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Driving gene-engineered T cell immunotherapy of cancer
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Chimeric antigen receptor (CAR) gene-engineered T cell therapy holds the potential to make a meaningful differ-
ence in the lives of patients with terminal cancers. For decades, cancer therapy was based on biophysical parameters,
with surgical resection to debulk, followed by radiation and chemotherapy to target the rapidly growing tumor cells,
while mostly sparing quiescent normal tissues. One breakthrough occurred with allogeneic bone-marrow transplant
for patients with leukemia, which provided a sometimes curative therapy. The field of adoptive cell therapy for sol-
id tumors was established with the discovery that tumor-infiltrating lymphocytes could be expanded and used to
treat and even cure patients with metastatic melanoma. Tumor-specific T-cell receptors (TCRs) were identified and
engineered into patient peripheral blood lymphocytes, which were also found to treat tumors. However, these were
limited by patient HLA-restriction. Close behind came generation of CAR, combining the exquisite recognition of an
antibody with the effector function of a T cell. The advent of CD19-targeted CARs for treating patients with multiple
forms of advanced B-cell malignancies met with great success, with up to 95% response rates. Applying CAR treat-
ment to solid tumors, however, has just begun, but already certain factors have been made clear: the tumor target is
of utmost importance for clinicians to do no harm; and solid tumors respond differently to CAR therapy compared
with hematologic ones. Here we review the state of clinical gene-engineered T cell immunotherapy, its successes, chal-

lenges, and future.
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Introduction: fantastic voyage

In recent years, T-cell-mediated immunotherapy of
cancer has become a celebrated therapy, essentially a
revolution in what have otherwise been multiple lev-
els of non-specific, sometimes highly toxic treatments
involving invasive surgeries, debilitating radiation and
chemotherapy [1, 2]. What has been less clear, is the
long-standing role that T cells, and adoptive cell thera-
pies have had in treating this disease. The first success-
ful adoptive cell therapy of cancer took place over half
a century ago [3]. In 1956 in New York, Dr E Donnall
Thomas performed lethal irradiation on a patient with
leukemia, followed by a bone-marrow transplant (BMT)
from the patient’s identical twin. The result was a com-
plete regression of the leukemia via graft-versus-tumor
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(GVT) activity, a finding that earned Thomas a Nobel
Prize in 1990. Attempts to transfer cells from non-relat-
ed donors resulted in severe damage to the patient from
graft-versus-host disease (GVHD), and often mortality
of the patient, so these BMTs were limited to identical
twin donors for another decade, until non-twin sibling
donors were used to reduce potential HLA mismatch.
It took another decade until BMT involving a partially
HLA-matched non-related donor was able to treat a pa-
tient with leukemia in 1979 in Seattle, WA. The practice
of non-related donor BMT continues today as the only
curative option for many types of leukemia, but carries
a heavy price, with many patients developing GVHD,
which may be severe and lethal in some cases.

T-cell therapy of cancer

Fast forward to the 21st Century, the first published
report out of Steven Rosenberg’s group at the National
Cancer Institute (NCI) Surgery Branch used patient T
cells extracted from tumor (or tumor-infiltrating lym-



phocytes, TIL), expanded ex vivo and re-infused to suc-
cessfully treat metastatic melanoma [4]. Though exciting
news, this approach proved to have its own challenges.
Not all patients have resectable tumor; of those with
resectable disease, not all tumors grew lymphocytes; of
those that grew lymphocytes, not all demonstrated an-
ti-tumor activity; of those that demonstrated anti-tumor
function, many patients would not survive the eight-plus
weeks required to grow and expand their T cells to thera-
peutic levels for reinfusion. Adding to this the challenge
is that many tumor types do not give rise to TIL, and the
‘boutique’ nature of high-cost facilities and experienced
personnel required to grow and test such cells; thus, even
with a 50% objective response (OR) rate [5, 6], this treat-
ment strategy remains largely un-utilized.

This quandary brought about the observed need for
a ‘universal’ T cell that could recognize tumors in dif-
ferent patients, without the costly and resource-heavy
dependence on growing each patient’s TIL. Over several
years of treating hundreds of melanoma patients with
TIL, it was noted that T cells grown from many different
patients all showed recognition of the highly expressed
melanoma antigens MART-1 and gp100. Nicholas Res-
tifo’s group at NCI generated preclinical mouse models
of T cell-mediated melanoma immunotherapy that sup-
ported these observations [7-11], and introduced addi-
tional methods to both augment clinical therapies, and
help explain the mechanisms of T-cell anti-tumor func-
tion.

TCR-engineered lymphocytes

Based on the theory that T cells targeting these shared
melanoma antigens could be used to target similar tu-
mors from different patients sharing the same HLA, one
predominant T-cell clone (DMF4) from a patient whose
TIL consisted of only 2 tumor-reactive cell types (DMF4
and DMFS5), both MART-1/HLA-A*02(A2)-reactive,
was selected [12]. Patient peripheral blood T cells were
transduced with a retroviral construct expressing the
T-cell receptor (TCR) of DMF4, and reinfused back to
the patient intravenously (diagrammed in Figure 1). In
2006 Richard Morgan in Steven Rosenberg’s group pub-
lished these first successful gene-engineered MART-1
TCR clinical trial results (Table 1) [13]. Two out of sev-
enteen (12%) patients with metastatic melanoma experi-
enced an anti-tumor response, which although far from a
cure and lower than the rate observed for TIL, provided
the first proof-of-concept that gene-engineered peripheral
T cells could actually work in patients with advanced met-
astatic cancer.

Searching for ways to improve this approach, two
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questions were: (1) is MART-1 a ‘good’ target, or would
another one work better? (2) does TCR affinity matter,
or is it entirely a result of the host T cell function? In
considering these questions, it is important to frame our
definition of avidity and affinity. The affinity of a TCR is
a biophysical measure of the force required to separate
the antigenic target (major histocompatibility complex
(MHC) + peptide) from the TCR protein, and is typically
determined by surface plasmon resonance. The avidity
of a T cell for its target cell is determined by a number of
contributing factors, including the number of TCR on the
surface, the density of cognate antigen on the target cell,
the presence of co-receptors such as cellular differentia-
tion (CD) 4 or CD8, as well as the affinity of the TCR.

To answer the first question about antigen targets, T
cells from TIL of responding patients were cloned out
and found to contain high numbers of naturally occurring
MART-1 (27-35)- and gpl00-reactive cells [14]. Three
epitopes of gp100 were evaluated, gp100 (209-217),
(280-288) and (154-162). Of 576 individual T-cell clones,
7% had reactivity for MART-1, 5% for gp100 (280-288),
0.5% for gp100 (209-217) and 0.3% for gp100 (154-
162). MART-1-reactive clones were segregated based
upon their relative avidity for cognate antigen on target
cells, and their relative TCR affinity for targets, based
on modified tetramer-binding assays. TCRs from high-,
medium-, and low-reactivity clones were isolated and ex-
pressed in donor T cells. The resulting avidity followed
the hierarchy observed in the original T cell clones, with
TCRs from higher-avidity clones conferring higher avid-
ity to transduced T cell progeny. At the highest avidity
TCRs were able to confer functional recognition even in
CD4+ T cells, albeit to a lesser extent than CD8+ coun-
terparts.

Affinity matters

The fallout of this work was that the MART-1 TCR
being used clinically (DMF4) fell in the mid- to be-
low-average range of avidity/affinity compared with
the other MART-1-reactive clones. In fact, the single
highest-avidity, high-functioning TCR belonged to the
second MART-1-reactive T-cell clone from the same
patient as DMF4, i.e., the DMF5 clone. Based on these
results, a second clinical trial was designed, replacing the
lower-aftinity TCR with the high-affinity DMF5 TCR.
Upon treatment of patients with metastatic melanoma, it
became apparent that something very different was tak-
ing place, as most patients developed a robust skin rash
five days after cell infusion, often followed by depig-
mentation and vitiligo [15]. Several patients complained
about sight or hearing troubles, and upon examination,
they were found to have these MART-1 TCR T cells
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Figure 1 Patient-centered gene-engineered T-cell therapy of cancer. (1) Patient blood is collected by peripheral blood draw,
or leukapheresis. (2) Ex vivo T cells are transduced or transfected with T-cell receptor (TCR) or chimeric antigen receptor (CAR)
genes via gamma-retrovirus, lentivirus, or non-viral (transposon) gene transfer. (3) Gene-transferred T cells are expanded ex
vivo. (4) TCR- or CAR-engineered T-cell product is readministered back to patient intravenously. (5) Receptor-engineered T
cells circulate through the patient’s bloodstream to encounter tumor, where they bind cognate antigen, activate, and destroy

the tumor.

infiltrating their skin, ears, and even their eyes, damag-
ing the pigmented cells within. Fortunately, all of these
toxicities receded upon local administration of steroids,
with the exception of the skin rash, which abated natu-
rally following depletion of the pigmented melanocytes
contained within. While these pigmented cells may
seem like natural targets in retrospect, at the time no one
expected this, based upon the lack of any such signs in
patients in the prior low-affinity MART-1 TCR clinical
trial. In the DMF5 TCR trial, 6/20 treated patients (30%)
experienced an objective tumor response (Table 1), a
percentage higher than that in the previous trial, but still
too low to statistically determine whether this improved
efficacy.

At the same time, a murine-derived high-affinity TCR
against human gp100 (154-162) was generated by inject-
ing an HLA-A2 transgenic mouse with peptide and used
to treat 16 patients with metastatic melanoma (Table 1)
[15]. The results were similar to those observed with the
high-affinity MART-1 TCR, namely a high incidence of
depigmenting autotoxicity and/or ocular and auricular
toxicity (80%), and similar if slightly decreased anti-tu-
mor efficacy (3/16 OR, 19%) [15]. What these combined
TCR trials made abundantly clear is that receptor affinity
matters, and engineered T cells can be a very powerful
therapy. With great power comes great responsibility,
thus future targets would need to be chosen with extreme
care.
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Table 1 Completed TCR clinical trials
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Target Tumor histology Patient  Response rate Toxicity Potential mechanism
number of toxicity
MART-1 (DMF4)/HLA-A2 [13]  Metastatic melanoma 17 12% (RECIST)  None N/A
MART-1 (DMFS5)/HLA-A2 [15]  Metastatic melanoma 20 30% (RECIST)  Gr. 3 skin On-target, off-tumor toxicity
Gr. 3 hearing  on melanocytes in skin, eye
Gr. 3 sight and inner ear
Gpl100(154-162)/HLA-A2 [15] Metastatic melanoma 16 19% (RECIST)  Gr. 3 skin On-target, off-tumor toxicity
Gr. 3 hearing  in melanocytes in skin, eye
Gr. 3 sight and inner ear
CEA/HLA-A2 [22] Metastatic colorectal 3 33% Gr. 3 colitis  On-target, off-tumor toxicity
cancer in normal colon
NY-ESO-1/HLA-A2 [18, 19] Metastatic melanoma/  20/18 55%/61% None N/A
Synovial cell sarcoma
NY-ESO-1/HLA-A2 [20] Multiple myeloma 20 80% None N/A
MAGE-A3/HLA-A2 [23] Metastatic melanoma/ 9 55% (RECIST)  Metal status ~ Neurotoxicity due to cross-
Synovial cell sarcoma/ changes and  recognition of MAGE-A12
Esophageal cancer fatalities in normal brain
MAGE-A3/HLA-A1 [24, 29] Metastatic melanoma/ 2 0% Fatalities Cardiac toxicity due to cross
Multiple myeloma -recognition of Titin-1 in
heart tissue
MAGE-A4/HLA-A24 [25] Esophageal cancer 10 0% None N/A

RECIST: Response Evaluation Criteria In Solid Tumors

Moving beyond melanoma

On the heels of this work came the first TCR clinical
trials for non-melanoma malignancies, with TCRs target-
ing the cancer-testis antigen NY-ESO-1, the onco-fetal
carcinoembryonic antigen CEA, or melanoma anti-
gen-encoding genes (MAGEs). Originally described by
Li et al. [16] in 2005, and further affinity-tuned by Rob-
bins et al. [17], a high-avidity NY-ESO-1 HLA-A2-re-
stricted 1G4 TCR was the first gene-engineered TCR
to treat patients with non-melanoma tumors. The first
clinical study, using gamma-retrovirus to deliver the NY-
ESO-1 TCR to T cells, was published by the Rosenberg
group in 2011 [18]. Objective clinical responses were
seen in 4/6 patients with synovial cell sarcoma and 5/11
patients with melanoma. This was followed up in 2015,
expanding the numbers to 11/18 (61%) patients with
synovial cell sarcoma, and 11/20 (55%) with melanoma
(Table 1) [19]. Patients on both trials received a lympho-
depleting preparative chemotherapy with cyclophospha-
mide (Cy) and fludarabine (Flu). Long-term follow-up
demonstrated 3- and 5-year OS rates were 38% and 14%
respectively for sarcoma, and 33% (both) for melanoma.
At UPENN, Carl June’s group extended this TCR thera-
py using lentivirus delivery to treat patients with multiple
myeloma, reporting clinical responses in 16/20 (80%) in
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a phase I/II trial [20], with notably high levels of long-
term persistence of TCR positive cells in patient blood
(Table 1).

To date in 2016, there are nine clinical trials listed
using the NY-ESO-1 TCR to treat patients with bladder
carcinoma, breast cancer, esophagus carcinoma, lung
cancer (unspecified type), melanoma, multiple myeloma,
neuroblastoma, ovarian cancer, synovial cell sarcoma,
non-small cell lung cancer (NSCLC), and other metastat-
ic cancers, as listed on www.ClinicalTrials.gov and in
Table 2.

A fine balance

HLA-A2 transgenic mice were used to isolate a
high-affinity TCR against human CEA for treating pa-
tients with metastatic colorectal cancer at NCI [21]. After
treating three patients, although anti-tumor activity was
observed in the form of 74%-99% reduction in serum
CEA levels, and one out of three patients with objective
tumor regressions, all three developed acute and severe
autoimmune inflammatory colitis in the colon, presum-
ably in response to normal CEA expression (Table 1) [22].
The trial was discontinued due to toxicity.

Three independent clinical trials using TCRs targeting
MAGE genes have been reported (Table 1): MAGE-A3
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Table 2 Current TCR clinical trials (per ClinicalTrials.gov)

TCR target Tumor histology NCT # Location/Sponsor
HBV/undef HLA Recurrent hepatocellular carcinoma — transplanted NCT02719782  China
HPV E6/HLA-A2 Vaginal/Cervical/Anal/Penile/Oropharyngeal NCT02280811 NCI
MAGE-A3/HLA-DP4 Esophageal/Melanoma/Urothelial/Cervical/other solid tumors NCT02111850 NCI
MAGE-A3/HLA-A1 Esophageal/Melanoma/Urothelial/Cervical/other solid tumors NCT02153905 NCI
MAGE-A4/HLA-A24*02 Solid tumors NCTO02096614  Japan
MART-1/HLA-A2 Metastatic melanoma NCT02654821 Netherlands NKI
MART-1 Metastatic melanoma NCT00910650 Jonsson Cancer Center
/HLA-A2 + vaccine
NY-ESO-1:TGFbDN Solid neoplasm NCT02650986 Roswell Park Cancer
/HLA-A2 Institute
NY-ESO-1 Solid tumors NCT02070406 Jonsson Cancer Center
/HLA-A2 + Ipi
NY-ESO-1 Malignant neoplasm NCT01697527 Jonsson Cancer Center
/HLA-A2 + vaccine
NY-ESO-1/HLA-A2 Bladder/Breast/Esophagus/Lung/other solid tumors NCT02457650 China
NY-ESO-1/HLA-A2 Ovarian NCTO01567891 Adaptimmune
mNY-ESO-1/HLA-A2 Metastatic non-melanoma cancers NCT01967823 NCI
NY-ESO-1/HLA-A2 Solid tumors NCTO02366546 Japan
NY-ESO-1/HLA-A2 Metastatic melanoma NCT01350401 Adaptimmune
NY-ESO-1/HLA-A2 Multiple myeloma NCT01892293  Adaptimmune
NY-ESO-1/HLA-A2 Non-small cell lung NCTO02588612 Adaptimmune
P53/HLA-A2.1L2 Bladder NCT01625260  Altor Bioscience
Thyroglobulin/HLA-A2  Metastatic thyroid NCT02390739 NCI
Tyrosinase/HLA-A2 Metastatic melanoma NCT01586403 Loyola University
WTI1/HLA-A2 Mesothelioma/Non-small cell lung NCT02408016 Fred Hutchinson
Cancer Center
WTI1/HLA-A2 Acute myeloid leukemia NCTO02550535 Cell Therapy Catapult (UK)
WTI1/HLA-A2 Acute myeloid leukemia/Chronic myeloid leukemia NCT01621724  Cell Therapy Catapult (UK)

in the context of HLA-A2 was targeted in patients with
metastatic melanoma, synovial cell sarcoma, or esoph-
ageal cancer by Steven Rosenberg’s group at NCI [23];
Carl June’s group at UPENN targeted MAGE-A3/
HLA-ALI to treat two patients with myeloma and mel-
anoma [24]; Hiroshi Shiku’s group in Japan targeted
MAGE-A4 on HLA-A24:02 in patients with recurrent
esophageal cancer [25].

The NCI trial (MAGE-A3/HLA-A2) treated nine pa-
tients [23]. Five experienced clinical objective respons-
es. However, 3 additional patients experienced severe
mental status changes within 2 days of treatment, and 2
of these lapsed into coma and died. Autopsies showed
extensive necrotizing leukoencephalopathy associated
with influx of T cells. It was determined that both patient
and normal brain samples showed neuronal staining with
an antibody that recognizes multiple MAGE-A family

members. The TCR used in the trial was generated in
response to MAGE-A3 peptide priming, however, it was
also known to cross-react with MAGE-A9 and -A12 [26].
Further evaluation determined that MAGE-A12 is nor-
mally expressed in human brain and this was concluded
to be the ultimate cause of toxicity.

Danger of supraphysiological affinity-tuning of TCR

The UPENN trial treated only two patients, one
with multiple myeloma, and one with melanoma [24].
The MAGE-A3/HLA-A1 TCR was originally obtained
from a vaccinated patient [27, 28], and subjected to af-
finity modulation to increase affinity for target antigen
(similarly to [17]). These first two patients developed
cardiogenic shock and died within two weeks of T-cell
infusion. Upon autopsy investigation, extensive T-cell
infiltrate and diffuse myocyte necrosis were observed in
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heart tissues of both patients, and death was attributed
to this toxicity. However, no expression of MAGE-A3
could be detected in the heart tissues. It was only upon a
thorough evaluation using live, beating myocytes in cul-
ture that cross-reactivity with the MAGE-A3 TCR was
detected. The culprit was determined to be an unrelated
muscle-specific protein, Titin, that yielded a similar pep-
tide in the HLA-A1 cleft, in a form of molecular mimicry
[24, 29, 30]. This observation brings forth the question
of whether this would have happened with a naturally se-
lected TCR, or if increasing TCR affinity may contribute
to off-target recognition of other similar peptide targets?
The answer remains unknown, but is worth considering
moving forward.

In a trial with less dramatic results targeting MAGE-A4
on HLA-A24:02, ten patients with esophageal cancer
were treated with the TCR [25]. In this trial, although
persistence of transferred cells could be detected in the
blood by PCR up to five months after treatment, no ob-
jective responses were observed, and there was minimal
toxicity. The results of these published TCR oncology
clinical trials are compared in Table 1.

Moving beyond self

Most recently, investigations of non-self antigens
are being pursued using TCRs targeting viral antigen
from the human papillomavirus (HPV). Currently, HPV
E6 TCR immunotherapy is being investigated for use
against HPV-associated vaginal, cervical, anal, penile,
and oropharyngeal cancers in a trial led by Christian
Hinrichs at NCI [31]. Current clinical trials involving
gene-engineered TCRs to treat cancers are listed in Table
2.

CAR:s: driving therapy beyond haplotype restriction

While TCR gene-engineered T-cell therapy has cer-
tainly proven to be potent, and efficacious in some cases,
it faces a number of caveats. First and foremost is that it
is necessarily restricted to a subset of patients. Not only
do patients’ tumors have to express the protein of inter-
est, they must also match the haplotype restriction of the
TCR, and both the HLA molecule and the intracellularly
processed peptide must be presented together on the sur-
face of the tumor cell. By necessity, this limits the thera-
py to a small subset of patients.

First generation chimeric antigen receptors (CARs) —
back in the day

CARs were originally conceptualized by Zelig Eshhar
and colleagues in 1989 [32]. Their findings, published
in Proceedings of the National Academy of Sciences,
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described the generation of an “immunoglobulin-T-cell
receptor chimeric molecule” by splicing the heavy and
light chain variable regions of a monoclonal antibody
(mAb) followed by transfection of these two fragments
along with the constant region of a TCR into a T lym-
phocyte cell line. They later modified their approach
by generating a single-chain fragment (scFv) encoding
both heavy and light variable regions joined by a linker
sequence, negating the need for multiple gene transfers
to achieve antibody-like receptor specificity [33]. Upon
scFv binding to a cognate antigen, the CAR signals
through the CD3( chain to activate the receptor-bearing
T lymphocyte (Figure 2). These first generation con-
structs, defined by the inclusion of a single intracellular
signaling domain, were evaluated in early clinical cancer
trials using CARs targeting folate receptor in patients
with ovarian cancer [34], carbonic anhydrase IX (CAIX)
in patients with renal cancer [35], and CD171/L1-CAM
in pediatric patients with neuroblastoma [36]. While
these early trials did not demonstrate long-term cell en-
graftment nor anti-tumor efficacy, the CAIX trial did lead
to reports of unexpected biliary tract toxicity, illustrating
the potential risk for acute in vivo on-target, off-tumor

scFv
linker
light chain

alpha chain beta chain heavy chain

antigen binding site

transmembrane

cD37

TCR CAR (first generation)
Figure 2 T-cell receptor (TCR) and chimeric antigen receptor
(CAR) structure. T-cell receptors are composed of two separate
proteins, the alpha (o) and beta (B) chains. TCR antigen-binding
sites are located in the membrane-distal variable regions, which
are attached to the membrane-proximal constant region. CARs
are composed of a membrane-distal single-chain variable re-
gion (scFv) made of the variable heavy and light chains joined
by a linker molecule. Upon encountering cognate antigen, T-cell
activation by both TCR and CAR occurs through intracellular
TCR zeta (€) signaling.
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effects in patients (Table 3) [35].

The first indication of positive clinical outcome using
CARs came in a report published in 2008 by Malcolm
Brenner and colleagues at Baylor College of Medicine in
Houston, TX. A first generation CAR targeting disialo-
ganglioside GD2 in pediatric patients with neuroblasto-
ma induced a complete remission in three out of eleven
patients [37, 38] (Table 3), even though there were less
than 0.1% of transferred cells detectable in the blood by
24 hours after treatment. These results suggest that CAR
T-cell therapy has the potential to induce effective anti-
tumor responses, however, an emerging theme was the
challenge of promoting long-term CAR T-cell engraft-
ment in vivo in patients.

These early first generation CARs consisted of the
variable regions of an antibody joined together by a
linker sequence to form a scFv, molecularly fused to the
intracellular CD3( TCR signaling chain. Subsequent im-
provements to clinical CARs included adding additional
co-stimulatory signals, including 4-1BB to prolong T
cell survival via upregulation of the anti-apoptotic factor
Bcel-xL, and CD28 to increase the potency of the T cell
response [39-44]. These improved CARs were termed
‘second’ or ‘third’ generation, depending on the presence
of one (second) or more than one (third) co-stimulatory
region (Figure 3) [45-48]. Additional CARs are now
incorporating surface-expressed costimulatory receptor
ligands such as 4-1BBL in addition to internal costimu-
lation and CD3( signaling motifs used in the second and
third generation CARs [48].

The first clinical trial using third generation CARs
to treat patients with metastatic melanoma targeted a
well-documented tumor-associated antigen, receptor
tyrosine-protein kinase erbB-2 (ERBB2)/human epi-

Table 3 Completed CAR solid tumor clinical trials

dermal growth factor receptor 2 (HER2) [49] (Table 3).
In recent years, HER2 had been successfully exploited
as a target for tumor immunotherapy, primarily using a
HER2-targeting antibody (Herceptin®) in the adjuvant
setting for patients with resected breast cancer. Over 400
000 women have received Herceptin treatment, with a
low rate of reported toxicity. Based on this safety profile,
the Herceptin mAb scFv was chosen to develop into a
CAR to treat patients with HER2-positive metastatic
melanoma at NCI [50]. The first patient treated was giv-
en a high number of cells, 1 x 10", with intensive prior
lymphodepletion. Within minutes of the cell infusion, the
patient experienced severe distress, followed rapidly by
coma with X-ray evidence of high levels of pulmonary
infiltrate, and died 5 days later, despite medical interven-
tion including high-dose steroids [49]. Upon autopsy,
transferred CAR T cells were found throughout multiple
regions of the body, with high accumulations in the lung,
and associated tissue destruction. Post-mortem tissue
evaluation demonstrated expression of HER2 antigen in
lung epithelium that was concluded to be the cause of
death. The results of published CAR solid tumor clinical
trials are listed in Table 3.

CD19 CARs for hematologic malignancies — a success
story

The patient death in the HER2 CAR trial made a big
impact in the ongoing selection of antigenic targets. It
became prudent to look for antigens that are either en-
tirely tumor-specific, which are few and far-between,
or shared between tumor and non-crucial tissues. In the
field of hematologic oncology, this presented an opportu-
nity to target multiple B-cell-related malignancies. CD19
and CD20 are cell differentiation antigens expressed on

Target (CAR generation #) Tumor histology Patient Response  Toxicity Potential mechanism
number  rate of toxicity

Alpha folate receptor (1) [34]  Ovarian cancer 14 0% None N/A
CDI171/L1-CAM (1) [36] Neuroblastoma 0% None N/A

CAIX (1) [35] Renal cell carcinoma 3 0% Biliary toxicity ~ On-target, off-tumor

toxicity in bile duct

GD2 (1) [37, 38] Neuroblastoma 11 27% None N/A

IL13Ra2 (zetakine) (1) [81] Glioblastoma multiforme 3 0% None N/A

Mesothelin (2) [80] Mesothelioma/Pancreatic cancer  1/1 0% None N/A

HER2/ERBB?2 (2) [79] Sarcoma 19 0% None N/A

HER2/ERBB?2 (3) [49] Metastatic melanoma 1 N/A Fatality On-target, off-tumor

toxicity in lung and

other normal tissues

N/A, not applicable or not available
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Figure 3 Chimeric antigen receptor (CAR) generations. First
generation CARs were composed of the single-chain variable
region (scFv) linked to intracellular CD3 zeta (£). Second gen-
eration CARs incorporated an intracellular signaling motif from
a T-cell costimulatory molecule followed by CD3¢, while third
generation CARs include more than one costimulatory molecule
in addition to CD3C.

the surface of B lymphocytes. While B lymphocytes are
required biologically as precursors of plasma cells for
antibody secretion, individuals with congenital absence
of B cells have been documented, and can live essentially
normal lives with prophylactic infusions of gamma-glob-
ulin. One of the earliest CARs used to treat blood cancers
targeted CD20 [51, 52], without much impact and with
negligible CAR T cell persistence after infusion.

CD19 CAR was proposed to target leukemia in pre-
clinical publications in 2007, 2008 and 2009 by Michel
Sadelain [53], Carl June [41, 54], and Steven Rosen-
berg [55], respectively. Things really changed for the
field however, in 2010, when the first results of their
respective clinical CAR trials targeting CD19 in various
leukemias were released. James Kochenderfer in Steven
Rosenberg’s group published initial results of a clinical
trial using a second generation (CD28 costimulation)
gamma-retroviral vector encoded CD19 CAR to treat a
patient with advanced follicular lymphoma (FL) [56].
Both the cancerous cells and the patient’s B lymphocytes
were eliminated and remained so throughout the 39-
week follow-up of the study. This work was followed up
in 2012 with the results of eight patients treated on the
trial, with 6/8 experiencing clinical remissions, and 4/8
also experiencing long-term depletion of their normal B
lymphocytes [57]. Along with these results, 5/8 patients
had more than 1% of peripheral blood mononuclear cells
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(PBMCs) as CAR T cells in their blood, peaking around
10 days after infusion, with two patients attaining more
than 10%. However, all patients’ blood CAR T cell levels
returned to < 0.01% by one month after treatment.

In 2011, Carl June’s group at UPENN published the
case report of a patient with chronic lymphocytic leuke-
mia (CLL) who was treated with a second generation (4-
I1BB costimulation) CD19 CAR encoded in a lentiviral
vector [58]. This patient showed a complete remission of
the cancer, an elimination of all normal B lymphocytes,
as well as a notable immune-related fever attributed to
cytokine release by a high number of CAR T cells in the
body. The clinical anti-tumor response was maintained
through the 8-month follow-up of the study. What was
particularly intriguing about this study was that the pa-
tient was treated with a very low number of CAR T cells,
only 1.42 x 10”. Other clinical trials typically used 2-3
logs higher numbers, closer to 10°-10"".

Also in 2011, Renier Brentjens and Michel Sadelain
reported results of a second generation (CD28 costim-
ulation) CD19 CAR clinical trial treating nine patients
with CLL or acute lymphocytic leukemia (ALL) at New
York’s Memorial Sloan-Kettering [59] with approximate-
ly 107 cells/kg of patient body weight, with or without
Cy-mediated lymphodepletion preconditioning. In the
first cohort of 3 patients treated without Cy, all patients
experienced rapid disease progression. Moving to a lym-
phodepleting regimen, they reported that most patients
experienced fevers within 24 hours of cell infusion. All
were transient, with the exception for one patient with
CLL, whose fever continued until he died within 48
hours [60]. The ultimate cause of death was unknown,
but the authors speculated that it was likely due to a prior
existing sepsis. Following an initial increase in tumor
size, one patient with CLL experienced a partial reduc-
tion in tumor that lasted until 6 months after treatment
[59]. A second patient was treated while in remission
with ALL, and experienced a reduction in circulating
normal B lymphocytes that lasted until 8 weeks later,
when he received an allogeneic BMT and was removed
from the study. Notably, transferred CAR T cells disap-
peared from the circulation in all patients by two weeks
post-infusion, and the authors found the rapidity of elim-
ination was proportional to the patient’s tumor load.

Since these initial reports of CD19 CAR success, fol-
low-up trials have been conducted in higher numbers of
patients with FL, CLL, and ALL, with longer follow-up,
as well as for patients with additional B-cell malignan-
cies [61-69]. Of these, one of the most notable is the
successful treatment of a patient with multiple myeloma
(MM).

Although MM may be derived from B-lineage cells,
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it is normally considered to be a disease of fully differ-
entiated, CD19-negative plasma cells. In 2015, Alfred
Garfall and Edward Stadtmauer from Carl June’s group
at UPENN reported CD19-targeted, 4-1BB-costimu-
lated, CAR treatment of a patient with MM [70]. The
patient was a 43-year-old woman who had previously
received high-dose chemotherapy and an autologous
stem-cell transplant (SCT), and experienced a transient
partial remission lasting less than 6 months. Since then
she had undergone nine separate lines of chemotherapy
without success. At the time of CD19 CAR treatment,
her immune-globulin (Ig) A serum tumor marker level
was 6310 mg/dL, her bone marrow was 95% MM, and
her cancer was 99.95% CD19-negative. She received
myeloablative chemotherapy with Cy and melphalan
that served to keep her IgA counts below 300-6 000 mg/
dL, and then received a second auto-SCT followed by
the infusion of a small number (5 x 10") of CD19 CAR
T cells. By 100 days after CAR treatment, her serum
IgA and IgM spike dropped to 0, and her bone marrow
was cleared of tumor. The CAR T cells were detectable
at low levels in blood and bone marrow after 2 months,
but had disappeared by day 100, when a rebound in nor-
mal B lymphocytes was observed. The patient remained
in full remission through the duration of follow-up,
which was 1 year after CAR treatment. This result was
quite unexpected, as the patient’s disease was almost
entirely CD19-negative (0.05% CD19+), and has led to
the speculation that CD19 CARs may target the cancer
stem cell-like population that expressed CD19, leading
to elimination of the tumor-regenerating population. Al-
ternatively, as CD19 CARs eliminated the entire B cell
repertoire, this may also have depleted a potential reser-
voir of pro-tumor, immune-suppressing cell type [71-73].
Ten MM patients were treated in this clinical trial, five
of whom (in addition to the patient described in the case
report) remained progression-free with a range of 35-222
days at the time of publication [70].

Hematologic malignancies beyond CD19

With the notable successes of CD19-targeting CAR in
lymphocytic leukemias, there has been a surge in CAR
research targeting additional hematologic markers. Al-
though the high response rate with CD19 targeting has
been remarkable, there have been reports of subsequent
CD19 loss in responding patients with recurrent disease,
and more obviously, not all hematologic cancers occur
in B cells. Clinicaltrials.gov currently lists open immu-
notherapy trials for myeloma using CD138 and B-cell
maturation antigen (BCMA) in China, and at UPENN/
NIH, respectively; and targeting CD33 and CD123 to
treat acute myelogenous leukemia (AML) in China and

at UPENN, respectively. CARs for hematologic cancers
have been described extensively in several reviews [74,
75], and hence will not be discussed in great detail here.

Double-edged sword

One important fact about cancer therapy of any sort
is summed up in the adage, “That which doesn’t kill us,
makes us stronger”. When targeting ‘self gone bad’, there
is likely to be some collateral damage to the rest. This is
clearly seen in traditional radiation and chemotherapy,
whereby rapidly proliferating cells are preferentially
eliminated; but this is not limited to tumor cells, causing
damage throughout the rest of the body as well. In partic-
ular, cells in the gut, skin, hair follicles, and reproductive
organs are also in a continual state of turnover. The same
basic premise seems to hold for adoptive T-cell immu-
notherapy: the harder it hits, the better it works. In this
case, the target is specified, but sometimes, the side-ef-
fects are systemic. Activated T cells produce high levels
of inflammatory cytokines including tumor-necrosis fac-
tor (TNF)-a, multiple interleukins (ILs) such as IL-1, 2, 6,
and 8, and interferon (IFN)-y. Each of these has intense
effects on the body including development of vascular
leak syndrome, resulting in low blood pressure and rap-
id oedema into tissues; fever and malaise; recruitment
and activation of additional innate and adaptive immune
cells, and cascades of events that can themselves lead to
serious harm or even death [57, 58, 67, 76]. The general-
ized term for this has come to be called ‘cytokine release
syndrome’ (CRS). The traditional way that clinicians
would use to treat this presentation would be to deliv-
er high doses of systemic corticosteroids; the problem
in the context of CAR therapy is that steroids work by
shutting down the immune system in general, and T cells
in particular. So the conundrum presents itself in CD19
CAR clinical trials: at what point does the risk/benefit of
treating the CRS override the potential therapeutic bene-
fit of anti-tumor function?

In many leukemia patients treated with CD19 CARs,
CRS has become a correlate of clinical anti-tumor re-
sponse [67]. So much so, that clinicians and patients
alike become excited when they detect a fever or a rash
coming on after T-cell infusions. The diagnosis and
treatment of CRS is an evolving science, but focusing
on reducing one cytokine in particular, IL-6, appears to
be effective. The discovery of IL-6 blockade in treating
CRS falls squarely in the category of serendipity. Early
on in the initial CD19 CAR clinical trial at UPENN, a
young girl, seven years old with terminal leukemia, had
been one of the first patients treated with CARs. Four
days after receiving CD19 CARs, she developed a rapid-
ly rising fever, and a life-threatening loss of blood pres-
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sure, necessitating hospitalization in the intensive care
unit by day five. She did not respond to steroid treatment,
and no one knew how else to treat her, as no one knew
what was causing the problem. The clinicians worked
together through the night with the laboratory scientists,
and ran a multiple-cytokine/chemokine assay (Luminex)
on her blood to see if anything came up. While many
of the factors we now understand to be elevated in CRS
were highly expressed (IFNy, TNFa, IL-1, IL-2, IL-8,
etc.), one cytokine in particular raised alarm bells, IL-6.
It so happened that one of the clinical team had a family
member with rheumatoid arthritis, a clinically approved
treatment for which is the IL-6-receptor inhibitor, Tocili-
zumab. With the patient at death’s door, the clinical team
obtained Tocilizumab from the hospital dispensary and
administered it to the patient. They then watched as her
fever almost immediately subsided, her blood pressure
increased, and all her other symptoms steadily returned
to normal [62].

Recently, the UPENN group identified 24 predictive
biomarkers for CRS in patients following CD19 CAR-T
therapy [77]. Further analyses identified three specific
markers that could be used prospectively to identify
which patients would experience severe CRS, early on
during treatment. Intriguingly, though three specific
markers were found to predict CRS in both adult and pe-
diatric patients, the specificities of these markers differed
between the two groups. In adult patients, soluble gp130
(sgp130), IFNy and IL1RA could predict CRS, while
for pediatric patients, the markers were IFNy, IL13 and
MIP1a. The treatment consensus was that interruption of
the IL-6/IL-6R signaling by administering Tocilizumab
generally resulted in alleviation of symptoms within 24-
36 hours. Unfortunately, even with Tocilizumab treat-
ment, 2 out of 14 patients died of CRS, underlining the
need for early identification and potentially more effec-
tive intervention.

A further complication of CD19 CAR treatments has
become apparent, most notably by a recent US Federal
Drug Administration (FDA)-mandated hold on a phase
I trial following three patient deaths. The deaths were
attributed to cerebral oedema, and occurred in a specific
patient cohort receiving intensified lymphodepleting che-
motherapy with fludarabine prior to CAR T-cell delivery.
As this trial was sponsored by a large company, Juno
Therapeutics, news of the hold was widely and rapidly
disseminated, resulting in much speculation over the
safety and future of CAR-T therapy. However, the re-
search team was granted approval to resume the clinical
trial, without the intensified chemotherapy regimen, after
only three days. This cerebral oedema, along with other
neurologic toxicities that have also been observed in oth-
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er CD19 CAR trials [66, 67, 78], is associated with CD19
CAR T-cell detection in cerebral spinal fluid, and was
not able to be blocked by treatment with Tocililzumab
[66]. Unfortunately the removal of the chemopreparatory
regimen was not sufficient, as two more patient deaths
were reported shortly thereafter in the same trial. Further
investigation into the cause, prevention and treatment of
these cerebral toxicities is needed, will be ongoing, and
will likely require intervention that is not limited by the
blood-brain barrier (BBB), such as systemic administra-
tion of steroid, or intra-thecal delivery of mAb-based ther-
apeutic agents such as Tocilizumab.

Boldly going where no one has gone before

The impressive results seen in blood cancers fueled
resurgence in the CAR field. For the first time, large
pharmaceutical companies started showing interest, and
competing to pair with academic centers to put stagger-
ing sums of money (as regards the average academic
research budget) in the tens to hundreds of millions of
dollars, towards research and development of CAR-T
immunotherapy. In exchange, industry would own intel-
lectual property rights, or licensing rights, or some com-
bination thereof, of the resulting research products. The
first such major announcement was Novartis Pharma-
ceuticals pairing with UPENN, followed rapidly by the
newly formed Kite Pharma entering sponsored research
agreements with NCI. Others involved in CAR research,
including Michel Sadelain, Renier Brentjens and Isabelle
Riviére from New York’s MSKCC, and Stanley Riddell,
Philip Greenberg, and Michael Jensen from the Hutchin-
son Cancer Center/Seattle Children’s Hospital, came
together to form their own company, Juno Pharmaceuti-
cals, using private investment and publicly traded stock
to fund their research. Other big pharmas have invested
in platforms to utilize CAR technologies, including Eli
Lily, GlaxoSmithKline, Janssen, and Merck. As well, an
entire field of new companies were formed to capitalize
on this technology, including Bluebird Technologies,
Bellicum, Cellectis, and Intrexon-Ziopharm.

Moving away from CD19-targeting of CARs into
treatment of solid tumors has met with more resistance.
Unfortunately, a common refrain from newcomers to
the field is, “But CARs don’t work in solid tumors!”
Where this opinion originates is unknown, and perhaps
it is inferred deductively by the lack of positive reports
of CARs in solid tumors. To date, there have been few
completed clinical trials published utilizing second and
third generation CARs in solid tumor malignancies (Table
3). Exceptions include two case reports and results of a
19-patient trial. The first case, out of Steven Rosenberg's
group in the NCI Surgery Branch in 2010, reported on
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the first in human use of a next (third) generation CAR in
solid tumors to treat a patient with refractory metastatic
melanoma. Unfortunately, this patient experienced an
immediate lethal severe adverse event (SAE) following
infusion of a large number (10") of HER2 CAR T cells,
attributed to off-tumor, on-target toxicity in normal tis-
sues [49]. Another report of using the next (second) gen-
eration CAR in solid tumors came recently from Baylor,
targeting the same HER?2 antigen, in patients with refrac-
tory metastatic sarcomas (16 of 19 with osteosarcoma)
[79]. Understandably, this trial started at a much lower
cell dose, with as few as 10* T cells, working up to a
maximum dose of 10° cells, still 3 logs below the dosage
given in the NCI trial. While this trial showed no overt
toxicity, it did have some indication of efficacy, with one
patient experiencing a partial tumor response revealed
by positron emission tomography (PET). The first report
on second generation CARs targeting a different antigen,
mesothelin (meso), came out of UPENN and described
two patients, one with malignant pleural mesothelioma
(MPM) and the other with metastatic pancreatic can-
cer, who were treated with meso-targeting RNA CARs.
While neither experienced toxicity, the MPM patient
experienced a partial, though transient anti-tumor re-
sponse [80]. To date, other published solid-tumor CAR
clinical trials utilized pre-CD19 CAR-success era ‘first
in human’ first generation constructs. While original
trials with first-generation GD2- and interleukin-13 re-
ceptor-02 (IL13Ra2)-targeting CARs had little or no
impact on disease [38, 81], they also suffered from a lack
of engraftment and persistence of the CAR T cells. In
fact, these trials were the impetus behind developing the
costimulatory molecule-inclusive constructs comprising
later generation CARs. An additional barrier that early
trials faced was inefficient vector delivery and gene ex-
pression in T cells [81, 82]. The methods used suffered
from low efficiency of gene transfer, requiring long-term
ex vivo expansion and repeated stimulations of transgene
T cells [81], something that in itself has been shown to
be detrimental to in vivo therapy [83].

When does a rose not smell so sweet? Shared self-anti-
gens

With this resurgence in research, publications on pre-
clinical CARs have abounded; however, an emerging
theme predominates: efficacy versus toxicity. Since can-
cer starts from an otherwise normal cell, the difficulty
lies in selecting targets that upon being attacked will
result in tumor regression, without damaging normal
tissue. The first HER2 CAR tragedy was a harsh lesson
on how potent these T cells can be, and the importance
of choosing a ‘safe’ target. The problem is there are

very few known surface proteins that are absolutely tu-
mor-specific, or even shared with non-essential tissues.
As discovered with MART-1 [15], gp100 [15], and CEA
[22], in targeted T cell therapies, even so-called ‘tu-
mor-associated’ or ‘embryonic’ antigens may still turn
out to be expressed in essential adult tissues (Table 1).

Low-hanging fruit

With a dismal prognosis of 15-month survival, and
a third of tumors expressing a mutated tumor-specific
surface protein, CAR targeting of epidermal growth fac-
tor receptor variant three (EGFRVIII) in glioblastoma
multiforme (GBM) was an ideal choice. Several groups,
including ours, have published preclinical mouse mod-
el studies targeting EGFRvVIII, with human and murine
CARs [84-89]. As EGFRVIII is a tumor-specific mutant
protein, normal tissue toxicity is unlikely to be induced
by EGFRvVIII CARs; however, the possibility of cross-re-
activity cannot be completely excluded given the struc-
tural similarity of EGFRVIII to normal EGFR.

As a prerequisite to clinical translation and in an effort
to rule out cross-reactivity to wild-type EGFR protein,
we evaluated potential binding of normal EGFR by an-
ti-EGFRVIII scFv at the protein:protein interaction level,
and then evaluated EGFRVIII CARs in vitro against pri-
mary skin cells (keratinocytes) known to express high
levels of EGFR. As a final test, we evaluated the CARs
in vivo in a human skin-grafted murine model, using
EGFR CARs as a positive control, and found no toxic-
ity or cross-recognition of normal EGFR by EGFRvIII
CARs [84]. As a result, UPENN is currently treating
GBM patients with EGFRvVIII CARs (scFv 2173, a hu-
manized version of murine-derived 3C10), costimulated
by 4-1BB, at two sites: UPENN and UCSF. Additionally,
Steven Rosenberg’s group at NCI also has a clinical trial
open for patients with high-grade gliomas, using an EG-
FRvIII CAR (human scFv 139) with CD28 and 4-1BB
costimulatory signals. And most recently, Duke Universi-
ty also has an EGFRVIII CAR GBM Clinical Trial pend-
ing in ClinicalTrials.gov (Table 4 and Figure 4).

There is over a decade of preclinical research using
chimeric T cells to target IL13Ra2, highly expressed
in GBM but with low to absent expression reported in
normal tissues [90]. Michael Jensen’s previous group
at City of Hope in Duarte, CA has done much work de-
veloping a non scFv-based CAR using a recombinant
IL13 “zetakine” molecule with increased affinity for
IL13Ra2 over IL13Ral [90]. In 2015, they published
results of a clinical trial treating 3 patients with recurrent
GBM with up to 12 intracavitary doses of CD8+ T cells
expressing first-generation zetakine CARs along with
HyTK drug selection/suicide gene fusion proteins [81].
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Table 4 Current solid tumor CAR clinical trials (per ClinicalTrials.gov)
CAR target Tumor histology NCT# Location/Sponsor
HER2 Breast cancer NCT02547961  China
CEA Lung/Colorectal/Gastric/Breast/Pancreatic NCT02349724  China
CEA Breast/colorectal/gastric/lung/ovarian/pancreatic/solid tumor ~ NCT01212887  Cancer Res UK
CEA Metastatic adenocarcinomas NCT01723306  Roger Williams Medical Center
CEA Liver metastases NCT02416466  Roger Williams Medical Center
(via hepatic artery)
cMet Breast NCTO01837602 UPENN
GD2 Sarcoma/osteosarcoma/neuroblastoma/melanoma NCT02107963  NCI
GD2iC9 VZV Sarcomas NCT01953900  Baylor
Mesothelin Pancreatic/Ovarian/Mesothelioma NCT02159716  UPENN
Mesothelin Pancreatic/Mesothelioma/Ovarian/Metastatic NCT01583686  NCI
Mesothelin iC9 Mesothelioma/Lung/Breast NCT02414269 MSKCC
HER2 Glioblastoma NCT02442297  Baylor
HER2 Breast/ovarian/lung/gastric/colorectal/glioma/pancreatic NCT02713984  China
GD2iC9 Neuroblastoma NCTO01822652  Baylor
Meso/CD19 Pancreatic NCT02465983  UPENN
HER2 Sarcoma NCT00902044  Baylor
GD2 NKs Neuroblastoma NCT02439788  Baylor
EGFRvIII Glioblastoma NCT02209376  UPENN
EGFRvIIL Malignant glioma/Glioblastoma NCT01454596  NCI
EGFRvIII Glioblastoma NCT02664363  Duke University
MUC1 Malignant glioma/colorectal/gastric NCT02617134  China
MUCI Hepatocellular/NSCLC/Pancreatic/Breast cancer NCT02587689  China
EphA2 Malignant glioma NCT02575261  China
HER2/EBV TGFB HER2-positive malignancies NCT00889954  Baylor
HER2 CMV Glioblastoma NCTO01109095  Baylor
EGFR Advanced glioma NCT02331693  China
EGFR EGEFR positive solid tumors NCT01869166  China
GPC3 Hepatocellular NCT02395250  China
GPC3 Hepatocellular NCT02715362  China
CD171 Neuroblastoma/ganglioneuroblastoma NCT02311621  Seattle Children’s
Mesothelin Pancreatic NCT02706782  China
Mesothelin Mesothelioma/Pancreatic/Ovarian/Breast/Endometrial/Other ~ NCT02580747  China
CD133 Liver/Pancreatic/Brain/Breast/Ovarian/Colorectal NCT02541370  China
HER2 HER?2 positive solid tumors NCT01935843  China
FAP Mesothelioma NCT01722149 U of Zurich
IL13R0o2 (zetakine)  Malignant glioma NCT02208362  City of Hope
RORI1 Breast/NSCLC NCT02706392  Fred Hutchinson
PSMA Renal/Melanoma/Metastatic NCT01218867 NCI
PSMA Prostate NCT01140373  MSKCC

Unfortunately, in this trial gene transfer into patient T
cells was achieved by DNA plasmid electroporation and
drug selection for positive cells, followed by extensive
ex vivo expansions; as a result, each individual product
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treatment. The CAR T cells did not persist in the patients,
although this is unsurprising, given the lack of costimula-
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Figure 4 Coggle diagram of completed and ongoing TCR and CAR gene-engineered T-cell immunotherapy clinical trials (per

ClinicalTrials.gov).

tory signaling, and as published by the authors’ previous
work, the immunogenicity of the HyTK protein [51]. All
patients underwent tumor resection prior to cell infusion,
hence no anti-tumor efficacy could be determined, and all
3 patients died of their disease less than 1 year after treat-
ment.

Shared self-antigens, revisited

For many tumor-associated shared antigens (TAAs),
cancers have super-physiologic levels of expression when
compared with expression levels on normal tissues. This
is the rationale behind the continued pursuit of several

TAAs as targets for CARs. These types of targets can be
highly expressed on numerous different types of cancers,
where they either vary from normal tissues by expression
level, or geographic location. A large number of these are
currently being evaluated for safety in phase I clinical
trials in addition to HER2, including mesothelin, cMet,
MUCI, GD2, EphA2, EGFR, CD171, and CD133 (Table
4 and Figure 4). Additionally, there are shared antigens
being targeted that are not directly displayed on tumors,
but are present in the specific tumor microenvironment,
such as fibroblast activation protein (FAP) and vascular
endothelial growth factor receptor (VEGFR)-2 [91-94].
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The Goldilocks theorem

The possibility of a ‘treatment window’ has long been
discussed, whereby CARs might target only those tis-
sues (i.e., tumors) expressing abnormally high levels of
target antigen. This has been observed in the TCR field,
whereby the avidity of a T-cell is judged by the minimal
level of surface peptide required to trigger activation [95],
however it is less well-known in the CAR field. The rea-
son for this is likely due to the distinct biology of TCR
and CAR. TCR:MHC-peptide interactions are typically
in the micromolar (uM) affinity range, while mAbs and
scFvs generally interact with their target epitopes in the
nanomolar (nM) affinity range. We have observed that
affinity matters in MART-1 TCR gene-engineered T-cell
therapy clinical trials at NCI. Use of the high-affinity
DMF5 TCR (KD of 43 uM) caused major toxicity to
melanocytes in skin, eye, and inner ear, as well as an
anti-tumor effect of 30% objective response (OR) rate
[15], while the low-affinity DMF4 TCR (KD of 170 uM)
[14, 96, 97] showed no melanocyte toxicity and a 13%
OR rate [13]. In contrast, the affinity range of scFvs used
in clinical CARs varies, but is generally 3 or more logs
higher than that of TCR. For example, the humanized
EGFRvIII 2173 CAR in our current GBM clinical trial at
UPENN has an affinity of 101 nM [84], and the affinity
of the previous NCI HER2 CAR scFv was 0.58 nM [98].

It has only recently been shown how changes in the
affinity levels of scFv can impact CAR function and anti-
gen recognition. In 2015, two publications were released
in the same issue of Cancer Res, one from Yangbing
Zhao’s group at UPENN [98] and another from Laurence
Cooper’s group at MD Anderson Cancer Center [99],
where the authors introduced mutations to cause changes
in affinity in EGFR- and/or HER2-targeting scFv, and
evaluated the impact on CAR function against tumors
and normal cells. Intriguingly, both groups were able to
find a ‘sweet spot’ of affinity, where tumors (with high
antigen expression levels) were recognized by CAR T
cells in vitro and in vivo in mouse models, but cells with
normal levels of antigen were not. This is supported
by the clinical trial results out of Baylor, showing that
HER2 CAR T cells (up to 10° cells) with a different scFv,
targeting a different HER2 epitope, caused no observed
toxicity in 19 treated patients [79].

Limiting toxicity

RNA CARs In light of the unfortunate fatality in the
first HER2 CAR clinical trial, investigators are consider-
ing this shared-antigen route with caution. One approach
to limiting potential toxicity of CARs targeting these
antigens is to limit the duration of exposure of treatment.
Currently, this method is being investigated by the June
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group at UPENN in the form of using meso-targeting
CAR RNA-electroporated T cells to treat patients with
meso-expressing solid tumors including pancreatic and
ovarian cancer, and mesothelioma (Table 3) [80]. CAR
RNA is generated in vitro, and then electroporated into
patient T cells prior to reinfusion. This method has a
high gene transfer rate, with > 90% of cells expressing
the CAR transgene, however, a cost is the loss of ap-
proximately 50% of cells entering the electroporation
process. In addition, once translated the CAR protein is
only expressed for about seven days on the cell surface,
thus requiring the T cell to encounter target antigen on
tumor cells during that time. As such, these cells are a
‘one and done’ hit, and thus cell infusions will likely
need to be repeated several times to see any effect. While
there were no target-related toxicities observed in this
trial, there was some anti-tumor impact observed in one
patient. With this initial safety data, the meso-targeting
CAR T-cell clinical trial has now transitioned to using
lentivirally transduced T cells at UPENN; there are also
meso-targeting CAR T-cell trials underway at NCI and
MSKCC, and in China (Table 4).

There is another caveat to repeated CAR T cell in-
fusions, which became abundantly clear in one patient
at UPENN who received multiple meso-targeting RNA
CAR treatments temporally separated by several weeks.
The scFv for the UPENN meso-targeting CAR is of
murine origin, and thus initiated an anti-mouse immune
response in the recipient patient. Upon re-treatment, the
patient experienced an immediate and severe anaphylac-
tic reaction to the murine protein (a human anti-mouse
antibody (HAMA) humoral response) [100], requiring
steroid intervention that fortunately subdued the reaction.

Route of administration A second method intended
to minimize toxicity is the use of localized intra-tumor-
al (IT) CAR T cell injection. The theory behind this is
that the T cells should remain localized at the site of the
tumor, rather than spreading through the body via the
blood stream as they would upon intravenous injection.
While not practical for widely disseminated or metastat-
ic disease, this approach may be effective in the setting
of localized cancer, such as GBM, which kills without
ever leaving the brain. This idea has been employed by
Michael Jensen’s group in their IL13Ra2 CAR T cell
therapy [81], and is a delivery method proposed by the
Gottschalk/Ahmed group at Baylor in Texas, to treat pa-
tients with GBM with HER2 CARs (per ClinicalTrials.
gov NCT02442297) (Table 4).

Reducing dosage Another way the Baylor group is at-
tempting to attenuate potential toxicity is by dramatically
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reducing the dose of CAR T cells given. In the original
NCI HER2 CAR clinical trial, the first and only patient
treated was given an extremely high dose of cells (10'")
[49]. In the current trial at Baylor, not only are the cells
being delivered via the IT route, but the trial has also em-
ployed a dose-escalation regimen, starting with 1 x 10’
cells, with a maximum dose cohort at 1 x 10° cells, de-
livered in 2 infusions of 5 x 10’ cells each on successive
days (per ClinicalTrials.gov NCT02442297). At Baylor
there are two additional HER2 CAR trials listed in Clin-
icalTrials.gov, one for GBM and one so-called ‘bucket
trial” treating any HER2-expressing malignancy. Both tri-
als administer CAR T cells intravenously, however, they
start at an even lower dose followed by a dose escalation.
The bucket trial, which opened in 2009, but is currently
listed as not recruiting patients, calls for a starting dose
of 10* cells/m” body surface (or approximately 10* cells
total, for typical adults).

Baylor’s first HER2 GBM trial opened in 2010 (also
not currently recruiting patients per ClinicalTrials.gov)
started with a higher, though still low, dose of 10° cells/
m’ followed by a dose escalation, and utilized highly
selected cytomegalovirus (CMV)-specific memory T
cells for CAR transduction and expansion. There are dif-
fering views on what makes the ‘best’ cell for adoptive
cell therapy [38, 83, 101-106]; results from the Baylor
group suggest starting with virus-specific memory cells
may provide the best treatment [38]. While this selec-
tion allows use of a well-defined subset of cells as the
starting material, a drawback is the number of ex vivo
stimulations and expansions, and consequently the length
of time required to reach sufficient numbers of cells for
treatment. When targeting a shared antigen like HER2
however, use of these cells may provide an added level
of safety, as the repeated stimulations of these cells ex
vivo may limit their overall potential for activation in
vivo before they become exhausted, senescent, or are
eliminated.

Cell suicide systems One mechanism to limit toxic-
ity may have occurred serendipitously — endogenous
immune rejection of murine scFv protein. The potential
for induction of an immune response against the murine
portion of mouse-derived mAb scFv had been speculated
prior to any CAR clinical trials. Retrospective studies
on patient serum from the NCI clinical trial for patients
with melanoma who had received autologous T cells
expressing the gp100 (154-162)-specific TCR generated
in an HLA-A2 transgenic mouse, showed development
of HAMA [107]. Intriguingly, this mechanism to re-
move TCR- and CAR-engineered T cells from the body
was not a factor in the cell persistence, or success of

the CD19 CAR clinical trials, as all normal B lympho-
cytes were eliminated, in addition to tumors, and thus
no antibody-based response could be elicited. In treating
patients with solid tumors or CD19-negative leukemic
malignancies however, this immunogenicity could be an
obstacle to treatment, or a boon to limiting off-tumor tox-
icity in the long-term. More recently, for CARs based on
murine-derived scFv, efforts have been made to ‘human-
ize’ the foreign sequences in attempts to reduce HAMA
immunogenicity [84].

In the wake of the high immunogenicity demonstrated
by earlier cell suicide genes like HSV/TK [51, 108-110],
there has been a prolonged search for a non-immuno-
genic, effective system to regulate CAR T cell activity in
vivo in patients. A traditional method to shut down T-cell
function is systemic administration of steroids, which
can reduce symptoms of inflammation and T cell activa-
tion within hours. However, as seen with the patient who
succumbed rapidly after administration of the first HER2
CARs, steroids alone were not sufficient to reverse the
damage done. A new method would require almost in-
stantaneous action, with immediate T-cell shutdown, or
more likely, destruction of the CAR T cell itself.

Currently MSKCC is running a bucket-style clini-
cal trial treating patients with meso-expressing solid
tumors with CD28-costimulated meso-targeting CARs
with an engineered safety ‘off” switch (Table 4). These
cells include an inducible Caspase 9 (iCasp9) protein,
rapidly activated in cells upon delivery of a drug to
the patient [111-113]. This rapid activation is possible,
since the system does not depend upon transcription of
new genes or translation of proteins, rather, a modified
version of caspase 9 is continually made. The protein is
only active as a dimer, and dimerization is induced se-
lectively through exposure to a specific drug. The active
dimerized protein rapidly sends the cell into apoptotic
cell death. Originally described as a shutoff switch in
adoptive-transfer T cell therapy, this inducible Caspase 9
system has been adapted for use in the gene-engineered
TCR and CAR field [111, 114, 115], and may prove par-
ticularly useful in the case of any off-tumor toxicity.

To be continued

Currently there are 39 clinical trials listed on Clin-
icalTrials.gov using CAR T cells to treat solid tumor
malignancies, as listed in Table 4, and depicted in Figure
4. Most target tumor-associated self-antigens, including
HER2, GD2, cMET, EGFR, MUC1, EphA2, GPC3,
CD133 and CD171. A few target non-tumor targets that
are regarded as essential for tumor growth and survival
in vivo, such as VEGFR or FAP. Recently, a new class of
tumor targets have been identified, that slipped through
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the cracks of the typical mutated or over-expressed tumor
antigens, namely those resulting from post-translational
modifications. We recently reported on a tumor-specific
CAR target, presented by glycosylation of MUCI surface
proteins, that was uniform across several types of cancer,
but undetected on normal tissues [116]. Presumably, it
will not be long before the results of these trials are pub-
lished, providing insight into routes to success or chal-
lenges faced using this platform to treat solid cancers.

Future directions

In parallel with the development of engineered T cell
immunotherapy, the field of cancer immunotherapy as a
whole has made great leaps recently, particularly in the
form of checkpoint blockade antibodies. In direct rela-
tion to a T cell’s ability to achieve anti-tumor function
in vivo, 1s a series of checkpoint molecules involved in
turning T cells ‘on” or ‘off’. The arm of T cell-activating
proteins has been utilized thoroughly in CAR design, in-
corporating stimulating molecules such as CD28, 4-1BB,
0X-40, ICOS, CD27 and others to potentiate function.
However, there is another arm that is more insidious, and
is exploited by many cancers, particularly in solid tumor
malignancies. These insidious proteins have been called
checkpoint modulators, and act to shut down T cells by
triggering the expression of PD1, CTLA4, TIM3, LAG3,
and VISTA, among others, on the T cell surface. Admin-
istration of antibodies that block PD1- and CTLA4-me-
diated T cell inhibition has met with great success in the
clinic, with reports of tumor regressions in patients with
melanoma, lung cancer, spindle-cell carcinoma, and re-
nal cell cancer [117-125].

It has been thought that the mechanism of action of
these checkpoint inhibitor antibodies is to free endog-
enous anti-tumor T cells to destroy their tumor targets
[126], and the same principle likely applies to gene-en-
gineered TCR and CAR T cells upon tumor encounter in
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patients. In early correlative studies of patient blood after
treatment with TCR-engineered cells, the only difference
found between responding and non-responding patients
was the ability of the engineered cells to function upon
tumor encounter immediately ex vivo. All patients, re-
sponding or not, had high levels of engineered T cells in
circulation, with an average of 20% of circulating T cells
one month after treatment. However, only T cells from
patients who had a clinical response were able to respond
to tumor exposure ex vivo by IFNy and IL2 production,
while TCR-positive peripheral blood lymphocytes (PBLs)
from non-responding patients lost the ability to respond
to tumor [15]. In a parallel study in patients’ naturally
occurring TIL, there was a similar observation of MART-
1 TCR-positive T cells that were unable to produce type
1 cytokines in response to stimulation; in this case, the
suppressed T cells were found to have selective expres-
sion of PD1, in contrast with MART-1 TCR-positive cells
that did produce type 1 cytokines and were PD1-negative
[127].

The recent discovery that many tumor antigens tar-
geted by endogenous T cells are actually derived from
the non-synonymous passenger mutations that develop
in tumor cells, and not necessarily those posed by driver
mutations may direct a shift back towards using TCR to
identify intracellular mutated proteins as presented on
MHC [128, 129]. The choice of CAR over TCR has both
benefits (no MHC restriction) and drawbacks (shared
surface proteins only), and both face similar problems
(self-antigen toxicity). Table 5 summarizes some of these
considerations.

Discussion

Part of the problem in applying gene-engineered T
cells to clinical treatment of patients with cancer, is that
the field is so new that researchers and clinicians are
still learning the biology of the system, and the ‘rules’.

Table 5 Side-by-side comparison of attributes of TCR and CAR gene-engineered T cells for targeting tumor antigens

Variable TCR CAR

Targeting cell surface antigens No Yes

Targeting intracellular antigens Yes No

Haplotype (MHC) restricted Yes No

Affinity for target antigen Lo/Hi Hi

Targeting construct/gene availability Rare Widely available (mAbs)
Toxicity profile versus normal tissues Variable Variable

Susceptible to loss of target cell antigen Yes Yes

Susceptible to antigen processing downregulation Yes No

Susceptible to T-cell anergy (lack of costimulation) Yes No
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Choice of target alone may not be sufficient to predict
toxicity or efficacy; additional attributes include method
of gene delivery into T cells to sustain transgene expres-
sion (DNA/RNA/plasmid, gamma retrovirus, lentivirus,
non-viral transposon recombination), method of stimu-
lating (mAbs versus beads versus cells versus antigen)
and growing T cells ex vivo (cytokine mixtures, duration
of culture, and bulk versus selected cells), and T cell
subsets (naive versus effector versus memory). All of
these minor differences can impact T cell engraftment,
survival, and function in patients. The length of con-
struct, choice of hinge region, location of target epitope,
all contribute and differ in each case. Additionally, the
choice of costimulatory molecule is a contentious issue.
The two most commonly used molecules, CD28 and
4-1BB, appear to have very different impacts in vivo, in
contrast to their similar functions in vitro. CD28 appears
to pack a more powerful up-front punch, which may aid
in initial tumor destruction, but result in faster CAR T
cell elimination [65, 130]. 4-1BB on the other hand, has
a more moderate initial impact, but confers long-term
survival and engraftment to the CAR T cells, allowing
them to persist for months or even years in the patient [66,
131, 132]. Beyond use of canonical T cell genes, a recent
publication replaced CAR T cell modules (CD3( and co-
stimulatory domain) with NK cell signaling proteins 2DS
and DAP12, which resulted in substantial augmentation
of CAR anti-tumor function in vivo against solid tumors
in preclinical mouse models [133].

Even without the differences already noted, it appears
that targeting the exact same antigen may have different
results, depending on either the antigenic epitope tar-
geted, or the affinity of the mAb scFv. Two preclinical
papers were recently published, both targeting tumor
stroma-associated FAP. Both used syngeneic preclinical
mouse models and showed similar in vitro function. One
group (Rosenberg, NCI) found that the FAP CAR T cells
were acutely toxic in their mouse models with minimal
anti-tumor activity, and counseled against FAP as a clin-
ical target [94]. The other group (Puré, UPENN) found
the opposite; they saw no in vivo toxicity, and observed
anti-tumor efficacy, encouraging the use of FAP CARs
in the clinic [93]. Upon close inspection, the major dif-
ferences were 4-1BB signaling in the latter study, versus
CD28 signaling in the former, and each used a different
mAD scFv to target FAP. It turns out that both results are
probably correct; each individual construct, target, and
treatment need empirical testing for evaluation.

Conclusion

100 different types of solid tumor cancers seem to be

more like 100 different diseases each with their own bar-
riers to treatment. Likely a return to basic science will be
required to elucidate the suppressive barriers encountered
in each. Pancreatic cancer for example, builds a physi-
cal barrier of stromal tissue against T cells, while many
GBM secrete transforming growth factor (TGF) B and
express T-cell inhibitory ligands. Happily, with the recent
influx of capital and interest in developing immunother-
apies for the clinic, there are more tools than ever avail-
able to use alone, or increasingly in combination to treat
cancer. Age-old treatments including chemotherapies
and radiation are being rediscovered for their ability to
synergize with newly discovered immunotherapies like
TCRs, CARs and checkpoint blockade antibodies. An
entire class of new high-impact journals has been formed
in response to the rapid influx of discoveries, including
Sci Transl Med, Cancer Discov, and Cancer Immunology
Research. While no one can predict exactly where the re-
search will lead, one thing is certain, the future of cancer
immunotherapy is bright indeed.
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