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The rapidly expanding field of T-cell im-
munotherapy has experienced clinical 

successes along with some serious toxici-
ties. “T Cell Immunotherapy: Optimizing 
Trial Design,” a workshop sponsored by 
the National Institutes of Health’s (NIH’s) 
Office of Biotechnology Activities (OBA), 
brought together researchers to discuss the 

scientific advances and share new data on 
key trial design issues, including the selec-
tion of new targets, optimizing the T-cell 
population, preconditioning regimens, 
strategies to promote persistence of cells, 
and analysis and management of acute re-
actions to T-cell infusions with the goal of 
identifying best practices and a research 
agenda that will facilitate further devel-
opment and maximize the safety of this 
promising approach.

Introduction
T-cell immunotherapy for cancer is a 
rapidly growing field for gene therapy. 
Broadly, this field can be divided into two 
approaches—the use of gene-modified T-
cell receptors (TCRs) in which recognition 
of the tumor antigen is in the context of 
human leukocyte antigens (HLAs) or use 
of chimeric antigen receptors (CARs) that 
typically link a single-chain variable re-
gion domain of an antibody (scFv) to one 
or more signaling elements of a TCR com-
plex to allow T-cell activation.1 The deci-
sion to use one approach vs. the other may 
depend on several factors. For example, 
CARs offer the ability to bind antigens that 
are not restricted by HLA recognition, and 
the ability to modify the T-cell signaling 
moieties may offer “a broader functional 

effect than transduced” TCRs.2 TCRs, how-
ever, have the ability to recognize intracellular 
proteins, in addition to cell surface antigens, 
providing a broader array of target tumor-as-
sociated targets. 

In 2010, the OBA hosted a meeting to ex-
amine the state of the science and key trial de-
sign questions for this emerging field.3 At the 
time, some clinical benefit and unexpected 
toxicities highlighted both the therapeutic 
potential as well as the need to share data and 
expertise to optimize the safety of trial design. 
Since 2010, several promising and clinically 
successful developments have been reported 
in leading scientific and medical journals4–7 
as well as national media. Given these devel-
opments, the OBA and the NIH Recombinant 
DNA Advisory Committee concluded that it 
was an opportune time to reconvene the lead-
ing experts in the field from the United States 
to continue to foster sharing of data across pro-
tocols and discuss the key issues in trial design, 
including optimal management of the cytokine 
release syndrome (CRS) seen in some research 
participants in response to the expansion of 
these active T cells. 

The following summary of the OBA work-
shop represents the views of the individual 
authors and not the NIH. The full presentations 
and slides are available at the OBA’s website.8

State of the science
The number of CAR and TCR protocols reg-
istered with the OBA has continued to in-
crease rapidly (Figure 1); as of the meeting in 
September 2013 there were 111 protocols, 104 
of which targeted cancer, with more than 500 
subjects dosed. More than 40 protocols address 
hematological malignancies, with CD19 being 
the most common target in these protocols. 
Among protocols for solid tumors, the mela-
noma antigens (gp100, MART-1) and cancer-
testis antigens predominate for TCRs; for 
CARs there are multiple targets, with a slight 
predominance of Her2/neu, GD2, and meso-
thelin (Figures 2 and 3). Approximately 90% 
of TCR trials have targeted solid malignancies; 
approximately 50% of CAR trials have targeted 
hematological malignancies. 

Steven Rosenberg reviewed the exten-
sive portfolio of National Cancer Institute 
(NCI) research in this area, beginning with 
a summary of his research using unmodi-
fied tumor-infiltrating lymphocytes (TILs) 
against melanoma in 1988. He began using 
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lymphodepletion before administration of 
TILs in 2002 and demonstrated increased 
efficacy.9 Dr. Rosenberg has continued to 
apply this approach to melanoma, includ-
ing ocular melanoma, as well as metastatic 
gastrointestinal and human papillomavi-
rus–induced cancers. These studies have 
demonstrated that in a subset of patients 
(about 20%), administration of T cells can 
result in prolonged remissions of five years 
or longer. The results led to a program of 
research dedicated to gene-modified T 
cells that accounts for almost 20% of T-cell 
immunotherapy protocols registered with 
the OBA to date. The results of the Rosen-
berg group’s first trials with gene-modified 
TCRs for melanoma were published in 
2006 in Science.10 In a recent TCR study 
targeting the cancer-testis antigen NY-
ESO-1, the overall response rate was 50% 
in the 19 subjects with melanoma, includ-
ing 4 with complete remissions, and a 67% 
overall response for those with synovial 
sarcoma, including one complete remis-
sion, in a population that had multiple 
prior chemotherapy regimens.11 These re-
sults contrasted with the MAGE-A3 trial 
in which an unexpected off-target neu-
rological toxicity was seen.12 Rosenberg’s 
group has also developed an extensive 
portfolio of CAR protocols, focusing pri-
marily on solid tumors, with novel targets 
such as vascular endothelial growth factor 
receptor 2 (VEGFR2), epidermal growth 
factor receptor variant III (EGFRvIII), 
and mesothelin, as well as new targets in 
development, such as chondroitin sulfate 
proteoglycan 4 (CSP4). 

Antoni Ribas, who uses a vector de-
veloped by Rosenberg’s lab, described his 
work on melanoma using a TCR-targeting 
MART-1 given with lymphodepletion. He 
has observed a high frequency of tumor 
responses (9 of 14 subjects with tumor-size 
reductions), but few responses were dura-
ble. He has also recently started enrolling 
research participants into a trial using a 
TCR-targeting NY-ESO-1. He noted that 
one of the aspects being tested is whether 
fresh cells are potentially more active than 
cryopreserved cells.

Other highlights included clinical 
results from several investigators target-
ing CD19 in leukemia and lymphoma. 
In addition to Dr. Rosenberg’s summary 
of his work in this area,13 Carl June, Re-
nier Brentjens, Laurence Cooper, Stephen 

Forman, Michael Jensen, Helen Heslop, 
and Crystal Mackall summarized their re-
sults in ongoing trials using CD19-specific 
CARs in leukemia and lymphoma.4,6,14 Dr. 
Heslop noted that in a trial comparing first- 
and second-generation CARs, her group 
found that the second-generation CAR 
demonstrated both improved expansion 
and persistence.15 In addition, several pro-
tocols have established that administration 
of CAR T cells after stem cell transplant 
does not interfere with engraftment of the 
transplant. The investigators presented ex-
amples of clinical remissions, but, because 
the goal is often to establish remission so 
as to proceed with a curative transplant, 
the durability of remissions from CAR T 
cells without subsequent transplant has 
not yet been determined. However, even 
in the setting of multiple previous thera-
pies, CD19-specific CARs have shown ef-
ficacy. Dr. Brentjens reported that in his 
protocol with relapsed or refractory B-cell 
acute lymphoblastic leukemia (ALL), 14 
of 16 subjects achieved molecular chronic 
remissions as assessed by deep-sequencing 
PCR analysis to search for the malignant 
clone.16 Another emerging theme was the 
responsiveness of ALL to this approach, 
which was also highlighted in Dr. June’s 
and Dr. Mackall’s presentations. Dr. Coo-
per presented data from ongoing trials 
infusing CD19-specific CAR+ T cells after 
autologous and allogeneic hematopoietic 
stem cell transplantation. The intent was 
to augment the graft-vs.-tumor effect, rec-

ognizing that the current clinical practice 
for many patients with B-cell malignan-
cies is to infuse tumor-specific T cells as 
a bridge to transplantation. These trials 
have advanced a new approach to hu-
man gene therapy based on the electro-
transfer of DNA plasmids encoding a 
second-generation CAR stably expressed 
following transposition from the Sleeping 
Beauty (SB) system.

In parallel to work on CD19-specific 
CARs, Brian Till highlighted the results of 
his trials targeting CD20, including a trial 
that used a third-generation CAR with 
CD28 and 4–1BB costimulatory domains. 
Unlike the other trials, which use retro
viral vectors or SB transposons, he used an 
electroporated DNA plasmid. In general, 
the T cells were well tolerated, with some 
immediate febrile reactions, and two of the 
three subjects had prolonged remissions 
with persistence of the T cells for up to a 
year.17 However, the DNA plasmid vector 
was not an efficient vector, and the IL-2 
used to promote persistence also led to an 
increase in T regulatory cells (Tregs). 

Philip Greenberg highlighted his 
group’s work using a TCR targeting an-
other hematological malignancy antigen, 
Wilms tumor antigen 1 (WT1), which is 
highly expressed in leukemia and some 
solid tumors but is also expressed on some 
normal tissues. Their trial built on a previ-
ous trial using naturally isolated, cloned T 
cells targeting WT1, which did not show 
toxicity but had limited efficacy. Using 
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virus-specific T cells, they have recently 
initiated a trial to test a TCR based on a 
high-avidity, natural clone. 

In the solid-tumor area, Dr. Heslop 
presented a summary of her group’s trials 
for neuroblastoma, targeting GD2 using 
both virus-specific and non-virus-specific 
T cells.18,19 Their data have demonstrated 
an association between persistence of T 
cells and reduced tumor progression. In 
addition, in research participants with 
prolonged detection of activated T cells, 
the presence of central memory T cells was 
important, raising the question of what the 
optimal T-cell product is.

Other solid-tumor trials discussed in-
cluded CARs targeting HER2/neu for sar-
coma and glioblastoma, including a trial 
using tri-virus-specific T cells and another 
trial that combines the CAR with a domi-
nant-negative TGF-b receptor. Data were 
also presented on first- and second-gen-
eration CARs targeting carcinoembryonic 
antigen (CEA) and prostate-specific mem-
brane antigen. Again, some early indica-
tions of clinical efficacy were promising, 
but an ongoing challenge will be to refine 
strategies to improve T-cell persistence 
and efficacy. In some cases, on-target, off-
tissue toxicities may ultimately limit the 
use of certain targets; for example, colitis 
developed in protocols using CEA-specific 
TCR and CAR T cells.20

Finally, Dr. Jensen reported his work 
in glioblastoma using a novel CAR called 
a zetakine. Instead of an antibody, single-
chain target domain, he used a human 
cytokine, IL-13, with a mutation in the 
sequence that gave high affinity for IL-13 
receptor a2. These cells were infused 
intracranially, establishing the safety of 
intracranial administration with some 
antitumor responses. 

These talks provided an overview of a 
field that continues to expand rapidly, in 
terms of both targets and diseases. Most 
protocols involve administration of the cells 
in the setting of lymphodepletion, and some 
groups, predominantly in protocols for 
solid tumors, use IL-2 to promote cell per-
sistence. In addition to identifying effective 
targets that have minimal off-tumor effects, 
finding the ideal balance between persis-
tence and expansion of T cells without 
triggering systemic cytokine reactions is a 
key issue for the field. This may be achieved 
by such strategies as including the design 

of the cells, the type of T cells infused, the 
dose, the immune status of the recipient, 
and the use of cytokine support. Finally, as 
with many cancer therapies, some toxic-
ity is likely. Establishing protocols to limit 
toxicity so that the risk-to-benefit ratio re-
mains favorable is a high priority. 

Promoting T-cell persistence 
Persistence of the gene-modified T cells 
is associated with prolonged remission 
in subjects,18 and the field has developed 
strategies to promote persistence. One ap-
proach is to create a host environment that 
is conducive to expansion of the T cells. 
Expansion should not only promote a rig-
orous antitumor effect but also lead to the 
development of a stable population of tu-
mor-specific T cells that can be reactivated 
in case of recurrence of tumor antigen. Use 
of selected central memory T cells may be 
another strategy to promote an enduring 
T-cell population. 

The majority of T-cell protocols reg-
istered with the OBA to date involve ad-
ministration of the cells to subjects when 
they are lymphopenic. For solid-tumor 
protocols, this involves administration of 
the T cells after administration of lym-
phodepleting chemotherapy, such as cy-
clophosphamide, whereas the protocols 
for hematological malignancies have most 
commonly called for administering cells 
in the posttransplant setting or the use of 
disease-specific chemotherapy regimens. 
However, it is important to note that lym-
phodepletion has not been universally 
applied, notable exceptions being studies 
administering virus-specific T cells, or the 
successful neuroblastoma protocols tar-
geting GD2, which used both virus-specif-
ic and non-virus-specific T cells.18

Dr. Rosenberg reviewed his group’s 
clinical data, as well as the animal data 
that support lymphodepletion for pro-
moting antitumor efficacy. As stated ear-
lier, in the TIL melanoma studies, despite 
administration of 109 to 1010 T cells, the 
cells did not persist and there were mini-
mal objective responses.21 However, when 
nonmyeloablative (NMA) chemotherapy 
using cyclophosphamide and fludarabine 
was added, and the TIL product was gen-
erated with a shorter culture time, provid-
ing a more diverse TIL population that 
contained both CD4+ and CD8+ T cells, 
T-cell persistence was enhanced and 6 of 

13 subjects showed objective cancer re-
sponses.22 Dr. Rosenberg’s group went on 
to investigate whether the addition of 2 
or 12 Gy of total-body irradiation (TBI) 
to the NMA chemotherapy would further 
increase efficacy of TIL transfer in mela-
noma patients. The response rate for those 
who received chemotherapy alone was 
about 49%; the addition of 2 Gy resulted 
in objective response in 52% of subjects, 
and 12 Gy of TBI resulted in a 72% ob-
jective response rate, with a complete 
response rate of 40%.23 The addition of 
TBI to NMA chemotherapy was generally 
well tolerated, with the exception of one 
death in a subject with an undetected di-
verticular abscess in the 12-Gy group. A 
drawback of escalation to 12 Gy of radia-
tion is the need for autologous peripheral 
blood stem cell support. An ongoing ran-
domized trial is comparing NMA chemo-
therapy against NMA and TBI, although 
preliminary results indicate that the chal-
lenges of adding TBI may not be balanced 
by the improved response.

A significant amount of animal work 
has been done to elucidate the mechanisms 
that underlie the improved antitumor re-
sponses observed with lymphodepletion. 
These data indicate that lymphodepletion 
augments the antitumor response by elim-
inating Tregs, cellular “sinks” for cytokines 
such as IL-7 and IL-15, and by enhanc-
ing antigen-presenting cell activation and 
availability.24–26 This activation of the im-
mune system may be due in part to trans-
location of bacteria from the gut. It was 
shown in a mouse model that adminis-
tration of ciprofloxacin, which is effective 
against Gram-negative bacteria commonly 
found in the gut, to an irradiated animal 
reduced the activated dendritic cells in the 
spleen and reduced the effectiveness of 
adoptive cell transfer. Of note, it has been 
demonstrated that the effect of lymphode-
pletion is on the host rather than on the tu-
mor. Thus, if one shields the host—in this 
case, the mouse—and treats the tumor, no 
effect is seen in these melanoma models.

One dilemma is that Tregs are the first 
T cells to recover after lymphodepletion, 
and therefore lymphodepletion may foster 
an environment that works against the an-
titumor effect. Dr. Rosenberg noted that 
the NCI group has some data demonstrat-
ing an inverse relationship between the 
recovery of Tregs and objective antitumor 
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Michel Sadelain described how the 
incorporation of co-stimulatory receptor 
signaling domains into the cytoplasmic 
tails of CAR (“embedded costimulation”) 
greatly increased the potency of CAR-
modified T cells in preclinical models.4,28,29 
Several costimulatory domains have been 
incorporated in CARs over the past decade, 
including CD28 (ref. 28), 4–1BB (ref. 30), 
OX40 (ref. 31), and others (ref. 2). Different 
costimulatory molecules play roles in T-cell 
activation, proliferation, survival, cytokine 
secretion, antitumor cytolytic activity, and 
reactivation upon secondary stimulation. 
The second- and third-generation CARs 
have varying activities by recruiting multi-
ple T-cell signaling pathways.2 Dr. Sadelain 
emphasized that small nuances in struc-
tural design of different CAR molecules can 
eventually exert a significant effect on the 
relative activity of CARs encoding the same 
signaling domains, depending on epitope 
position, CAR affinity, physical parameters 
of the extracellular domains, and trans-
membrane elements. Levels of CAR expres-
sion also affect overall function, making it 
an important parameter to consider when 
comparing different CARs. Forced expres-
sion of co-stimulatory ligands in the CAR T 
cells themselves can produce auto- or trans-
costimulation and increase T-cell potency.32

Clinical efficacy has been reported in 
trials from several institutions for B-lin-
eage malignancies using CAR-modified 
T cells.4–6,14,16,33,34 Many features of the tri-
als differ, including CARs (origin of scFv, 
epitope of CD19 targeted, antigen affinity, 
signaling domains), enhancer/promoters 
(varied expression levels, propensity to si-
lencing), T-cell manufacturing techniques 
(activation of T cells with antibodies to CD3 
with or without anti-CD28, different culture 
media, duration of culture), cell products 
(cell dose, CD4/CD8 ratio, central memory 
T cells), lymphodepletion conditioning reg-
imens (cyclophosphamide vs. cyclophos-
phamide/fludarabine vs. bendamustine), 
and patient selection (chemosensitive vs. 
chemoresistant disease). Future trials will 
need to define the relative importance of 
these differences to improve response rates. 
It is noteworthy that the outcomes of CD19 
CAR therapy may vary depending on the 
disorder. Thus, results reported to date show 
greater efficacy in ALL than in chronic lym-
phocytic leukemia (CLL), for reasons that 
remain to be elucidated.

DNA transposons now offer an 
alternative to viral-based gene trans-
fer. Supercoiled plasmids can be directly 
electroporated into T cells using commer-
cial devices, thus eliminating much of the 
labor and safety concerns associated with 
generating recombinant viral particles. 
DNA transposons, such as those derived 
from the SB system, insert into the genome 
via a copy-and-paste mechanism when a 
transposase is (transiently) available to cat-
alyze the reaction. Dr. Cooper’s group has 
successfully used SB to integrate a CD19-
specific CAR into human T cells in four 
human trials under investigational new 
drug applications. Unlike retroviral/lentivi-
ral integration into transcriptionally active 
sites, the SB transposon appears to ran-
domly integrate at TA dinucleotide repeats 
and is typically present at one or two copies 
per T-cell genome. As with viral-based gene 
transfer, there is the possibility that a trans-
poson may cause genotoxicity resulting in 
oncogenesis. However, because the SB sys-
tem does not readily target transcriptional 
or promoter elements, it appears suitable 
for human application. Furthermore, the 
relatively low cost of generating DNA plas-
mids for use in compliance with current 
good manufacturing practice (GMP), in 
contrast to the cost and complexity of pro-
ducing clinical-grade virus, renders the SB 
system an attractive and nimble approach 
to generate and modify vectors for delivery 
of therapeutic genes. 

In summary, the investigator has 
available multiple approaches to geneti-
cally modify T cells. The use of a par-
ticular approach will depend on resident 
expertise and the desired T-cell product.

Design of CARs. CARs are recombinant 
receptors for antigens that retarget and 
eventually reprogram T-cell function. Un-
like the physiological TCR for antigens, 
which signals T-cell activation through the 
associated CD3 complex, CARs possess 
in a single molecule the ability to trigger 
multiple antigen-specific T-cell func-
tions. The CARs that have recently shown 
impressive clinical outcomes in research 
participants with B-cell malignancies are 
“second-generation CARs,” to distinguish 
them from earlier forms of activating 
fusion receptors, which only initiate T-cell 
activation and are now referred to as “first-
generation CARs.”27

response, supporting the importance of 
eliminating Tregs. However, others ques-
tioned whether we clearly understand the 
role of Tregs, because suppression of a tu-
mor response may depend on whether the 
Tregs are actually activated and tumor-
specific. Therefore, the presence of Tregs 
may not be absolutely undesirable, as they 
may also organize the immune response. 

Gene delivery and design of T cells
In addition to host preparation, the design 
of the T-cell vectors is a critical area of re-
search. Dr. Cooper noted that the ability to 
stably express transgenes, such as CARs, 
in T cells has revolutionized adoptive im-
munotherapy for certain malignancies. 
Recombinant fusion genes constructed to 
recognize tumor-associated antigens (e.g., 
TCR and CAR) have been constitutively 
expressed in T cells using Moloney mu-
rine leukemia virus (MMLV)-based retro-
viruses, HIV-based lentiviruses, and DNA 
plasmids, including the SB transposon/
transposase system.

Until recently, retroviral transduc-
tion by recombinant MMLV-derived vec-
tors has been the most common method 
for delivery of transgenes intended to be 
integrated into the T-cell genome. Lenti-
viral vectors have also been successfully 
used in the clinic. Both approaches are 
appealing, and at this time there appears 
to be equipoise regarding the therapeutic 
potential of these two viral systems for 
genetic modification of T cells to express 
CARs. Transduction using retroviral and 
lentiviral vectors can be highly efficient, 
and it is possible to integrate multiple cop-
ies of a transgene in a given T cell, which 
provides for a high level of expression of 
the transduced gene product. The manu-
facture of clinical-grade retroviral and 
lentiviral vector virions is quite similar, al-
though retroviral vectors may be produced 
from stable packaging cell lines, whereas 
to date most lentiviral vectors have been 
produced by transient transfection. 

Overall, transduction of T cells with 
recombinant retrovirus and lentivirus in-
volve similar packaging protocols, utilize 
similar integration mechanisms, and lead 
to similar transduction efficiencies. Thus, 
both viral-based approaches to gene trans-
fer are appealing for the human application 
of CAR+ T cells, although some individual 
investigators have strong preferences.
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stem cells (HSCs), which would 
continually produce transduced T cells. 
David Baltimore listed potential advan-
tages of targeting HSCs. Because of the re-
quirement for coexpression of CD3, trans-
genic TCRs can be expressed only on the 
surface of T cells derived from the trans-
duced HSCs. The TCRs introduced by the 
vector should allelically exclude the rear-
rangement of endogenous TCR genes to 
yield monoclonal cells. However, one po-
tential limitation of this approach may be 
that highly active T cells from HSCs that 
contain highly avid TCRs for self-antigens 
may be selected out by the thymus. In the 
trials using a MART-specific TCR, clini-
cal effect was observed when the avidity 
of the natural TCR was increased several-
fold, but such highly active T cells may be 
negatively selected by the thymus. 

HSCs transduced with CAR vectors 
produce CAR-expressing myeloid and 
natural killer cells in addition to T cells, 
and thus may provide more rapid and 
broader antitumor activity.36 In a mouse 
model with an EL4 tumor expressing the 
ovalbumin gene, an antitumor effect was 
observed using HSCs transduced with 
lentiviral vectors expressing TCR reactive 
to ovalbumin. A clinical trial involving 
autologous CD34+ cells transduced with a 
lentiviral vector expressing a CD19+ CAR 
in subjects with non-Hodgkin’s lymphoma 
is being developed at UCLA and the City 
of Hope Medical Center.

Target selection
Dr. Rosenberg reviewed the status of tar-
get selection, which he viewed as the criti-
cal challenge confronting immunotherapy. 
He considered the targets identified thus 
far to fall into five categories. The category 
that has been most extensively studied with 
TCRs is differentiation antigens that are 
overexpressed on cancers compared with 
normal tissues (e.g., MART-1, gp100, CEA, 
HER-2). As with conventional chemother-
apy, this approach requires identifying a 
window of toxicity against the tumor cells 
without unacceptable damage to normal 
tissue. In the studies using the melanocyte 
differentiation antigens, an approximately 
25% objective response rate was obtained; 
however, normal melanocytes were also at-
tacked, causing skin rashes, uveitis, and au-
ditory and vestibular problems, all of which 
could be reversed by steroid treatment.10,37 

other immune-activating genes, engineer-
ing the signaling pathways downstream of 
the TCR, or blocking negative regulatory 
receptors. These approaches would pro-
vide simultaneous genetic redirection of 
T cells with increased T-cell functionality 
that may no longer be blocked by physi-
ological immune regulatory processes.

A problem with some transgenic TCRs 
is that, when expressed in T cells that have 
their own endogenous TCR a- and b-
chains, there can be heterologous pairing 
between the transgenic and endogenous 
TCR chains. This may decrease the ex-
pression of the transgenic TCR and even 
lead to altered specificities that may po-
tentially result in autoimmune toxicities. 
Several means to improve self-pairing of 
the transgenic TCR chains include the use 
of picornavirus-derived highly efficient 
self-cleaving 2A-like sequences to allow 
stoichiometric protein expression, includ-
ing additional cysteine motifs allowing 
formation of an increased number of di-
sulfide bonds between the a- and b-chains, 
partially murinizing the constant region of 
both TCR chains for preferential pairing, 
and the use of leucine zippers at the 3ʹ ends 
of both a- and b-chains for forced trans-
genic TCR pairing. As these approaches 
move into the clinic, it will be important 
to test them in carefully designed clinical 
trials to minimize risks but also foster con-
tinued improvements in treatment options. 

Longer-term antitumor activity may 
be achievable by targeting hematopoietic 

Design of T-cell receptors. TCRs are the 
physiological recognition system of T 
cells and react to a major histocompatibil-
ity complex–antigen complex. Their two 
chains, a and b, are necessary and sufficient 
for T cells to recognize their targets, includ-
ing cancer cells. Engineering of T cells with 
genetically modified TCR a- and b-chains 
redirects their antigen specificity and has 
been used in the clinic in adoptive cell 
transfer strategies. Clinical trials expressing 
TCRs for MART-1, gp100, and NY ESO-1 
have demonstrated antitumor activity in 
subjects with metastatic melanoma and 
sarcoma. However, these early clinical trials 
suggest that durable tumor responses seem 
to occur at lower frequency than with TILs 
or with CAR-engineered T cells. 

The clinical trials thus far have used 
TCRs with physiological peptide affinities, 
and most have used intact TCRs. However, 
studies with NY ESO-1 and MAGE-A3 as 
targets used TCRs with altered affinities due 
to targeted mutations in their complemen-
tarity-determining region 2 or 3 (CDR2 or 
CDR3), the variable regions of the TCR that 
interact with the major histocompatibility 
complex–antigen complex. However, care 
must be taken because a CDR2-modified 
MAGE-A3 TCR led to cardiac toxicities, 
due to loss of specificity with cross-reaction 
to an off-target peptide.35

Other means to increase antitumor 
activity of TCR-modified T cells are being 
developed preclinically, such as additional 
genetic engineering of the T cells to express 
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correlation between dose and efficacy. This 
may reflect in part that the actual dose for 
an individual patient depends on the de-
gree of expansion of the cells. On the other 
hand, one must be cautious in extending 
this observation to solid tumors. In hema-
tological malignancies that express CD19, 
a considerable number of cells express the 
target antigen, which may facilitate expan-
sion of the T cells even at lower doses. For 
solid tumors, there may be a threshold 
dose that must be reached to obtain an-
titumor response. Indeed, Dr. Rosenberg 
noted that in his protocol for glioblastoma 
targeting EGFRvIII they have not seen 
antitumor responses in their initial dose 
cohorts, which may indicate a therapeutic 
threshold.

Another question is whether split dos-
ing adds to safety. In response to an early 
toxicity on a CD19 CAR protocol,45 which 
is now thought not to be directly related to 
the T cells, the Memorial Sloan-Kettering 
group instituted split dosing; a fraction of 
the T cells were given the first day and the 
remainder on subsequent days, provided 
there was no initial toxicity. Other groups 
also instituted split dosing, but it was not 
uniformly adopted. To date, there is no ev-
idence that this approach improves safety, 
but the experience is still limited. In part, 
it may reflect that dose-related toxicities 
often occur days, not hours, after T-cell 
administration. On the other hand, some 
have postulated that split dosing might en-
hance efficacy by “priming” the immune 
system, upregulating certain molecules, 
and altering trafficking of cells. 

Finally, one investigator advocated 
forgoing lymphodepletion with new 
CARs and testing for toxicity of second-
generation CARS without promoting 
engraftment.46 This approach has not been 
favored by most investigators.

Managing the unexpected: CRS 
and other adverse reactions 
The OBA received reports for about 40 se-
vere adverse events (SAEs) that were pos-
sibly related to the infusion of genetically 
modified T cells over the period from July 
2010 to August 2013. Key issues pertain-
ing to the adverse events associated with 
CAR and TCR therapy were discussed at 
the meeting, including: B-cell aplasia; sys-
temic inflammatory release syndrome, 
also known as CRS; tumor lysis syndrome, 

in normal vessels, clinical studies will need 
to be designed with protracted dose esca-
lations to avoid toxicity. 

The future of immunotherapy may be 
a personalized approached in which tumor 
samples from each patient are analyzed to 
identify the specific antigens to target us-
ing retroviral vectors introduced into au-
tologous lymphocytes. Exomic sequencing 
is being applied to identify somatic muta-
tions through the comparison of tumor 
and matched normal cellular DNA. HLA-
binding algorithms are used to identify 
candidate epitopes.43 This approach can 
be used to develop either patient-specific 
TCRs or tumor-infiltrating lymphocytes.

Dr. Sadelain presented a novel meth-
od to increase the specificity of T cells for 
unique combinations of antigens on tu-
mor cells in which two separate chimeric 
proteins are expressed in T cells, one 
consisting of a low-affinity first-generation 
CAR targeting one tumor-associated an-
tigen, the other consisting of a costimula-
tory domain fused to an antigen-binding 
domain (termed a chimeric costimulatory 
receptor, which does not activate T cells 
and is therefore not a CAR) targeting a 
second antigen.44 Only when both compo-
nents are triggered are the T cells sufficient-
ly activated to achieve cytolytic activity. 
The activity of first-, second-, and third-
generation CARs increases via induction 
of multiple T-cell signaling pathways.2

Dosing considerations
In 2010, when the NIH first hosted a 
conference on clinical trial design for T-
cell immunotherapy, considerable atten-
tion was focused on finding the correct 
dose. Now almost three years later, there 
is much more experience in dosing. Dr. 
Brentjens noted that, in published stud-
ies using CD19-specific CARs, the doses 
used were in the range of 3 × 106 to 3 × 107 
cells/kg. Of course, with some novel anti-
gen targets, the initial dose may need to be 
more conservative, starting as low as 106 
cells and then escalating to target doses of 
109 or 1010 cells. Not surprisingly, the ini-
tial dose and escalation protocol must take 
into account multiple factors, including 
which disease is being targeted, the CAR 
design, the conditioning, and the gene 
transfer technology.

In the published literature on CD19 
CAR protocols, there was not a clear 

Similar problems occurred with targeting 
of CEA, which is expressed at low levels 
on colonic epithelium, resulting in tem-
porary but almost complete destruction 
of that tissue,20 and with HER-2 targeting, 
which results in severe adverse effects on 
the pulmonary epithelium and death of the 
subject.38 T-cell therapy is highly potent but 
also so sensitive that the T cells can recog-
nize even extremely low target expression 
in normal tissues. This potential for on-tar-
get, off-tumor toxicity has limited the de-
velopment of certain targets as an effective 
cancer treatment.

The second class of targets includes 
antigens expressed on tumor cells and rel-
atively nonessential normal tissues. This 
includes CD19 as targeted by CARs and 
thyroglobulin, targeted by TCRs for thy-
roid cancer. This approach is promising 
but requires identification of additional 
tissue-specific proteins on other nones-
sential organs such as the prostate, ovary, 
or breast. Another class is shared antigens 
expressed on multiple tumor types, which 
includes cancer-testis antigens. An exam-
ple of this class is NY-ESO-1 that is not ex-
pressed on normal tissue but also not on 
many solid tumors at high concentrations. 
More than 100 cancer-testis antigens have 
been identified; however, careful screen-
ing studies must be conducted to deter-
mine whether normal tissues are also 
targeted. A modified MAGE-A3 TCR 
led to cardiac toxicity due to unexpected 
cross-reaction with a cardiac muscle 
protein titin.39 A TCR that recognized 
epitopes from MAGE-A3/A9/A12 led 
to unexpected neurological toxicity due 
to cross-reactivity with an epitope on 
MAGE-A12 expressed in the white matter 
of the brain.40 

The fourth category is antigens 
resulting from mutations unique to a par-
ticular cancer. One such candidate anti-
gen is EGFRvIII, which is expressed in 
30–50% of glioblastomas but not normal 
tissues. Loss variants are unlikely in this 
class because the mutation is essential for 
the malignant phenotype. Highly specific 
antibodies are available for the develop-
ment of CARs.41 Finally, rather than tumor 
antigens, the fifth category targets critical 
components of the tumor stroma such as 
VEGFR2 (ref. 42). Targeting VEGFR2 may 
result in the destruction of tumor vascula-
ture. However, because it is also expressed 
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costeroids, etanercept, tocilizumab, and 
alemtuzumab. The role of suicide genes 
in the management of CRS remains un-
known.50

Given the finding that delayed-onset 
CRS seems to correlate with antitumor 
activity and proliferation of TCR- or 
CAR-modified T cells, one question that 
has emerged is the degree to which the 
innate immune system contributes to the 
antitumor efficacy. It is possible that the 
IL-6 is produced by the dying B cells, dy-
ing tumor cells, or activated macrophages 
that are recruited to digest lysed tumor 
cells. Although it is straightforward to 
hypothesize that CAR T cells directly kill 
tumor cells, it is not entirely clear which 
cell type produces the vast majority of the 
cytokines, and whether blockade of cyto-
kines with anti-cytokine therapy such as 
tocilizumab and etanercept or general im-
mune suppression with corticosteroids af-
fects the antitumor response. It should be 
noted that steroid-refractory graft-vs.-host 
disease (GvHD) occurs51 and has been 
managed by T cell–directed therapies such 
as infusion of anti-CD3 or antithymocyte 
globulin, offering another strategy for CRS 
if anticytokine or general immunosup-
pression fails. 

Does interruption of the cytokine cas-
cade lead to interruption of the antitumor 
effect? This remains an unanswered ques-
tion that has direct clinical impact for 
patients and physicians deciding on when 
to abort the CRS. Furthermore, there was 

of CAR T cells expressing a mouse scFv.48 
Fatal infusional toxicity occurred when a 
high dose of CAR T cells specific for Her2/
neu was infused.38 However, at the OBA 
meeting Stephen Gottschalk reported en-
couraging results with low doses of CAR 
T cells specific for HER2/neu. His prelimi-
nary data suggest that it may be possible to 
use a “sneak-through” strategy to deliver 
CAR T cells to a tumor bed distal to the 
cardiopulmonary system, thereby increas-
ing the therapeutic index through dose 
reduction. 

The most commonly reported adverse 
event is CRS,49 with about three-quarters 
of the patients with CRS requiring admis-
sion to an intensive care unit. In the case 
of CAR therapy, the onset of CRS is related 
to the particular signaling domain in the 
CAR, with early-onset CRS in the first 
several days after infusion related to CARs 
that encode a CD28 signaling domain.4,16 
By contrast, CARs encoding a 4-1BB sig-
naling domain tend to have delayed-onset 
CRS (range, 7 to 50 days) after CAR T-cell 
infusion.6 CRS has also been reported after 
the infusion of TCR-modified T cells, with 
onset typically five to seven days after infu-
sion. The development of CRS is often, but 
not invariably, associated with clinically 
beneficial tumor regression. Several cyto-
kines have been reported to be elevated in 
the serum—most commonly, interferon 
(IFN)-g, tumor necrosis factor (TNF)-a, 
and interleukin (IL)-6. Management of 
CRS has included supportive care, corti-

central nervous system (CNS) toxicity; 
macrophage activation syndrome; and off-
target toxicities. 

B-cell aplasia is an expected on-target 
result of CD19- or CD20-directed thera-
pies, and has served as a useful surrogate 
to determine persistence and effectiveness 
of CAR T cells. B cells recover when en-
graftment of the CAR T cells is lost. The 
duration of B-cell aplasia can be at least 
three years, based on the updated results 
from the University of Pennsylvania.34 
Fortunately, B-cell aplasia is a manageable 
disorder; patients may be infused with 
gamma globulin as replacement therapy, 
although this could become an expen-
sive and difficult treatment to implement 
across all B-lineage malignancies that may 
eventually be treated with CAR T cells. 
Persistent B-cell aplasia may also result in 
an increased risk of infection, even with 
prophylactic replacement therapy. In an 
ideal setting, the CAR T cells would per-
sist long enough to eradicate disease but 
then allow for recovery of normal B cells 
and plasma cells such that patients could 
be revaccinated. However, the long-term 
persistence of dormant tumor cells in hu-
mans creates a conundrum: the desire to 
minimize B-cell aplasia while retaining the 
potential to cure patients.47

Severe infusional toxicity, occurring 
within an hour of T-cell infusion, has rarely 
been reported following the infusion of ge-
netically modified T cells. Anaphylaxis has 
occurred following the repeated infusion 
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GvHD, and the approach has now pro-
gressed to a phase III clinical trial. One 
limitation of Tk is that the product is it-
self immunogenic, leading to undesired 
elimination of the transduced T-cell pop-
ulation.61,62 Moreover, the mechanism of 
action predominantly targets DNA syn-
thesis in dividing cells and may therefore 
take days, or even weeks, to produce max-
imum effects. Even then, killing of the 
transduced T cells may be incomplete, a 
problem for treating acute adverse events 
or when the targeted cells are postmi-
totic. An advantage of this system is that 
the activating drug (typically ganciclovir) 
is commercially available. However, at 
least in the transplant setting, ganciclovir 
is often needed to treat cytomegalovirus 
reactivation, which can’t be done without 
ablating the T cells.

The truncated EGFR gene is included 
in some constructs but has not yet been 
used in the clinic to ablate the T cells. Like 
Tk, it can be used to eliminate transduced 
T cells with a commercially available 
drug—in this case, cetuximab, which in-
duces antibody-dependent cell-mediated 
cytotoxicity over 24–48 hours. 

More rapid cell destruction can be ob-
tained using iC9, in which a modification 
to a component of the caspase pathway 
that is nonimmunogenic rapidly—in less 
than an hour—produces apoptosis even 
in nondividing cells.63 The molecule can 
be activated by administration of a small-
molecule dimerizer (AP1903) that links 
two nonfunctional iC9 molecules to form 
the active enzyme. In a clinical trial, iC9-
transduced donor cells administered after 
allogeneic transplant had good engraft-
ment and functionality, but in research 
participants who developed GvHD these 
cells were destroyed within minutes of 
administering the dimerizer drug, with 
sustained clinical resolution of GvHD.50 
Although this rapid action would be 
beneficial in treating any adverse effects 
of TCR or CAR gene-modified T cells, 
AP1903 is an experimental drug and is 
available only through a collaboration 
with the AP1903 supplier, Bellicum Phar-
maceuticals. At present, because the drug 
can be accessed only from an investiga-
tional pharmacy at a study site, research 
participants must stay close to the study 
site until the time of greatest risk of ad-
verse events has passed.

infusion of carboxyanhydrase IX–specific 
CAR T cells, due, in retrospect, to previ-
ously unknown expression of the target 
in the biliary tract.58 Toxicity has also oc-
curred in four cases with TCR-modified 
T cells, when MAGE-A3-specific T cells 
reacted with the same epitope expressed 
on MAGE-A12 in the CNS.12 Off-target 
reactivity following infusion of T cells en-
gineered to express a MAGE-A3 TCR has 
also occurred, resulting in severe cardiac 
toxicity in two cases.35,39 As gene-modified 
T cells are emerging as powerful therapies 
capable of effecting dramatic antitumor 
responses as well as significant toxicities, 
strategies to incorporate suicide genes or 
abortive mechanisms may become nec-
essary to manage on-target, off-tumor 
toxicities.51,59

Suicide-gene strategies
Because T cells that have been geneti-
cally modified with artificial receptors 
may persist and expand in number, any 
adverse effect such as CRS or GvHD may 
be prolonged and even worsen as the 
cells expand. Therefore, there has been 
considerable interest in including a sui-
cide gene in constructs so that genetically 
modified cells can be destroyed as neces-
sary by exposure to a specific signal. Al-
though ablation of infused cells may not 
abrogate all adverse reactions if other im-
mune effector mechanisms have been acti-
vated, suicide genes are being included in 
several constructs as a safety switch. These 
suicide genes may need to be activated at 
different stages of an adverse reaction, 
depending on the properties of each con-
struct, such as speed and potency. 

Three suicide genes have been 
included in constructs infused in the clin-
ic: herpes simplex viral thymidine kinase 
(Tk) gene, an inducible caspase 9 (iC9), 
and a truncated epithelial growth factor 
receptor (EGFR) gene. The latter could be 
characterized as a targeted way of remov-
ing the T cells. 

The most widely used suicide gene 
has been Tk, the product of which phos-
phorylates ganciclovir or acyclovir to the 
active moiety that interferes with DNA 
synthesis.60 In studies where this con-
struct has been transferred into donor 
T lymphocytes infused following stem 
cell transplantation, administration of 
the ganciclovir prodrug has controlled 

consensus at the workshop that, although 
all responding patients have some degree 
of CRS, it is not yet clear whether its se-
verity is related to antitumor efficacy, 
although it does appear to be related to 
the tumor burden.4 If engagement of the 
innate immune system contributes to the 
mechanism of action, this could bode well 
for the use of CAR T cells in solid tumors, 
where T cells may not preferentially home 
to and persist at the sites of tumors as ef-
ficiently as they do in hematological ma-
lignancies.

Several patients in CD19 CAR trials 
across institutions have experienced obtun-
dation, seizures, aphasia, and mental status 
changes, all of which have been reversible. 
Some of these may be related to CRS, but 
it is not clear whether they result from sys-
temic cytokines crossing the blood–brain 
barrier and engaging cytokine receptors 
in the brain or from direct cytokine pro-
duction in the CNS. IL-6 is known to al-
ter astrocyte function,52 and it is possible 
that this enhances cytokines directly in the 
CNS. Many of these patients also develop 
macrophage activation syndrome (MAS) 
with striking elevations of serum ferritin 
levels, and MAS itself is often associated 
with neurological toxicity.53–55 In addition, 
CAR T cells have been unexpectedly found 
in the cerebral spinal fluid (CSF) of asymp-
tomatic patients, even when there is no 
evidence of CD19+ disease in the CNS.5 It 
is possible that the hyperthermia and IL-6 
released during CRS enhances trafficking 
of CAR T cells to the CSF via an antigen-
independent mechanism.56 It is also pos-
sible that there is some cross-reactivity or 
as-yet-undetected expression of CD19 in 
the brain. Blinatumomab, a type of bispe-
cific T cell–engaging antibody that is a fu-
sion protein between an anti-CD19 scFv 
and an anti-CD3 scFv, has neurological 
toxicity and seizures as its dose-limiting 
toxicity, even though it does not appear to 
control CNS disease. It is interesting that 
blinatumomab has also been shown to 
cause MAS.57 Optimistically, engineered 
T cells may provide a way of controlling 
occult or frank CNS malignancy without 
chemotherapy or radiotherapy, given the 
trafficking to CSF that has been observed 
in leukemia and melanoma patients.5,12

On-target, off-tumor toxicity has been 
reported with CAR and TCR trials. The 
first incident was hepatotoxicity following 
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Appropriate larger-animal models may 
also need to be developed. Nonhuman pri-
mate (NHP) models have proven useful 
for the study of the engraftment, persis-
tence, and safety of genetically modified 
cells; however, there are no appropriate 
NHP tumor models. One useful tumor 
model is lymphoma in dogs. Adoptive T-
cell studies in veterinary trials in compan-
ion dogs provide both a preclinical model 
for human studies and the potential for a 
therapeutic outcome for the dogs.66

During discussion of resources needed 
to move the field forward, one resource 
that was considered critical by the work-
shop participants was access to GMP ma-
terials required for product development. 
Unlike most other pharmaceutical prod-
ucts, TCRs and CARs, because of their 
biological nature, require the use of mul-
tiple reagents and materials (e.g., medium, 
RetroNectin for vector transduction, CD3/
CD28 beads for the activation and expan-
sion of T cells), and some of these reagents 
are controlled by single sources. Concern 
was expressed about exclusive licensing 
agreements between the manufacturers of 
required reagents and industry. For exam-
ple, Life Technologies and Novartis have 
entered into an exclusive license and sup-
ply agreement for Dynabeads CD3/CD28 
CTS for use in CAR applications.67 De-
pending on the terms of these agreements, 
such arrangements could potentially limit 
access by academic investigators to re-
agents beyond initial research trials. Al-
though for certain reagents it might be 
possible to develop alternative technolo-
gies (such as artificial antigen-presenting 
cells to propagate T cells), the time spent 
developing alternatives slows the field’s 
progress. For some reagents, such as Ret-
roNectin, developing an alternative may 
be particularly difficult. The participants 
noted the need for a means of continued 
access to reagents that are critical to the 
manufacture of the T cells.

The participants also expressed in-
terest in the development of additional 
means to share data. Dr. Rosenberg sug-
gested that it would be useful for the inves-
tigators to share information in some type 
of compendium of results, including the 
number of partial and complete responses, 
with durability of responses broken down 
by adult vs. pediatric populations and 
whether transplants were subsequently 

are collaborating to share investigational 
new drug applications, exchange standard 
operating procedures, and cross-train in-
vestigators. The central model would re-
quire cryopreserved products for shipping. 
The field must conduct further studies to 
compare the efficacy of fresh vs. frozen 
cell products. Successful cryopreservation 
would be one criterion for the develop-
ment of off-the-shelf (OTS) products.

To date, most research has involved 
autologous or donor-specific products pre-
pared for a single subject. The development 
of allogeneic products capable of being 
stored would allow for production in ad-
vance of patient need and avoid real-time 
manufacturing concerns. One possible ap-
proach would be to introduce into T cells 
both the CAR genetic modification and 
zinc-finger nucleases to eliminate expres-
sion of endogenous TCRs.64 The clinical 
translation of such OTS T cells is appealing 
because a third-party donor can be used 
to generate a biological product ahead of 
need, enabling T cells to be delivered on 
demand rather than when available. This 
approach would lend itself to centralized 
manufacturing and multicenter trials to 
establish the maximally tolerated dose 
and thus a pathway to combining OTS T 
cells with other therapeutic investigations. 
Clinical studies using allogeneic cells in 
multiple recipients include a glioblastoma 
trial at City of Hope, using cord blood–
derived CD8+ cytotoxic T cells expressing 
IL-13-zetakine in which rejection was ex-
pected to be slowed by the intratumoral 
method of administration and the use of 
dexamethasone, and the virus-specific 
cytotoxic T-cell trials conducted at Baylor. 

From a regulatory perspective, key 
issues included collecting information 
regarding product characterization to pro-
vide comparability data to facilitate the 
transition of manufacturing to commer-
cial facilities. Potency assays will need to 
be developed.65 The experience of the three 
autologous cell products that have been li-
censed to date should be informative for 
the field. Efficacy data will need to be col-
lected by a registration trial, which may 
not necessarily have to be a phase III trial. 
TCR and CAR approaches, particularly for 
ALL, may be candidates for breakthrough-
therapy designation, which would convey 
fast-track program features and intensive 
FDA guidance.

The next step: commercialization
The field is approaching a point of matu-
ration where it is appropriate to consider 
what steps will be necessary to translate 
the technology into US Food and Drug 
Administration (FDA)-approved prod-
ucts. Currently, research has been led 
for the most part by academic laborato-
ries; however, attaining the ultimate goal 
of licensed products will, in most cases, 
require industry partnerships. Several 
such partnerships already exist, including 
collaborations between (i) the University 
of Pennsylvania and Novartis to develop 
CAR immunotherapies and to estab-
lish a joint Center for Advanced Cellular 
Therapies; (ii) Baylor College of Medicine, 
Celgene, and bluebird bio; (iii) the cooper-
ative research and development agreement 
between the Surgery Branch of the NCI, 
and Kite Pharma; and (iv) Juno Therapeu-
tics, recently formed by scientific founders 
at the Fred Hutchinson Cancer Research 
Center, Seattle Children’s Hospital, and 
Memorial Sloan-Kettering Cancer Center. 
A challenge for the field will be to foster 
growth while balancing the maintenance 
of academic independence against the 
needs of industry partners supporting the 
later steps to commercialization. 

In designing later-stage trials, a key 
issue may be establishing an acceptable 
level of toxicity. For example, any life-
threatening toxicities are often transient or 
reversible (e.g., confusion, hypotension). If 
acceptable to the FDA, the field may need 
to establish the level of expected toxicities 
that will not be dose-limiting toxicities, 
much in the same way chemotherapy is ex-
pected to produce myelosuppression that 
can lead to certain predicted morbidities 
and even mortality that is balanced against 
the prognosis and potential benefit.

Another issue for the field is whether 
a localized or central model for cell pro-
duction is more suitable. Each institution 
could establish a GMP facility, presum-
ably in a blood bank; however, this would 
require each institution to conduct manu-
facturing studies to obtain FDA approval. 
Alternatively, a central facility could pro-
duce cells for multiple sites. The NIH is 
developing a cooperative research and 
development agreement to work with a 
commercial company. Other institutions, 
such as Memorial Sloan-Kettering Cancer 
Center and the University of Pennsylvania, 
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