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CAR-T Therapies
Can They Go the Distance?

T cells are engineered
to express CARs that
recognize cancer cells

Modified T cells are grown
and expanded in culture

CAR-T
Therapies

T cells are isolated
from patient

Modified T cells are
infused into patient
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In this brief review, we discuss CAR-T therapy, emphasizing how the field is rapidly evolving, with CAR-T designs currently in the
clinic likely to be supplanted by newer ones, and how these in turn will ultimately be replaced by more sophisticated “nextgeneration” treatments. We focus on clinical successes and failures, whether the need for patient customization tends to
trade-off scalability, and explore what CAR-T developers are doing to address current limitations.
Adoptive T-cell therapies, a powerful modality where
T cells harvested from the patient or a donor are
specifically targeted to cancers, are continually being
modified and refined. Of all the improvements
realized in the last decade, chimeric antigen
receptor-T cell (CAR-T) therapies stand out as the
treatment with the potential for the greatest clinical
benefit. These cells are unquestionably potent and
can seek out and destroy cancer with impressive
power. Clinical investigators have treated end stage
patients with disseminated disease and achieved
stable remissions. Arguably, CAR-Ts have induced
significant responses that no other therapy could
claim to achieve in these difficult-to-treat patients.
While CAR-Ts have been used primarily in
hematological malignancies, the dream of extending
their utility to solid tumors occupies the mind of
most proponents. This dream is not unreasonable
and recent developments described below suggest
that the dream may not be as far off as previously
thought. Taken together, the results justify the
excitement. However, clinical and commercial risks
remain that will need to be addressed to support
widespread uptake of this therapy.
In testimony to the great excitement about their
potential, there are over 100 open clinical trials for
CAR-T therapies (Figure 1).
Figure 1. Over 100 open clinical trials for CAR-T therapies*
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However, not a single CAR-T therapy has progressed
to Phase III studies in oncology, reminding us that we
remain at the beginning of the journey. That said,
progress is moving quickly toward a commercially
available CAR-T therapy. Both Novartis and Juno
have received breakthrough therapy designations

and Novartis expects to submit for US regulatory
approval of CTL019 in 2017, while Juno expects its
Phase II trial in acute lymphoblastic leukemia (ALL) to
support accelerated approval in the US as early as
2017. Celgene has exercised an option to develop
and commercialize the Juno CD19 program for
Europe and other markets outside of North America
and China. Kite Pharma has ongoing Phase II pivotal
trials for KTE-C19 and expects to file in 2016 and
launch in 2017. KTE-C19 has received orphan
designation for multiple hematologic malignancies in
both the US and EU. We believe that CAR-Ts will be
incorporated into the therapeutic armamentarium
for many tumors, although it will take a
technologically more advanced form than what we
are seeing today, and will only be accomplished in
the long-term.
Evolution of the design of CAR-Ts currently in the
clinic
Clinical investigators have been introducing
genetically modified T cells into patients for more
than 15 years, and interestingly, in HIV patients the
cells have lasted more than a decade.1 Long-term
survival of transferred cells had thus been
established, notably without evidence of inducing
human cancer. Since placement of new genetic
material into the genome runs the risk of activating
proto-oncogenes and deactivating tumor
suppressors, the absence of transformation of the
primary T cells was reassuring. Current methods of
gene modification, including CRISPR-guided editing
and related techniques, will lead to less concern
about carcinogenesis.2
Initially CARs designed to treat cancers consisted of
an antigen-recognition domain (ectodomain) derived
from a scFv of an antibody against the target
antigen, composed of light and heavy chain portions
linked in series via a polypeptide sequence.
Antibody-ligand interactions are not MHC restricted,
in contrast to TCR-ligand interactions, which need
antigen processing and presentation. The
ectodomain was followed by a hinge region, usually
derived from CD8 or immunoglobulin G4 (IgG4)
molecules, and a transmembrane domain that
anchors the CAR to the cell membrane. This was
followed by an intracellular-signaling domain
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(endodomain), usually the CD3 ζ T-cell co-receptor
signaling domain.
In clinical trials, including for lymphoma and ovarian
cancer, these initial CAR-Ts triggered modest T-cell
killing due to inadequate activation, persistence, and
proliferation. The highly variable success was
attributed to lack of crucial co-stimulatory domains
which were subsequently inserted in the intracellular
region of the CAR.3 This modification, with regions
from either CD137 or CD28, turned out to provide a
sufficiently strong survival signal so that the T cells
engrafted robustly and persisted long enough to kill
targets. Most CARs used in current clinical trials of
engineered T cells for patients with B-cell
malignancies are derived from such constructs. CAR
constructs composed of CD3ζ and two additional costimulatory endodomains transduced into T cells are
also under clinical evaluation, but have thus far not
demonstrated greater efficacy. Many other
costimulatory molecules have also been introduced,
including CD27, CD134 (OX40, TNFRSF4), CD244, and
inducible T-cell co-stimulator (ICOS).

EGFRvIII specific CAR-T cells were administered to
relapsed glioma patients specifically expressing
EGFRvIII. As a highly specific tumor neoantigen,
EGFvIII avoids off-tumor toxicities seen with other
solid tumor targets. Five patients demonstrated
infiltration of CAR-T cells in the CNS and in a few
cases, loss of EGFRvIII.6
In hematological malignancies, the most encouraging
results have been observed in adult ALL. Overall,
more than 60 patients with adult ALL have received
CAR-T therapy and the responses are in the 90%
range, with long-lasting duration (>2 years and
continuing to the present in many cases). Often, the
complete response (CR) rates are outstanding. For
example, Turtle et al. and colleagues at Juno
Therapeutics and researchers at the University of
Washington reported a CR rate of 93% (27 of 29
patients) using CAR-T cells designed to have a
specific CD4/CD8 ratio.7 Considering these are
relapsed patients with tumor cells throughout their
body, this is an unmitigated success.
High efficacy rates of CAR-Ts in B-cell
malignancies are real, especially when
used in tandem with lymphodepletion,
generating significant optimism for their
inclusion in future treatment algorithms.

Impressive clinical results with CAR-Ts currently in
the clinic
These “early” generation CAR-T cells have been
tested primarily but not exclusively in hematological
malignancies. The primary indications have been the
B-cell malignancies: ALL, chronic lymphocytic
leukemia (CLL), and lymphoma (both acute and
indolent). Why have hematological malignancies
dominated? The specific choice of CAR targets in
these malignancies, resulted in far reduced severity
of on-target but off-tumor toxicity as compared to
solid tumor targets. CD19 is a good example in that
its expression on non-hematopoietic cells is low
enough to be biologically irrelevant. Indeed, the
field encountered a sobering early fatality in a trial
where CAR-T cells targeting Her-2, a solid tumor
target vastly overexpressed on the cancer, were
infused into patients.4 The precise cause of death is
unknown but one possibility is that low level Her2
expression in the lungs contributed to the severe
dyspnea the patient experienced. Interestingly, this
experience has not prevented further CAR-T cell
trials with Her2 as a target in sarcoma.5 Other solid
tumors with ongoing trials of CAR-T therapies
include glioblastoma. Researchers from University of
Pennsylvania School of Medicine and Harvard
University presented initial results of this therapy on
9 patients in an ongoing Phase I trial in glioblastoma
at the AACR conference in April 2016.6 In this study,

Other B cell cancers have also yielded strong but less
extraordinary results. Early successes in CLL with
small patient numbers7 (2 of 3 patients with a CR)
were not replicated in larger trials. In a Phase II trial
where patients were randomized to high and low
doses (5 × 107 or 5 × 108 cells), 9 of the 23 evaluable
patients responded.8 Clearly, every cancer provides a
unique immunological microenvironment. Thus, as
CAR-T cells seek out enemy tumor cells, the barriers
they encounter will vary depending on the neoplasia.
Unlike ALL, the immune system of CLL patients is
known to be less active, especially the T cell
compartment.9 Thus, a logical conclusion is that CLL
cells create an immunosuppressive environment
which CAR-Ts are not able to overcome.10
At the American Society of Hematology conference
in 2015, several groups reported preliminary data in
non-Hodgkin's lymphoma.11 Compared to CLL, these
studies show better activity, with overall responses
in the 60-70% range and healthy CR rates (30-50%) in
refractory patients. Treatment for relapsed diffuse
large B cell lymphoma (the most common
lymphoma) involves harsh cytotoxic salvage
regimens followed by stem cell transplantation.
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Assuming the patient responds to both of these
difficult treatments, a significant minority of patients
(~40%) still does not enjoy a meaningful survival
benefit.12 Thus, this setting represents an attractive
opportunity for CAR-Ts to offer better outcomes.
Problems yet to be solved
CAR-T cells are unmistakably potent, leading to
multiple clinical issues. First, dosing is problematic.
As the “drug” consists of live cells and because cells
can be variably active, dose response relationships
are complicated. While early studies revealed a
relationship between the number of cells infused
and the number of cells that engraft and kill tumor,
precise control is challenging. In the randomized
Phase II trial in CLL, no clear dose response
relationship was observed.9 Second, the unleashed
cells cause two major high-grade toxicities with nontrivial frequency: cytokine release syndrome (CRS)
and neurologic toxicities. Cytokine release syndrome
is associated with dramatically elevated levels of
immunostimulatory cytokines, high fever, and
consequent perilous blood vessel effects. Admission
to the intensive care unit is not uncommon and
treatment-related deaths have been reported. The
use of cytokine blocking agents is being explored to
effectively treat CRS. A better ability to predict the
event and optimal management guidelines need to
be in place in order to expand access to CAR-T cell
therapy. While the reasons for neurologic toxicities
are still under investigation, one plausible hypothesis
is that CAR-T cells penetrate the CNS and
inadvertently attack neural tissue. While this side
effect appears to be reversible, more patients must
be treated in order to conclude that lasting damage
is not done.
The foremost toxicity concern of current
CAR-Ts, cytokine release syndrome, is
likely to be managed prophylactically with
therapies such as anti-IL-6 receptor
antibodies. In the future, CAR-Ts with “kill
switches” or “AND-gated” mechanisms
will provide safer alternatives.
Besides serious side effects, CAR-T therapy faces
technical and commercial difficulties. We discuss the
technical challenges in manufacturing in more detail
below. In addition, commercial issues must also be
solved as the costs of creating CAR-Ts are substantial.
The most advanced CAR-T approaches use the
patient's cells which undergo sensitive and tightly

regulated manipulations. Delivering a personalized
treatment entails significant costs, and how this
therapy can be made available throughout the world
is unclear. Moreover, market access will be
complicated by the foreseen high cost and
potentially larger patient populations eligible for
treatment beyond those studied to date. Novartis
has recently discussed adopting a medical-device
like sales model to market its CAR-T therapy; and
while pricing has not been disclosed, the company
has referenced the price of a bone marrow
transplant for ALL patients to a range between
$350,000 and $1.2M.
Newer generation: Armored CAR-Ts and CAR-Ts
with “kill switches”
CAR-T cells have been improved multiple times and
this effort will continue. Newer generation of CAR-Ts
cells have been modified by incorporating a second
protein that enhances survival and activity. The
second protein sometimes encodes an activating
cytokine such as IL-12 or ligands such as CD137L.
These “armored” CAR-T cells persist more robustly as
a result of the second activating signal.13 Juno has
advanced the first “armored” CAR into clinical testing
in ovarian cancer. Bellicum Pharmaceuticals has
designed a CAR-T cell therapy, BPX-401, which
incorporates both novel intracellular co-stimulatory
domains on the chimeric antigen receptor, namely,
MyD88 and CD40, and also contains a caspase switch
for small molecule (rimiducid) that induces
apoptosis. Administration of rimiducid reveals
effective removal of CAR-Ts in both solid and liquid
tumor xenografts.14 One established side effect of
CD19 CAR-Ts currently in the clinic is the loss of
normal B cells (B cell aplasia), with associated
serious infection risk, generally treated by chronic
IVIg administration. Using a caspase switch to
eliminate the CAR-Ts will obviate this problem. In
addition, caspase-mediated removal means an
individual does not have to harbor CAR-T cells for
the rest of their life. Bellicum is expected to initiate
a clinical trial in the second-half of 2016.
Switchable/universal CAR-Ts, and “AND-gated”
CAR-Ts represent the latest-generation technologies
on the horizon
In the last year or so, scientists have presented two
other exciting and novel versions of CAR-Ts in preclinical models. These new techniques hold
enormous promise by affording substantially greater
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control on the temporal and spatial locus of action of (synNotch) pathways can drive user-defined
the CAR-Ts in the host.
functional responses in diverse mammalian cell
types.
Multiple synNotch receptors can be used in
In the first one of these mechanisms, (“switchthe
same
cell to achieve combinatorial integration of
mediated CAR-T cells”), selective formation of an
environmental cues, including Boolean response
“immunological synapse” between the target cell, a
programs.
switch, and a CAR-T cell is facilitated. Briefly, an
antibody-based switch is created by introducing a
peptide neo-epitope (PNE) at a defined position in
an antigen-specific Fab (e.g. FMC63, the anti-CD19
antibody clone widely used currently in the clinic).
Switchable CAR-T cells (sCAR-Ts) are designed in
which the chimeric antigen receptor binds with high
affinity (~5 pM) to the PNE, but not to endogenous
tissue or antigens, and are therefore strictly
dependent on the switch for activation.15 The
peptide used in this version is from the yeast
transcription factor GCN4 and its sequence is not
found in the human proteome. Thus, the
mechanism combines the titratability of antibodybased therapies with the efficacy of CAR-Ts. This
approach has the potential to prevent CRS through
improved control of CAR-T cell activation. Killing of
tumor cells in xenografts was found to be dependent
on the dose of the switch containing anti-CD19
antibody. The strength of this method lies not only
in the ability to regulate the dose of CAR-T cell killing
but also the timing. The anti-CD19 switch serves as a
prototype and can be extended to other targets. The
sCAR-Ts can in theory target more than one antigen
in vivo and be used as universal CAR-Ts, obviating
the need to develop a new CAR for each target.
In the second mechanism which utilizes
“combinatorial antigen sensing circuits,” CAR-Ts are
activated only in the presence of two specified
proteins (providing a Boolean logic AND-gate) on the
target cancer. In this clever approach, a
combinatorially activated T cell circuit is set up in
which a synthetic Notch receptor for one antigen
induces the expression of a CAR for a second
antigen.16 These dual-receptor AND-gate T cells are
armed and activated only in the presence of dual
antigen tumor cells. These CAR-Ts utilize the
mechanical activation principle of the Notch protein
where the intracellular domain contains a
transcriptional regulator that is released from the
membrane when engagement of the cognate
extracellular ligand induces intramembrane
proteolysis. Roybal et al. have developed chimeric
forms of Notch (synNotch), in which both the
extracellular sensor module and the intracellular
transcriptional module are replaced with
heterologous protein domains.16 Synthetic Notch

In the iteration described by Roybal et al., binding of
a synNotch receptor, which uses a scFv to recognize
an antigen on a tumor cell, leads to release of a
transcriptional activation domain which in turn
enters the nucleus and turns on expression of a userspecified CAR against the second antigen.16 This
combinatorial approach virtually eliminates
promiscuous activation of the CAR-T cells. Xenograft
studies confirm that only cancer cells bearing both
targets are destroyed. These are preliminary
experiments: studies in less artificial systems, such as
syngeneic or genetically engineered models of
cancer, are needed to ensure efficacy in organisms
with intact immune systems. However, these “ANDgated CAR-Ts” represent a consequential step
forward for the field since it generates new
possibilities for using CAR-Ts in solid tumors.
Judicious choice of the two targets opens the door
for highly specific CAR-Ts. One is tempted to wonder
whether even better specificity would result from
three or four or more combinatorial CAR-Ts?
Technical limitations and production scalability
issues
CAR-T products are complex biological products and
furthermore are intrinsically highly variable. The
variability of the product currently comes from the
fact that the ones farther along in the clinic are all
autologous therapies where cells are taken from
individual patients and returned to that patient. In
general, peripheral blood mononuclear cells (PBMCs)
collected by apharesis are enriched for CD3+ cells
using anti-CD3 and anti-CD28 bound to
paramagnetic beads. CARs are introduced into the Tcells by means of lentiviral or gamma-retroviral
vectors and as expected there is wide variation in the
transduction efficiencies from patient to patient,
making it difficult to achieve a consistent product.
Newer technologies using gene editing to target
CARs to specific regions of the genome are becoming
available and preliminary results are demonstrating
low but uniform expression of the CAR. Preliminary
studies suggest these CRISPR guided-gene edited
CAR-Ts are as efficacious in tumor eradication as
CARs introduced by viral transduction.17
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Variability can also be introduced by different rates
of expansion of CAR-T cells in different patients. This
is likely because these products comprise random
compositions of CD4(+) and CD8(+) naive and
effector or central memory T cells, meaning that
each patient receives a different therapeutic agent.
This variation could influence the efficacy of T-cell
therapy, and complicates comparison of outcomes
between different patients and across trials. In the
future, it is likely that defined T-cell subsets (in
particular, less differentiated subsets such as naïve
and/or central memory cells) will be used for
introducing CARs, resulting in optimized uniform
antitumor effects in vivo as compared with products
derived from unselected T cells that vary in
phenotypic composition.
Manufacturing of “patient-bespoke” CART products at larger than clinical trial
scale will be feasible by bioprocess
improvements, including implementation
of closed manufacturing systems and
automation of key manufacturing steps.
The future may be some combination of
centralized and near point-of-care
manufacturing to best deliver these
therapies to the patients who will benefit.

Other issues that can be challenging are the logistics
and regulatory aspects surrounding the
manufacture, transport, and delivery of these
products. Manufacturing models for autologous
cellular products face the problem of “scale-out”
rather than “scale-up.” Each patient's cells constitute
a batch and therefore the economies of scaling-up
do not apply since all processing costs, quality
testing costs, and overhead costs due to
documentation etc. applies to each patient, and each
patient will require dedicated equipment and
disposable sets. Instead of using separate laminar
flow hoods with open transfers in Class B clean
rooms, a model that has been bandied about is a
low-grade clean room with multiple manufacturing
pods with closed and automated processes.
Novartis, which bought a New Jersey based plant −
previously owned and operated by Dendreon for
manufacture of Provenge, another autologous cell
therapy that failed in part due to manufacturing
challenges − is already using this plant for its clinical

trial products. Thus, Novartis appears to be ahead of
its closest rivals Juno and Kite who are both currently
contracting out their manufacture but have
committed to lease factories in Bothell, Washington,
and El Segundo, California, respectively. While there
are likely to be fits and starts during the initial period
of large-scale manufacture of these products, it
appears that none of these issues are
insurmountable. Meanwhile, companies such as
Precision Biosciences and Cellectis are pursuing
allogeneic CAR-T therapies to address the
manufacturing-related limitations with existing
therapies. The first programs are expected to enter
clinical development in 2017
CAR-T therapies are not “immune” to combination
approaches
Jumping on the immuno-oncology combination
bandwagon, combinations of CAR-T therapies and
anti-PDL1 antibodies are in early clinical
development. Juno and AstraZeneca/Medimmune
are jointly funding a Phase I study of one of Juno's
CAR-T therapies and AstraZeneca's anti-PDL1
durvalumab in patients with NHL. Similarly, Kite
Pharma and Genentech announced that a Phase Ib/II
study to evaluate KTE-019 in combination with
Genentech's investigational anti-PDL1 antibody
atezolizumab in patients with refractory NHL is
expected to begin in 2016.
Conclusion
CAR-T cell therapy has evolved rapidly, with
innovations allowing both greater control and
specificity. Given the molecular and genetic tools
now available, the design possibilities are practically
limitless, suggesting we can expect future versions to
offer improvements hard to envision now. Since
adoptive cell therapy involves complicated
manipulations and dosing ambiguities, we do not
expect CAR-T cell approaches to replace front-line
cancer treatments in the next five years. In addition,
other challenges not discussed here must be solved;
for example, CAR-Ts do not always home effectively
to the tumor. But for patients who have relapsed
from the best available treatments, it is reassuring to
know that adoptive cell therapists are hard at work
creating more and more customized T cells which, in
some cases, can provide life-saving alternatives.
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