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             INTRODUCTION

Adoptive cell transfer (ACT) is a term coined 
by Billingham and colleagues to describe the 
transfer of lymphocytes to mediate an ef ec-
tor function (1). Presently, there are three 
types of therapies that are advancing on a 
path toward regulatory approval (Fig. 1): tu-
mor-inf ltrating lymphocytes (TILs) as well 
as chimeric antigen receptor (CAR) and T 
cell receptor (TCR) engineered T cells. TILs 
have been developed with slow but continu-
ing progress over several decades, primarily 
at the National Cancer Institute. Recently, 
an international phase 3 randomized trial 
began for treating patients with metastatic 
melanoma with TILs (NCT02278887). 
A number of pharmaceutical and newly 
formed biotechnology companies are now 
commercializing various forms of ACT, in-
cluding TIL therapies (Table 1).  

In contrast to TILs, gene-transfer–based 
strategies have been developed to overcome 
the consequences of immune tolerance on 
the tumor-specif c T cell repertoire. T ese 
approaches redirect T cells to tissues by the 
transfer of CARs composed of antibody-
binding domains fused to T cell signaling 
domains, or transfer of TCR α/β heterodi-
mers. T e infusion of gene-modif ed T cells 
directed to specif c targets of ers the possibil-
ity to endow the immune system with reac-

tivities that are not naturally present and has 
the added benef t of the rapid onset of action 
that is usually seen with cytotoxic chemo-
therapy or with targeted therapies, contrast-
ing to delayed ef ects observed with vaccines 
and some of the T cell checkpoint therapies.

Currently, most trials are using α/β T 
cells for ACT. However, investigators are 
exploring the use of numerous lymphocyte 
subsets—including γ/δ T cells, invariant 
natural killer (NK) T cells, NK cells, and T 
helper 17—for their specialized functions in 
various clinical settings of cancer and chron-
ic infection. For indications involving auto-
immunity, tolerance induction, prevention 
of organ graf  rejection, and treatment of 
graf -versus-host disease (GVHD), regula-
tory T cells (Treg cells), including natural and 
induced Treg cells, are being tested. Myeloid-
derived suppressor cells and regulatory B 
cells, which have anti-inf ammatory prop-
erties involving mechanisms distinct from 
Treg cells, have also been proposed as novel 
forms of ACT (2, 3). In this Perspective, we 
review the status of ACT and the rapidly 
emerging role of the biotechnology indus-
try in the race to accelerate the development 
and promote the widespread availability of 
this new form of cellular therapy that has 
demonstrated ef  cacy treating patients with 
refractory life-threatening cancers.

ACT is generally considered in the con-
text of cancer, typically leukemias and mela-
noma (Table 1). It is interesting to note from 
a historical perspective that some of the f rst 
forms of ACT involving gene-modif ed T 
cells were conducted two decades previously 
in patients with advanced HIV-1/AIDS (4). 
Many of the results from trials conducted in 
patients with AIDS have informed current 

concepts in the f eld of cancer, as exempli-
f ed by the demonstration that CAR T cells 
could survive for more than a decade in 
HIV/AIDS patients (5). T ese initial trials 
were done in order to control drug-resistant 
forms of HIV-1 infection. However, the 
current challenge in the f eld is to develop 
cellular therapies with the potential to elimi-
nate the reservoir of HIV-1 that is resistant 
to current antiviral therapies (6). T e f eld 
has been energized by an extraordinary 
experiment conducted by Gero Hütter and 
colleagues in Berlin in a patient who has ap-
parently been cured of HIV infection af er 
an allogeneic hematopoietic stem cell trans-
plant and ACT from a homozygous C-C 
chemokine receptor type 5 (CCR5) Δ32 
donor (7). T ere are several approaches to 
induce a cell-intrinsic resistance to HIV-1 
infection and to target the reservoir of HIV-
1 by gene-modif ed ACT and cytotoxic T 
lymphocytes (CTL) (8, 9).

Cancer immunotherapies that target T 
cell checkpoints, such as cytotoxic T lym-
phocyte–associated protein 4 (CTLA-4) and 
programmed cell death protein 1 (PD-1) 
(10), rely on the ability of the endogenous 
T cell compartment to recognize the tumor 
as foreign because of the epitopes it carries. 
TIL therapy likewise relies on an intrinsic 
tumor recognition capacity of the T cell 
compartment, and checkpoint therapies 
and TIL therapy may therefore be assumed 
to have potential for a similar set of human 
cancers. Notably, recent work suggests that 
T cell recognition of neoantigens that are 
created as a consequence of tumor-specif c 
mutations forms a major component of the 
clinical activity of checkpoint therapies (11, 
12), and clinical activity of these therapies 
may therefore be highest in tumors with a 
high mutational load. Adoptive therapy 
with gene-modif ed T cells has the potential 
to address an entirely dif erent need by cre-
ating a tumor-specif c T cell compartment 
that is otherwise lacking in patients (Fig. 1). 
As such, gene-modif ed ACT has potential 
for tumor types that may not be responsive 
to T cell checkpoint or TIL therapies, such 
as most cancers occurring in children and 
many of the hematological malignancies. In 
addition, gene-modif ed ACT addresses a 
dif erent critical node in the “cancer–immu-
nity cycle,” the series of stepwise events re-
quired for an anticancer immune response 
to lead to cancer cell eradication (13). Fur-
thermore, T cell checkpoint therapies and 
gene-modif ed ACT have the potential to 
work synergistically.
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P E R S P E C T I V E

 Adoptive T cell transfer for cancer, chronic infection, and autoimmunity is an emerging 
f eld that shows promise in recent trials. Using the principles of synthetic biology, ad-
vances in cell culture and genetic engineering have made it possible to generate human 
T cells that display desired specif cities and enhanced functionalities compared with the 
natural immune system. The prospects for widespread availability of engineered T cells 
have changed dramatically, given the recent entry of the pharmaceutical industry to this 
arena. Here, we discuss some of the challenges—such as regulatory, cost, and manufac-
turing—and opportunities, including personalized gene-modif ed T cells, that face the 
f eld of adoptive cellular therapy.
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Fig. 1. Adoptive cell therapy is currently represented by three general approaches. TILs are produced after surgical excision of tumor and enrich-
ment and expansion of TILs from a disaggregated tumor biopsy sample. TCR- and CAR-modifi ed T cells are produced from peripheral blood lympho-
cytes in a manufacturing step that includes introduction of the desired receptor through viral or nonviral methods in order to engineer cells. Patients 
often receive a lymphodepleting chemotherapy regimen before infusion. PBMC, peripheral blood mononuclear cell. 
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SOURCE OF CARS AND TCRS

Most of the chimeric antigen receptors cur-
rently used to create gene-modif ed T cells 
are derived from mouse antibodies, and 
both antibody and T cell responses against 
CARs have been observed in clinical tri-
als (14, 15). Furthermore, the extent of this 
problem may presently be underestimated 
because the most visible trials in the area 
have involved the targeting of the B cell 
compartment—a clinical setting in which 
transgene-specif c humoral immunity will 
be less of an issue than in settings in which 
the humoral immune system is lef  intact. 
To minimize the impact of transgene-
specif c immune responses on the activity 
of introduced cells, the use of humanized 
or fully human antibodies obtained from 
mice transgenic for the human immuno-
globulin (Ig) loci forms an obvious solution. 
Clinical trials with fully human CARs have 
only recently opened (NCT02209376 and 
NCT01837602).  In addition, it may be ben-
ef cial to engineer the CAR format so that 
the formation of nonhuman sequences at 
the domain fusion sites is also avoided.

By the same token, immunogenic-

ity of nonhuman TCR sequences has been 
described in a subset of patients treated 
with TCR-modif ed T cells—in this case, 
involving antibody recognition of mouse 
TCR variable domains (16). Here again, 
the isolation of receptors from the human 
T cell repertoire or from mice that carry a 
humanized TCR repertoire is likely to be 
an ef ective solution (17). In the case of 
TCRs, the source from which the receptor 
is obtained will also inf uence the likelihood 
of of -target toxicity: the recognition and 
destruction of normal tissues that express 
a dif erent epitope from that of the target-
ing agent. From a conceptual point of view, 
the T cell pool from a human lymphocyte 
antigen (HLA)–matched individual should 
be considered the safest source of TCRs, but 
the quality of the available TCR pool is likely 
capped by T cell tolerance for many anti-
gens. T e breadth of the available repertoire 
will be—roughly in order—greater in HLA-
transgenic mice, in T cell pools from HLA-
mismatched individuals, and in the in vitro 
TCR display systems that avoid T cell toler-
ance altogether. However, the safe use of the 
latter type of technologies is only feasible 

when rigorous assay systems are in place that 
can screen against unwanted cross-reactivity.

TOXICITY FROM ACT
In accord with expectations, toxicities from 
ACT have increased as the therapies have 
become more potent. Although TILs have 
generally been safe (as with other forms of 
autologous cellular therapy), both on-target 
and of -target recognition of normal tissue 
can occur with engineered T cells. For in-
stance, on-target toxicity has been reported 
in patients treated with T cells engineered 
with a TCR that is specif c for the carcino-
embryonic antigen, resulting in severe in-
f ammatory colitis developed from expres-
sion of target antigen in normal colon (18). 
With B cell–directed forms of ACT with 
CARs, commonly observed on-target tox-
icities have been B cell aplasia and cytokine 
release syndrome (19). Severe cardiac toxic-
ity was reported owing to of -tumor and of -
target recognition of titin af er ACT with T 
cells expressing an a4  nity-engineered TCR 
that was originally specif c for melanoma-
associated antigen 3 (MAGE A3) (20). 
Methods involving computational and bio-C
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Company Technology/cell type Indication 

Cancer 

Lion Biotechnologies TIL (autologous) Metastatic melanoma 

Autolus CAR (autologous) Unspecifi ed 

Novartis CAR (autologous) targeting CD19 Pediatric and adult ALL, diff use large B cell lymphoma, 

non-Hodgkin’s lymphoma (NHL) 

Juno Therapeutics CAR (autologous) targeting CD19, TCR (autologous) targeting Wilms tumor 

protein (WT-1) 

Adult and pediatric ALL, NHL, adult acute myeloid leuke-

mia (AML), non–small cell lung cancer (NSCLC) 

Cardio3 Biosciences CARs targeting NK cell p30-related protein (NKp30); NK group 2, member 

D (NKG2D); B7 homolog 6 (B7H6) 

Range of hematological malignancies and solid tumors 

Cellular Biomedicine Group CARs targeting CD19, CD20, CD30, and EGFR Range of hematological malignancies and solid tumors 

CARsgen CARs targeting glypican-3 (GPC-3) Hepatocellular carcinoma 

Celgene/Bluebird CAR (autologous) Range of hematological malignancies and solid tumors 

Kite Pharma/Amgen CAR (autologous) targeting CD19, TCR Relapsed or refractory ALL 

Cellectis/Servier/Pfi zer CAR (allogeneic, UCART 19) CLL, ALL, and AML in preclinical stage, phase 1 for B cell 

leukemia to be initiated in 2015 

GSK/Adaptimmune TCR (autologous) targeting the cancer testis antigen NY-ESO-1 and other 

targets 

Trials in multiple myeloma (MM), melanoma, sarcoma, and 

ovarian cancer 

Janssen/Transposagen CAR (allogeneic) Unspecifi ed 

Unum Therapeutics/Sanofi -Genzyme Antibody-coupled TCR (autologous) Unspecifi ed 

Ziopharm Oncology/Intrexon CAR Unspecifi ed 

Opus Bio CAR (autologous) targeting CD22 Pediatric and adult ALL and NHL, CD22 licensed to Juno 

Takara Bio (Japan) CAR (autologous) targeting CD19, TCR, MAGE-A4 NHL, esophageal cancer 

Bellicum Pharmaceuticals CAR (autologous) targeting CD19 with a proprietary safety switch to mute 

unwanted adverse events, such as cytokine release syndrome 

Potential hematological malignancies and solid tumors 

Cellular Therapeutics Ltd (UK) CAR (autologous) Metastatic melanoma, esophago-gastric cancer 

Cell Medica (UK) Virus-specifi c T cells (allogeneic) targeting Epstein-Barr virus antigen Advanced NK/T cell lymphoma 

Celdara Medical CAR (autologous) targeting  NKG2D AML, advanced myelodysplastic syndrome (MDS), MM 

Catapult Cell Therapy (UK) TCR (autologous) targeting WT-1–overexpressing cells AML, MDS 

Medigene (Germany) TCR (autologous) Hematological malignancies 

TheraVectys (France) CARs (autologous) targeting CD19, CD33, and CD123 ALL, CLL, AML 

BioNTech AG (Germany) TCR, CAR (autologous) Solid tumors (ovarian, endometrial, lung) 

CARsgen (China) CAR (autologous) targeting GPC-3 expressed in hepatocellular carcinoma; 

other CARs 

Liver, lung, and brain cancers 

FF CanVac Virus-specifi c T cells (autologous) Head and neck cancer 

Apceth Genetically engineered mesenchymal stem cells (MSC) (autologous) Advanced, recurrent, or metastatic gastrointestinal cancer 

Pocastem Genetically engineered MSCs Solid tumors (head and neck, brain) 

TVAX Biomedical Antigen-specifi c T cells (autologous) Solid tumors (brain, kidney) 

TC Biopharm (Scotland) γ/δ T cells (autologous) Melanoma 

Immunovative Therapies (Israel) Activated T cells (allogeneic) Hematological malignancy, prostate cancer, breast cancer, 

glioblastoma, colorectal cancer with liver metastases, 

kidney cancer, NSCLC 

CytoVac (Denmark) Activated T cells/NK cells (autologous) Glioblastoma, prostate cancer, pancreatic cancer 

Conkwest CAR NK cell line AML 

Coronado Biosciences Activated NK cells (autologous) AML

HIV/Infection 

Calimmune CCR5 knockdown CD4+ T cells and stem cells HIV 

Cell Medica (UK) Cytomegalovirus (CMV) infection after allogeneic hematopoietic stem cell 

transplant (HSCT) 

CMV infection 

Sangamo Biosciences CCR5-mutated CD4+ T cells and stem cells HIV 

Stage Therapeutics (Germany) CMV-specifi c donor lymphocytes CMV infection 

Takara Bio (Japan) mRNA interferase MazF (autologous) endoribonuclease–modifi ed CD4+ 

T cells 

HIV

GVHD 

Kiadis Pharma (Netherlands) Allo-depleted T cells (allogeneic) Facilitate early immune reconstitution without 

life-threatening (acute) GVHD in leukemia patients 

(ALL, AML, MDS) undergoing HSCT 

Miltenyi Biotec GmbH/Prometheus 

Laboratories (Germany) 

Treg-enriched infusion (allogeneic) + low-dose IL2 Steroid-refractory chronic GVHD

Table 1. Pharmaceutical and biotechnology companies in the ACT space. ACT applications are shown for cancers, infections, and GVHD. 
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logical approaches are being developed to 
predict of -target recognition by engineered 
TCRs (21).

Apart from toxicity consequent to the 
reactivity pattern of the introduced CAR 
or TCR itself, it is expected that autoim-
munity and inf ammation will sometimes 
result from the infusion of ex vivo–acti-
vated autologous lymphocytes. Current 
experimental trials exclude patients with 
active autoimmune disorders, so the inci-
dence of immunopathology may rise when 
ACT achieves broad usage in the commu-
nity. Severe side ef ects from CTLA-4 and 
PD-1 antagonism occur with relatively 
high frequency, especially upon combined 
checkpoint blockade (22, 23), and we ex-
pect that this will occur with ACT unless, 
for example, steps are taken to edit out en-
dogenous TCRs. In mice, the inf ammatory 
consequences of immunotherapy are more 
severe in aged mice than in young mice and 
in obese rather than in thin mice (24). T is 
may also happen in humans, and relevant to 
this is the observation that GVHD occurs 
more frequently and is more severe in aged 
rather than young patients (25).

A potential safety concern related to 
ACT with engineered T cells is integration-
related insertional mutagenesis and cellular 
transformation—events previously demon-
strated with engineered hematopoietic stem 
cells. To date, transformation of human 
lymphocytes has not been reported af er 
ACT (5, 19), and the incidence can be cal-
culated to be less than one event per 1000 
patient years of exposure to engineered T 
cells, an event rate that is lower than that 
reported for cytotoxic chemotherapy (26). 
T e low genotoxicity with ACT may be due 
to cell-extrinsic mechanisms that control T 
cell homeostasis (27).

THE EXPANDING TOOLBOX FOR 

GENETIC ENGINEERING

Novel technologies that enable targeted 
alterations of the genome to modify or 
regulate cellular functions provide an op-
portunity for improving both the e4  cacy 
and safety of ACT. Zinc-f nger nucleases 
(ZFNs) and transcription activator–like 
ef ector nucleases (TALENS) that rely on 
customized DNA binding proteins, and 
the natural bacterial CRISPR-Cas9 system 
of RNA-guided nucleases, can introduce 
DNA double-strand breaks at specif c sites 
and lead to disruption of a gene sequence 
or provide a site for targeted gene insertion 
(28, 29). ZFNs and TALENS have been used 

to disrupt endogenous TCR genes, and the 
f rst clinical application of ZFNs to disrupt 
expression of the HIV co-receptor CCR5 in 
CD4+ T cells was reported recently (30–33).

E4  cient genome editing paves the way 
for additional applications in ACT. T e 
importance of T cell–intrinsic regulatory 
molecules such as CTLA-4 and PD-1 in 
suppressing benef cial tumor-reactive T cell 
responses has been established by using an-
tibodies targeting these pathways (34–36). 
Selective editing of PD-1 or CTLA-4 genes 
in adoptively transferred T cells might simi-
larly enhance e4  cacy without the side ef-
fects of systemic antibody blockade. Other 
regulatory pathways that inhibit T cell func-
tion locally in the tumor microenvironment 
have been revealed by introducing pooled 
short hairpin RNA (shRNA) libraries into 
tumor-specif c T cells used in ACT, and this 
provides previously unidentif ed targets for 
gene editing, including intracellular targets 
that are not amenable to antibody-mediated 
blockade (37). A potential caveat of edit-
ing regulatory genes in T cells is that these 
molecules serve context-dependent roles in 
normal physiology, and permanent disrup-
tion, even in a subset of T cells, may have 
unforeseen consequences.

Genes can also be introduced into T cells 
in order to enhance their ability to localize at 
tumor sites and to function in the immuno-
suppressive tumor microenvironment. T e 
introduction of chemokine receptor genes 
in T cells that bind chemokines produced 
by tumors can enhance T cell migration into 
tumors (38), and expression of dominant-
negative transforming growth factor–β 
(TGF-β) receptors renders T cells resistant 
to the local inhibitory ef ects of TGF-β (39). 
Engineering T cells to secrete interleukin-12 
(IL-12) induces a programmatic change in 
myeloid cells in the tumor microenviron-
ment to promote tumor destruction, while 
avoiding the systemic toxicity of IL-12 (40).

Modifying T cells by means of gene ed-
iting or insertion to enhance therapeutic 
potency should coincide with attention to 
the safety of transferred T cells. Transgenes 
that provide for conditional cell suicide 
have been developed and can rapidly re-
verse acute or long-term toxicities of ACT. 
T ese include cell-surface molecules, such 
as CD20 or truncated epidermal growth 
factor receptor (EGFR), that are recognized 
by clinically approved monoclonal antibod-
ies that mediate antibody-dependent cel-
lular cytotoxicity (41, 42). Herpes simplex 
virus thymidine kinase (HSV-TK) confers 

sensitivity of dividing T cells to ganciclovir 
and has been used ef ectively to eliminate 
transferred T cells that cause GVHD af er 
allogeneic hematopoietic stem cell trans-
plantation, although this approach is lim-
ited in immunocompetent hosts by immune 
responses to the viral TK (43). A nonim-
munogenic suicide construct that consists 
of human caspase-9 fused to a modif ed 
domain of the human FK506-binding pro-
tein can induce cell death through exposure 
to a synthetic dimerizing drug, AP1903. 
T e administration of AP1903 rapidly and 
completely reversed clinical manifestations 
of GVHD that occurred af er T cell admin-
istration (44), suggesting that this “safety 
switch” approach may be su4  ciently rapid 
to abrogate unexpected immediate toxicities 
of ACT.

FROM UNIVERSAL T CELLS TO 

PERSONALIZED ACT

Current approaches to gene-modif ed T cell 
therapy are personalized in the sense that a 
patient-specif c cell product is created but 
generic in the sense that the same receptor is 
used for larger patient groups. As extensions 
to this, strategies to develop universal T cell 
products and to develop patient-specif c re-
ceptors have recently been proposed.

Approaches toward universal T cell ther-
apy aim to allow the widespread application 
of gene-modif ed T cell therapy at a lower 
cost (Fig. 2A). With respect to the creation 
of such universal T cells, several substantial 
barriers need to be overcome. First, allore-
activity within the endogenous TCR pool 
leads to GVHD when HLA-mismatched 
donor-derived T cells are used for therapy. 
By the same token, recognition of donor-
cell allo-determinants by the patient’s T cell 
pool leads to rapid rejection of infused cells 
unless additional measures are taken. Ge-
nome engineering technologies make it fea-
sible to create T cell products in which one 
or both of the endogenous TCR chains have 
been inactivated, allowing a more compre-
hensive editing of T cell specif city and con-
sequent avoidance of allo-reactivity (30, 31, 
33). In addition, such inactivation of both 
the endogenous TCR α and β chains avoids 
the formation of the mixed TCR dimers that 
have been shown to cause GVHD in mouse 
models (45). With respect to technologies 
to suppress rejection of the infused cells, 
inactivation of donor major histocompat-
ibility complex genes could potentially be 
used to prevent T cell–mediated rejection 
(46) but may at the same time trigger NK 
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cell recognition. Conceivably, development 
of approaches that render infused cells se-
lectively insensitive to immunosuppressive 
drugs may form a superior alternative.

At present, the number of antigens that 
can safely be targeted by TCRs or CARs is 
still limited to a handful. To increase the 
antigenic targets that are available to gene-
modif ed T cell therapy, approaches to 
obtain receptors that are reactive against 
patient-specif c neoantigens may be of in-
terest (Fig. 2B). Recent work has shown that 
in human melanoma, both CD8+ and CD4+

T cell recognition of neoantigens occurs fre-
quently (11, 47, 48). And based on overlap 
in mutational loads, formation of neoanti-
gens that can be recognized by T cells can be 

expected in several other high-prevalence 
human tumors (47). In case the endog-
enous T cell pool generally “picks up” on 
the majority of neoantigens presented by an 
individual tumor, isolation of the relevant 
TCRs from the autologous T cell pool may 
be a way to boost immune reactivity against 
this class of antigens. Alternatively, it seems 
possible that in some human tumor types, 
priming of an endogenous T cell response 
may be ine4  cient. In such cases, it may be 
attractive to exploit antigen-presenting cells 
that express the patient-specif c mutanome 
so as to induce such reactivities.

From a safety perspective, the targeting 
of the patient-specif c neoantigen repertoire 
is highly appealing. However, it remains to 

be established for which tumor types neoan-
tigen-specif c TCRs can readily be obtained, 
and the logistic hurdles—with respect to 
regulation, timelines, and projected costs—
are substantial.

TRANSLATIONAL BOTTLENECKS AND 
CHALLENGES
T erapeutically ef ective T cells can be de-
rived from tumor inf ltrates in melanoma 
patients; however, the peripheral blood is 
the preferable site for obtaining T cells for 
genetic modif cation for ACT because of the 
ease of procurement. To date, the focus has 
been on genetically modifying α/β T cells 
without regard to subset or dif erentiation 
status. However, α/β T cells are present in 

Fig. 2. From universal to highly personalized gene-modif ed ACT. (A) Universal T cells in which the endogenous TCR has been replaced by a CAR or 
TCR as “off -the-shelf” ACT products. Expression of the endogenous TCR can be eliminated through genetic editing. (B) Targeting the patient-specifi c 
mutanome by gene-modifi ed ACT. Tumor-specifi c mutations are expressed in antigen-presenting cells (APCs), and the TCR repertoire is isolated from 
the responding T cells. The desired tumor-specifi c TCRs can be isolated and introduced into T cells for later ACT.
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functionally heterogeneous CD4+ and CD8+ 
subsets that dif er in frequency, phenotype, 
transcriptional prof le, and ef ector func-
tion. Current models suggests progressive 
dif erentiation from antigen-inexperienced 
naïve cells (TN) to CD62L+ central memory 
(TCM), CD62L– ef ector memory (TEM), and 
ef ector (TE) T cell subsets, with loss of pro-
liferative capacity and acquisition of ef ector 
function (49–51). Treatment e4  cacy af er 
adoptive transfer of endogenous or geneti-
cally redirected tumor-reactive T cells cor-
relates best with the ability of transferred T 
cells to proliferate and persist in vivo, sug-
gesting that selection of TN and/or TCM may 
provide greater therapeutic potency. T e 
optimal composition of CD4+ and CD8+ 
subsets for ACT may also dif er depending 
on the malignancy being treated. Unfortu-
nately, the lack of rapid, cost-ef ective, and 
e4  cient clinical-grade cell-selection de-
vices and procedures currently impedes the 
evaluation of therapeutic T cell products de-
rived from distinct T cell subsets.

A challenge for all cell therapies, includ-
ing T cell therapy, is the need to develop 
cost-ef ective and e4  cient manufacturing 
and delivery capabilities. T e sipuleucel-
T (Provenge®) dendritic cell vaccine for 
prostate cancer developed by Dendreon 
demonstrated that cell therapies could be 
manufactured and delivered to physicians 
but illustrated that e4  cacy needed to be 
high to justify the cost and complexity and 
to compete with more easily administered 
pharmaceuticals. ACT has been pioneered 
in academic laboratories for which the re-
sources to develop closed robotic automated 
systems for cell selections, genetic modif ca-
tion, and expansion are not readily avail-
able. T e recent in+ ux of biotechnology and 
pharmaceutical companies into cell-based 
therapeutics should accelerate automation 
to reduce cost and improve feasibility and 
delivery (Table 1). Of -the-shelf genetically 
modif ed tumor-specif c T cells from allo-
geneic donors could further diminish the 
manufacturing burden for ACT, in case the 
immunologic barriers to this approach can 
be overcome.

T e ability to redirect T cells with pre-
viously unidentif ed TCRs and CARs is in-
creasing the types of malignancies that can 
be targeted with ACT. In the case of CARs, 
few targets that are exclusively expressed by 
tumor cells have been identif ed. T e poten-
tial for—and consequences of—on-target 
recognition of normal cells can be evaluated 
in animal models, providing that the expres-

sion patterns are identical to humans (52). 
Logic gates, such as dual targeting with split 
receptor systems, may be used to improve 
the selectivity of tumor cell recognition by 
CAR-T cells for targets expressed on tumor 
and a subset of normal cells (53).

As the clinical applications of ACT ex-
pand, it will be important to identify bio-
markers that predict success. Analysis of tu-
mor biopsies before therapy might identify 
signatures that predict susceptibility to ACT 
or def ne interventions that may be neces-
sary to improve therapeutic e4  cacy. T e 
ability of T cells to proliferate and/or persist 
in vivo has correlated with therapeutic e4  -
cacy af er ACT for viral diseases and cancer. 
T us, analysis of the functional properties 
of engineered T cells before transfer and 
their fate and function af er transfer could 
provide insights into optimal compositions 
of ACT for therapeutic e4  cacy. Combining 
ACT with checkpoint-blocking antibodies, 
vaccines, and targeted drug therapies is sup-
ported by studies in animal models (54, 55) 
and is beginning to be investigated in clini-
cal trials.

T e development of ACT, particularly 
with genetically modif ed T cells, has oc-
curred predominantly in the United States. 
ACT with TILs for melanoma, CARs target-
ing CD19, TCRs for cancer, and gene-edited 
T cells for HIV have advanced to phase 2 clin-
ical trials (NCT02228096, NCT01567891, 
NCT02348216, and NCT02225665), and 
it is likely that one or more of these T cell 
therapies will obtain eventual U.S. Food 
and Drug Administration (FDA) approval 
(Table 1). Regulatory agencies in Europe 
have not had the same experience in this 
f eld, and given the early success of this ap-
proach, these agencies are likely to be inun-
dated with new applications and challenged 
by patient demand. T e complexity of ACT 
makes it vital to educate patients and physi-
cians regarding the appropriate indications 
and the particular toxicities and their man-
agement so as to avoid preventable adverse 
outcomes. New therapeutic technologies 
including ACT are expensive, and this will 
present additional challenges regarding 
reimbursement that are best overcome by 
clearly demonstrating therapeutic value and 
cost-ef ective outcome as compared with 
those of alternative therapies.

SUMMARY

Advances in genetic engineering have re-
invigorated ef orts to engineer T cells to be 
tumor-reactive to treat advanced human 

malignancies through adoptive transfer. 
Remarkable success in patients treated on 
trials at academic centers has enticed un-
precedented interest from the biotechnol-
ogy and pharmaceutical industry (Table 1), 
which is now rapidly advancing these ap-
proaches for FDA approval and accelerating 
research and development to safely apply 
ACT to a broad range of human diseases, 
from acute lymphoblastic leukemia (ALL) 
to glioblastoma to HIV. T e f eld faces nu-
merous scientif c, regulatory, and economic 
obstacles and challenges in educating clini-
cians in the use of ACT. Surmounting these 
obstacles will require collaboration between 
academia and biotechnology in order to 
ensure that therapy with engineered T cells 
is established as a viable approach for com-
mon human malignancies. Results in cancer 
are likely to pave the way to ACT as a new 
approach for infections and autoimmunity.
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