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Evolution of cancer is more complex than the straightforward linear accumulation 
of oncogenic mutations. Potentially oncogenic proliferative signals are coupled to 
a variety of growth-inhibitory processes, such as the induction of apoptosis, 
differentiation or senescence, each of which restricts subsequent clonal 
expansion and neoplastic evolution. Tumour progression occurs only in the very 
rare instances where these growth-inhibitory mechanisms are thwarted by 
compensatory mutations. 

The pathway from normal to 
cancer cells

The pathway from normal to 
cancer cells

Conventional therapies may shrink tumours by killing mainly cells with limited 
proliferative potential. If the putative cancer stem cells are less sensitive to these 
therapies, then they will remain viable after therapy and re-establish the tumour. By 
contrast, if therapies can be targeted against cancer stem cells, then they might more 
effectively kill the cancer stem cells, rendering the tumours unable to maintain 
themselves or grow. Thus, even if cancer stem cell-directed therapies do not shrink 
tumours initially, they may eventually lead to cures. 

Cancer stem cells



Target cell Strategy Goal Therapeutic gene

Cancer cells

Inhibition of cancer cell 
proliferation 

Restoration of cell cycle control 

Tumor suppressors (p53, Rb, BRCA1)

Antisense oligonucleotides, ribozymes, siRNAs 
or intracellular antibodies against oncogenes, 
cdc2, cyclins, PCNA, tyrosine kinase receptors, 
signal transducers, etc.

Transfer of suicide genes 
into cancer cells

Specific induction of cytotoxicity in 
the suicide gene-expressing cells

Gene activating a cytotoxic pro-drug, for 
example HSV-TK

Oncolytic viruses Selective lysis of cancer cells by viral 
replication

Cells of the 
immune system Immunotherapy 

Increase of antigenic stimulation by 
cancer cells (active immunization, 
cancer vaccination) 

Tumor-specific antigens (TSAs and TAAs

Genes coding for cytokines increasing antigen 
stimulation (IL-2, IL-12, IFN-γ, GM-CSF)

Increase of the cytotoxic T-cell 
response against cancer cells 

Genes coding for immunoregulatory cytokines 
(IL-2, IL-12, IL-7, GM-CSF, IFN-γ, IL-6, TNF-α)

Genes coding for co-stimulatory proteins (B7, 
ICAM-1, LFA-3)

Genes coding for immunogenic proteins (MHC I 
and II alloantigens)

Genetic modification of effector T 
cells to redirect them towards cancer 
cells (adoptive immunotherapy)

TCR genes

Hematopoietic 
stem cells (HSCs)

Increase of the 
therapeutic index of 
cancer chemotherapy

Transfer of genes preventing toxicity 
of chemotherapy into HSCs Mdr-1

Strategies for gene therapy of cancer
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Protein-coding cDNAs

Oligodeoxynucleotides and 
chemically modified 
oligonucleotides

Ribozymes
DNAzymes

siRNAs

Aptamers

Decoys

Triple helix-forming 
oligonucleotides

Protein-coding 
genes

Small, non-
coding DNAs 

and RNAs

Therapeutic nucleic acids for somatic 
gene therapy

Proteins replacing missing cellular functions 
Proteins modulating cellular functions 
Proteins regulating cell survival 
Proteins activating the immune system 
Antibodies and intracellular antibodies
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Modified oligonucleotides

Gene KO by morpholino in Zebrafish

Morpholino oligos were conceived by 
Summerton (Gene Tools) at AntiVirals Inc. 
(now Sarepta Therapeutics) and originally 
developed in collaboration with Weller.

Gene bersaglio Funzione del gene Nome del 
farmaco

Struttura 
dell'oligonucleotide

Tipo di tumore

Bcl2 Inibitore dell'apoptosi G3139 
(Oblimersen)

Fosforotioato Melanoma, leucemia 
linfatica cronica, 
mieloma multiplo, 
carcinoma del polmone 
non a piccole cellule 
(NSCLC)

Clusterina Chaperon delle proteine OGX-011 Fosforotioato con 
modificazioni 2'-metossietile 
(gapmer)

Carcinoma della 
prostata, carcinoma 
della mammella, 
carcinoma del polmone 
non a piccole cellule 
(NSCLC)

Protein-chinasi Cα 
(PKCα)

Trasduttore del segnale ISIS 3621 Fosforotioato Carcinoma del polmone 
non a piccole cellule 
(NSCLC)

Survivina Inibitore dell'apoptosi LY2181308 Fosforotioato con 
modificazioni 2'-metossietile

Tumori solidi

Myb Oncogene, fattore di 
trascrizione

LR3001 Fosforotioato con 
modificazioni 2'-metossietile

Leucemia mieloide 
cronica (purging del 
midollo osseo prima del 
trapianto)

XIAP (X-linked 
inhibitor of 
apoptosis)

Inibitore dell'apoptosi AEG35156 Fosforotioato con 
modificazioni 2'-metossietile

Leucemia mieloide 
cronica

HSP27 Heat shock protein, 
inibitore dell'apoptosi

OGX-427 Fosforotioato con 
modificazioni 2'-metossietile

Carcinoma della 
prostata

STAT-3 Trasduttore del segnale 
e fattore di trascrizione

ISIS 345794 Fosforotioato con 
modificazioni 2'-metossietile

Diversi tumori

Oligonucleotidi per la terapia genica dei tumori
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i and ii) Group I and II introns, which undergo splicing through an autocatalytic 
process. 

iii)  The RNA subunit of E. coli ribonuclease P (RNase P), which is responsible 
of the maturation of the tRNA 5' ends. In bacteria, this enzyme consists of 
an RNA subunit (M1 RNA), with catalytic activity, and of a protein subunit, 
having structural function (in humans, RNase P is composed by an RNA 
subunit, the H1 RNA, whose enzymatic activity is only apparent under 
specific circumstances, and by 10 protein subunits). 

iv)  Hammerhead ribozymes, present in the RNA genome of different plant 
viroids and virusoids, where they are essential for rolling circle RNA 
replication. 

v)  Hairpin ribozymes, also naturally present in the  satellite RNAs of some 
plant viruses, where they participate in viral genome RNA replication. 

vi)  The hepatitis virus (HDV) pseudoknot ribozyme. 

vii)  The Neurospora VS satellite RNA ribozyme.
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Ribozymes

- enzymatic activity: they bind, cut and move to the next target 
- difficult in vivo delivery, rapidly degraded by RNase in serum 
- conceived for ex vivo applications (i.e. to block infection 
targeting viral receptors)

Anti-bcr/abl 
ribozyme for 
bone marrow 
purging in 
chronic 
myelogenous 
leukemia

Failure due to the 
presence of CSC 
(with bcr-abl 
translocation) in the 
transplanted BM
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AAAAAA

Cellular
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repression 

mRNA
degradation

mRNA
sequestration

imperfect
pairing

perfect
pairing

pairing with 
target mRNA

RNA interference 
(RNAi)

Nobel prize 2006 
Physiology and 
Medicine to Craig 
Mello and Andrew 
Fire for their report 
on RNAi.

C. elegans is a precious tool in 
developmental biology: 
- it is tiny and grow rapidly 
- females are composed of 956 cells 
- males are composed of 1031 cells 
- the fate of every cell is characterized

Phenotypic effect after injection of single-
stranded or double-stranded unc-22 RNA into the 
gonad of C. elegans. The unc-22 gene encodes a 
myofilament protein. Decrease in unc-22 activity 
is known to produce severe twitching movements. 
Injected double-stranded RNA, but not single-
stranded RNA, induced the twitching phenotype in 
the progeny.

Conclusions of Fire&Mello’s study: 

1) silencing was triggered efficiently by 
injected dsRNA, but weakly or not at all 
by sense or antisense single-stranded 
RNAs. 

2) silencing was specific for an mRNA 
homologous to the dsRNA; other mRNAs 
were unaffected 

3) the dsRNA had to correspond to the 
mature mRNA sequence; neither intron 
nor promoter sequences triggered a 
response. This indicated a post-
transcriptional, presumably 
cytoplasmic mechanism 

4) the targeted mRNA disappeared 
suggesting that it was degraded 

5) only a few dsRNA molecules per cell were 
sufficient to accomplish full silencing. 
This indicated that the dsRNA was 
amplified and/or acted catalytically 
rather than stoichiometrically 

6) the dsRNA effect could spread between 
tissues and even to the progeny, 
suggesting a transmission of the effect 
between cells 

Disease Target gene

Monogenic or 
multifactorial diseases 
(also dominant!!!)

Familial hypercholesterolemia Apolipoprotein B

Age-related macular degeneration (AMD) VEGF, VEGFR1, RTP801

Amyotrophic lateral sclerosis (ALS) SOD1

Spinocerebellar ataxia type 1 Ataxin 1

Alzheimer's disease Tau, APP

Huntington's disease Mutated huntingtin allele

Parkinson's disease α-synuclein

Cancer

Different tumors Bcl-2

Acute myeloid leukemia (AML) AML1/MTG8

Chronic myelogenous leukemia (CML) Bcr-Abl

Glioblastoma MMP-9, uPAR

Infectious diseases

Hepatitis B HBsAg

Hepatitis C NS3, NS5B, E2

Influenza Nucleoprotein, polymerase

HIV-1 infection Viral or cellular genes required for viral 
replication

HSV-1 infection Glycoprotein E

Syncytial respiratory virus (RSV) P, N, L genes

siRNA-based gene therapy
Strategies for systemic delivery of siRNAs
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TUMOR CHEMOSENSmVITY GENES

Fig. 4. Differential effects of HHEMG on HSV-TK-positive and -negative
tumors in the same mouse. I. Day 13 after I'K, tumor inoculation into the right
flank and TK(â€”)into the left flank. Small tumors are visible at each site. />'.Day
16. Both tumors are growing progressively. An 8-day course of HHEMG therapy
is begun. C, Day 23. The I'K, tumor has shrunk, while the TK(â€”)tumor has
enlarged. D, Day 37. The PK, tumor has regressed completely; the TK(-) tumor
has continued to grow.

iments). The ranges of reversion frequencies observed, ex
pressed as reversion rate/cell/generation, were: TK+22, 3.5-8.8
x IO"4; P2KM2, 1.2-5.5 x 1(T4; and PK,, 2.8-12.0 x IO'6.

Although in vivo conditions within a tumor may have differed
from the in vitro conditions in the assay, it is reasonable to
suspect that at least a few revertant cells survived in vivo after
HHEMG treatment. Failure of tumors to recur in these circum
stances may therefore signify the operation of immune defenses,
capable (even in irradiated mice) of eradicating a small tumor
burden left after drug therapy. The immunity may reflect minor
antigenic disparities between transplants and hosts that could
have arisen at any time during the generational history of either
or which may have been created by the mutagenic effects of the
DM BA used to transform the cells. It would be overly optimistic
to hope that tumors arising spontaneously would necessarily
display similar antigens; furthermore, even in the case of some
transplanted tumors, a single viable tumor cell may be capable
of perpetuating the tumor (36). It would therefore seem hazard
ous to generalize regarding the apparent irrelevance of
HHEMG revenants to treatment outcome in the present model
system. One can conclude, however, that the presence of a
subpopulation of drug-resistant cells in a tumor does not invar

iably doom the treatment to failure. The present evidence that
HSV-TK gene insertion can convert therapeutic failure to suc
cess suggests, in fact, that when failures occur the cause should
be sought in the majority population of cells before resistant
mutants are invoked as an explanation.

DISCUSSION

The present results demonstrate that tumors can be eradi
cated in vivo on the basis of acquired drug susceptibilities while
their hosts survive significant depletion of normal stem cells.
The demonstration that this critical principle of the mosaicism
strategy operates as predicted strengthens the justification for
proceeding with technologically more difficult attempts to cre
ate mosaic hosts for testing the strategy in its entirety. Recent
reports suggest that gene insertion efficient enough to create a
testable model of mosaicism in the hematopoietic system of
mice will be feasible as the result of the development of efficient
retroviral vector (8-11). In addition to a need for efficient gene
delivery, other concerns that may need to be addressed include
the following, (a) Mutational loss of activity of inserted genes.
One potential solution is to induce mosaicism by inserting drug
resistance genes into a minority of cells in a tissue rather than
drug sensitivity genes into a majority; particularly effective
would be genes that encoded resistance too great for tumor cells
to emulate by spontaneous mutation, e.g., a dihydrofolate re-
ductase enzyme activity displaying almost absolute resistance
to methotrexate (37). A disadvantage is the need to insert the
resistance genes into all tissues vulnerable to therapy; thus, the
strategy cannot be confined to a single tissue, such as bone
marrow, selected for convenience of gene insertion. An alter
native solution would be to introduce into cells multiple inde
pendent chemosensitivity genes, (b) Transfer of toxicity by
metabolic cooperation. This problem might be averted by de
veloping therapies with agents too large to traverse intercellular
channels or by using as sensitivity genes DNA segments with
specific binding affinity for potentially lethal agents (38, 39).
Finally, (c) a need for safety may conflict with the proposed use
of retroviral vectors, mentioned above, since their random
insertion patterns may bring them to areas of the genome where
their presence is oncogenic. Attempts may be warranted to
develop alternative vectors with recombination functions that
are more site specific, as has been suggested for some inserted
histocompatibility genes (40).
While the above list emphasizes how premature it would be

to anticipate early general clinical applicability of induced mo
saicism, use in specific high risk situations might be contem
plated if the strategy is successful in animal model systems.
Retroviral vectors of HSV-TK are currently being utilized in
this laboratory in hopes of being able to test the curative
potential of HHEMG in mosaic mice that develop hemato
poietic neoplasms. When technology permits, any favorable
results achieved in these tests may serve as a model for initial
human trials of induced mosaicism in individuals at exception
ally high risk for fatal leukemias. These include adults with
some preleukemia syndromes whose risk of developing acute
nonlymphocytic leukemia may exceed 80% (41). In such indi
viduals, the need for medical intervention would appear to be
as urgent as that of candidates currently being considered for
gene therapy trials to correct genetic disorders (42).
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Tumor Chemosensitivity Conferred by Inserted Herpes Thymidine Kinase Genes:
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ABSTRACT

The lack of highly exploitable biochemical differences between normal
tissues and some tumors can theoretically be circumventedby a strategy
utilizing gene insertion prophylactically to create tissue mosaicism for
drug sensitivity, thereby ensuring that any tumor arising clonally will
differ from part of the normal cell population. Elements of the strategy
were tested with neoplastic BALB/c murine cell lines bearing the herpes
thymidine kinase gene. Exposure to the herpes thymidine kinase-specific
substrate 9-{|2-hydroxy-l-(hydroxymethyl)ethoxy|methyl)guanine
ablated the clonogenic potential of the cells in vitro, and administration
of this drug to BALB/c mice bearing tumors produced by the cell lines
uniformly induced complete regression of the tumors. The observed
responses to therapy imply that the strategy may prove valuable when
the genetic technology needed for its human implementation becomes
available.

INTRODUCTION

The limited ability of antineoplastic therapy to distinguish
neoplastic from normal cells on the basis of proliferative behav
ior has inspired a search for biochemical characteristics of
neoplastic cells that are tumor specific rather than proliferation
specific. Unfortunately, current molecular genetic studies (re
viewed in Refs. 1 and 2) fail to support the expectation that
such characteristics must be a consistent feature of neoplastic
cells. Rather, these studies suggest that the neoplastic state can
be explained without postulating tumor-specific functions, but
merely the operation of normal proliferation-specific functions
at abnormal levels, as a result of changes (sometimes minimal)
in the structure of growth-regulatory genes or changes in their
number or chromosomal environment. If confirmable, this con
clusion implies that a continued search for highly specific
attributes of neoplastic cells cannot be depended on for a general
solution to the problems of cancer therapy and that major
reductions in the lethality of cancer may require alternative
approaches that do not depend on the natural occurrence of
such attributes. An alternative strategy entailing the artificial
creation of differences between normal and neoplastic cells
through the prophylactic use of gene insertion techniques is
described below, together with data suggesting the potential
feasibility of the strategy when a gene insertion technology safe
and efficient enough for its human implementation becomes
available.
The strategy, which extends earlier concepts (3, 4), emerges

from two principles: (a) as radiation studies have demonstrated,
only a small minority of normal stem cells in a tissue subjected
to cytotoxic therapy need survive in order to ensure host sur
vival, in some cases fewer than 1% (5, 6); (b) most tumors are
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cltuial. and when a clone of cells arises in a tissue composed of
a mosaic of genetically diverse cells, the clone must inevitably
differ from some of the other cells in the mosaic (7). This
difference is what provides the basis for therapeutic specificity.
The approach is the following. Genes that alter cellular sensi
tivity to various chemotherapeutic agents are introduced pro
phylactically into tissues in a scattered fashion, so that some
cells acquire a given gene while others do not. The result is a
mosaic pattern in which cells differ in terms of what drugs they
are sensitive to. If a tumor later arises, therapy is directed at
whatever sensitivity the tumor clone exhibits, while the host is
protected by those cells in the mosaic normal population that
do not share that sensitivity. Of the many ways in which the
strategy might be implemented, the simplest entails the use of
a single gene in a single tissue and is illustrated in Fig. 1.
Tests of the mosaicism strategy are likely to be feasible soon

on the basis of emerging technology for inserting genes into
mice (8-11). To justify the substantial time and resources these
tests may require, it will be important to provide evidence that
the strategy, once testable, can operate as predicted. The present
study has gathered this evidence by simulating the two critical
events that would be expected during therapy of a tumor that
arose in a mosaic host. The first is an attack directed against
the tumor on the basis of its drug susceptibility characteristics.
Without mosaic mice, this was simulated by utilizing normal
mice with transplanted tumors bearing a drug sensitivity gene
that had previously been inserted into the tumor cells in vitro.
The second event is an attack directed against a significant
fraction of normal cells; this was simulated with irradiation.
The gene chosen for insertion encodes the TK3 enzyme of HSV
type 1. HSV-TK can catalyze the phosphorylation of a number
of nucleoside analogues that are poor substrates for the TK of
mammalian cells. The best known is the antiherpes drug acy-
clovir (12), which exhibits minimal toxicity to cells lacking
HSV-TK activity, but is activated in cells expressing HSV-TK
to a toxic form capable of inhibiting DNA synthesis, and which
has been reported to exhibit selective cytotoxicity to cells pos
sessing inserted HSV-TK genes (13-15). More recently, a re
lated drug, HHEMG (16-18), has been reported to be a better
substrate for phosphorylation by HSV-TK. Preliminary exper
iments with the neoplastic cell lines created for the present
study indicated the cytotoxicity of HHEMG to be more specific
for HSV-TK-positive cells than that of acyclovir; therefore
HHEMG was chosen for the study. HHEMG has also been
reported recently to be more specific than acyclovir in inhibition
of the growth of HSV-TK-positive sublines of murine L-cells
(19).

MATERIALS AND METHODS
Cell Lines. Cells were cultured in medium containing 10% fetal

bovine serum and antibiotics. HSV-TK-positive cells were maintained

1The abbreviations used are: TK. thymidine kinase; HSV, herpes simplex
virus type 1; HHEMG, 9-||2-hydroxy-l-(hydroxymethyl)ethoxy]methyl|guanine
(also known as ganciclovir, DHPG. 2'-NDG, BW759, and Biolf-62); DMEM.
Dulbecco's modified Eagle's medium; HAT, hypoxanthine + aminopterin +
thymidine: DMBA, 7,12-dimethylbenz(a)anthracene.
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Tumor Chemosensitivity Conferred by Inserted Herpes Thymidine Kinase Genes:
Paradigm for a Prospective Cancer Control Strategy1
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ABSTRACT

The lack of highly exploitable biochemical differences between normal
tissues and some tumors can theoretically be circumventedby a strategy
utilizing gene insertion prophylactically to create tissue mosaicism for
drug sensitivity, thereby ensuring that any tumor arising clonally will
differ from part of the normal cell population. Elements of the strategy
were tested with neoplastic BALB/c murine cell lines bearing the herpes
thymidine kinase gene. Exposure to the herpes thymidine kinase-specific
substrate 9-{|2-hydroxy-l-(hydroxymethyl)ethoxy|methyl)guanine
ablated the clonogenic potential of the cells in vitro, and administration
of this drug to BALB/c mice bearing tumors produced by the cell lines
uniformly induced complete regression of the tumors. The observed
responses to therapy imply that the strategy may prove valuable when
the genetic technology needed for its human implementation becomes
available.

INTRODUCTION

The limited ability of antineoplastic therapy to distinguish
neoplastic from normal cells on the basis of proliferative behav
ior has inspired a search for biochemical characteristics of
neoplastic cells that are tumor specific rather than proliferation
specific. Unfortunately, current molecular genetic studies (re
viewed in Refs. 1 and 2) fail to support the expectation that
such characteristics must be a consistent feature of neoplastic
cells. Rather, these studies suggest that the neoplastic state can
be explained without postulating tumor-specific functions, but
merely the operation of normal proliferation-specific functions
at abnormal levels, as a result of changes (sometimes minimal)
in the structure of growth-regulatory genes or changes in their
number or chromosomal environment. If confirmable, this con
clusion implies that a continued search for highly specific
attributes of neoplastic cells cannot be depended on for a general
solution to the problems of cancer therapy and that major
reductions in the lethality of cancer may require alternative
approaches that do not depend on the natural occurrence of
such attributes. An alternative strategy entailing the artificial
creation of differences between normal and neoplastic cells
through the prophylactic use of gene insertion techniques is
described below, together with data suggesting the potential
feasibility of the strategy when a gene insertion technology safe
and efficient enough for its human implementation becomes
available.
The strategy, which extends earlier concepts (3, 4), emerges

from two principles: (a) as radiation studies have demonstrated,
only a small minority of normal stem cells in a tissue subjected
to cytotoxic therapy need survive in order to ensure host sur
vival, in some cases fewer than 1% (5, 6); (b) most tumors are
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cltuial. and when a clone of cells arises in a tissue composed of
a mosaic of genetically diverse cells, the clone must inevitably
differ from some of the other cells in the mosaic (7). This
difference is what provides the basis for therapeutic specificity.
The approach is the following. Genes that alter cellular sensi
tivity to various chemotherapeutic agents are introduced pro
phylactically into tissues in a scattered fashion, so that some
cells acquire a given gene while others do not. The result is a
mosaic pattern in which cells differ in terms of what drugs they
are sensitive to. If a tumor later arises, therapy is directed at
whatever sensitivity the tumor clone exhibits, while the host is
protected by those cells in the mosaic normal population that
do not share that sensitivity. Of the many ways in which the
strategy might be implemented, the simplest entails the use of
a single gene in a single tissue and is illustrated in Fig. 1.
Tests of the mosaicism strategy are likely to be feasible soon

on the basis of emerging technology for inserting genes into
mice (8-11). To justify the substantial time and resources these
tests may require, it will be important to provide evidence that
the strategy, once testable, can operate as predicted. The present
study has gathered this evidence by simulating the two critical
events that would be expected during therapy of a tumor that
arose in a mosaic host. The first is an attack directed against
the tumor on the basis of its drug susceptibility characteristics.
Without mosaic mice, this was simulated by utilizing normal
mice with transplanted tumors bearing a drug sensitivity gene
that had previously been inserted into the tumor cells in vitro.
The second event is an attack directed against a significant
fraction of normal cells; this was simulated with irradiation.
The gene chosen for insertion encodes the TK3 enzyme of HSV
type 1. HSV-TK can catalyze the phosphorylation of a number
of nucleoside analogues that are poor substrates for the TK of
mammalian cells. The best known is the antiherpes drug acy-
clovir (12), which exhibits minimal toxicity to cells lacking
HSV-TK activity, but is activated in cells expressing HSV-TK
to a toxic form capable of inhibiting DNA synthesis, and which
has been reported to exhibit selective cytotoxicity to cells pos
sessing inserted HSV-TK genes (13-15). More recently, a re
lated drug, HHEMG (16-18), has been reported to be a better
substrate for phosphorylation by HSV-TK. Preliminary exper
iments with the neoplastic cell lines created for the present
study indicated the cytotoxicity of HHEMG to be more specific
for HSV-TK-positive cells than that of acyclovir; therefore
HHEMG was chosen for the study. HHEMG has also been
reported recently to be more specific than acyclovir in inhibition
of the growth of HSV-TK-positive sublines of murine L-cells
(19).

MATERIALS AND METHODS
Cell Lines. Cells were cultured in medium containing 10% fetal

bovine serum and antibiotics. HSV-TK-positive cells were maintained

1The abbreviations used are: TK. thymidine kinase; HSV, herpes simplex
virus type 1; HHEMG, 9-||2-hydroxy-l-(hydroxymethyl)ethoxy]methyl|guanine
(also known as ganciclovir, DHPG. 2'-NDG, BW759, and Biolf-62); DMEM.
Dulbecco's modified Eagle's medium; HAT, hypoxanthine + aminopterin +
thymidine: DMBA, 7,12-dimethylbenz(a)anthracene.
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Randomized Multicenter Trial Comparing the Efficacy of Surgery, 
Radiation, and Injection of Murine Cells Producing Herpes Simplex 

Thymidine Kinase Vector Followed by Intravenous Ganciclovir 
Against the Efficacy of Surgery and Radiation in the Treatment of 

Newly Diagnosed Previously Untreated Glioblastoma 

• Brain tumors are the third leading cause of death from cancer in persons 15 to 34 
years of age. Despite aggressive therapy, the prognosis is very grim (10 months 
survivals). 

• The strategy consists of injection of murine cells producing replication-
incompetent retroviral vectors containing the HSV-Tk gene. The mechanism of 
action is that the Tk protein can phosphorylate nucleoside analogs, such as GCV, to 
form nucleotide-like precursor that will block replication of DNA, thereby killing the cell. 

• The central nervous system has several advantages of safety and efficacy for 
retroviral-mediated gene transfer. In the brain the tumor is the most mitotically active 
cell, with only macrophages, blood and endothelial cells at minimal risk. Moreover, the 
brain is a partially immunologically privileged site, which should allow a longer 
survival of the xenogenic cells. 

• A particularly attractive feature of using HSV-Tk is the “bystander effect”, probably 
due to the transfer of the cytotoxic metabolite, phosphorylated GCV, through cell 
communication networks such as gap junctions. This phenomenon obviates the 
necessity for transducing every cell in order to eradicate or reduce the tumor.

Target cell Strategy Goal Therapeutic gene

Cancer cells

Inhibition of cancer cell 
proliferation 

Restoration of cell cycle control 

Tumor suppressors (p53, Rb, BRCA1)

Antisense oligonucleotides, ribozymes, siRNAs 
or intracellular antibodies against oncogenes, 
cdc2, cyclins, PCNA, tyrosine kinase receptors, 
signal transducers, etc. 

Transfer of suicide genes 
into cancer cells

Specific induction of cytotoxicity in 
the suicide gene-expressing cells

Gene activating a cytotoxic pro-drug, for 
example HSV-TK

Oncolytic viruses
Selective lysis of cancer cells by viral 
replication

Cells of the 
immune system Immunotherapy 

Increase of antigenic stimulation by 
cancer cells (active immunization, 
cancer vaccination) 

Tumor-specific antigens (TSAs and TAAs

Genes coding for cytokines increasing antigen 
stimulation (IL-2, IL-12, IFN-γ, GM-CSF)

Increase of the cytotoxic T-cell 
response against cancer cells 

Genes coding for immunoregulatory cytokines 
(IL-2, IL-12, IL-7, GM-CSF, IFN-γ, IL-6, TNF-α)

Genes coding for co-stimulatory proteins (B7, 
ICAM-1, LFA-3)

Genes coding for immunogenic proteins (MHC I 
and II alloantigens)

Genetic modification of effector T 
cells to redirect them towards cancer 
cells (adoptive immunotherapy)

TCR genes

Hematopoietic 
stem cells (HSCs)

Increase of the 
therapeutic index of 
cancer chemotherapy

Transfer of genes preventing toxicity 
of chemotherapy into HSCs

Mdr-1

Strategies for gene therapy of cancer



Organizzazione del genoma di Adenovirus
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Oncolytic adenoviruses

An adenovirus 
E1B mutant 
(ONYX-015) that 
replicates 
selectively in p53 
deficient human 
tumor cells

F. McCormick and coll. 1996. Science 
274, 373-376

ONYX-015 is a first generation replication-selective adenovirus with a deletion in the E1B-55kDa gene, which is responsible 
for p53 inactivation. Thus, this mutant should be unable to overcome the p53-mediated blockade of viral replication in 
normal cells. In contrast, in a tumor cell lacking p53 function, the E1B-p53 protein should be expendable for p53 inhibition 
and replication should proceed. 
ONYX-015 has shown promise in phase I and II clinical trials following direct intratumoral injection into recurrent head and 
neck cancers.

•Moderate fever, rigors and fatigue were the most common 
adverse events 

•Antibody titers increased significantly in all patients 
•Viral replication was detectable in patients receiving the highest 
doses 

•An objective response was demonstrated in combination with 
chemotherapy in a patient who was refractory to 5-FU

Hepatic artery infusion of dl1520 was well-tolerated at doses 
resulting in infection, replication and chemotherapy-associated 
antitumoral activity



Modern oncolytic viruses

Therapeutic 
genes: 
IL-12 
IL-18 

Cancer-specific 
promoters 
(i.e. PSA)

HSV-1 
and HSV-1 vectors

Gene Therapy for High-Grade Glioma

Target cell Strategy Goal Therapeutic gene

Cancer cells

Inhibition of cancer cell 
proliferation 

Restoration of cell cycle control 

Tumor suppressors (p53, Rb, BRCA1)

Antisense oligonucleotides, ribozymes, siRNAs 
or intracellular antibodies against oncogenes, 
cdc2, cyclins, PCNA, tyrosine kinase receptors, 
signal transducers, etc. 

Transfer of suicide genes 
into cancer cells

Specific induction of cytotoxicity in 
the suicide gene-expressing cells

Gene activating a cytotoxic pro-drug, for 
example HSV-TK

Oncolytic viruses
Selective lysis of cancer cells by viral 
replication

Cells of the 
immune system Immunotherapy 

Increase of antigenic stimulation by 
cancer cells (active immunization, 
cancer vaccination) 

Tumor-specific antigens (TSAs and TAAs)

Genes coding for cytokines increasing antigen 
stimulation (IL-2, IL-12, IFN-γ, GM-CSF)

Increase of the cytotoxic T-cell 
response against cancer cells 

Genes coding for immunoregulatory cytokines 
(IL-2, IL-12, IL-7, GM-CSF, IFN-γ, IL-6, TNF-α)

Genes coding for co-stimulatory proteins (B7, 
ICAM-1, LFA-3)

Genes coding for immunogenic proteins (MHC I 
and II alloantigens)

Genetic modification of effector T 
cells to redirect them towards cancer 
cells (adoptive immunotherapy)

TCR genes

Hematopoietic 
stem cells (HSCs)

Increase of the 
therapeutic index of 
cancer chemotherapy

Transfer of genes preventing toxicity 
of chemotherapy into HSCs

Mdr-1

Strategies for gene therapy of cancer
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Genetically marking human cells--results of the first clinical gene
transfer studies.
Cai Q , Rubin JT, Lotze MT.

Department of Surgery, School of Medicine, University of Pittsburgh Medical Center,
Pennsylvania, USA.

Abstract
The rapid development of both knowledge and techniques in molecular biology have made it
possible to engineer genetic constructs and transfer them into cells of individuals with various
diseases. Such gene therapies may alleviate or perhaps even cure diseases for which no
adequate treatment now exists. One potential application is to treat genetic disease by inserting
a normal gene into cells in individuals with a "malfunctioning" gene. The added genetic
information could allow these cells to function properly and might reduce or eliminate the
sequelae of the disease. Such genetic manipulation could also be used to combat other
diseases using the same general technique. For example in cancer patients, various cytokine
genes inserted into tumor cells may serve as components of a tumor vaccine because such
cytokine-secreting tumor cells can induce a significant T-cell response in experimental animal
models when compared with non-gene-modified tumors, ultimately leading to a systemic
immune response. In addition to treating patients, transferred genes also can serve as markers
to obtain important information about the fate of otherwise indistinguishable cells. For example,
we used a genetic marker to label tumor-infiltrating lymphocytes (TILs) to monitor their in vivo
survival and ability to "home" to tumor sites. Gene markers also were transferred into
autologous bone marrow cells to study the mechanism of tumor relapse. This review will focus
primarily on studies using gene markers to track TILs after transfer. We will focus on the
following issues: (a) that TILs are potent antitumor cells, mediating partial and complete
responses in patients with melanoma; (b) the importance of the initial gene marked TIL study;
(c) safety considerations in the use of gene marking/gene therapy; (d) results of gene-marked
TIL studies; and (e) other gene-marked cells.

PMID: 7621260

[Indexed for MEDLINE]
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Tumor Infiltrating Lymphocytes (TIL)

Antigene Tumore

Antigeni presenti 
esclusivamente 
nelle cellule 
tumorali (tumor 
specific antigen, 
TSA)

Antigeni specifici delle 
cellule tumorali

Idiotipo dell'anticorpo 
espresso dalle cellule tumorali

Linfomi a cellule B

T-cell receptor (TCR) 
espresso dalla cellule tumorali

Linfomi a cellule T

Proteine cellulari mutate 
che partecipano al 
processo di 
trasformazione tumorale

Proteina p21ras mutata ~10% dei tumori

Proteina di fusione p210bcr-abl Leucemia mieloide cronica

Proteina p53 mutata >50% dei tumori

Proteine di origine virale 
espresse dalle cellule 
tumorali

Proteine E6, E7 del virus del 
papilloma umano (HPV)

Carcinoma della cervice 
uterina

Proteina EBNA-1 del virus di 
Epstein-Barr (EBV)

Morbo di Hodgkin 
Linfomi EBV-positivi

Proteine normali 
espresse 
abnormemente 
dalle cellule 
tumorali (tumor-
associated 
antigens, TAA)

Proteine normali 
espresse a livelli molto 
elevati

PSA, HER2/neu, MUC-1 Diversi carcinomi

Antigeni oncofetali CEA, AFP Diversi carcinomi

Antigeni di 
differenziamento

Melan-A/MART-1, tirosinasi, 
gp100

>50% dei melanomi

Antigeni CTA (cancer-
testis antigens)

Proteine delle famiglie MAGE, 
BAGE, GAGE, LAGE, 
PRAME, NY1-ESO-1, etc.

Melanoma, tumore della 
vescica, tumore del 
polmone non a piccole 
cellule, ed altri tumori

Antigeni delle cellule tumorali Immunotherapy of cancer



Vaccinazione con DNA tramite “Gene Gun”

Adenovirus genome organization
Adenoviral 
vectors

First generation Adenoviral vectors

Transient gene expression and problematic 
re-administration 

Strong host immune response to viral 
proteins and cytotoxicity 
(CD4+, CD8+ T-cell activation, neutralising 
antibodies) 

Technically: 
 Limited cloning capacity (<8 kb) 
 RCA generation

Advantages

Broad target cell repertoire: 

 i) Natural tropism for a variety of cell 
types. 

 ii) Ability to infect proliferating and 
quiescent cells. 

High efficiency of in vivo transduction 

Remain episomal 

Technically: 
High titre production levels (up to 1011-1012 

pfu/ml). 
Quite stable, manipulation friendly genome. 
Well understood molecular biology and host 

cell interactions.

Limitations



Replication-defective Adenoviral vectors

First generation (E1 deletion)
• Cloning capacity < 6 kb 
• Blocking of virus genetic program can be leaky (cytopathic 

effects) 
• High level expression of transgene in transduced cells

Second generation (e.g. E1 + E4 deletions)
• Cloning capacity extended to 9 kb 
• Profound blockage of viral gene expression 
• Reduced vector-induced cytopathic effects 
• Vector persists longer in transduced cells 
• Expression of transgene impaired

Cellule 293/Cre

Virus helper

ψ
ITR ITR

LoxPLoxP

DE1

Vettore gutless

ψ
ITR ITR

Gene terapeutico

Ricombinasi Cre

ψ
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ITR ITR
LoxP

DE1

DNA del virus helper, 
non incapsidabile

Virioni contenenti il 
genoma del vettore 

gutless

ψ
ITR ITR

DNA del vettore, 
contenente il segnale ψ 

Proteine indispensabili per la 
replicazione del DNA e 
l'incapsidamento

I vettori gutless, che contengono 
solo le sequenze terminali invertite 
(ITR, Inverted Terminal Repeats), il 

segnale di incapsidazione e la 
cassetta d'espressione, richiedono 

un virus helper (difettivo per 
l'incapsidazione) che fornisca in 

trans le proteine virali necessarie 
per la sintesi della particella virale 
infettiva nella cellula produttrice. Il 
virus helper può poi essere rimosso 

dalla preparazione di vettore 
mediante un processo di 

purificazione, con efficienza 
superiore al 99,9%. 

Gutless 
Adenoviral 
vectors

Helper-dependent Adenoviral vectors

Low but significant helper virus 
contamination 

Error prone not robust production system 
(susceptible to recombination and instability) 

RCA and defective viral particle production 
(1:10 or 1:200 ratio) 

Massive-scale production restrictions for 
clinical use due to purification restrictions

Advantages

Reduced toxicity and nearly eliminated 
immune responses 

Higher levels and prolonged transgene 
expression 

Increased cloning capacity (up to 36 kb) 

All benefits of F.G adenoviral vectors

Limitations

Direct injection into subcutaneous deposits of melanoma or breast cancer (23 patients 
injected at 7 dose levels)

•60% local inflammation 
•24% incomplete local tumor regression, 
but no conventional clinical responses 

•Tumor necrosis and lymphocytic infiltration 
at biopsy 

•IL-12 mRNA and protein detectable at 48 
hrs (only transcript at day 7) 

•This trial therefore confirms the safety of 
use of adenoviral vectors for gene 
delivery in humans and demonstrates 
successful transgene expression even 
in the face of pre-existing immunity to 
adenovirus 

Science vs. Anecdote

Survival

Untreated Treated

14 2 13 3

Science vs. Anecdote

P (probability that difference is by 
chance) > 0.05 (5%)

Untreated Treated

Dead
Alive

Anecdote



Target cell Strategy Goal Therapeutic gene

Cancer cells

Inhibition of cancer cell 
proliferation 

Restoration of cell cycle control 

Tumor suppressors (p53, Rb, BRCA1)

Antisense oligonucleotides, ribozymes, siRNAs 
or intracellular antibodies against oncogenes, 
cdc2, cyclins, PCNA, tyrosine kinase receptors, 
signal transducers, etc. 

Transfer of suicide genes 
into cancer cells

Specific induction of cytotoxicity in 
the suicide gene-expressing cells

Gene activating a cytotoxic pro-drug, for 
example HSV-TK

Oncolytic viruses
Selective lysis of cancer cells by viral 
replication

Cells of the 
immune system Immunotherapy 

Increase of antigenic stimulation by 
cancer cells (active immunization, 
cancer vaccination) 

Tumor-specific antigens (TSAs and TAAs

Genes coding for cytokines increasing antigen 
stimulation (IL-2, IL-12, IFN-γ, GM-CSF)

Increase of the cytotoxic T-cell 
response against cancer cells 

Genes coding for immunoregulatory cytokines 
(IL-2, IL-12, IL-7, GM-CSF, IFN-γ, IL-6, TNF-α)

Genes coding for co-stimulatory proteins (B7, 
ICAM-1, LFA-3)

Genes coding for immunogenic proteins (MHC I 
and II alloantigens)

Genetic modification of effector T 
cells to redirect them towards cancer 
cells (adoptive immunotherapy)

TCR genes

Hematopoietic 
stem cells (HSCs)

Increase of the 
therapeutic index of 
cancer chemotherapy

Transfer of genes preventing toxicity 
of chemotherapy into HSCs

Mdr-1

Strategies for gene therapy of cancer
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Chimeric antigen receptors (CARs, also known as chimeric immunoreceptors, chimeric T cell receptors, artificial T cell receptors or CAR-T) are 
engineered receptors which graft an arbitrary specificity onto an immune effector cell (T cell). Typically, these receptors are used to graft the specificity of a 
monoclonal antibody onto a T cell, with transfer of their coding sequence facilitated by retroviral vectors. The receptors are called chimeric because they are 
composed of parts from different sources.

Chimeric antigen receptors

Rationale for CART immunotherapy

(A) Release of cell debris and tumor antigens from malignant cells activates a cascade of host antitumor immune responses, initiated by innate immune cells that release 
pro-inflammatory cytokines and contribute to tumor cell destruction. Among these cells are dendritic cells, which capture tumor antigens, mature in response to the pro-
inflammatory cytokines in the environment, and travel to lymphoid tissues to stimulate T-cell proliferation and activation of antigen-specific adaptive immune responses 
leading to tumor death. (B). Tumors often develop adaptations to evade detection and destruction by the host immune system. Through the recruitment of suppressive 

leukocytes and elaboration of immunosuppressive cytokines, tumors inhibit the function of infiltrating immune cells, including dendritic cells. Incompletely matured DCs are 
unable to effectively activate naïve T cells, instead inducing T-cell anergy, apoptosis, or tolerance to tumor-associated antigens. Downregulation of antigen-presenting 

machinery and the development of antigen-loss variants enable tumor cells to escape detection by infiltrating immune cells. (C) CAR T-cells, which recognize antigens via a 
mechanism distinct from TCR stimulation, bypass the need for DC antigen presentation and are unaffected by MHC downregulation. CAR structure and culture conditions can 

also be optimized to create CART populations with superior cytotoxicity and resistance to tumor-induced suppressive influences.

Ideal antigens for CAR generation

1)tumor exclusive 
2)expressed by all malignant cells 
3)function crucial to tumor growth and survival

Results

1)maximize tumoricidal capacity 
2)prevent immune evasion 
3)reduce the risk of toxicity stemming from 

CART destruction of antigen-expressing 
healthy cells

Originally derived from the CD3ζ chain of the traditional TCR, CAR 
endodomains have undergone generational changes to include one or 
more costimulatory domains, most commonly CD28 and 41BB, to 
enhance the persistence and cytotoxicity of CAR-expressing cells 

Evolution of CAR structure



Novartis receives first ever FDA approval for a CAR-T cell 
therapy, Kymriah(TM) (CTL019), for children and young adults 
with B-cell ALL that is refractory or has relapsed at least twice

Basel, August 30, 2017

ALL prognosis is poor. Patients often undergo multiple treatments including chemotherapy, radiation, targeted 
therapy or stem cell transplant, yet less than 10% of patients survive five years

Kymriah is an innovative immunocellular therapy that is a one-time treatment. Kymriah uses the 4-1BB 
costimulatory domain in its chimeric antigen receptor to enhance cellular expansion and persistence.
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BACKGROUND
In a single-center phase 1–2a study, the anti-CD19 chimeric antigen receptor (CAR) 
T-cell therapy tisagenlecleucel produced high rates of complete remission and was 
associated with serious but mainly reversible toxic effects in children and young 
adults with relapsed or refractory B-cell acute lymphoblastic leukemia (ALL).

METHODS
We conducted a phase 2, single-cohort, 25-center, global study of tisagenlecleucel 
in pediatric and young adult patients with CD19+ relapsed or refractory B-cell ALL. 
The primary end point was the overall remission rate (the rate of complete remission 
or complete remission with incomplete hematologic recovery) within 3 months.

RESULTS
For this planned analysis, 75 patients received an infusion of tisagenlecleucel and 
could be evaluated for efficacy. The overall remission rate within 3 months was 
81%, with all patients who had a response to treatment found to be negative for 
minimal residual disease, as assessed by means of flow cytometry. The rates of 
event-free survival and overall survival were 73% (95% confidence interval [CI], 
60 to 82) and 90% (95% CI, 81 to 95), respectively, at 6 months and 50% (95% CI, 
35 to 64) and 76% (95% CI, 63 to 86) at 12 months. The median duration of remis-
sion was not reached. Persistence of tisagenlecleucel in the blood was observed for 
as long as 20 months. Grade 3 or 4 adverse events that were suspected to be related 
to tisagenlecleucel occurred in 73% of patients. The cytokine release syndrome 
occurred in 77% of patients, 48% of whom received tocilizumab. Neurologic 
events occurred in 40% of patients and were managed with supportive care, and 
no cerebral edema was reported.

CONCLUSIONS
In this global study of CAR T-cell therapy, a single infusion of tisagenlecleucel 
provided durable remission with long-term persistence in pediatric and young 
adult patients with relapsed or refractory B-cell ALL, with transient high-grade 
toxic effects. (Funded by Novartis Pharmaceuticals; ClinicalTrials.gov number, 
NCT02435849.)

A BS TR AC T

Tisagenlecleucel in Children and Young 
Adults with B-Cell Lymphoblastic Leukemia

S.L. Maude, T.W. Laetsch, J. Buechner, S. Rives, M. Boyer, H. Bittencourt, 
P. Bader, M.R. Verneris, H.E. Stefanski, G.D. Myers, M. Qayed, B. De Moerloose, 

H. Hiramatsu, K. Schlis, K.L. Davis, P.L. Martin, E.R. Nemecek, G.A. Yanik, 
C. Peters, A. Baruchel, N. Boissel, F. Mechinaud, A. Balduzzi, J. Krueger, 

C.H. June, B.L. Levine, P. Wood, T. Taran, M. Leung, K.T. Mueller, Y. Zhang, 
K. Sen, D. Lebwohl, M.A. Pulsipher, and S.A. Grupp  

Original Article

The New England Journal of Medicine 
Downloaded from nejm.org on November 6, 2018. For personal use only. No other uses without permission. 

 Copyright © 2018 Massachusetts Medical Society. All rights reserved. 

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 378;5 nejm.org February 1, 2018 439

The authors’ full names, academic de-
grees, and affiliations are listed in the 
Appendix. Address reprint requests to 
Dr. Maude at 3012 Colket Translational 
Research Bldg., 3501 Civic Center Blvd., 
Philadelphia, PA 19104, or at  maude@ 
 email . chop . edu.

Drs. Pulsipher and Grupp contributed 
equally to this article.

N Engl J Med 2018;378:439-48.
DOI: 10.1056/NEJMoa1709866
Copyright © 2018 Massachusetts Medical Society.

BACKGROUND
In a single-center phase 1–2a study, the anti-CD19 chimeric antigen receptor (CAR) 
T-cell therapy tisagenlecleucel produced high rates of complete remission and was 
associated with serious but mainly reversible toxic effects in children and young 
adults with relapsed or refractory B-cell acute lymphoblastic leukemia (ALL).
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or complete remission with incomplete hematologic recovery) within 3 months.

RESULTS
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35 to 64) and 76% (95% CI, 63 to 86) at 12 months. The median duration of remis-
sion was not reached. Persistence of tisagenlecleucel in the blood was observed for 
as long as 20 months. Grade 3 or 4 adverse events that were suspected to be related 
to tisagenlecleucel occurred in 73% of patients. The cytokine release syndrome 
occurred in 77% of patients, 48% of whom received tocilizumab. Neurologic 
events occurred in 40% of patients and were managed with supportive care, and 
no cerebral edema was reported.

CONCLUSIONS
In this global study of CAR T-cell therapy, a single infusion of tisagenlecleucel 
provided durable remission with long-term persistence in pediatric and young 
adult patients with relapsed or refractory B-cell ALL, with transient high-grade 
toxic effects. (Funded by Novartis Pharmaceuticals; ClinicalTrials.gov number, 
NCT02435849.)
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the null hypothesis of an overall remission rate 
of 20% against the alternative hypothesis of an 
overall remission rate of 45% or higher at an 
overall one-sided significance level of 2.5%.

An interim analysis was planned after the 
first 50 patients who received a tisagenlecleucel 
infusion had completed 3 months of follow-up 
or discontinued participation in the study. The 
results with regard to the primary end point 
were considered to be significant in the interim 
analysis if the one-sided P value was lower than 
0.0057. Key secondary end points were tested 
sequentially (after the primary end point was 
significant) to control the overall alpha.

The results with regard to overall remission 
rate, response duration, event-free survival, over-
all survival, cellular kinetics, and safety that are 
presented in this report are from an updated 
analysis that included 75 patients who received 
tisagenlecleucel and had completed 3 months of 
follow-up or discontinued the study at an earlier 
point. For the time-to-event analyses, Kaplan–
Meier curves were used to estimate survival dis-
tributions after infusion. All statistical tests were 
performed with the use of SAS software, version 

9.4 (SAS Institute). Additional details regarding 
the statistical analysis are provided in the Sup-
plementary Appendix.

R esult s

Patients
Between April 8, 2015, and the data cutoff on 
April 25, 2017, a total of 107 patients were 
screened, and 92 were enrolled (Fig. 1). A total 
of 75 patients received an infusion of tisagenle-
cleucel, with a median time from enrollment 
to infusion of 45 days (range, 30 to 105). The 
median duration of follow-up among patients 
who received a tisagenlecleucel infusion was 
13.1 months. At enrollment, patients who received 
tisagenlecleucel had a median age of 11 years 
(range, 3 to 23), a median of 3 previous therapies 
(range, 1 to 8), and a median marrow blast per-
centage of 74% (range, 5 to 99); 46 patients 
(61%) had undergone previous allogeneic hemato-
poietic stem-cell transplantation (Table S1 in the 
Supplementary Appendix).

Before tisagenlecleucel infusion, 72 of 75 pa-
tients (96%) received lymphodepleting chemo-

75 Underwent infusion

92 Were enrolled

17 Were excluded
7 Had tisagenlecleucel

product-related issues
7 Died
3 Had adverse events

107 Patients were screened

48 Remained in follow-up

27 Discontinued
11 Died

9 Had lack of efficacy
5 Underwent new therapy

for ALL while in complete
remission

2 Withdrew or were withdrawn
by guardian

Figure 1. Screening, Enrollment, Treatment, and Follow-up.

The first patient’s first visit occurred on April 8, 2015. The median time from 
tisagenlecleucel infusion to data cutoff was 13.1 months. The reasons for 
patients not enrolling in the study after screening included not meeting the 
inclusion criteria or meeting the exclusion criteria (11 patients, including 
<5% blasts in the bone marrow in 8 patients), death before acceptance of 
the apheresis sample at the manufacturing facility (2 patients; 1 who died 
from pulmonary hemorrhage and 1 who died from multiorgan failure), phy-
sician decision (1), and apheresis-related issue (1). All patients who com-
pleted screening and whose apheresis product was received and accepted 
by the manufacturing facility were enrolled in the study. Of the 75 patients 
who received an infusion, 65 (87%) received bridging chemotherapy be-
tween enrollment and infusion, and 72 (96%) received lymphodepleting 
chemotherapy (fludarabine–cyclophosphamide [71 patients] or cytarabine–
etoposide [1]). Seventeen enrolled patients did not receive a tisagenlecleucel 
infusion because of product-related issues (7 patients), death (7 patients;  
4 from disease progression and 1 each from sepsis, respiratory failure, and 
fungemia), and adverse events (3 patients; 1 each from graft-versus-host 
disease, systemic mycosis, and fungal pneumonia). Tisagenlecleucel product-
related issues included an inability to manufacture as a result of poor cell 
growth for 6 patients and a technical issue unrelated to cell growth for 1 pa-
tient. Patients who received the infusion but discontinued follow-up were 
followed for survival. At the time of data cutoff, 27 patients had discontin-
ued follow-up owing to death (11 patients; 7 from disease progression and 
1 each from encephalitis, cerebral hemorrhage, systemic mycosis, and hepa-
tobiliary disorders related to allogeneic hematopoietic stem-cell transplan-
tation), lack of efficacy (9 patients; nonresponse or relapse), new therapy 
while in complete remission (5), and patient or guardian decision (2); 48 
patients remained in follow-up. ALL denotes acute lymphoblastic leukemia.
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B-Cell Aplasia
All patients with a response to treatment had 
B-cell aplasia, and most patients in the study 
received immunoglobulin replacement in accor-
dance with local practice. The median time to 
B-cell recovery was not reached (Fig. S4 in the 
Supplementary Appendix). The probability of 
maintenance of B-cell aplasia at 6 months after 
infusion was 83% (95% CI, 69 to 91).

Cytokine Response
Among the 75 patients who received tisagenlec-
leucel, transient increases in serum interleu-
kin-6, interferon gamma, and ferritin levels oc-
curred during the cytokine release syndrome 
after infusion; these increases tended to be more 
pronounced in patients with grade 4 cytokine 
release syndrome than in patients with lower 
grades (Fig. S5 in the Supplementary Appendix). 
Similar trends were observed in the levels of 
other cytokines, including interleukin-10, inter-
leukin-12p70, interleukin-1β, interleukin-2, inter-
leukin-4, interleukin-8, and tumor necrosis fac-
tor α. A transient increase in the C-reactive 

protein level was observed in most patients, but 
with large variability.

Safety
The safety analysis set included all 75 patients 
who received an infusion of tisagenlecleucel; the 
median time from infusion to data cutoff was 
13.1 months (range, 2.1 to 23.5). Eighteen pa-
tients (24%) received their infusions in an outpa-
tient setting. All patients had at least one adverse 
event during the study; 71 of 75 patients (95%) 
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Figure 2. Duration of Remission, Event-free Survival, 
and Overall Survival.

Panel A shows the duration of remission, defined as 
the time to relapse after the onset of remission, in the 
61 patients who had a best overall response of either 
complete remission or complete remission with incom-
plete hematologic recovery. Panel B shows event-free 
survival among the 75 patients who received an infusion, 
defined as the time from tisagenlecleucel infusion to 
the earliest of the following events: no response (8 pa-
tients), relapse before response was maintained for at 
least 28 days (2), or relapse after having complete re-
mission or complete remission with incomplete hema-
tologic recovery (17). A total of 32 patients had still not 
had an event at the time of data cutoff. Data for 16 more 
patients were censored for event-free survival — 8 pa-
tients for allogeneic stem-cell transplantation during 
remission, 7 patients for new cancer therapy other than 
stem-cell transplantation during remission (4 received 
humanized anti-CD19 CAR T cells, 1 received ponatinib, 
1 received vincristine sulfate and blinatumomab, and  
1 received antithymocyte globulin), and 1 patient for 
lack of adequate assessment. Ten patients were followed 
for relapse after new therapy, 4 of whom had a relapse 
or died. Panel B also shows overall survival among the 
75 patients who received an infusion from the date of 
tisagenlecleucel infusion to the date of death from any 
cause. Nineteen patients died after tisagenlecleucel in-
fusion, and 56 patients had their data censored at the 
time of the last follow-up. Tick marks indicate the time 
of censoring.
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Overall remission rate of 81% among 75 patients with at 
least 3 months of follow-up after a single infusion of 
tisagenlecleucel  

The remissions were durable, with a 6-month relapse-free 
survival rate of 80% 

Tisagenlecleucel was administered as a single infusion, and 
most toxic effects were observed only during the first 8 
weeks after infusion.  

Cytokine release syndrome 
A condition that may occur after treatment with some types 
of immunotherapy, such as monoclonal antibodies and CAR-T 
cells. Cytokine release syndrome is caused by a large, rapid 
release of cytokines into the blood from immune cells 
affected by the immunotherapy. Cytokines are immune 
substances that have many different actions in the body. 
Signs and symptoms of cytokine release syndrome include 
fever, nausea, headache, rash, rapid heartbeat, low blood 
pressure, and trouble breathing. Most patients have a mild 
reaction, but sometimes, the reaction may be severe or life 
threatening. 

CART and Solid Malignancies CAR for glioblastoma multiforme

Antigen targets: EGFRvIII, IL-13Rα2, and HER2

Strong positive correlation between the degree of intratumoral infiltration with antigen-specific cytotoxic T-cells 
(CTLs) and overall patient survival

EGFRvIII is a mutated form of the epidermal growth factor receptor (EGFR), resulting from a tumor-specific in-
frame deletion creating a constitutively active surface receptor protein. Present in approximately 30% of GBMs, 
this mutant receptor enhances glioma cell proliferation, angiogenesis, and invasiveness and is independently 
associated with a poor prognosis
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Chimeric antigen receptors (CARs) are synthetic molecules designed to redirect T cells to specific antigens. CAR-
modified T cells can mediate long-term durable remissions in B cell malignancies, but expanding this platform to
solid tumors requires the discovery of surface targets with limited expression in normal tissues. The variant III mu-
tation of the epidermal growth factor receptor (EGFRvIII) results from an in-frame deletion of a portion of the ex-
tracellular domain, creating a neoepitope. We chose a vector backbone encoding a second-generation CAR based
on efficacy of a murine scFv–based CAR in a xenograft model of glioblastoma. Next, we generated a panel of hu-
manized scFvs and tested their specificity and function as soluble proteins and in the form of CAR-transduced T
cells; a low-affinity scFv was selected on the basis of its specificity for EGFRvIII over wild-type EGFR. The lead candidate
scFv was tested in vitro for its ability to direct CAR-transduced T cells to specifically lyse, proliferate, and secrete cytokines
in response to antigen-bearing targets. We further evaluated the specificity of the lead CAR candidate in vitro
against EGFR-expressing keratinocytes and in vivo in a model of mice grafted with normal human skin. EGFRvIII-
directed CAR T cells were also able to control tumor growth in xenogeneic subcutaneous and orthotopic models
of human EGFRvIII+ glioblastoma. On the basis of these results, we have designed a phase 1 clinical study of
CAR T cells transduced with humanized scFv directed to EGFRvIII in patients with either residual or recurrent glioblas-
toma (NCT02209376).

INTRODUCTION
Immune therapies that engage T cells have the potential to induce long-
term durable remissions of cancer. In hematologic malignancies, allogeneic
hematopoietic stem cell transplant can be curative in part due to T cell–
mediated antitumor immunity; in solid tumors, checkpoint blockade
with anti–CTLA-4 or anti–PD-1 monoclonal antibodies (mAbs) can me-
diate long-term responses (1, 2) by releasing T cells from tightly controlled
peripheral tolerance. Redirecting T cells with chimeric antigen recep-
tors (CARs) is an alternative method of overcoming tolerance and can
be performed in the autologous setting. In B cell malignancies, CAR T
cells directed to CD19 can mediate long-term remissions without the need
for an allogeneic human leukocyte antigen (HLA)–matched donor (3–5).
However, CAR immunotherapy in solid tumors remains challenging,
largely due to the lack of appropriate surface antigens whose expres-
sion is confined to malignant tissue. Off-tumor expression of the an-
tigen target has potential to cause on-target toxicity with varying
degrees of severity depending on the affected organ tissue (6–8).

Epidermal growth factor receptor variant III (EGFRvIII) is a putative
tumor-specific oncogenic mutation and is the most common variant of
the EGFR observed in human tumors (9–13). EGFRvIII results from the
in-frame deletion of exons 2 to 7 and the generation of a novel glycine
residue at the junction of exons 1 and 8; this novel juxtaposition within
the extracellular domain (ECD) of the EGFR creates a tumor-specific
and immunogenic epitope. The EGFRvIII mutation is most frequently
observed in glioblastoma, where it occurs in about 30% of cases. Me-
dian survival for patients with newly diagnosed glioblastoma is less than
15 months, and expression of EGFRvIII is linked to poor long-term
survival regardless of other factors such as extent of resection and age
(14). The current standard of care for patients with newly diagnosed
glioblastoma involves primary surgical resection, followed by concur-
rent temozolomide and radiation, followed by adjuvant temozolomide
alone for six cycles at minimum (15). No current treatment is curative.
Novel antiangiogenic agents (16, 17) and a variety of targeted kinase
inhibitors (18) have limited efficacy when used as monotherapy, and
there has been extensive interest in immunotherapeutic approaches.

Classically, the central nervous system (CNS) has been considered an
“immunoprivileged” site where immune surveillance is minimal. Indeed,
several cellular and molecular mechanisms underlying the unique
immunosuppression of the CNS tumors have been delineated (19, 20).
However, the presence of lymphocytes within malignant gliomas
can be a positive prognostic indicator of survival (21, 22). Although
such tumor-infiltrating lymphocytes are not potent enough to mediate
regression of gliomas, the primary defect is not likely a result of a lack
of immune surveillance. Indeed, naturally occurring autoimmune
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solid tumors requires the discovery of surface targets with limited expression in normal tissues. The variant III mu-
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scFv was tested in vitro for its ability to direct CAR-transduced T cells to specifically lyse, proliferate, and secrete cytokines
in response to antigen-bearing targets. We further evaluated the specificity of the lead CAR candidate in vitro
against EGFR-expressing keratinocytes and in vivo in a model of mice grafted with normal human skin. EGFRvIII-
directed CAR T cells were also able to control tumor growth in xenogeneic subcutaneous and orthotopic models
of human EGFRvIII+ glioblastoma. On the basis of these results, we have designed a phase 1 clinical study of
CAR T cells transduced with humanized scFv directed to EGFRvIII in patients with either residual or recurrent glioblas-
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INTRODUCTION
Immune therapies that engage T cells have the potential to induce long-
term durable remissions of cancer. In hematologic malignancies, allogeneic
hematopoietic stem cell transplant can be curative in part due to T cell–
mediated antitumor immunity; in solid tumors, checkpoint blockade
with anti–CTLA-4 or anti–PD-1 monoclonal antibodies (mAbs) can me-
diate long-term responses (1, 2) by releasing T cells from tightly controlled
peripheral tolerance. Redirecting T cells with chimeric antigen recep-
tors (CARs) is an alternative method of overcoming tolerance and can
be performed in the autologous setting. In B cell malignancies, CAR T
cells directed to CD19 can mediate long-term remissions without the need
for an allogeneic human leukocyte antigen (HLA)–matched donor (3–5).
However, CAR immunotherapy in solid tumors remains challenging,
largely due to the lack of appropriate surface antigens whose expres-
sion is confined to malignant tissue. Off-tumor expression of the an-
tigen target has potential to cause on-target toxicity with varying
degrees of severity depending on the affected organ tissue (6–8).

Epidermal growth factor receptor variant III (EGFRvIII) is a putative
tumor-specific oncogenic mutation and is the most common variant of
the EGFR observed in human tumors (9–13). EGFRvIII results from the
in-frame deletion of exons 2 to 7 and the generation of a novel glycine
residue at the junction of exons 1 and 8; this novel juxtaposition within
the extracellular domain (ECD) of the EGFR creates a tumor-specific
and immunogenic epitope. The EGFRvIII mutation is most frequently
observed in glioblastoma, where it occurs in about 30% of cases. Me-
dian survival for patients with newly diagnosed glioblastoma is less than
15 months, and expression of EGFRvIII is linked to poor long-term
survival regardless of other factors such as extent of resection and age
(14). The current standard of care for patients with newly diagnosed
glioblastoma involves primary surgical resection, followed by concur-
rent temozolomide and radiation, followed by adjuvant temozolomide
alone for six cycles at minimum (15). No current treatment is curative.
Novel antiangiogenic agents (16, 17) and a variety of targeted kinase
inhibitors (18) have limited efficacy when used as monotherapy, and
there has been extensive interest in immunotherapeutic approaches.

Classically, the central nervous system (CNS) has been considered an
“immunoprivileged” site where immune surveillance is minimal. Indeed,
several cellular and molecular mechanisms underlying the unique
immunosuppression of the CNS tumors have been delineated (19, 20).
However, the presence of lymphocytes within malignant gliomas
can be a positive prognostic indicator of survival (21, 22). Although
such tumor-infiltrating lymphocytes are not potent enough to mediate
regression of gliomas, the primary defect is not likely a result of a lack
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Preclinical studies have established 
- the ability of T-cells targeting this unique, tumor-
specific epitope to proliferate and release cytokines in 
response to stimulation with the mutant EGFRvIII 
antigen, but not wild-type EGFR  
- EGFRvIII-targeting CARTs effectively traffic to 
tumor sites and suppress the growth of glioma 
xenografts in murine models
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A single dose of peripherally infused EGFRvIII-directed
CAR T cells mediates antigen loss and induces adaptive
resistance in patients with recurrent glioblastoma
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We conducted a first-in-human study of intravenous delivery of a single dose of autologous T cells redirected to
the epidermal growth factor receptor variant III (EGFRvIII) mutation by a chimeric antigen receptor (CAR). We re-
port our findings on the first 10 recurrent glioblastoma (GBM) patients treated. We found that manufacturing
and infusion of CAR-modified T cell (CART)–EGFRvIII cells are feasible and safe, without evidence of off-tumor
toxicity or cytokine release syndrome. One patient has had residual stable disease for over 18 months of follow-
up. All patients demonstrated detectable transient expansion of CART-EGFRvIII cells in peripheral blood. Seven
patients had post–CART-EGFRvIII surgical intervention, which allowed for tissue-specific analysis of CART-EGFRvIII
trafficking to the tumor, phenotyping of tumor-infiltrating T cells and the tumor microenvironment in situ, and
analysis of post-therapy EGFRvIII target antigen expression. Imaging findings after CART immunotherapy were
complex to interpret, further reinforcing the need for pathologic sampling in infused patients. We found
trafficking of CART-EGFRvIII cells to regions of active GBM, with antigen decrease in five of these seven patients.
In situ evaluation of the tumor environment demonstrated increased and robust expression of inhibitory mol-
ecules and infiltration by regulatory T cells after CART-EGFRvIII infusion, compared to pre–CART-EGFRvIII in-
fusion tumor specimens. Our initial experience with CAR T cells in recurrent GBM suggests that although
intravenous infusion results in on-target activity in the brain, overcoming the adaptive changes in the local
tumor microenvironment and addressing the antigen heterogeneity may improve the efficacy of EGFRvIII-
directed strategies in GBM.

INTRODUCTION
Malignant gliomas are the most common type of primary brain tu-
mors, with glioblastoma (GBM) being the most common and most
malignant of the glial tumors.No current treatment is curative because
these tumors are invasive and grow aggressively in the central nervous
system (CNS). No significant advancements in the treatment of GBM
have occurred in the past 25 years except for temozolomide chemo-
therapy combined with radiotherapy, which demonstrated a limited
prolongation of survival (1). Novel antiangiogenic agents (2, 3) and
a variety of targeted kinase inhibitors (4) may be of limited efficacy

when used as monotherapy. Median survival for newly diagnosed
GBM is still less than 2 years (5). Even with standard-of-care therapy
with chemoradiation and adjuvant temozolomide, GBMpatients with
significant residual disease after surgery have an average survival that
is on the order of 6 months, with even poorer survival observed when
the disease recurs in a multifocal fashion (1, 6). GBM tumors with un-
methylated O6-methylguanine methyltransferase (MGMT), a DNA
repair enzyme, are also more resistant to radiation and temozolomide
(7, 8), making unmethylated MGMT a poor prognostic marker.

Epidermal growth factor receptor (EGFR) variant III (EGFRvIII) is
themost common variant of the EGFR observed in human tumors (9).
It results from the in-frame deletion of exons 2 to 7 and the generation
of a novel glycine residue at the junction of exons 1 and 8. This novel
juxtaposition of amino acids within the extracellular domain of the
EGFR creates a tumor-specific, oncogenic, and immunogenic epitope.
EGFRvIII is expressed in about 30% of newly diagnosed GBM cases
(10), and in patients surviving a year or longer, the expression of
EGFRvIII is thought to be a negative prognostic indicator, regardless
of other factors such as extent of resection and age (11–13), perhaps in
part because its oncogenic properties confer increased stability and
sustained tumorigenic signaling (14). One therapeutic approach has
been the targeting of the EGFRvIII mutant oncoprotein with a peptide
vaccine strategy (rindopepimut). In phase 2 studies, rindopepimut
was well tolerated and immune responses were observed (15); howev-
er, antigen escape variants have been noted (16), indicating that
EGFRvIII may not be a sole driver mutation or otherwise necessary
to maintain the tumorigenic phenotype.
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We conducted a first-in-human study of intravenous delivery of a single dose of autologous T cells redirected to
the epidermal growth factor receptor variant III (EGFRvIII) mutation by a chimeric antigen receptor (CAR). We re-
port our findings on the first 10 recurrent glioblastoma (GBM) patients treated. We found that manufacturing
and infusion of CAR-modified T cell (CART)–EGFRvIII cells are feasible and safe, without evidence of off-tumor
toxicity or cytokine release syndrome. One patient has had residual stable disease for over 18 months of follow-
up. All patients demonstrated detectable transient expansion of CART-EGFRvIII cells in peripheral blood. Seven
patients had post–CART-EGFRvIII surgical intervention, which allowed for tissue-specific analysis of CART-EGFRvIII
trafficking to the tumor, phenotyping of tumor-infiltrating T cells and the tumor microenvironment in situ, and
analysis of post-therapy EGFRvIII target antigen expression. Imaging findings after CART immunotherapy were
complex to interpret, further reinforcing the need for pathologic sampling in infused patients. We found
trafficking of CART-EGFRvIII cells to regions of active GBM, with antigen decrease in five of these seven patients.
In situ evaluation of the tumor environment demonstrated increased and robust expression of inhibitory mol-
ecules and infiltration by regulatory T cells after CART-EGFRvIII infusion, compared to pre–CART-EGFRvIII in-
fusion tumor specimens. Our initial experience with CAR T cells in recurrent GBM suggests that although
intravenous infusion results in on-target activity in the brain, overcoming the adaptive changes in the local
tumor microenvironment and addressing the antigen heterogeneity may improve the efficacy of EGFRvIII-
directed strategies in GBM.

INTRODUCTION
Malignant gliomas are the most common type of primary brain tu-
mors, with glioblastoma (GBM) being the most common and most
malignant of the glial tumors.No current treatment is curative because
these tumors are invasive and grow aggressively in the central nervous
system (CNS). No significant advancements in the treatment of GBM
have occurred in the past 25 years except for temozolomide chemo-
therapy combined with radiotherapy, which demonstrated a limited
prolongation of survival (1). Novel antiangiogenic agents (2, 3) and
a variety of targeted kinase inhibitors (4) may be of limited efficacy

when used as monotherapy. Median survival for newly diagnosed
GBM is still less than 2 years (5). Even with standard-of-care therapy
with chemoradiation and adjuvant temozolomide, GBMpatients with
significant residual disease after surgery have an average survival that
is on the order of 6 months, with even poorer survival observed when
the disease recurs in a multifocal fashion (1, 6). GBM tumors with un-
methylated O6-methylguanine methyltransferase (MGMT), a DNA
repair enzyme, are also more resistant to radiation and temozolomide
(7, 8), making unmethylated MGMT a poor prognostic marker.

Epidermal growth factor receptor (EGFR) variant III (EGFRvIII) is
themost common variant of the EGFR observed in human tumors (9).
It results from the in-frame deletion of exons 2 to 7 and the generation
of a novel glycine residue at the junction of exons 1 and 8. This novel
juxtaposition of amino acids within the extracellular domain of the
EGFR creates a tumor-specific, oncogenic, and immunogenic epitope.
EGFRvIII is expressed in about 30% of newly diagnosed GBM cases
(10), and in patients surviving a year or longer, the expression of
EGFRvIII is thought to be a negative prognostic indicator, regardless
of other factors such as extent of resection and age (11–13), perhaps in
part because its oncogenic properties confer increased stability and
sustained tumorigenic signaling (14). One therapeutic approach has
been the targeting of the EGFRvIII mutant oncoprotein with a peptide
vaccine strategy (rindopepimut). In phase 2 studies, rindopepimut
was well tolerated and immune responses were observed (15); howev-
er, antigen escape variants have been noted (16), indicating that
EGFRvIII may not be a sole driver mutation or otherwise necessary
to maintain the tumorigenic phenotype.

1Department of Neurosurgery, Perelman School of Medicine at the University of
Pennsylvania, Philadelphia, PA 19104, USA. 2Division of Neuropathology, Depart-
ment of Pathology and Laboratory Medicine, Perelman School of Medicine at the
University of Pennsylvania, Philadelphia, PA 19104, USA. 3Department of Medi-
cine, Perelman School of Medicine at the University of Pennsylvania, Philadelphia,
PA 19104, USA. 4Center for Cellular Immunotherapies, University of Pennsylvania,
Philadelphia, PA 19104, USA. 5 Novartis Institutes for BioMedical Research, Cam-
bridge, MA 02139, USA. 6Division of Precision and Computational Diagnostics, De-
partment of Pathology and Laboratory Medicine, Perelman School of Medicine
at the University of Pennsylvania, Philadelphia, PA 19104, USA. 7Novartis Oncol-
ogy, East Hanover, NJ 07936, USA. 8Division of Neuroradiology, Department of
Radiology, Perelman School of Medicine at the University of Pennsylvania, Phil-
adelphia, PA 19104, USA. 9Department of Neurosurgery, University of California,
San Francisco, San Francisco, CA 94143, USA. 10Cellular Immunotherapy Program,
Cancer Center and Department of Medicine, Massachusetts General Hospital, Bos-
ton, MA 02129, USA.
*These authors contributed equally to this work.
†Present address: Department of Pathology, Massachusetts General Hospital, Bos-
ton, MA 02114, USA.
‡ Corresponding author. Email: mvmaus@mgh.harvard.edu

S C I ENCE TRANS LAT IONAL MED I C I N E | R E S EARCH ART I C L E

O’Rourke et al., Sci. Transl. Med. 9 , eaaa0984 (2017) 19 July 2017 1 of 15

 by guest on N
ovem

ber 6, 2018
http://stm

.sciencem
ag.org/

D
ow

nloaded from
 

EGFRvIII expression decreased in the other five subjects and was un-
detectable in two subjects. In contrast, the level of EGFR amplification
did not change in a statistically significant fashion (P > 0.999), suggest-
ing that this antigenwas targeted neither byCART-EGFRvIII cells nor
by other tumor infiltrating lymphocytes.

In situ clonotypic T cell repertoire
On routine neuropathology evaluation, we noticed that several
subjects had a robust lymphocytic infiltrate in their tumors after
CART-EGFRvIII infusion, which seemed out of proportion to the
level of CART-EGFRvIII genomic sequences observed (fig. S3).
We sought to quantify the T cell infiltrate in subjects whose tumor
was resected at different time points after infusion (day 6, day 55, and
day 104 in subjects 211, 205, and 209, respectively). In these three
subjects, we analyzed the T cell clonotypic repertoire in pre- and
post-infusion brain tumor specimens, along with the matching in-
fusion products, by deep sequencing the T cell receptor (TCR) Vb
chain of tumor-infiltrating T cells.

First, we found that in all three of these subjects, the number of
unique TCRVbs identified in the tumor samples increased by several

thousands in post-infusion specimens, and only a small portion of
these unique TCRs were shared with preexisting tumor-infiltrating
specific T cells (Fig. 4D). Thus, there was a marked increase in the
number and clonotypic diversity of tumor-infiltrating T cells after
intravenous CART-EGFRvIII infusion.

The infusion products (derived from peripheral blood) contained
many more unique clonotypes (60,000 to 80,000) than pre-infusion
tumor-infiltrating lymphocytes (100 to 1000) or post-infusion tumor-
infiltrating lymphocytes (2000 to 18,000). In each subject, less than 5%
of the clonotypes in the infusion product was identified in the post-
CART cell tumor biopsy [3226/(3226 + 61,327) in patient 205, 800/
(800 + 77,794) in patient 209, and 1768/(1768 + 78,092) in patient
211]. Conversely, greater than 25% in subjects 205 and 209 and close
to 10% in patient 211 of all post-infusion clonotypes in the brain biop-
sies were identified in the infusion product [3226/(7912 + 3226) in
patient 205, 800/(800 + 2068) in patient 209, and 1768/(1768 +
16,745) in patient 211] (Fig. 4E). These data suggest that although only
a small fraction of the >2.5 billion infused T cells eventually infiltrated
the tumor, the clones present in the infusion product made up a rela-
tively large fraction of the T cell repertoire infiltrating the tumor after
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Fig. 3. Effects of CART-EGFRvIII on radiological and/or pathological assessments in two subjects. (A) MRI performed before and after administration of gado-
linium (gad) in subject 205. T1 post-contrast and FLAIR images are shown for the indicated time points. (B) Histological analysis of surgical specimens obtained from
subject 205, 2 months after CART-EGFRvIII infusion. Hematoxylin and eosin (H&E)–stained sections and immunohistochemistry for CD3 to demonstrate T cells are
shown. Scale bar, 200 mm. (C) MRI (T1 post-contrast images) shown at the indicated time points for subject 209. This subject underwent surgical resection of one
portion of the tumor after the 3-month scan.
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Analysis of pre- and post-treatment tumor samples 
revealed post-treatment decreases in antigen 
expression and an increased presence of inhibitory 
immune checkpoint molecules and regulatory T-cell 
infiltrates, indicative of evasive tumor responses

The median overall survival was approximately 8 
months, with one patient experiencing residual stable 
disease at 18 months

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 375;26 nejm.org December 29, 2016 2561

Brief Report

Summ a r y

A patient with recurrent multifocal glioblastoma received chimeric antigen receptor 
(CAR)–engineered T cells targeting the tumor-associated antigen interleukin-13 
receptor alpha 2 (IL13Rα2). Multiple infusions of CAR T cells were administered 
over 220 days through two intracranial delivery routes — infusions into the re-
sected tumor cavity followed by infusions into the ventricular system. Intracranial 
infusions of IL13Rα2-targeted CAR T cells were not associated with any toxic ef-
fects of grade 3 or higher. After CAR T-cell treatment, regression of all intracra-
nial and spinal tumors was observed, along with corresponding increases in levels 
of cytokines and immune cells in the cerebrospinal fluid. This clinical response 
continued for 7.5 months after the initiation of CAR T-cell therapy. (Funded by 
Gateway for Cancer Research and others; ClinicalTrials.gov number, NCT02208362.)

Glioblastoma, an aggressive primary brain tumor, is among the 
most lethal of human cancers. We present evidence of the potential thera-
peutic benefit of adoptive T-cell therapy against glioblastoma with the use 

of CAR-engineered T cells targeting IL13Rα2, a glioma-associated antigen linked 
to a reduced rate of survival.1-3 The clinical potential of CAR T-cell therapy has 
been most convincingly shown by the successful use of CD19-specific CAR T cells 
against refractory B-cell cancers.4-6 However, extension of the use of CAR therapy 
beyond hematologic cancers and the efficacy of this therapy against solid tumors 
remain to be established.7,8

Our previous clinical study evaluating intracranial administration of CD8 T cells 
expressing a first-generation IL13Rα2-targeted CAR in patients with glioblastoma 
showed transient antiglioma responses with no high-grade therapy-related side 
effects.9,10 Building on these initial results, we modified the IL13Rα2-targeted CAR 
T cells to improve antitumor potency and T-cell persistence by incorporating 4-1BB 
(CD137) costimulation and a mutated IgG4-Fc linker to reduce off-target Fc-recep-
tor interactions11 into the CAR (IL13BBζ) and by genetically engineering enriched 
central memory T cells.12,13 To evaluate the safety and therapeutic potential of 
IL13BBζ–CAR T-cell therapy for the treatment of high-grade glioma, we initiated 
a clinical trial and report here our clinical experience with one patient.
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16. Both products (Fig. S6B and S6C in the 
Supplementary Appendix) were phenotypically 
similar and predominantly CD4+ (74% and 
90%, respectively); their CD19t expression (64% 
and 81%) was used to calculate CAR T-cell 
 dosing.

 R esult s

 Safety and Adverse-Event Profile

Intracavitary infusions (cycles 1 through 6) and 
intraventricular infusions (cycles 7 through 16) of 
IL13BBζ–CAR T cells were delivered at a maximum 

Figure 1. Local Tumor Control after Intracavitary Delivery of IL13BBζ–Chimeric Antigen Receptor (CAR) T Cells.

Panel A shows an overview of the intracavitary administration of six cycles of IL13BBζ–CAR T cells according to dose 
schedule 1 (see Table S1 in the Supplementary Appendix). CAR T cells were delivered through a Rickham catheter 
device into the right temporal–occipital region (tumor 1; red arrow) from day 56 to day 98 after enrollment, with 1 week 
of rest after cycles 3 and 6 for evaluation of safety and disease. MRI denotes magnetic resonance imaging, and PET 
positron-emission tomography. Panel B shows axial MRI (T1-weighted with gadolinium enhancement) of the brain 
highlighting the site of the resected tumor at which the catheter was placed for delivery of CAR T cells (tumor 1 [T1]; 
yellow circles), as well as the resected-only tumor sites in the frontal lobe (tumors 2 and 3 [T2 and T3]; yellow arrow-
heads) and the sites of tumors that developed during the intracavitary treatment period (tumors 6 and 7 [T6 and T7]; 
orange arrowheads). The CAR T-cell injection site (T1) remained stable without evidence of disease recurrence, where-
as other disease foci, including T6 and T7, which were adjacent to resected T2 and T3 but distant from the CAR T-cell 
injection site, continued to progress.
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dose of 10 × 106 CAR+ T cells. These infusions were 
not associated with any toxic effects of grade 3 or 
higher (Table S2 in the Supplementary Appendix).

Grade 1 or 2 events that were at least possibly 

attributable to therapy were observed within 72 
hours after the T-cell infusions. These events in-
cluded headaches, generalized fatigue, myalgia, 
and olfactory auras. Concomitant medications 
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1. Selection of TAA

Solid tumors are comprised of highly molecularly heterogeneous subpopulations expressing a 
diverse, overlapping profile of unique TAAs

Enhancing CART cytotoxicity against epitopes not restricted to malignant cells is limited by the 
danger of simultaneously promoting CAR recognition of target antigen expressed by healthy 
tissues. Toxicities secondary to unintentional destruction of non-cancerous cells has been 
observed to varying degrees following CART therapy targeting overexpressed self-antigens like 
CEA, a tumor-associated antigen that is also expressed in normal gastrointestinal epithelium 
(severe inflammatory colitis in all treated patients, due to the destruction of healthy epithelial 
cells).

Barriers for CART in solid tumors

2. Lymphocyte trafficking
In contrast to the simplicity and ease of encountering of malignant cells in hematologic cancers, CARTs 
for solid tumors face the additional challenge of migrating to and infiltrating tumor sites. In humans and 
mice, CART persistence and intratumoral accumulation following systemic adoptive transfer is 
characteristically poor, with some studies showing initial trafficking to organs such as the lung, spleen, 
and liver, without any preferential accumulation in tumor sites

3. Tumor-induced immunosuppression
Immune checkpoints

1) programmed cell death-1 (PD-1) 
2) cytotoxic T-lymphocyte antigen-4 (CTLA-4)

Activation of CTLA-4 receptors expressed by naïve T cells prevents their initial activation and 
stimulation of PD-1 on activated T-cells induces anergy, apoptosis, or development of 
immunosuppressive regulatory T-cells (Tregs). By upregulating PD-L1 and enhancing T-cell CTLA-4 and 
PD-1 expression, tumor cells are able to suppress the activity of incoming immune cells 
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TCR signaling through competition with the costimulatory 
molecule CD28 for the B7 ligands B7-1 (CD80) and B7-2 
(CD86), for which CTLA4 has higher avidity and affinity (refs. 
10–12; Fig. 1). Because both B7-1 and B7-2 provide positive 
costimulatory signals through CD28 (refs. 13; signal 2), com-
petitive inhibition of both molecules by CTLA4 is necessary to 
effectively attenuate T-cell activation. CD28 and CTLA4 also 
display rapid binding kinetics with B7-1 (12), which, coupled 
with differences in binding strengths, allows for swift com-
petitive inhibition by CTLA4. In addition to upregulation of 
CTLA4 expression upon T-cell activation, CTLA4 contained in 
intracellular vesicles is rapidly trafficked to the immunologic 
synapse (14). The degree of CTLA4 recruitment to the immu-
nologic synapse correlates directly with TCR signal strength. 
Once trafficked to the immunologic synapse, CTLA4 is sta-
bilized by B7 ligand binding, allowing it to accumulate and 
effectively outcompete CD28 (15). Through this mechanism, 
CTLA4 attenuates positive costimulation by CD28 and thus 
limits CD28 downstream signaling, which is primarily medi-
ated by PI3K and AKT (16, 17). This results in robust regula-
tion of TCR signal amplitude and, thus, T-cell activity. Because 
CTLA4-negative costimulation is intrinsically linked to expres-
sion of B7 ligands and CD28-mediated positive costimulation, 
CTLA4 primarily functions to regulate T-cell activity at sites of 
T-cell priming (e.g., secondary lymphoid organs). In addition 
to this core function, CTLA4 also attenuates T-cell activation 
in peripheral tissues given that B7 ligands are constitutively 
expressed to varying degrees by antigen-presenting cells (APC) 
but can also be expressed by activated T cells. Because of its 
central role in regulating T-cell activation, negative costimu-
lation by CTLA4 is critical for tolerance. Reflective of this, 
biallelic genetic deletion of Ctla4 leads to massive lymphopro-
liferation that mice succumb to at 3 to 4 weeks of age (18–20).

In addition to the cell-intrinsic functions through which 
CTLA4 primarily attenuates T-cell activity, CTLA4 can modu-
late T-cell activation through several cell-extrinsic mecha-
nisms. Indicative of cell-extrinsic regulatory mechanisms, the 
presence of CTLA4-competent T cells is sufficient to prevent 
lethal lymphoproliferation due to genetic deletion of Ctla4 
(21). The majority of cell-extrinsic suppressive function of 

CTLA4 is mediated through Tregs (22, 23). Specific loss of 
CTLA4 in Tregs is sufficient to induce aberrant T-cell activa-
tion and give rise to autoimmunity (24, 25). This indicates 
that Treg-derived CTLA4 is necessary to maintain immu-
nologic tolerance, although it is unlikely that Treg-derived 
CTLA4 is sufficient to maintain T cell–mediated tolerance. In 
terms of a potential molecular mechanism, CTLA4 expressed 
by Treg cells may attenuate T-cell activation in a cell-extrinsic 
manner by limiting the availability of the B7 ligands B7-1 and 
B7-2 for CD28-mediated positive costimulation of nearby 
effector T cells. CTLA4 also has cell- extrinsic contributions 
within the effector compartment. CTLA4 expressed by effec-
tor T cells can compete for B7 ligands in trans (26). Addition-
ally, it has been reported that CTLA4 can also act to limit the 
overall availability of B7 ligands through transendocytosis 
of B7 ligands from APCs (27). The degree to which these 
cell-extrinsic processes contribute to T-cell tolerance remains 
to be fully resolved, particularly in the context of tumor 
immunity.

Recent work by Sharpe and colleagues demonstrated that 
genetic loss of CTLA4 in Tregs in adulthood surprisingly con-
fers resistance to experimental autoimmune encephalomyelitis 
(EAE; ref. 28). Conditional deletion of Ctla4 in Tregs is neces-
sary and sufficient to confer resistance to EAE, suggesting that 
unrestrained peripheral Treg expansion and/or increased Treg 
activation can prevent autoimmunity. A significant implica-
tion of this finding is that Treg depletion may counter expan-
sion of Treg cells induced by CTLA4 blockade and thus lead 
to enhanced efficacy of anti-CTLA4 therapy. This observation 
also raises the possibility that CTLA4 has differential functions 
in conventional and regulatory T cells during development 
and in adulthood. Alternatively, the apparently discordant 
observations between global and conditional Ctla4 knockout 
mice may be the result of the intrinsic difference in antigen 
affinity of conventional T cells and Tregs. Tregs are selected 
for higher-affinity TCR for self-peptide MHC complexes, and 
thus because CTLA4 expression correlates with TCR signal 
strength, have concomitantly higher CTLA4 (29, 30). This 
mechanism attenuates strong TCR signals, allowing medium-
strength TCR signals to also result in robust T-cell activation. 
As a result, loss of CTLA4 may disproportionally affect T cells 
with high-affinity antigen receptors. These findings may sup-
port the strength of signal model proposed more than 20 years 
ago (31). Moving forward, it will be critical to precisely dissect 
the function of downstream signaling components and assess 
their relative functional contribution to CTLA4-mediated reg-
ulation of T-cell activity.

MECHANISMS OF PD-1–MEDIATED 
ATTENUATION OF T-CELL ACTIVITY

The primary biological functions of PD-1 are to maintain 
peripheral tolerance and to maintain T-cell responses within 
a desired physiologic range. Because the PD-1/PD-L1 regula-
tory system is induced by immune responses (discussed in 
greater detail below), this forms a negative feedback loop to 
attenuate local T-cell responses and minimize tissue damage. 
PD-1 regulates T-cell activation through interaction with 
PD-L1 and PD-L2 (refs. 32–34; Fig. 1). PD-1 is expressed 
upon activation of T and B lymphocytes (35). Because of 

Figure 1.  Molecular mechanisms of CTLA4 and PD-1 attenuation of 
T-cell activation. Schematic of the molecular interactions and downstream 
signaling induced by ligation of CTLA4 and PD-1 by their respective ligands. 
The possibility of additional downstream cell-intrinsic signaling mecha-
nisms is highlighted for both CTLA4 and PD-1.
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Immune checkpoints normally maintain immune responses within a desired physiologic range and 
protect the host from autoimmunity. 
Immune checkpoint blockade removes inhibitory signals of T-cell activation, which enables tumor-
reactive T cells to over- come regulatory mechanisms and mount an effective antitumor response 

Immune checkpoints

CTLA4 is immediately upregulated following T-cell receptor (TCR) engagement. It dampens TCR signaling through 
competition with the costimulatory molecule CD28 for the B7 ligands B7-1 (CD80) and B7-2 (CD86), for which 
CTLA4 has higher avidity and affinity. Because both B7-1 and B7-2 provide positive costimulatory signals through 
CD28, competitive inhibition of both molecules by CTLA4 is necessary to effectively attenuate T-cell activation. 

CTLA-4



The primary biological functions of PD-1 are to maintain peripheral tolerance and 
to maintain T-cell responses within a desired physiologic range. Because the PD-1/
PD-L1 regulatory system is induced by immune responses, this forms a negative 
feedback loop to attenuate local T-cell responses and minimize tissue damage. 
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BACKGROUND
Nivolumab (a programmed death 1 [PD-1] checkpoint inhibitor) and ipilimumab 
(a cytotoxic T-lymphocyte–associated antigen 4 [CTLA-4] checkpoint inhibitor) have 
been shown to have complementary activity in metastatic melanoma. In this ran-
domized, double-blind, phase 3 study, nivolumab alone or nivolumab plus ipilim-
umab was compared with ipilimumab alone in patients with metastatic melanoma.

METHODS
We assigned, in a 1:1:1 ratio, 945 previously untreated patients with unresectable 
stage III or IV melanoma to nivolumab alone, nivolumab plus ipilimumab, or ipilim-
umab alone. Progression-free survival and overall survival were coprimary end points. 
Results regarding progression-free survival are presented here.

RESULTS
The median progression-free survival was 11.5 months (95% confidence interval [CI], 
8.9 to 16.7) with nivolumab plus ipilimumab, as compared with 2.9 months (95% CI, 
2.8 to 3.4) with ipilimumab (hazard ratio for death or disease progression, 0.42; 
99.5% CI, 0.31 to 0.57; P<0.001), and 6.9 months (95% CI, 4.3 to 9.5) with nivolum-
ab (hazard ratio for the comparison with ipilimumab, 0.57; 99.5% CI, 0.43 to 0.76; 
P<0.001). In patients with tumors positive for the PD-1 ligand (PD-L1), the median 
progression-free survival was 14.0 months in the nivolumab-plus-ipilimumab 
group and in the nivolumab group, but in patients with PD-L1–negative tumors, 
progression-free survival was longer with the combination therapy than with 
nivolumab alone (11.2 months [95% CI, 8.0 to not reached] vs. 5.3 months [95% CI, 
2.8 to 7.1]). Treatment-related adverse events of grade 3 or 4 occurred in 16.3% of 
the patients in the nivolumab group, 55.0% of those in the nivolumab-plus-ipilim-
umab group, and 27.3% of those in the ipilimumab group.

CONCLUSIONS
Among previously untreated patients with metastatic melanoma, nivolumab alone 
or combined with ipilimumab resulted in significantly longer progression-free sur-
vival than ipilimumab alone. In patients with PD-L1–negative tumors, the combination 
of PD-1 and CTLA-4 blockade was more effective than either agent alone. (Funded 
by Bristol-Myers Squibb; CheckMate 067 ClinicalTrials.gov number, NCT01844505.)
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checkpoint blockade inhibits T cell–negative costimulation 
in order to unleash antitumor T-cell responses that rec-
ognize tumor antigens. Importantly, the development of 
immune checkpoint blockade therapies was predicated on 
basic research that identifi ed key regulatory mechanisms of 
T-cell activation. However, there remains much to be under-
stood about these mechanisms, further insight into which 
will be essential for the rational development of immuno-
therapeutic approaches. The current clinical landscape of 
cancer immunotherapy and mechanisms of resistance to 
immunotherapy have been recently reviewed ( 5–7 ). Here, 

we primarily discuss what is known about the regulatory 
mechanisms of CTLA4 and PD-1 and the therapeutic impli-
cations of these insights.  

  MECHANISMS OF CTLA4-MEDIATED 
NEGATIVE COSTIMULATION 

 CTLA4 expression and function is intrinsically linked with 
T-cell activation. CTLA4 is immediately upregulated following 
T-cell receptor (TCR) engagement (signal 1), with its expres-
sion peaking 2 to 3 days after activation ( 8, 9 ). CTLA4 dampens 

 Table 1.    Summary of the tumor types for which immune checkpoint blockade therapies 
are FDA-approved   

Tumor type Therapeutic agent FDA approval year
Melanoma Ipilimumab 2011
Melanoma Nivolumab 2014
Melanoma Pembrolizumab 2014
Non–small cell lung cancer Nivolumab 2015
Non–small cell lung cancer Pembrolizumab 2015
Melanoma (BRAF wild-type) Ipilimumab + nivolumab 2015
Melanoma (adjuvant) Ipilimumab 2015
Renal cell carcinoma Nivolumab 2015
Hodgkin lymphoma Nivolumab 2016
Urothelial carcinoma Atezolizumab 2016
Head and neck squamous cell carcinoma Nivolumab 2016
Head and neck squamous cell carcinoma Pembrolizumab 2016
Melanoma (any BRAF status) Ipilimumab + nivolumab 2016
Non–small cell lung cancer Atezolizumab 2016
Hodgkin lymphoma Pembrolizumab 2017
Merkel cell carcinoma Avelumab 2017
Urothelial carcinoma Avelumab 2017
Urothelial carcinoma Durvalumab 2017
Urothelial carcinoma Nivolumab 2017
Urothelial carcinoma Pembrolizumab 2017
MSI-high or MMR-defi cient solid tumors of any 

histology
Pembrolizumab 2017

MSI-high, MMR-defi cient metastatic colorectal 
cancer

Nivolumab 2017

Pediatric melanoma Ipilimumab 2017
Hepatocellular carcinoma Nivolumab 2017
Gastric and gastroesophageal carcinoma Pembrolizumab 2017
Non–small cell lung cancer Durvalumab 2018
Renal cell carcinoma Ipilimumab + nivolumab 2018

   NOTE: A summary of the tumor indications, therapeutic agents, and year of FDA approval for immune checkpoint 
blockade therapies. FDA approval includes regular approval and accelerated approval granted as of May 2018. 
Ipilimumab is an anti-CTLA4 antibody. Nivolumab and pembrolizumab are anti–PD-1 antibodies. Atezolizumab, 
avelumab, and durvalumab are anti–PD-L1 antibodies. Tumor type refl ects the indications for which treatment 
has been approved. Only the fi rst FDA approval granted for each broad tissue type or indication for each thera-
peutic agent is noted. In cases where multiple therapies received approval for the same tumor type in the same 
year, agents are listed alphabetically.  
  Abbreviations: MSI, microsatellite instability; MMR, mismatch repair.   
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 ABSTRACT  Immune checkpoint blockade is able to induce durable responses across multiple 
types of cancer, which has enabled the oncology community to begin to envision 

potentially curative therapeutic approaches. However, the remarkable responses to immunotherapies 
are currently limited to a minority of patients and indications, highlighting the need for more effec-
tive and novel approaches. Indeed, an extraordinary amount of preclinical and clinical investigation is 
exploring the therapeutic potential of negative and positive costimulatory molecules. Insights into the 
underlying biological mechanisms and functions of these molecules have, however, lagged signifi cantly 
behind. Such understanding will be essential for the rational design of next-generation immunothera-
pies. Here, we review the current state of our understanding of T-cell costimulatory mechanisms and 
checkpoint blockade, primarily of CTLA4 and PD-1, and highlight conceptual gaps in knowledge. 

  Signifi cance:  This review provides an overview of immune checkpoint blockade therapy from a basic 
biology and immunologic perspective for the cancer research community.  Cancer Discov; 8(9); 1069–86. 
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  INTRODUCTION 
 Immune checkpoint blockade therapies are now FDA 

approved for the treatment of a broad range of tumor types 
( Table 1 ), with approval likely for additional indications 
in the near future. The realization of long-term durable 
responses in a subset of patients represents a transforma-
tive event. Since the 2011 FDA approval of ipilimumab 
(anti-CTLA4) for the treatment of metastatic melanoma, 5 
additional checkpoint blockade therapies, all targeting the 
PD-1/PD-L1 axis, have been approved for the treatment of 
a broad range of tumor types. Additionally, ipilimumab 
plus nivolumab (anti–PD-1) combination therapy has been 
approved for the treatment of advanced melanoma with 
favorable outcomes compared with either monotherapy. 
However, as we look to the future and aspire to extend these 
remarkable responses to more patients and tumor types, 
many aspects of T-cell activation and the mechanisms of 
checkpoint blockade remain to be understood. Here, we 
review how the negative costimulatory molecules CTLA4 
and PD-1 attenuate T-cell activation. We also discuss current 

dogma and recent conceptual advances related to the mecha-
nisms of action of anti–PD-1 and anti-CTLA4 therapies 
in the context of antitumor immunity. These discussions 
highlight the importance of understanding the underlying 
fundamental biological phenomena for effective transla-
tional and clinical research. In the context of the current 
landscape of cancer immunotherapy, fully understanding 
how anti-CTLA4 and anti–PD-1 checkpoint blockade thera-
pies work will be critical for effectively combining them with 
other immunotherapeutic, chemotherapeutic, and targeted 
approaches.  

 Immune checkpoint blockade removes inhibitory signals of 
T-cell activation, which enables tumor-reactive T cells to over-
come regulatory mechanisms and mount an effective antitu-
mor response ( 1–3 ). Such regulatory mechanisms normally 
maintain immune responses within a desired physiologic 
range and protect the host from autoimmunity. Immuno-
logic tolerance is achieved through multiple distinct mecha-
nisms that can be defi ned as central and peripheral. Central 
tolerance is mediated through clonal deletion of high-affi nity 
self-reactive clones during negative selection in the thymus. 
However, because self-reactivity is selected for during positive 
selection in the thymus, additional mechanisms are required 
to restrain autoreactivity. Peripheral tolerance is mediated 
through a variety of mechanisms, including regulatory T 
cells (Treg), T-cell anergy, cell-extrinsic tolerogenic signals, 
and peripheral clonal deletion. The immune system exerts 
a strong selective pressure throughout tumor progression, 
leading to immune tumor editing ( 4 ). As a result, malig-
nant tumors often co-opt immune suppressive and toler-
ance mechanisms to avoid immune destruction. Immune 
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