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THE
UNLIKELY
CAR-T
CELL
STORY
From a biological
longshot to clinical
success story, how
research has led to a
new world of cancer
immunotherapy

I

t was a Rube Goldberg idea,” says Carl June,
recalling the earliest suggestions that the
immune system might be retrained to attack
tumors. This was the late 1980s, and it seemed
unlikely—maybe even crazy—that T cells could
be taken from a cancer patient and genetically
engineered to become cancer killers. The idea
was that the T cells would be reprogrammed
to express chimeric antigen receptor (CAR) proteins,
tuned to the patient’s unique tumor antigens; the resulting CAR-T cells, when returned to the patient,
would thus kill any cells displaying that antigen (see
‘How CAR-T Therapy Works’).
The idea might have been ambitious, but it was
based on promising research from the past few decades. Nevertheless, most oncologists remained
unconvinced. “No-one ever really thought it would
work,” says June, now professor of immunology and
director of the Center for Cellular Immunotherapies
at the University of Pennsylvania in Philadelphia.
“There were only a few fanatics in this country. But
those people didn’t give up.”

» Carl June and other
pioneers engineer a
patient’s T cells to
attack cancer cells with
long-lasting results.

+

» Structure similarities between
an antibody (left),
a chimeric antigen
receptor (center) and a T-cell
receptor (right).
T-cell receptors are
similar to one arm
of an antibody
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How CAR-T Therapy Works
CAR-T—the initial class of T cell therapies—harnesses the patient’s own immune system to fight
certain types of cancer

1. Whole blood is drawn.

2. T cells are isolated.

3. A gene encoding
the tumor-specific
chimeric antigen
receptor (CAR) is
loaded into a viral
vector.

5. CAR-T cells
recognize, bind
to and attack
cancer cells
in the patient.

The vector inserts the CAR
gene into the T cells, and T
cells now express CARs and
become CAR-T cells.

4. CAR-T cells
replicate and are
injected back in
the patient.

June was one of the dedicated few, along with Steven
Rosenberg at the National Cancer Institute (NCI),
Michel Sadelain at Memorial Sloan-Kettering Cancer Center, and Malcolm Brenner at Baylor College of
Medicine. Thanks to these researchers’ refusal to give
up over the past 20 years, CAR-T cells have been able
to move from crazy ideal to clinical reality, with the
first major success in around 2010, when small clinical trials produced dramatically positive results in
aggressive blood cancers.

CAR-T ON TRIAL

It was not an easy journey to those positive results,
and it didn’t start with cancer. “I did the first CAR-T
cell trials in humans in the mid-1990s,” June says.
The treatment safely targeted HIV, but its effects
were mild and the effort ended with the emergence
of successful HIV drug cocktails—ones not related to
CAR-T cells. Significantly, however, “we found that
the CAR-T cells survived for more than 17 years in the
patients,” he adds.
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Structure similarities
between an antibody (left),
a chimeric antigen receptor
(center) and a T-cell receptor
(right). T-cell receptors are
similar to one arm of an
antibody.

A decade later, a round of clinical trials for solid
tumors failed altogether. But a few years further on,
trials for CAR-T drugs that targeted a surface protein
called CD19—found only on the immune system’s B
cells, which go awry in certain types of leukemia and
lymphoma—began to succeed.
During that summer, June’s group was seeing
positive results in three patients with heavy loads
of leukemia when they got a shock. The CAR-T cell
treatment triggered an extreme immune reaction
dubbed cytokine release syndrome (CRS), in which
the reengineered T cells trigger the release of billions
of inflammatory signaling molecules called cytokines.
That reaction was unexpected, says June. “It didn’t
happen in our experimental mice.”
CRS put the first patient into intensive care. “They
thought he was going to die,” June says. “And somehow he didn’t. When he woke, they examined him
and couldn’t find the tumor.” Patients in other trials
have not been so lucky and a few have died from CRS,
which must be controlled.
Still, the CAR-T cells were having an impressive effect on June’s leukemia patients. “It was unbelievable,”
he says. “This was the first example of a living drug,
where the cells we put in multiplied thousand-fold,
and the tumor went away.”
When his team published the results in 2011, “it completely changed everything,” he says. “Something finally
worked, and we could prove the mechanism of action.”

© SELVANEGRA

INVESTING IN SUCCESS

Until these early trials succeeded, drug companies basically hadn’t invested a dime in CAR-T development.
In 2012, however, Novartis inked a deal with University of Pennsylvania to commercialize its technologies.
Other companies, large and small, also bought into
CAR-T research.

By 2016, larger trials were testing multiple
CAR-T-related products at numerous cancer centers.
By then, clinicians were well aware of the serious
side effects of the treatment, says Caron Jacobson,
medical director of the Immune Effector Cell Therapy program at the Dana-Farber Cancer Institute/
Brigham and Women’s Hospital Cancer Center in
Boston, which was hosting one such trial.
“For the first months, we were doing a dance of
trying to figure out how much toxicity a patient could
experience before you should treat them for that toxicity,” Jacobson notes, “because we didn’t know if that
treatment was going to impact their outcomes.”
Evidence began to accumulate for drugs from
Novartis and Kite Pharma—the first companies to have
CAR-T drugs approved. In the case of Novartis, “the
clinical data was so compelling, the only thing that the
FDA really asked Novartis to do was to show that they
could duplicate the results we had here in Philadelphia,”
June says.
Even in 2017, the U.S. Food and Drug Administration (FDA) still notified companies of drug approvals
by fax. In order to be ready to receive the news, Novartis manned its fax machine around the clock. When
approval finally
arrived, June got a
call straight away.
“For the first months,
“It was a lifetime
dream,” he says
we were doing a
simply. The FDA
dance of trying to
approved the exfigure out how much
act drug made in
June’s lab, started
toxicity a patient
back in 2004 by
could experience
his postdoc, Mibefore you should
chael Milone. Also
in 2017, the FDA
treat them for that
approved one other
toxicity.”
CAR-T product, by
—CARON JACOBSON
Kite Pharmaceutical. Today, more
than 100 companies around the world are rapidly accelerating engineered T cells in medicine.
The power of these cells continues to amaze. In May
2018, June and his co-workers published a Nature
paper that described a patient with chronic lymphocytic leukemia who apparently remained disease-free
after five years. Astonishingly, genetic analysis traced
the lineage of the triumphant T cells back to a single
original cell. “It’s a truly remarkable finding, and essentially tells us that the minimum dose needed for
CAR-T cells to do their job is one,” June remarks. “Basically, the patient was a bioreactor.”
5
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Troublesome
Top Three

Bijan Nejadnik, chief medical
officer at Eureka Therapeutics,
talks to Scientific American
Custom Media about the
obstacles to getting approved
CAR-T cell therapies to more
cancer patients.
What are the top three challenges
in T cell therapy today?
The lack of success in treating
solid tumors, significant toxicities related to hyperactivation of
T cells, and the high costs and
consequences of those toxicities.
Although the recent clinical data
generated by the initial class of T
cell therapies showed exciting results in hematological cancers, it’s
hard to realize their full potential
due to these current limitations.

What difficulties do these
challenges pose?
The currently preferred T cell therapy platform to target solid tumors
is T-cell receptor engineered T cells,
or TCR-T. However, TCR-T therapies face several challenges: T-cell
receptors (TCRs) have suboptimal
affinity for their target antigens;

related toxicities. Such screening
would decrease the number of patients eligible for these therapies,
and could also increase the overall
burden and cost of treatment.

How could research solve
these challenges?

To treat solid tumors, we are
searching for molecules from
inside cells to attack. Most cancer-specific antigens are within
cancer cells and peptides derived
from them are presented on the
cell surface by the major histocompatibility complex, or MHC. T
cells are the most efficient soldiers
in the human immune system,
and they are triggered by TCRs
that bind to peptide/MHC targets.
Eureka is developing TCR-mimic
enhancing their affinity for therantibodies that recognize these
apeutic purposes can introduce
peptide/MHC complexes on solid
off-target toxicity; and engineered
tumor cells. TCR-mimic antiTCRs can mispair with endogenous bodies inherently display better
TCRs, leading to cross-reactivity
binding affinity and specificity
with unknown consequences.
than TCRs. Once we identify an
The uncontrolled activation
antibody that selectively binds to
of T cells can lead to a cytokine
the target, we arm it on a T cell
release syndrome, or CRS. Current that we can then develop into our
CAR-T therapies include a boxed
drug candidate.
warning citing fatal or life-threatThe hyperactivity of T cells is
ening risks of CRS and neuromostly the result of putting an
antibody and
costimulatory
“Current CAR-T therapies include
signal in one
a boxed warning citing fatal or
construct. This
couples cytokine
life-threatening risks of CRS and
hyperstimulation
neurotoxicity.”
with the drug’s
efficacy. Instead,
toxicity. We believe these severe
scientists are working on ways to
toxicity risks will limit adoption in decouple these functions. Separatcommunity outpatient settings as
ing them by using more natural
well as in earlier lines of treatment. pathways could take advantage of
The toxicities are very costly
the natural checks and balances
side effects to manage. The risk
acquired over millions of years
of these occurrences results in
of evolution. This could tamper
complicated standard treatment
the hyperactivation, create lower
protocols that can add significant
levels of cytokines, and reduce the
indirect costs. Experimental strat- risk of CRS and neurotoxicity. So,
egies, such as restrictive enrollthese advances would address the
ment screening criteria, are used
other two challenges: toxicity and
to reduce the potential for CAR-T
the resulting costs.
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» False-colored electron

microscope image of an
ARTEMIS T cell (ET140202)
attacking a liver cancer cell.

STANDING IN THE WAY OF CONTROL
Innovative spins on CAR-T cell therapy promise more benefits and reduced damage from
cellular cancer treatments

W

ith cell therapy, clinicians are
keenly aware of the point of
no return. “Once my thumb
hits the end of the syringe, the
cells are in the body and we
can’t get them back out,” says
Stephan Grupp, director of
cancer immunotherapy at the
Children’s Hospital of Philadelphia, and a member of
Eureka Therapeutics’ scientific advisory board. “We
are with the patient on the rollercoaster until the ride
is done.” Accordingly, there is a great deal of interest
in developing the next-generation T cell therapy—
built from genetically engineered T cells—that can
deliver a response that is aggressive and controlled.

This need will only become greater as oncologists
go after solid tumors, which offer more challenging
targets than blood cancers (see ‘Reaching Inside
Tumor Cells’).
To tackle these challenging targets, Renier Brentjens,
director of cellular therapeutics at the Memorial Sloan
Kettering Cancer Center, and colleagues are developing what they call ‘armored’ CAR-T cells. These
cells undergo additional reprogramming in order to
churn out therapeutic proteins or signaling molecules
that can reawaken immune cells in the vicinity of a
tumor. “The armored CAR-T cell becomes kind of a
‘micro-pharmacy’,” explains Brentjens, who recently
co-authored a Nature Biotechnology paper with Eureka
concerning the company’s PD-1 inhibitor delivered by
7
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DOING WHAT COMES NATURALLY

Another innovative approach entails using T cells engineered to produce a more natural and restrained
immune response. This is the aim of the ARTEMIS
platform, developed by Eureka Therapeutics, which
might prove safer for cell-based immunotherapy in
blood and solid tumors.
In contrast to CARs, which are designed to simply
recognize proteins on the surface of tumor cells, Eureka Therapeutics is engineering TCR-mimic (TCRm)
antibodies on T cells that more closely follow the natural mechanism by which immune cells identify and
respond to threats. The resulting cells can recognize
fragments of cancer-specific antigens from the cellular interior, which are normally hidden from CAR-T
cells, and deliver a more selective immune response.
TCRm antibodies can be developed into drug candidates using Eureka’s ARTEMIS platform. Cells endowed with the ARTEMIS receptors generate only
a subset of the immunological signals, or cytokines,
released during CAR-T cell response, ideally stimulating a safer counterattack on the tumor.
In May 2018, Eureka announced its first-in-human
clinical study data in which 21 patients with nonHodgkin’s lymphoma received ET190L1 ARTEMIS
T cells. Based on seeing a description of the results,
Grupp says, “There’s no question that this very early
stage data says that the cells can grow in a person and
produce a clinical result. The cytokine profile and the
toxicity associated with CRS are incredibly mild in the
first handful of patients.”
8

BUILDING BETTER FUNCTIONS

Wendell Lim and colleagues at the University of California, San Francisco are exploring another approach,
grounded in synthetic biology. “The goal of this field is
not just to dissect biology, but to take components and
ask how to build new functions,” explains Lim. After
meeting CAR pioneer Carl June at a conference several years ago, Lim began looking into ways to more
precisely control when and where immune cells are
turned on or off. In an initial foray, his group developed a split CAR molecule that remains inactive until
it encounters the appropriate pharmacological agent
taken by the patient. “We showed that we can separate
[one CAR into two] in a number of ways, and then
use a drug-controlled domain to bring them back together,” says Lim.
This conferred some external control over CAR-T
cell activity, but Lim’s team has devised a more sophisticated approach in which cells are engineered to
respond to various environmental cues by switching
on different genes. For example, a T cell might be programmed to express an antibody on its surface that
recognizes a tumor-associated protein; this binding
event could then stimulate production of the actual
therapeutic CAR molecule, which recognizes a second
tumor protein and initiates the immune response.

» Wendell Lim

holds a model of
a cellular receptor
protein.

© ELENA ZHOKOVA

armored CAR-T cells. This approach is advantageous
because some of these secreted molecules are too toxic
for direct administration, but might be safe and effective when produced in moderate doses by T cells after
navigating their way to the tumor. Their effectiveness
against solid tumors might still be limited by the fact
that they target a single antigen, which might not be
universally expressed throughout the malignancy.
But, if they are sufficiently effective at killing cancer
cells, the immune system is likely to become exposed
to additional antigens that enable it to engage in its
own, additional, tumor eradication. Brentjens and
colleagues are currently testing this approach in a
clinical trial targeting solid tumors expressing a protein called MUC16.
However, the armored CAR-T cells still stimulate
the same immune signals as conventional CAR-T
treatment, and could elicit dangerous side effects,
such as attacking healthy cells near the tumor site.
“The armored CAR-T cells could be even more toxic
than the regular T cells,” says Brentjens, “although we
haven’t yet seen that to be the case.”

ARTEMIS is a trademark owned by Eureka Therapeutics, Inc.
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Reaching Inside Tumor Cells

CANCER CELL
EXPRESSING
TUMOR
ANTIGEN

Intracellular tumor antigens are
broken down and presented on
the cell surface
Golgi apparatus

cancer
protein

proteasome

2. Major histocompatibility
complex (MHC-I) molecules
bind to these peptide antigens
to form a structure, which the
Golgi apparatus encapsulates
in a vesicle that shuttles the
complex to the cell surface.

antigen

1. The proteasome routinely breaks
down proteins, including cancer
antigens within the cell.

MHC-I

vesicle

3. The peptide-MHC-I complex is
then presented on the cell surface.

T CELL
ARTEMIS receptor

4. A T cell carrying an engineered
ARTEMIS receptor binds to the
peptide-MHC-I complex and
attacks the tumor cell.

“We liken it to face recognition—
you can’t just have one modality for
sensing something.”—WENDELL LIM
This approach could give these cells much-needed
additional specificity, ensuring that they efficiently
kill tumor cells without harming adjacent, healthy
tissue expressing some of the same protein markers.
“We liken it to face recognition — you can’t just have
one modality for sensing something,” says Lim. “We
find that it’s much more specific if we can sense solid tumors using a set of ‘eyes’ for a set of antigens.”
This approach can also be used to engineer even more
complex functionalities, and Lim’s technology has since

been acquired for clinical development by CAR-T cell
manufacturer, Gilead Sciences.
Fighting cancer is a daunting task, and oncologists
are skeptical that risk can ever be taken completely
out of the equation. “We’re going to have to be able to
tolerate a certain amount of toxicity,” says Brentjens,
“and we probably can’t make [treatments] completely
painless.” However, he points out that this is also very
much a field in its infancy, and that the future holds
considerable potential for the development of tumorkilling T cells that act more like precision weapons
than blunt instruments. “I imagine that 10 years from
now we will be going into next-generation T cells that
better optimize treatment and make it safer,” says
Brentjens. “We have a Model T right now, but what
we need is a Mustang.”
9
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In the next five to ten years, what
two key things could improve T cell
therapy?

A Solid
Possibility
Cheng Liu, CEO and Chairman
of Eureka Therapeutics, talks to
Scientific American Custom Media
about beating cancer and viral
infections with similar treatments,
with help from nature.

The number one thing is the T
cell therapy needs to have some
success in solid tumors—expanding beyond hematological diseases. The longer term is beyond
solid tumors, and T cell therapy
has the potential to treat viral
infections, such as Epstein-Barr
virus and HIV.
Secondly, we need to find a way
to make it safer. Then, we can
expand to first-line treatments of
diseases and move to outpatient
settings. We’re probably still years
away from that, but many companies —including us—are developing techniques toward this goal.
There are three different strategies to improving safety. One is
managing safety from a clinical
perspective: looking at biomarkers to know the early signs of a
problem and then managing the
patient quickly. The second strategy is developing kill switches, onand-off technology, to shut down

Targeting Intracellular Antigens
Advancing cellular therapy depends on
deeper targets and treatment combinations
oday’s T cell therapy attacks targets on the
surface of cells, but tomorrow’s tools must look
inside. Finding interior targets, though, poses
a challenge. In short, it’s easier to find targets
outside cells than in.
According to David Scheinberg—an oncologist at the
Memorial Sloan Kettering Cancer Center in New York
and a consultant to Eureka Therapeutics—the key intracellular targets are likely to be tumor-specific mutations,
10

T cells when needed. The third
approach, our approach, is to design a T cell therapy that doesn’t
over activate T cells. That way, you
don’t get the terrible toxicities in
the first place.
Conceptually, we can change
how we treat cancer. In the past, it
was all about prolonging survival
—a few more months or years.
Now, we want cures.

What are the complications to
attaining those improvements?
So far, a majority of the success
of immunotherapy is against
general targets that shield cancer
cells from the immune system. To
achieve success in solid tumors, we
need to find tumor-specific antigen targets—what we call TSAs. I
think we are reaching a consensus
that the majority of those tumorspecific targets reside inside the
cancer cells (see ‘Targeting Intracellular Antigens’). So, intracellular targets are the gold mine, and
we need to go after them.

transcription factors or other proteins related to cancer
growth. “In principle, we could use these cytoplasmic
targets to go after a broad and diverse range of cancers.”
He notes that some cytoplasmic targets might appear in
many cancers, whereas others could be disease specific.
Some targets could also turn T cell therapy on viral infections, such as hepatitis C.
The E-ALPHA platform from Eureka Therapeutics delivers antibodies against the desired targets. “Eureka
has developed a way to make antibodies against cytoplasmic targets, and then genetically put those antibodies in T cells,” says Scheinberg. “We’ve demonstrated
preclinically that T cells containing the target’s antibody
were able to recognize the right cytoplasmic targets.”
A recent proof-of-concept study, presented at the
2018 CAR-TCR Summit, highlighted Eureka’s T cell
therapy. The first-in-human study enrolled six patients
with advanced liver cancer—for whom current therapies offer little hope. Eureka’s T cells are activated by
a unique but highly expressed liver cancer biomarker:
alpha fetoprotein (AFP). “In this early experience, [the

E-ALPHA is a trademark owned by Eureka Therapeutics, Inc.
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Our E-ALPHA platform contains more than 100 billion clones
with unique human antibody sequences. It lets us quickly identify
antibodies that target fragments
of tumor-specific antigens on the
major histocompatibility complex,
which is involved in turning on

“The number one
thing is the T cell
therapy needs to have
some success in solid
tumors.”

acquired immunity. We use this
to develop novel T cell therapies
directed toward many types of
cancers. Further, our platform is
designed to allow for the targeting
of both extracellular and intracellular targets expressed in both
hematological and solid tumors.
You have to somehow learn about
what nature does, and then make
use of that to engineer a treatment. That’s what we do.

What has been the biggest inspiration or change in the way of
thinking about T cell therapy?
The nature of science is thinking
in new ways. When we started our
approach eight or nine years ago,
people didn’t think we’d be able to
attack molecules that come from
inside cells. So, you have to think
boldly. But it didn’t come from just
us. Starting 30 or 40 years ago,
advances in molecular biology—
such as the creation of monoclonal
antibodies—laid the foundation for
Eureka Therapeutics.

“If these data hold up, such a new
design of T cell therapy may truly
transform this field to an out-patient
clinical field.” —YUMAN FONG
treatment] is well tolerated with no signs of CRS or
neurotoxicity,” says Yuman Fong, a hepatobiliary cancer
surgeon at California-based City of Hope, who reviewed
data from the clinical study. Six months after the first
dose in the study, the best-responding patient experienced a complete reduction in his primary tumors and
distal metastases, while his AFP levels dropped to normal (see ‘Healing Hope’). Fong says, “If these data hold
up, such a new design of T cell therapy may truly transform this field to an out-patient clinical field — making
it not only lower cost, but potentially accessible to the
entire world.” He adds, “Even though this is still early
data, to see generalized shrinkage of tumor and normalization of blood tumor markers is remarkable.”

Healing Hope
On August 22, 2018, Yuliang
Zou—a specialist in ovarian
cancer, cervical cancer and female
endocrine diseases—finished his
hospital rounds at the First Affiliated Hospital in Xi’An JiaoTong
University. Just seven months
before, he was a patient with a
diagnosis of metastatic liver cancer. When chemotherapy failed,
Zou enrolled in a clinical study
evaluating Eureka Therapeutics’
investigational T cell therapy that
targets a liver cancer-specific
antigen, AFP. After multiple
infusions, Zou’s primary tumors
in the liver and distal metastases
all shrunk.
Despite Zou’s promising results from this early stage study,
only further tests over a longer
time and in larger cohorts will
provide conclusive data. But in
Zou’s case, he feels well enough
to return to work as a physician.
“A few months ago, I thought I
only had a few months to live.
Now, I am back at work in the
hospital saving other patients’
lives.”
11
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» Composite colored scanning
electron micrograph (SEM) of
T cells and an apoptotic brain
cancer cell.

© STEVE GSCHMEISSNER/
SCIENCE PHOTO LIBRARY
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