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A B S T R A C T

Adoptive cellular therapy (ACT) is an immunotherapy which involves the passive transfer of lymphocytes into a
lymphodepleted host after ex vivo stimulation and expansion. Tumor-infiltrating lymphocytes (TILs) have shown
objective tumor responses mainly restricted to melanoma and rely on a laborious manufacturing process. These
limitations led to emergence of engineered cells, where normal peripheral blood lymphocytes are modified to
express T cell receptors (TCRs) or chimeric antigen receptors (CARs) specific for tumor-associated antigens
(TAAs). To date, CD19-targeted chimeric antigen receptor T (CAR T) cells have been the most extensively
studied, showing complete and durable responses in B-cell malignancies. Antitumor responses with engineered T
cells have often been accompanied by undesired toxicities in clinical trials including cytokine release syndrome
(CRS) and neurotoxicity. In this review, we provide an overview of adoptive cellular strategies, early and on-
going clinical trials, adverse events and strategies to mitigate side effects and overcome limitations.

1. Introduction

Despite breakthrough in advanced cancer treatment, cancer-related
mortality remains high. In recent years, cancer immunotherapy has
emerged as the fifth pillar of cancer therapy alongside surgery, che-
motherapy,radiotherapy and targeted therapy. Current im-
munotherapeutic strategies are designed to overcome the limitations of
host immune responses and include cancer vaccines, checkpoint in-
hibitors and adoptive cellular therapy. Adoptive cellular therapy (ACT)
is based on the transfer of lymphocytes into the human tumor host after
their ex vivo stimulation and expansion. ACT will be the focus of this
review.

2. History of cellular therapy

The notion of injecting cellular material into a human body dates to
1889, when Brown-Séquard injected himself with animal-derived tes-
ticular extracts in attempts for rejuvenation (Brown-Séquard, 1889). In
the 1930s, Paul Niehans performed intramuscular injections of live cells
harvested from different species including cow and sheep embryos
(Stambler, 2014). In 1968, the first successful non-twin human bone
marrow transplantation (BMT) was performed in Minnesota and this
remains an integral part of hematologic malignancy treatment at pre-
sent. The success of this application has fueled stem cell and cellular
therapy research in the last few decades giving birth to ACT.
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3. Cancer immunity and immunotherapy

The development of cancer immunotherapy is based on the central
role that the adaptive immune system plays in antitumor immunity. In
2002, the “cancer immunoediting”model was introduced by Dunn et al,
which is a process composed of three stages: elimination, equilibrium
and escape (Dunn et al., 2002). The elimination phase involves the
destruction of neoplastic cells by effector cells. The equilibrium phase
refers to an equilibrium state between the immune system and tumor
cells which escaped elimination, where selection pressure is exerted
leading to emergence of mutations and immune escape. These cells
proliferate to form tumors in the escape phase (Dunn et al., 2002). At
the cellular level, the steps leading to immune destruction are described
by the “cancer immunity cycle” by (Chen and Mellman (2013)). Tumor
antigens released into the microenvironment are picked by antigen-
presenting cells (APCs) and presented on major histocompatibility
complex (MHC) molecules after intracellular processing. APCs traffic to
lymph nodes and prime tumor-specific T cells, which differentiate into
effector T cells. Effector cells migrate to the tumor bed and bind to
tumor antigens specifically, leading to tumor cell destruction and re-
lease of new antigens thus perpetuating the cycle (Chen and Mellman
(2013)). In ideal conditions, these steps are expected to result in tumor
eradication. However, there are several tumor and host-driven factors
which enable immune escape. These include immunosuppressive cells
like regulatory T cells (T regs) and myeloid-derived suppressor cells
(MDSCs), expression of inhibitory molecules and release of inhibitory
cytokines, defective antigen processing or presentation and T cell ex-
haustion (Vinay et al., 2015). In addition, central tolerance mechanisms
cause deletion of high affinity antitumor T cells, leaving behind lower
affinity T cells. This understanding has fueled the development of im-
munotherapeutic approaches targeting different steps of the immune
cycle. Among the earliest forms were bacterial injections by William
Cooley (Nauts et al., 1946). More recent forms include the intravesical
Bacillus Calmette–Guérin (BCG) injection for bladder cancer (Morales
et al., 1976), immune-stimulatory cytokines like interleukin (IL)-2
(Yang et al., 2003; Atkins et al., 1999), interferon (INF)-α (Fossa, 2000),
and IL-15 (Conlon et al., 2015) for metastatic renal cell carcinoma and
melanoma, dendritic cell vaccines, among which Sipuleucel-T is ap-
proved for prostate cancer (Tagliamonte et al., 2014), and checkpoint
inhibitors. Finally, a new era of cancer immunotherapy started with use
of specific antitumor T cells which are injected directly into the tumor
host.

4. Adoptive cellular therapy

4.1. Introduction to adoptive cellular therapy

ACT relies on the intravenous infusion of lymphocytes into a human
host, after their stimulation and expansion in vitro, to achieve an an-
titumor effect. While dendritic cell-based vaccine rely on triggering
endogenous host defenses, ACT involves the passive transfer of antigen-
specific effector cells. Allogeneic hematopoietic stem cell transplanta-
tion (HPSCT) and donor lymphocyte infusions (DLIs) are among the
earliest applications of ACT, where infused hematopoietic stem cells
(HSCs) and mature donor lymphocytes mediate a graft versus leukemia
(GVL) effect (Weiden et al., 1979; Porter et al., 1999). However, both
forms lack tumor-antigen specificity and are associated with graft-
versus-host disease (GVHD). ACT currently encompasses a wide range
of approaches mainly in the form of cytokine-induced killer (CIK) cells,
tumor-infiltrating lymphocytes (TILs), T cell receptors (TCRs) and chi-
meric antigen receptor (CAR) T cells (Fig. 1A). TILs are naturally oc-
curring intratumor T lymphocytes isolated from resected tumor frag-
ments and reinfused into the host, along with IL-2, after pretreatment
with a lymphodepleting regimen. Alternatively, peripheral blood
mononuclear cells (PBMCs) can be engineered to express antigen-spe-
cific TCRs or CARs. The CAR construct is a hybrid molecule composed

of an immunoglobulin-derived extracellular domain and TCR-derived
intracellular domain (Feldman et al., 2015).

4.2. Effector cells for adoptive cellular therapy

ACT approaches differ in the effector cells employed, and include
CD4+T cells, CD8+T cells (Hunder et al., 2008; Mackensen et al.,
2006; Yee et al., 2002), CIK cells and natural killer (NK) cells. The
differentiation state of engineered T cells has been shown to influence
antitumor responses. Resting T cells exist in several forms including
naïve (Tn), stem cell memory (Tscm), central memory (Tcm) and ef-
fector memory T (Tem) cells. These subsets proliferate and differentiate
into effector T (Teff) cells upon stimulation (Hinrichs et al., 2009;
Chang et al., 2014). Use of the less differentiated Tn, Tscm and Tcm
cells, has shown superior outcomes in vivo through enhanced pro-
liferation, delayed senescence and prolonged cytokine production
(Bonini and Mondino, 2015). These observations led to efforts in ma-
nipulating molecular pathways, mainly PI3K-Akt-mTOR and wnt-β ca-
tenin pathways to generate these less differentiated forms (Kim et al.,
2012; Gattinoni et al., 2010).

4.3. Antigen targets in adoptive cellular therapy

Many tumor-associated antigens (TAAs) have been identified as
targets for ACT. In general, target antigens include non-mutated self-
proteins which are overexpressed on tumors, cancer testis (CT) anti-
gens, and mutated proteins selectively expressed on tumors. CT anti-
gens are restricted to germ line cells and trophoblastic tissue in adults.
CT genes have been classified into 3 categories: testis-restricted, testis/
brain-restricted, and testis-selective which are expressed on normal
adult tissue as well (Hofmann et al., 2008). CT antigen expression has
been found in many tumors including melanoma, synovial cell sarcoma,
lung, hepatocellular, germ cell and gastric cancers (Hofmann et al.,
2008). Their restriction to immune-privileged sites makes them at-
tractive targets in ACT. NY-ESO-1 and MAGE-A are two examples of
testis-restricted antigens. Mutated gene products in melanoma have
also been found to be targets for TILs. In addition, cancer-associated
viruses like EBV and HPV can serve as targets for engineered T cells
(Houot et al., 2015). To date, CD19, a surface molecule expressed on
precursor and mature B cells, has been the most extensively studied
target for B-cell malignancies. Its expression on normal B cells accounts
for B-cell aplasia as a toxicity of CD19-CAR T cells observed in clinical
trials (Park et al., 2016).

5. Cytokine-induced killer (CIK) cells

CIK cells were first introduced in 1991 by (Schmidt-Wolf et al.
(1991)). These are CD3+CD56+ cytotoxic effector cells derived from
in vitro culturing of PBMCs with INF-γ, an anti-CD3 monoclonal anti-
body (OKT-3) and human recombinant IL-2 (Introna et al., 2006). They
represent a distinct population of cells with mixed T cell and NK cell
phenotypes, possessing both antigen-specific binding and NK-like cy-
totoxicity. They have several advantages including, ease of preparation,
non-MHC restricted killing, direct tumor homing, and sparing of normal
tissue (Introna, 2017). CIK cells have shown objective tumor responses
in both hematological and solid tumors with minimal side effects
(Schmeel et al., 2015). Clinical trials using CIK, as monotherapy or in
combination with other immunotherapies, are ongoing to further de-
lineate their efficacy (Supplementary Table 1).

6. Tumor-infiltrating lymphocytes (TILs)

6.1. Tumor-infiltrating lymphocytes therapy

TILs are lymphocytes, including B and T lymphocytes, found in the
tumor microenvironment and exert antitumor activity. T cells express
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tumor antigen-specific TCRs and exert cytotoxic activity through in-
teractions between the TCR and tumor antigens bound to MHC class I.
TILs are often “exhausted” or functionally impaired due to chronic
antigenic stimulation. Therefore, techniques were developed to re-
activate them. This was pioneered by Rosenberg et al. in 1988 at the
National Cancer Institute (NCI) surgery branch, where autologous TIL
were isolated from resected tumor fragments, expanded several weeks
in culture and re-infused, in combination with IL-2, in 20 patients with
metastatic melanoma after pretreatment with cyclophosphamide.
Tumor regression was observed in 40–60% of cases and lasted from 2
months to more than 13 months (Rosenberg et al., 1988). Subsequent
trials manipulated the host environment through pretreatment with
lymphodepleting regimens. In a study by Dudley et al., lymphodeple-
tion with cyclophosphamide and fludarabine prior to TIL transfer led to
objective clinical responses in 18 of 35 (51%) patients with metastatic
melanoma, including 3 complete responses. Treatment resulted in au-
toimmune attack on normal melanocytes, manifesting as vitiligo and
anterior uveitis in 17 patients (Dudley et al., 2005). This was followed
by 2 sequential phase II clinical trials showing that addition of total-
body irradiation (TBI) was superior to non-myeloablative (NMA) che-
motherapy alone. The objective response rate (ORR) increased from
49% with NMA chemotherapy with cyclophosphamide and fludarabine,
to 52% and 72% with addition of 2 and 12 Gy of TBI respectively
(Dudley et al., 2008). Of the 93 patients treated, 20 had complete tumor
regression (22%), ongoing beyond 3 years in 19 of them (Rosenberg
et al., 2011). Clinical response strongly correlated with increased tel-
omere length of infused TILs, which reflected higher replicative po-
tential. In another study of TILs in patients with metastatic melanoma,
no differences in telomere length were found between responders and
non-responders. However, clinical response was associated with higher
infused TILs, increased number and percentage of CD8+T cells in the
infused product, and Teff and BTLA phenotypes (Radvanyi et al., 2012).
Enhanced responses seen with intensifying preparative regimens has
been explained by several factors including: 1) Decreased levels of host
immune suppressive cells like Tregs (Yao et al., 2012), 2) increased

availability of homeostatic cytokines, by depleting endogenous lym-
phocytes which otherwise act as cytokine sinks (Dudley et al., 2008),
and 3) activation of the innate immune system which augments adop-
tively transferred T cell activity. In attempts to simplify the TIL pre-
paration and decrease culture time, a minimally manipulated, CD8+
enriched “young TIL” product was studied. This product was made of
bulk lymphocytes unselected for tumor reactivity. Objective tumor re-
gression was seen in 48% to 58% of patients. Table 1 shows ongoing
clinical trials utilizing TILs. TILs have mostly been studied in melanoma
patients (NCT 00513604, NCT 01369875, NCT 01814046, NCT
01,005,745, NCT 00096382, NCT 00314106, NCT 0118091, NCT
01,701,674). A more comprehensive list of ongoing TIL studies are
found in Supplementary Table 2.

6.2. Obstacles to TIL therapy

This approach is limited by several tumor and host related factors. It
requires the presence of an immunogenic tumor which is amenable for
resection and a suitable host able to tolerate lymphodepletion and
withstand the delay associated with TIL preparation. In addition, the
process is expensive, laborious, and relies on specialized laboratories.
Most importantly, this approach requires the presence of preexisting
TIL in the tumor microenvironment (Ruella and Kalos, 2014). Although
TILs have been cultured from several tumors, only those derived from
melanoma specimens have displayed cytolytic activity (Yannelli et al.,
1996). This likely explains why the success of TILs has been mostly
restricted to melanoma. Furthermore, endogenous antitumor T cells are
usually of lower affinities, due to thymic deletion of higher affinity cells
(Oates and Jakobsen, 2013).

7. Engineered t cells: TCRs and CAR T cells

The limitations of TILs have led to the introduction of engineered T
cells, where normal PBMCs are genetically modified to express TCRs or
CARs specific for TAAs. Transduction, the process by which foreign

Fig. 1. A:Adoptive cellular therapy strategies: The main ACT approaches are TIL, TCR T and CAR T cells. TIL: TILs are isolated from tumor fragments, then expanded
in vitro and re-infused into a tumor host after lymphodepletion. TCR T and CAR T cells: lymphocytes are isolated from the patient’s peripheral blood, and genetically
engineered to express a tumor-specific TCR or CAR using viral or non-viral transduction. TCR/CAR T cells are then expanded in vitro and infused into a tumor host
after lymphodepletion. Abbreviations: ACT: adoptive cellular therapy, TIL: Tumor-infiltrating lymphocytes, TCR: T-cell receptor, CAR: Chimeric antigen receptor.
B:T-cell receptor complex: The TCR complex is made of TCR alpha and beta chains, zeta chain accessory molecules, and CD3γ chain, CD3δ chain, and two CD3ε
chains. Abbreviation: TCR: T cell receptor. CD3: cluster of differentiation 3. C:CAR T cell generations: CAR generations are distinguished by their intracellular
signaling domains. First-generation CARs are made of a TCR-derived CD3ζ intracellular signaling domain. Second-generations CARs are composed of CD3 and one
costimulatory domain like CD28, 4-1BB (CD137) or OX40 (CD134). Third-generation CARS are composed of CD3 and 2 costimulatory domains. Abbreviations: CAR:
chimeric antigen receptor. CD3: cluster of differentiation 3.
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DNA is introduced into a cell, includes viral and non-viral based stra-
tegies. Gamma retroviruses and lentiviruses are the main viruses used
for transduction, with lentiviral vectors having the added capacity of
integrating into non-dividing cells and delivering larger DNA sequences
(Kalos and June, 2013). Foamy viral vectors were also introduced as an
attractive approach with enhanced integration capacity and lack of
pathogenicity in humans (Williams, 2008). On the other hand, non-viral
approaches include transposons such as sleeping beauty and piggyBac,
and RNA electroporation (Zhao et al., 2010).

7.1. T cell receptors (TCRs)

TCRs are T cells engineered to express a tumor antigen-specific T
cell receptor (Fig. 1B). The TCR gene is usually cloned from TAA-spe-
cific TCR genes found in TILs or PBMC or cloned from TAA-specific TCR
genes generated by immunizing human leukocyte antigen (HLA)-I/II
transgenic mice. These genes are then transduced into PBMCs, which
are expanded in vitro and infused into a cancer host pretreated with a
lymphodepleting regimen (Feldman et al., 2015). TCRs bind to antigens
in an MHC-restricted manner, and thus require intact antigen proces-
sing mechanisms. However, this allows the targeting of intracellular
antigens. One of the earliest reports on the use of TCRs was provided by
Morgan et al (Morgan et al., 2006). Engineered T cells expressing a TCR
targeting MART-1 antigen, were generated by cloning genes from TILs
of melanoma patients and transducing them into autologous PBMCs
using a retroviral vector. Adoptive transfer of this product into 15 HLA-
A*0201 lymphodepleted patients with melanoma resulted in objective
tumor regression in 2 patients, with circulating cells persisting 1 year
after infusion (Morgan et al., 2006). In another study, greater responses
were achieved by using higher avidity TCRs. 36 patients with meta-
static melanoma were treated with either human TCRs targeting the
MART-1:27-35 epitope (20 patients) or TCRs targeting the gp100:154-
162 epitope generated by immunizing HLA-A2 transgenic mice (16
patients). Cancer regression was seen in 30% and 19% of cases re-
spectively. Rates of ocular toxicity and ototoxicity were higher than
those seen with TILs (41.7% vs 1.1–6.5%), hinting that these antigens
may not be the main targets for TIL based therapies (Johnson et al.,
2009). TCRs specific for TAAs in other tumors have also been studied.
In a report by Parkhurst et al, 3 patients with refractory metastatic
colorectal cancer were treated with autologous lymphocytes expressing
murine anti-carcinoembryonic antigen (anti-CEA) TCRs (Parkhurst
et al., 2011). Only 1 patient had tumor regression and all 3 patients
experienced a dose-limiting severe transient inflammatory colitis
(Parkhurst et al., 2011). In both these studies, toxicities related to
shared antigen expression on normal tissue was seen, highlighting the
need to target antigens not found on normal tissue or restricted to non-
vital organs. This makes CT antigens attractive targets. In a study by
Robbins et al, TCRs targeting the CT antigen NY-ESO6 yielded objective
clinical responses in 11 of 18 patients with metastatic synovial cell
sarcoma and in 11 of 20 melanoma patients. No TCR-related toxicities
were seen (Robbins et al., 2015). Results of early phase studies on TCRs
have just started to come out. A phase I/II study which enrolled patients
with HPV-16 positive (oropharyngeal, vaginal cervical, anal and penile)
cancers utilizing TCR targeting HPV-16 E6 has reported an ORR of 17%
(NCT 02,280,811). Table 2 shows select ongoing clinical trials utilizing
TCR. A more comprehensive list of ongoing TCR studies are found in
Supplementary Table 3.

7.2. Chimeric antigen receptor (CAR) T cells

CAR T cells are T lymphocytes engineered to express a CAR which
targets a tumor antigen specifically. The concept of CARs was first in-
troduced in 1989, where a chimeric-T cell receptor was generated by
fusion of the TCR constant domain and an antibody’s variable domain
(Gross et al., 1989). CAR T cells are composed of an antigen-binding
extracellular domain which is derived from a single chain variableTa
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segment (ScFv) of an immunoglobulin, a hinge or spacer domain, a
transmembrane domain and an intracellular domain. The composition
of the intracellular domain distinguishes the different CAR generations
(Fig. 1C). First-generation CARs include the TCR-derived CD3ζ in-
tracellular signaling domain only. To amplify in vivo antitumor re-
sponses, the intracellular domain was modified to include one costi-
mulatory domain in second-generation CARs, mainly CD28 (Savoldo
et al., 2011), 4-1BB (CD137) (Song et al., 2011), or OX40 (CD134) (Pule
et al., 2005), and 2 costimulatory domains in third-generation CARs (Li
and Zhao, 2017; Till et al., 2012). Fourth-generation CARs also in-
corporate a promotor that leads to cytokine production upon CAR T cell
activation (Wang et al., 2014). In addition to T cells, NK cells have also
been engineered to express CARs. Unlike TILs and TCRs, CAR T cells
recognize antigens independent of MHC presentation, bypassing the
need for HLA matching. In addition, this enables them to overcome
tumor resistance mechanisms such as MHC downregulation and de-
fective antigen processing (Ruella and Kalos, 2014). CAR T cell targets
can be proteins, carbohydrates or gangliosides. Unlike TCRs, CAR T
cells only target cell-surface antigens. Although their antibody-derived
extracellular domains protects them from central tolerance mechan-
isms, these same domains may subject them to host immune responses
(Kalos and June, 2013).

7.2.1. CAR T cell therapy for hematologic malignancies
One of the earliest reports on the safety of CAR T cells in hemato-

logic malignancies was provided in a proof of concept trial by Till et al.
in 2008 (Till et al., 2008). First-generation CD20-specific CAR T cells
were generated by transfection of PBMCs with a CAR-encoding DNA
plasmid. This product was transferred with IL-2 to 7 patients with re-
lapsed/refractory (R/R) B-cell non-Hodgkin’s lymphoma (NHL) and
mantle cell lymphoma (MCL). One of five evaluable patients had partial
responses (PRs) lasting 3 months. Other than IL-2 related grade 1–2
toxicities, no toxicities related to the infusions were seen (Till et al.,
2008). The same group subsequently tested a third-generation construct
targeting CD20. 1 of 3 treated lymphoma patients had evaluable disease
and had PR lasting 12 months. Treatment was well tolerated (Till et al.,
2012). To date, the most promising results have been with anti-CD19
CAR T cells in B-cell malignancies. The earliest reports were by Ko-
chenderfer et al., where dramatic partial remission lasting 32 weeks
was achieved in a patient with advanced stage follicular lymphoma (FL)

pretreated with cyclophosphamide and fludarabine (Kochenderfer
et al., 2010). A subsequent study by Kochenderfer et al showed efficacy
of anti-CD19 CAR T cells in diffuse large B-cell lymphoma (DLBCL). 15
Patients with B-cell malignancies received a conditioning che-
motherapy regimen of cyclophosphamide and fludarabine followed by
a single infusion of anti-CD19 CAR T cells. 8 patients achieved complete
remissions (CRs) and 4 achieved PRs. CRs were obtained by 4 of 7
evaluable patients with chemotherapy-refractory DLBCL and the re-
sponses persisted 9–22 months (Kochenderfer et al., 2015). Anti-CD19
CAR T cell therapy also showed promising results in chronic lympho-
cytic leukemia (CLL) (Kalos et al., 2011; Porter et al., 2015). The suc-
cess of anti-CD19 CAR T cell therapy was extrapolated to B-cell acute
lymphoblastic leukemia (B-ALL). In a study by Brentjens et al, 5 pa-
tients with relapsed B-ALL with morphologic disease or minimal re-
sidual disease (MRD), were infused with second-generation anti-CD19
CAR T cells following cyclophosphamide conditioning. All patients
achieved MRD-negative CRs. Eligible patients underwent transplant,
thus hindering evaluation of response duration. Cytokine-induced
toxicity was associated with tumor burden upon infusion (Brentjens
et al., 2013). In another study, Maude et al evaluated a CD19-directed
CAR T cell (CTL019) generated using a lentiviral vector. This study also
showed unprecedented promising results. CR was attained in 90% (27
patients) with an overall survival (OS) of 78% in 30 pediatric and adult
patients with heavily pretreated relapsed or refractory acute lympho-
blastic leukemia (ALL). All patients developed cytokine release syn-
drome (CRS), which correlated with tumor burden. Severe CRS (27% of
the patients) was managed effectively with tocilizumab, a humanized
monoclonal antibody against the interleukin-6 receptor (IL-6R) (Maude
et al., 2014). Subsequently, results from the multicenter, single-arm
phase II ELIANA trial were reported. This was the first pediatric and
young adults’ global CAR T cell therapy registration trial examining
anti-CD19 CAR Ts with CD3ζ and 4-1BB domains (tisagenlecleucel). In
this study, 68 patients were infused and 63 were evaluable for efficacy.
Results showed CR of 83%. 49% of patients experienced grade 3 or 4
CRS. Therefore, tisagenlecleucel was granted FDA approval for relapsed
or refractory B-cell precursor ALL and DLBCL through the Risk Eva-
luation and Mitigation Strategy (REMS), only at facilities that have
achieved special certification with staff trained to recognize and
manage adverse events and with immediate availability of tocilizumab
(NCT 02,228,096) (KYMRIAH, 2019). An updated analysis of the

Table 2
Ongoing trials for tumor-infiltrating lymphocytes (TILs). Abbreviations: TIL: tumor-infiltrating lymphocyte, CP: cyclophosphamide, fludara: fludarabine, IL-2: in-
terleukin-2, pembro: pembrolizumab, RT: radiation therapy, ipi: ipilimumab, ACT: adoptive cellular therapy, TBI: total brain irradiation, Nivo: nivolumab, durva:
durvalumab, NSCLC: non-small cell lung cancer, HNSCC: head and neck squamous cell carcinoma, HCC: hepatocellular carcinoma, AE: adverse events, RR: response
rate, OS: overall survival, ORR: objective response rate, CRR: continuous complete remission, DoR: duration of response.

NCT# Phase Intervention Condition Outcome Measures Number to be
enrolled

Solid tumors
01369875* 2 TIL Melanoma Clinical tumor regression, AE 2
01814046* 2 TIL Ocular melanoma ORR, AE 24
00091104 1 CP+ fludara followed by vaccine, gene-modified

WBC, aldesleukin
Melanoma Safety, tumor regression, in vivo survival of

transplanted cells, clinical response
136 (NCI)

02621021 2 TIL+ IL-2 either alone or following pembro Melanoma RR, AE, OS 170 (NIH)
01,005,745* NA Lymphodepletion+ACT w high dose IL-2 Melanoma TIL growth, ORR 19
00096382* 2 Aldesleukin, filgrastim, TIL, CP, fludara, RT Melanoma Clinical tumor regression, safety 34
00314106* 2 Chemotherapy, RT, cell infusion and IL-2 Melanoma CRR, AE 26
01118091* 2 Aldesleukin, CD8+ young TIL Melanoma RR, PFS, toxicity 12
01,701,674* NA Ipi, lymphodepletion, ACT, high dose IL-2 Melanoma DLT, feasibility, ORR, PFS 13
00513604* 2 Aldesleukin, autologous lymphocytes, CP, fludara,

TBI
Melanoma Clinical response, toxicity 158 (NIH)

03215810 1 Nivo and TIL NSCLC DLT, ORR 18
03419559 2 LN-145, autologous TIL +/- durva NSCLC ORR, AE, DoR 24
03083873 2 LN-145, autologous TIL HNSCC ORR, AE, CRR 47
01585428* 2 TIL for HPV cancers Oropharyngeal, cervical, vaginal,

anal, penile cancer
ORR, AE 29

01174121 2 TIL for metastatic cancer Colorectal, gastric, pancreatic,
HCC, glioblastoma

Tumor regression rate, AE, safety and
efficacy of pembro following TIL

332 (NIH)
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ELIANA trial showed durable remissions. Among 75 patients infused
with tisagenlecleucel, OS was 90% and 76% at 6 and 12 months re-
spectively. 77% of patients experienced CRS. 40% had neurologic
events which were managed supportively (Maude et al., 2018). In the
ZUMA-1 study, axicabtagene ciloleucel (axi-cel), another CD19-tar-
geted CAR T was used to treat 101 DLBCL patients with refractory
disease or relapse within one year after autologous HPSCT. This phase II
study reported 82% ORR including 54% CR and 52% OS at 18 months.
3 patients died during treatment. CRS and neurologic events occurred
in 13% and 28% of patients, respectively. Axi-cel was successfully
manufactured for 99% of patients enrolled in the trial. This led to ax-
icabtagene ciloleucel’s FDA approval through REMS for R/R DLBCL
(Neelapu et al., 2017). Table 3 shows select ongoing studies on CAR T
cells. A more comprehensive list of ongoing CART studies is found in
Table 4.

7.2.2. CAR T cell therapy for solid malignancies
The progress achieved with CAR T cells in hematologic malig-

nancies has not been translated to solid malignancies. This road has
been, at least in part, hindered by identifying suitable antigens to
minimize on-target and off-target toxicities. For instance, CAR T cells
targeting carboxy-anhydrase IX (CAIX) in patients with metastatic renal
cell carcinoma (RCC) resulted in liver enzyme elevations attributed to
antigen expression on bile duct epithelium. Tumor regression was not
seen in any of the patients (Lamers et al., 2013). Other studies have also
not reported significant responses. For example, in a phase I study, CAR
T cells directed against a folate receptor showed no clinically significant
responses in patients with ovarian cancer (Kershaw et al., 2006). CAR T
cells have been studied in neuroblastoma, targeting two different an-
tigens. In the phase 1 clinical trial by Park et al, 6 pediatric patients
with R/R neuroblastoma were treated with CAR-engineered CD8+T
cells targeting the L1 cell-adhesion molecule CD171, which is over-
expressed in neuroblastoma. Only one patient achieved PR (Park et al.,
2007). In another study by Pule et al, EBV-specific cytotoxic T lym-
phocytes (CTLs) were engineered to express CAR T cells targeting the
GD2 antigen. Viral-specific CTL had more prolonged survival compared
to CAR T cells without viral specificity, likely explained by costimula-
tory signaling upon binding the EBV Antigen on APCs (Pule et al.,
2008). Three of 11 patients had CR (Louis et al., 2011).

8. Toxicity of engineered t cells

8.1. On-target-off-tumor and off-target toxicity

Antitumor responses with tumor antigen-specific engineered T cells
have often been accompanied by undesired toxicities in clinical trials.
On-target toxicity refers to side effects caused by targeting tumor an-
tigens shared by normal tissues. This has manifested as skin rash,
uveitis, and hearing loss in patients treated with anti MART-1 and
gp100 TCRs, which are melanoma differentiation antigens expressed in
melanoma and melanocytes in the skin, eyes, and ears (Johnson et al.,
2009; Yee et al., 2000). The severity of ocular toxicity has been shown
to correlate strongly with antitumor responses and could be prevented
with local steroid administration while preserving antitumor responses
(Palmer et al., 2008). Severe transient inflammatory colitis was re-
ported in all three patients with metastatic colorectal cancer treated
with autologous T lymphocytes expressing a murine TCR against CEA,
which was caused by normal expression of CEA on colonic epithelium
(Parkhurst et al., 2011). In another study, a MAGE-A3 directed TCR was
used to treat 9 patients with melanoma, esophageal cancer and synovial
cell sarcoma. Neurologic toxicity was seen in 3 of 9 patients, mani-
festing as mental status changes leading to coma and death in 2 pa-
tients. This was explained by cross reactivity with an epitope on MAGE-
A12, which is expressed in brain tissue (Morgan et al., 2013). On the
other hand, off-target toxicity refers to toxicity related to organs not
expressing the target antigen and occurs due to an unanticipated

interaction with another antigen. This phenomenon was reported in a
study using a TCR against HLA-A*01–restricted MAGE-A3 in patients
with melanoma and multiple myeloma. The first 2 patients who re-
ceived the treatment developed severe fatal cardiac caused by cross-
reactivity with titin, a protein found in striated muscle tissue (Linette
et al., 2013).

8.2. Cytokine release syndrome (CRS)

CRS has been the most common significant adverse effect accom-
panying CAR T cell therapy in clinical trials. CRS refers to a systemic
inflammatory response caused by cytokine release, mainly INF-γ,
granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-6, IL-8
and tumor necrosis factor (TNF)-α, upon CAR T cell activation and
proliferation in vivo (Teachey et al., 2016). CRS manifestations range
from mild to severe and life threatening and include constitutional
symptoms, fever, malaise, myalgias, hypoxia, respiratory distress, cy-
topenia, capillary leak, consumptive coagulopathy, hypotension, he-
modynamic instability and/or multiorgan toxicity (Wang and Han,
2018). Several grading systems are used to grade CSR from 1 to 4. These
include: CTCAE v4.0, 2014 Lee et al scale and Penn grading scale
(Porter et al., 2018). The underlying mechanisms of CRS have not been
fully elucidated. However, the clinical and laboratory resemblance to
macrophage activation syndrome (MAS) has identified macrophages as
key mediators. Endothelial cells are also important players. Endothelial
cell activation causes IL-6 release and leads to vascular leak and con-
sumptive coagulopathy in severe cases (Wang and Han, 2018). Factors
which increase CAR T cell levels in vivo have been shown to be pre-
dictive of CRS such as high tumor burden, lymphodepletion, and a
higher dose of infused CAR T cells (Brentjens et al., 2013; Maude et al.,
2014; Hay et al., 2017; Jin et al., 2018). Laboratory markers which are
elevated in CRS include ferritin, C-reactive protein (CRP), liver en-
zymes, BUN, lactate dehydrogenase (LDH) and creatinine (Teachey
et al., 2016). In a recent systematic review by Jin et al, the incidence of
severe CRS in phase I clinical trials using CD19 CAR T cell therapy from
2010 and 2017 was found to be between 19.8% to 38.8% in B-cell
malignancies (Jin et al., 2018). Mild to moderate forms of CRS are
usually self-limited, while severe forms are managed with steroids and
tocilizumab (Maude et al., 2014). CRS has also been observed with
other therapies such as blinatumumab, a CD19/CD3 bispecific T cell
engager (BiTE) antibody (Teachey et al., 2013), programmed cell
death-1 (PD-1) inhibitors (Rotz et al., 2017) and rituximab (Winkler
et al., 1999).

8.3. Neurotoxicity

Neurotoxicity is another toxicity frequently reported in clinical
trials using CD19-directed CAR T cells (Kochenderfer et al., 2015;
Porter et al., 2015; Maude et al., 2014, 2018; Neelapu et al., 2017). Its
manifestations range from mild to severe, and include headaches,
confusion, delirium, anxiety, tremors, seizures and cerebral edema.
Symptoms typically manifest within 4–5 days from infusion. Mild cases
are usually self-limited and managed with supportive care alone. Severe
symptoms usually resolve with dexamethasone, but may be fatal (Wang
and Han, 2018). The mechanisms underlying neurotoxicity have not
been fully elucidated. Gust et al proposed that endothelial cell activa-
tion increases blood-brain barrier permeability, leading to passage of
cytokines into the CSF (Gust et al., 2017). Interestingly, there was a
high concordance between CRS and neurotoxicity suggesting a possi-
bility of overlapping syndromes caused by cytokine release from an-
tigen-specific CAR T cell activation (Wang and Han, 2018).

9. Strategies to overcome toxicities

Initiatives to avert toxicities associated with engineered T cells led
to co-expression of suicide genes on engineered lymphocytes, which act
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as safety switches by causing selective elimination of infused cells in
vivo upon exposure to a prodrug. The herpes simplex virus thymidine
kinase (HSV-TK) gene is a suicide gene which phosphorylates its pro-
drug ganciclovir leading to disruption of DNA replication and cell death
(Sun et al., 2018). Caspases, on the other hand, are induced by an inert
molecule and are less immunogenic (Jones et al., 2014). Specifically,
the inducible caspase-9 (iC9) gene is composed of an FK binding protein
linked to human caspase-9. Upon binding its prodrug AP1903, it di-
merizes and leads to apoptosis of the infused cells. Suicides genes have
shown to control GVHD by efficient T cell elimination, while preserving
the GVL effect and promoting immune reconstitution (Ciceri et al.,
2009; Di Stasi et al., 2011). iC9 has been tested in preclinical models
using anti-CD19 and anti-CD20 CAR T cells, especially in constructs co-
expressing IL genes, and has shown efficient T cell elimination (Hoyos
et al., 2010; Quintarelli et al., 2007; Budde et al., 2013). mRNA elec-
troporation is another strategy to achieve transient CAR expression
(Beatty et al., 2014). Although T cell elimination can reverse adverse
effects, this comes at the cost of eliminating their therapeutic effects.
Therefore, other mechanisms were developed. Dual-targeted T cells
selectively target cells expressing a combination of antigens, which
increases their specificity. This is achieved by splitting the CAR acti-
vation signals and linking them to 2 separate antigens. The synthetic
Notch (synNotch) receptor is a recently introduced dual targeting
construct, where TAA1 binding results in release of a transcription
factor, inducing expression of a CAR specific for another TAA2 (Roybal
et al., 2016). Other mechanisms include the generation of constructs
targeting non-tumor antigens and co-expressing inhibitory CARs
(iCARs), which are made of PD-1 or cytotoxic T-lymphocyte associated
protein-4 (CTLA-4) intracellular domains. Unlike suicide genes, iCARs
lead to reversible inhibition of T cells; antitumor activity is restored
upon encounter with the target antigen (Fedorov et al., 2013).

10. Obstacles and strategies to improve engineered T cells

Despite encouraging results in preclinical and clinical studies, a
major limitation in ACT is the progressive loss of in vivo activity, which
may be attributed, at least in part, to peripheral tolerance mechanisms.
The same mechanisms which suppress endogenous antitumor immune
responses can hinder the efficacy of adoptive cellular therapy. This
includes an immunosuppressive microenvironment which is composed
of immunosuppressive cells like regulatory T cells (Tregs) and myeloid-
derived suppressor cells (MDSCs), inhibitory cytokines and expression
of immune checkpoints on tumor cells. The manipulation of the tumor
microenvironment can be achieved by multiple ways to enhance the
activity of ACT (reviewed by Beavis et al.) (Beavis et al., 2016). A
lymphodepleting preparative regimen has previously been shown to
enhance the efficacy of ACT possibly by means of depleting im-
munosuppressive cells and inhibitory cytokines. Fludarabine and cy-
clophosphamide have been found to downregulate the expression of
indoleamine 2,3-dioxygenase (IDO) in tumor cells, thus inhibiting the
degradation of tryptophan into metabolites that inhibit T cell activity
(Ninomiya et al., 2015). The loss of function of engineered T cells has
been shown to be associated with upregulation of inhibitory molecules
like PD-1, Tim3 and Lag3 in mouse tumor models (Moon et al., 2016).
Interference with the PD-1 pathway through PD-1 blockade reinstated
the activity of transferred CAR T cells and was associated with a de-
crease in myeloid suppressor cells, in preclinical models (Cherkassky
et al., 2016; John et al., 2013). Similarly, CTLA-4 blockade was shown
to enhance the theraeutic efficacy of ACT (Mahvi et al., 2015). These
findings suggest a potential role for combination with checkpoint in-
hibitors. In addition, the manipulation of intracellular signaling path-
ways has the potential to promote resistance to immunosuppressive
signals. For example, the constitutive expression of Akt in adoptively
transferred T cells provided resistance to Tregs and resulted in en-
hanced T cell proliferative capacity and survival (Sun et al., 2010). T
cells have also been engineered to express pro-inflammatory cytokines,

cytokine receptors and costimulatory molecules in efforts to augment in
vivo inflammatory responses. Co-expression of IL-12 and IL-15 in CAR T
cells has demonstrated enhanced expansion, persistence, and in vivo
antitumor responses in preclinical models (Hoyos et al., 2010; Jaspers
and Brentjens, 2017; Pegram et al., 2012; Koneru et al., 2015). Similar
results were seen with co-expression of chimeric cytokine receptors
(Wilkie et al., 2010; Leen et al., 2014). Safety genes have been included
in some of these constructs to enhance their safety (Hoyos et al., 2010;
Koneru et al., 2015). Another major limitation to CAR T cell therapy is
antigenic escape, which accounts for a portion of relapse cases (Sotillo
et al., 2015). Dual-targeting CAR-T cell have been proposed as a me-
chanism to overcome this. By targeting 2 antigens, antitumor activity is
preserved when 1 antigen is lost. In a study by Ruella et al, combined
targeting of CD19 and CD123 prevented CD-19 negative B-ALL relapses
in xenograft models.(Ruella et al., 2016). Another major obstacle to the
widespread use of ACT approach is the cost. The mean expected cost of
treatment with CAR T cell therapy has been estimated at $402 647 for
axicabtagene ciloleucel and $510 963 for tisagenlecleucel. This ac-
counts for both drug and non-drug costs (Hernandez et al., 2018).
Several tools have been developed to silence the expression of en-
dogenous genes like the TCR and HLA in efforts towards creating a
universal allogeneic “off the shelf” T cell product (Torikai et al., 2012;
Poirot et al., 2015; Torikai et al., 2013; Singh et al., 2017). This may
help reduce production time and costs and allow the treatment of pa-
tients in whom autologous T cell manufacturing cannot be achieved or
are in need of urgent treatment.

11. Conclusion

ACT is a promising immunotherapeutic strategy capable of inducing
complete and durable remissions in some cancers. To date, the most
exciting results have been with CD19 CAR T cells in B-cell malig-
nancies. Despite its success, there are multiple obstacles, which include
identifying target tumor antigens while sparing normal tissue, enhan-
cing vivo persistence, and overcoming peripheral tolerances. Trials are
currently ongoing to find an application for ACT in other tumors, ex-
plore novel antigenic targets and study the role of combination with
other immunotherapeutic strategies. As the different ACT approaches
undergo further improvement, efforts should be geared towards in-
creasing the efficacy, reducing the toxicities and increasing accessibility
of this treatment to a wider patient population by reevaluating and
reducing its costs.
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