fever, nausea,
vomiting, andmild abdominal pain. In the 54 patients
with stage IIIB-IVNSCLC, treatment with haploiden-
tical allogeneic CIK cells resulted in better survival
with a duration up to 48 months. The median sur-
vival time was 11 months (95% CI, 9.2-11.8 months)
compared to 8.0months (95%CI, 9.2-11.8months) in
the patient group with optimal support.
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UCB has also been harnessed as a source of allogeneic
CIK cells for clinical application. In preclinical stud-
ies, UCB-derived CIK cells showed a higher prolifer-
ation rate, with up to 500 x 106 cells per cord blood
unit. The cells were also less susceptible to apop-
tosis in response to cisplatin treatment, and showed
lower HLA expression, lower immunogenicity, and
lower incidence of GvHD130. Another study showed
that UCB-CIK cells expressed a high level of cytotoxic
markers, such as perforin, granzyme B, NKG2D, and
chemokine receptor CCR6/CCR7, as well as elevated
secretion of IL-2 and IFN-gamma130–133. A clinical
study of 5 patients with relapsed hematologic malig-
nancies after CBT demonstrated the feasibility of the
approach134. Patients receivedCB-CIK cell treatment
with a median of 1.5 x 106 cells/kg. No acute ad-
verse or delayed effects were observed, except for 1
patient with critical grade III GvHD. In another study
(in 2011), 40 Chinese patients with advanced solid
malignancies who failed the first-line chemotherapy
treatment were recruited 133. The treatment regimen
was second-line chemotherapy plus UCB-CIK and
dexamethasone. Results showed that CIK cells plus
chemotherapy significantly improved the clinical out-
come of the patients. Moreover, a longer median sur-
vival time and time to progression were achieved in
the combined treatment, without any significant CIK
cell-related AEs. It is worthy to note that patients who
developed GvHD achieved PR, which was correlated
to previous data on allogeneic CIK cells. Thus, these
data demonstrate the capability and potential of UCB-
CIK cells in future clinical applications125.
According to a report of the International Registry
on CIK cells (IRCC) in 2015, 1,520 of 2,729 total pa-
tients were enrolled in 45 studies of CIK cell treat-
ment; CIK cells were infused up to a maximal dose
of 7.7 x 109 cells per infusion, with no severe adverse
effects observed115. Fever (from 37.5oC to 40oC) was
the most common adverse effect which occurred in
40.09% of the treated patients; the other adverse ef-
fects included fatigue, headache, fever-related chills,
rash, nausea, and vomiting. In terms of PFS and OS,
19 studies with 1,135 CIK-treated patients were ac-
cessed; 15 of those studies reported that CIK treat-
ment resulted in significantly prolonged PFS and OS
compared to the control group. Furthermore, 4 out
of 5 studies reported that the quality of life (QOL)
was significantly higher, as shown by the Karnofsky
score after CIK treatment. The evaluation criteria, in-
cluding fatigue, mental health and appetite, were im-
proved in treated patients. This report also showed
that across 4 studies with a total of 52 patients treated

with allogeneic CIK transfusion, only 14 patients ex-
perienced GvHD. However, it is important to note
that these patients responded well to corticosteroids.
The database of clinical trials (http://www.clinicaltria
ls.gov) indicate that China has emerged as a country
with extensive CIK cell therapy clinical studies. More-
over, the Chinese researchers have developed a liter-
ature database, i.e. VIP database of Chinese scien-
tific and technological journals (http://oldweb.cqvip.
com), of which numerous clinical studies on CIK cells
have been included. A review in 2012 was conducted
to summarize the Chinese publications on CIK-based
clinical applications across 24 studies with 936 pa-
tients116. The available information from 14 studies
revealed the potential of CIK cells in immunother-
apy. Indeed, CIK cell treatment achieved a total RR
of 51.7% (291/563), with CR reported in 40 patients
and SD reported in 135 patients. Data on overall sur-
vival rate (OSR) was revealed in 10 different publica-
tions. Based on the data, the 1-year OSR in CIK cell-
treated patients was 72.5% (74/102), 2-year OSR was
66.3% (136/205), 3-year OSR was 75.5% (40/53), and
5-year OSR was 38.2% (42/110). According to the re-
view, AEs commonly appeared as fever; patients re-
sponded well to anti-inflammatory drugs since fever
was relieved after 24 h. Overall, patients showed im-
provement in QOLwith improved sleep, body weight,
and appetite, as well as less pain and fatigue.
In conclusion, we highlight the success of phase I and
II clinical trials using autologous and allogeneic CIK
cells derived from both peripheral blood and umbil-
ical cord blood94,114,126,127,131,135–139. Furthermore,
CIK cells can be scaled up under GMP-compliant
standards. Regarding clinical efficacy, CIK cells show
promising results in the allogeneic setting in terms
of cancer remission and safety. Several studies have
tried to optimize and standardize the treatment pro-
tocol. However, there are limitations pertaining to the
heterogeneous clinical studies, evaluation criteria of
CIK cell treatment, cell source, and matching system.
Thus, CIK cells are feasible as an ”off-the-shelf ” im-
munotherapy platform in the future.

TCR-T CELLS
T cells play a pivotal role in the human adaptive im-
mune system140. Besides their use as TILs, as men-
tioned earlier, T cells can be genetically modified ex
vivo then infused back into patients for optimal an-
ticancer effects. Engineered T cells, including TCR-
engineered T (TCR-T) cells and CAR-T cells, have
recently presented as one of the most promising im-
munotherapies against cancer141.
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The discovery of TCR in 1984 opened a new era
for several immune-related research fields, includ-
ing cancer immunotherapy142,143. TCR-T cell ther-
apy involves utilizing TCR with heterodimers com-
posed of alpha and beta chains to recognize antigenic
peptides presented by APCs via MHC molecules 144.
Naturally-occurring TCRs have a low affinity for
tumor antigens, leading to the inefficiency in tu-
mor recognition and killing145. Artificially designed
TCRs can recognize a specific target of interest with
higher affinity, resulting in amore favorable treatment
outcome. Targeted antigen recognition then provides
an activation signal via CD3 chains for T lymphocytes
to perform their antitumor function146.
One significant advantage of TCR-T cells is that they
can recognize intracellular, surface, and neo-antigens,
so long as those antigens are capable of being pre-
sented by an MHC molecule. Moreover, TCR-T cells
aremore promising thanCAR-T cells in terms of solid
tumor treatment due to better intratumoral penetra-
tion potential 147. In a systematic review by Zhang
and Wang, of 84 clinical trials of TCR-T cells, it was
demonstrated that themost targeted antigen was New
York esophageal squamous cell carcinoma (NY-ESO-
1), withmelanoma being the cancer typemost studied
(33 clinical trials). Among those trials, only 16%were
for the study of hematologicmalignancies, as the ther-
apeutic effect of TCR-T cells is predominantly strong
in solid tumors148.
On the other hand, there are disadvantages of using
TCR-T cells. These include the large potential antigen
pool, selection of specific tumor targets, and screening
for optimal TCR recognition and affinity, all of which
are labor-intensive and costly processes 147. Addition-
ally, due to the required interaction between TCR and
MHC for T cell activation, HLA alleles of the T cells
and that of the patients must be matched in order to
induce inhibition of cancer cells. If mismatch occurs,
recognition of autoantigens can lead to GvHD149.
MHC-restricted fratricide of lymphocytes and TCR-
mediated hematopoietic stem cell killing limit the
clinical use of TCR-T cells150. Autologous T cells
are a great source for TCR-T cell immunotherapy due
to the MHC-restricted antigen recognition151. How-
ever, this cell source has several limitations, such as
the compromised immune system of patients treated
with chemotherapy, high production cost, and pos-
sible manufacturing failures. Also, patients with poor
prognosis or relapsed tumor have limitedwait time for
being treated.
Off-the-shelf TCR-T cells are currently unavailable on
the market. However, scientists are still investigating
methods for expanding TCR-T cells for clinical use in

a broader spectrum of patients with more reasonable
prices and with more optimal outcomes. Given that
HLA-dependent recognition provides TCR-T cells
with a more extensive range of targets, it also presents
a primary disadvantage of TCR-T cell therapy due to
the limited patients with suitable HLA alleles. HLA-
A*0201 has been the most frequently targeted HLA
since it is most common in the Caucasian population.
The use of a total of 4 therapeutic HLA class I alleles,
including A*0201, A*0301, A*2402 and B*0702, can
cover up to more than 90% of the Caucasian popula-
tion in theUS 152. In 2009, it was reported that the use
of low-copy number retroviral vector- encoding both
siRNA-targeting endogenous TCR and also siRNA-
resistant TCR targeting human antigensMAGE-A4 or
WT1- could result in elevated expression of tumor-
specific antigen and enhanced cytotoxicity against tu-
mor cells153. Provasi et al. showed the first success-
ful gene deletion in primary T cells by ZNFs to re-
move endogenous TCR and express engineered high-
affinity TCR154. The disruption of endogenous TCR
was shown to prevent GvHD in treated patients.
Moreover, allogeneic T cells targeting minor histo-
compatibility antigen HA-1 have an advantage in
leukemia due to their restricted high expression level
in hematopoietic cells compared to nonhematopoietic
cells. Therefore, those T cells can prevent both GvHD
and off-target effects155. This method involves the
transplantation of allogeneic stem cells from an HA-1
negative donor into leukemic patients withHA-1 pos-
itivity, and HLA-A*0201 can be used for treatment
in 15 to 20% of patients156. Interestingly, Amelie
Montel-Hagen et al. showed that pluripotent stem
cells transduced with HLA-A*0201-restricted TCR
specific for NY-ESO-1 peptides could develop into
CD8+ T cells with antigen-specific cytotoxicity after
being cultured in a 3-D artificial thymic organoid sys-
tem. These cells also lacked endogenous TCR expres-
sion due to allelic exclusion, which gives the potential
for “off-the-shelf ” production of TCR-T cells157.
Additionally, it was reported by Sarah Bonte et al.
that hematopoietic stem and progenitor cells (HSPCs)
without endogenous TCR expression could be trans-
duced with antigen-specific TCR to develop into ma-
ture T cells after being cultured in an OP9-DL1 co-
culture system. These cells expressed only one HLA-
restricted antigen-specific TCR without the endoge-
nous TCR; therefore, this method is also suitable for
“off-the-shelf ” TCR-T cell production. Moreover, the
authors also noticed that HSPCs fromUCB had faster
maturation and higher cell yield compared to cells
from peripheral blood of healthy donors and cancer
patients158.
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CAR-T CELLS
CAR-T cells have recently been regarded as one of
the most prominent anticancer therapies. Four gen-
erations of CAR-T cells have been established in the
history of CAR-T cell evolution. The first genera-
tion of CAR-T cells is comprised of an extracellular
binding domain, a hinge, a transmembrane domain,
and an intracellular signaling domain (which is usu-
ally the CD3ζ chain of TCR)159,160. A single-chain
variable fragment (scFv) derived from tumor antigen-
reactive antibodies is incorporated into the extracellu-
lar binding domain. This fragment can form specific
binding to the over-expressed tumor antigen, which
presents the most important characteristic of cancer
cell-specific recognition. CD3ζ is another compo-
nent that is present in all CAR generations. In the sec-
ond generation of CAR-T cell, a co-stimulatory do-
main (such as CD28 or 4-1BB) is added to the al-
ready present CD3ζ chain in the first CAR-T genera-
tion161. This additional domain helps CAR-T cells to
improve proliferation, cytokine secretion, and in vivo
persistence. Kymriah (Novartis) and Yescarta (Kite
Pharma), produced based on this generation of CAR-
T cell development, are 2 FDA-approved cell ther-
apies for the treatment of B-cell acute lymphoblas-
tic leukemia and relapsed large B-cell lymphoma162.
The third generation of CAR-T cells utilizes multiple
costimulatory domains, e.g., CD28-41BB or CD28-
OX40. These combinations result in superior expan-
sion and longer persistence in treated patients163,164.
The fourth generation of CAR-T cells, or TRUCK T
cells, have an added transgenic cytokine and trans-
genic costimulatory ligand. The addition of cytokine
can lead tomore enhancedCAR-T activation, and can
also induce the activation of innate immune cells to
attack antigen-negative cancer cells165,166.
CAR-T cell therapy has been proven to be outstand-
ingly effective against hematological cancers in clin-
ical trials. Although autologous CAR-T cells are a
great platform for immunotherapy due to longer in
vivo persistence and absence of allogeneic reactions,
some major drawbacks include high cost for person-
alized treatment, longmanufacturing timewith possi-
ble failures, and T cell dysfunction in cancer patients.
Nonetheless, the application of ”off-the-shelf ” CAR-
T cells in the future for cancer treatment holds great
promise.
CAR-T cells can be derived from other allogeneic
sources, including peripheral blood of healthy donors,
UCB, induced pluripotent stem cells (iPSCs), or em-
bryonic stem cells (ESCs). These allogeneic cell
sources provide several benefits compared to the au-
tologous cells from cancer patients. Firstly, these

cell sources are readily available, which can speed up
the process of cell manufacturing. Firstly, patients
with advanced cancer stage who normally have lim-
ited time available for treatment can benefit from a
short period of waiting time. Secondly, doctors and
hospital technicians can establish a cell bank with dif-
ferent HLA subsets to treat the appropriate groups
of patients to minimize GvHD. Thirdly, healthy im-
mune cells harvested from healthy donors can be su-
perior in cell function because they were not affected
by chemotherapeutic agent treatment or dysregulated
by tumor cells. Moreover, experts can select the donor
with a suitable immune cell profile and health condi-
tion for optimal treatment outcome, based on quality
control of the donor blood.
Transplantation of CAR-T cells derived from UCB is
associated with lower chronic and acute GvHD, espe-
cially when an HLA-matched donor is not available.
Thus, this treatment is urgently needed 167. More-
over, Julian Kwoczek et al. reported that T cells gen-
erated fromUCB express a naive phenotype and show
improved homing ability, which possibly contributes
to the decrease in alloreactivity of transplantation168.
Besides, it has been reported that UCB-derived T cells
express decreased nuclear factor of activated T cells-1
(NFAT1) expression, leading to reduced incidence of
GvHD169.
Additionally, iPSCs can be utilized for CAR-T cell
generation170. Allo-rejection of CAR-T transplanta-
tion can be minimized by using a bank of iPSC line
with common HLA haplotypes. Moreover, gene edit-
ingmethods, such as CRISPR-Cas9, can be used to re-
move the TCR gene to avoid GvHD. The established
product is homogenous since it is derived from one
master iPSC line, potentially improving the safety and
efficacy of treatment.
GvHD is one of the most potential risks that must be
prevented in allogeneic CAR-T cell transplantation.
It has been reported that alloreactive αβ T cells are
responsible for both acute and chronic GvHD171,172.
Several strategies have been developed to minimize
the risk of GvHD to enable the use of allogeneic CAR-
T cells in ”off-the-shelf ” immunotherapy approaches.
In patients who have relapsed cancer after stem cell
transplantation, using CAR-T cells derived from the
original donors presents a method to eliminate the
risk of GvHD173. Another approach is utilizing virus-
specific memory T cells to treat Epstein-Barr virus-
associated cancers. This treatment type can reduce
GvHD potential and is now under investigation in
both preclinical and clinical settings174. Addition-
ally, the concept of integrating CAR into another cell
type instead of αβ T cells has been widely studied
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by several research groups. NK cell, a cell type with
well-known anticancer activity, is inactivated in sev-
eral cases of cancer patients. Engineering a CAR onto
NK cells can strengthen their cytotoxicity against can-
cer cells175. As with NK cell therapy, the NK92 cell
line can also be used as a target for CAR transfection
under GMP conditions87. Also, cord blood-derived
NK cells have been engineered to express IL-15 and
CD19-targeted CAR, leading to prolonged survival
in the human body and enhanced anticancer activ-
ity 176. Another cell type that can be used is T lym-
phocytes expressing NK cell markers, i.e. NKT cells.
A small subset of this cell type is called invariant NKT
(iNKT) cells, which have the ability to regulate var-
ious immune responses, including acute GvHD177.
Indeed, iNKT cells can be modified to express CD19-
targeted CAR and have been shown to exert cytotoxi-
city against lymphoma cells in preclinical models178.
One potential cell type to be engineered with CAR is
the γδ Tcell. As previouslymentioned cells, γδ Tcells
are also capable of killing tumor cells, and they differ
from αβ T cells in terms of their MHC-unrestricted
anticancer mechanism179.
Furthermore, macrophages, a composition of the in-
nate immune system, have been proven to be able to
carry antibody-directed CAR to kill cancer cells with-
out causing GvHD180. In order to prevent GvHD dis-
ease, another method that is under investigation is
eliminating TCR in αβ T cells.
As previously mentioned, TCR in αβ T cells is the es-
sential factor modulating GvHD response after trans-
plantation. Although John S. Bridgeman et al. re-
ported that TCR is required for the optimal response
of CAR-T cells, Hiroki Torikai et al. have demon-
strated the opposite 181. Briefly, Torikai et al. de-
scribed that using Sleeping Beauty and zinc finger nu-
cleases gene editing system, α and β TCR chains can
be deleted to prevent GvHD. Together with the ad-
dition of CD19-targeted CAR, these CAR-T cells re-
tained their specific cytotoxicity against CD19+ can-
cer cells. The genome editing tools, including TALEN
andCRISPR, allow the knockout of endogenous TCR,
which can prevent GvHD, and of CD52, which is im-
portant for tolerance against lymphodepleting agent
Alemtuzumab after allogeneic stem cell transplanta-
tion180. In an article published in Nature in 2017,
Justin Eyquem et al. reported a strategy, incorporat-
ing CAR construct into the TRAC locus by CRISPR-
Cas9, to introduce CAR and to inactivate TCR at the
same time. This approach also minimizes the muta-
genesis caused by false insertion and can be a great

candidate to develop ”off-the-shelf ” CAR-T cell im-
munotherapy182. The first clinical trial result us-
ing TALEN-edited CAR-T cells in B-cell acute lym-
phoblastic leukemia (ALL) was reported by Waseem
Qasim et al.183. In this study, 2 patients with re-
lapsed refractory CD19+ B-cell ALL received lym-
phodepleting chemotherapy, anti-CD52 serotherapy,
and a single-dose of allogeneic CD19 CAR-T cells.
Both patients achieved molecular remission without
significant GvHD. In another preliminary report of
allogeneic CD19 CAR-T cell clinical trial, 5 out of
6 pediatric patients and 8 out of 10 adult patients
achieved complete remission. Importantly, no GvHD
was observed in any of the patients184.

CONCLUSION
”Off-the-shelf ” cell immunotherapy has opened a new
era for the treatment of cancer patients. Since the be-
ginning of immune cell therapy, a personalized ap-
proach has been well-practiced in clinics. However,
due to the enormous amount of time and resources
needed for preparation, this effective anticancer strat-
egy has not reached many cancer patients. ”Off-the-
shelf ” cell therapy outweighs personalized therapy in
terms of availability, accessibility, cost-effectiveness,
and technical simplicity. Several aspects of ”off-the-
shelf ” immunotherapy still present some challenges,
including ex vivo cell expansion, survival and prolif-
eration of cells after Infusion, GvHD-inducing poten-
tial, and consistent manufacturing processes. With
all the advantagesmentioned above for “off-the-shelf ”
cell immunotherapy, there is great potential and need
for scientists and pharmaceutical companies to work
in cooperation to advance this revolutionized therapy
and make it available to cancer patients worldwide in
the future.

ABBREVIATIONS
ACT: Adoptive cell therapy
AE: Adverse event
ALL: Acute lymphoblastic leukemia
AML: Acute myeloid leukemia
APC: Antigen presenting cell
aAPC: Artificial antigen-presenting cell
CAR: Chimeric antigen receptor
CBI: Checkpoint-blockade Immunotherapy
CIK: Cytokine-induced killer
CML: Chronic myelogenous leukemia
CR: Complete regression
CTL: Cytotoxic T lymphocyte
CTLA-4: Cytotoxic T-lymphocyte-associated protein
4
Cy: Cyclophosphamide
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Flu: Fludarabine
DAP10: Disulfide adaptor protein 10
DC: Dendritic cell
DFS: Disease-free survival
DLI: Donor lymphocyte infusion
FDA: Food and Drug Administration
GMP: Good manufacturing practice
GvHD: Graft versus host disease
GvT: Graft versus tumor
HLA: Human leukocyte antigen
HPC: Hematopoietic progenitor cells
HSC: Hematopoietic stem cells
HSCT: Hematopoietic stem-cell transplantation
IFN: Interferon
IL: Interleukin
KIR: Killer-cell immunoglobulin-like receptors
KIR-L: Killer-cell immunoglobulin-like receptors -
ligand
LAK: Lymphokine-activated killer
MHC: Major histocompatibility complex
MNC: Mononuclear cell
NK: Natural Killer
NKG2D: Natural killer group 2D
NKT: Natural killer T cell
OR: Objective response
OSR: Overall survival rate
PD: Progressive disease
PD-1: Program cell death protein 1
PD-L1: Programmed death-ligand 1
PFS: Progression-free survival
PR: Partial response
QOL: Quality of life
RR: Response rate
SD: Stable disease
TAA: Tumour-associated antigen
TBI: Total body irradiation
TCR: T cell receptor
TIL: Tumor-infiltrating lymphocyte
UCB: Umbilical cord blood
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