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Adoptive transfer of receptor-engineered T cells has produced 
impressive results in treating patients with B cell leukemias 
and lymphomas. This success has captured public imagination 
and driven academic and industrial researchers to develop 
similar ‘off-the-shelf’ receptors targeting shared antigens 
on epithelial cancers, the leading cause of cancer-related 
deaths. However, the successful treatment of large numbers of 
people with solid cancers using this strategy is unlikely to be 
straightforward. Receptor-engineered T cells have the potential 
to cause lethal toxicity from on-target recognition of normal 
tissues, and there is a paucity of truly tumor-specific antigens 
shared across tumor types. Here we offer our perspective on 
how expanding the use of genetically redirected T cells to treat 
the majority of patients with solid cancers will require major 
technical, manufacturing and regulatory innovations centered 
around the development of autologous gene therapies targeting 
private somatic mutations.

Irrefutable evidence that an entirely immunologic approach can cause 
regression of a wide array of human cancers has come from the recent 
success of using monoclonal antibodies (mAbs) targeting checkpoints 
of immune activation, including cytotoxic T lymphocyte–associated 
protein 4 (CTLA-4) (ref. 1) and programmed cell death protein 1  
(PD-1) (ref. 2). This includes patients affected with an ever-expanding 
list of malignancies, including melanoma1,2, renal cell carcinoma2,3, 
lung cancer2,4, bladder cancer5, ovarian cancer6, Hodgkin’s lym-
phoma7, and gastrointestinal (GI) and endometrial cancers associated 
with defects in DNA mismatch repair8. Despite different mechanisms 
of action, these immunotherapies culminate with the activation and 
expansion of tumor-reactive T cells9–12.

Because T cells are often are the final effectors of immune-mediated 
cancer regression, strategies that directly use tumor-reactive T cells 
as a therapy have been developed13. In this approach, termed adop-
tive cell transfer (ACT), T cells are expanded outside the potentially 
immunosuppressive environment of a tumor and re-infused in large 
numbers into the cancer patient (up to 1011 cells). Historically, pro-
curing antitumor T cells for use in ACT has come from the surgical 
removal of a cancer metastasis in order to obtain tumor-infiltrating 
lymphocytes (TILs). TILs demonstrate tumor reactivity with variable 

frequency in a range of cancers, including melanoma14–17, GI18,19, 
lung20 and human papilloma virus–associated malignancies21. TIL 
infusion can induce durable complete responses (CRs)14,21, including 
in patients for whom other immunotherapies have failed14. Despite 
demonstrable efficacy, use of TIL outside the context of clinical trials 
performed at academic medical centers has proven challenging.

Progress in gene engineering technologies has simplified the gen-
eration of antitumor T cells, overcoming many of the practical barri-
ers that have limited wide dissemination of ACT using TIL cells. Gene 
engineering obviates the requirement for surgery because T cells can 
be isolated from the blood and receptors conveying specificity for 
tumor-associated antigens can be introduced using viral and non-viral 
integration techniques22. Thus, antitumor T cells can potentially be 
made on a large scale using commercial production methods. Indeed, 
recent experience with sipuleucel-T, a gene-modified cell product 
for prostate cancer, demonstrated the feasibility of having a patient’s 
immune cells collected, sent to a central manufacturing facility, and 
returned back for re-infusion in a manner that gained US Food and 
Drug Administration (FDA) regulatory approval23. Finally, genetic 
modification of T cells has a track record of safety. Gammaretroviral 
and lentiviral vectors have been used most commonly in antigen 
receptor gene therapy trials. Despite concerns about the possibility 
of insertional mutagenesis24, introduction of antigen receptors into 
mature human T cells has been used to treat several hundred patients 
without evidence of clonal expansion or transformation25.

Collectively, a framework of manufacturing feasibility, regulatory 
precedent and vector safety is now in place and it is possible to envi-
sion treating large numbers of cancer patients using gene-engineered  
T cells. Recent success with gene-modified T cells targeting the  
B cell lineage differentiation antigen CD19 in a range of B cell  
malignancies has focused attention on using similar ‘off-the-shelf ’ 
antigen receptors to treat patients with advanced solid cancers.  
In this Perspective, we offer our appraisal of how adoptive immu-
notherapy using receptor-engineered T cells can enter mainstream 
clinical oncology for patients with advanced epithelial cancers, the 
leading cause of cancer-related deaths26.

Antigen receptor–engineered T cells
T cell receptors. Genetically redirecting a T cell’s specificity toward 
a patient’s cancer can be accomplished by the introduction of one of 
two types of antigen receptors. In one approach, a cloned T cell recep-
tor (TCR) conferring tumor recognition is inserted into circulating  
lymphocytes. Similarly to the endogenous TCR expressed by all  
T cells, genetically introduced TCRs recognize a proteolytically proc-
essed peptide derived from either a cytosolic or membrane-associated 
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protein presented within the groove of a specific major histocompat-
ibility complex (MHC). Engineered TCRs trigger T cell activation 
through the signal transduction machinery used by the native TCR27. 
Thus, engineered TCRs are subject to the same counter-regulatory 
circuits that physiologically downregulate TCR signaling28,29.

Chimeric antigen receptors. In a second approach, T cell specificity 
can be redirected by introduction of a synthetic recognition struc-
ture termed a chimeric antigen receptor (CAR). A CAR combines the 
antigen binding domain of a single-chain variable fragment (scFv) 
from a mAb that confers recognition of a tumor-associated antigen 
with intracellular signaling motifs capable of T cell activation30. In 
contrast to TCRs, CARs only recognize structures present on a cell’s 
surface, but this recognition occurs independently of a particular 
MHC molecule. MHC-independent antigen recognition enables 
CAR-modified T cells to treat any patient whose tumor expresses 
the target structure, and thus it potentially permits the treatment of 
tumors that have acquired defects in antigen processing and presenta-
tion31. Some CARs auto-signal, which leads to unrestrained cellular 
activation that results in apoptosis32, cytokine release independent of 
cognate antigens33, and immunologic exhaustion32,33. Expression of 
surface-inhibitory receptors such as PD-1 by CAR-modified T cells 
can attenuate their function, as it can with TCRs32,34.

Clinical trials. Since 1994, at least 148 human clinical trials have been 
initiated in the US for testing gene-engineered TCRs or CARs for the 
treatment of cancer (Fig. 1a) (ref. 35). Additional trials are also being 
conducted in Europe, Asia and Australia. Although the number of 
new TCR trials has remained relatively constant in recent years, the 
number of trials evaluating CAR-modified T cells has grown expo-
nentially. In the majority of cases, the antigens targeted in these trials 
have been shared by tumors and normal tissues (Fig. 1b). Results from 
these trials have demonstrated that receptor-engineered T cells can, 
in some cases, mediate long-term remissions of selected solid and 
hematologic cancers.

For example, a recently completed TCR trial36 targeted a human leu-
kocyte antigen (HLA)-A2–restricted epitope derived from NY-ESO-1,  
a cancer germline antigen (CGA) located on the X chromosome37. 
In this study, 11 of 20 patients (55%) with metastatic melanoma 
had objective evidence of cancer regression, including four CRs36. 

Importantly, three of these CRs were ongoing after >36 months.  
An additional 18 patients with synovial cell sarcoma, an aggressive 
connective tissue cancer associated with a characteristic t(X;18)  
chromosomal translocation37, were treated in this same study. Eleven 
of 18 (61%) treated patients had an objective response, including  
one CR. Although NY-ESO-1 is expressed by germ cells such as the 
testis, these tissues do not express MHC. Consequently, no on-target 
but off-tumor toxicities were observed.

A multitude of ACT studies have now demonstrated remarkable 
and frequently durable responses38 using CARs targeting CD19, a  
B cell–lineage antigen expressed on the surface of both normal B cells 
and many malignant B cells. After the first successful application of 
this approach in a follicular lymphoma patient39, CD19-specific CARs 
have been used effectively to treat patients with other chemotherapy-
refractory B cell cancers including marginal zone lymphoma40, aggres-
sive B cell lymphomas41, chronic lymphocytic leukemia38,40,42,43, and 
adult and pediatric acute lymphoblastic B cell leukemias (ALLs)44–48. 
Additionally, a recent case report suggested that a single patient with 
multiple myeloma had a sustained CR after an autologous stem cell 
transplant administered in conjunction with CD19-specific CAR 
cells49. This finding is currently being confirmed in a larger cohort 
of patients. Because CD19 is expressed by normal B cells, B cell aplasia 
and deficiencies in circulating immunoglobulins (Igs) are frequently 
observed in patients receiving CD19-specific CARs; these toxicities 
can be managed with Ig infusions. Many patients also exhibit cytokine 
release syndrome (CRS), a constellation of symptoms that occur 
after T cell infusion, and which is attributed to an exuberant release  
of cytokines, such as interferon (IFN)-γ and interleukin (IL)-6  
(ref. 50). Symptoms associated with CRS include fevers, hypotension, 
hypoxemia, cardiac dysfunction, kidney failure and electrolyte abnor-
malities. Some patients also develop neurologic symptoms, including 
expressive aphasia, tremor and seizures, the cause of which remains 
unknown. In the majority of cases, these side effects can be man-
aged with aggressive supportive care alone or in combination with 
immunosuppressants such as steroids or cytokine-specific antibodies.  
Nevertheless, treatment-related deaths have occurred at many insti-
tutions. Despite these complications, given the impressive clinical 
responses seen in patients with otherwise recalcitrant disease, we 
anticipate that CD19-specific CARs will enter mainstream care for 
many B cell malignancies in the next 1–2 years.
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a bFigure 1  CAR and TCR clinical trials for  
oncology indications in the US between  
1994 and 2014. (a) The number of new  
CAR (n = 101) and TCR (n = 35) clinical  
trials for hematologic and solid cancer  
indications submitted to the US Recombinant  
DNA Advisory Committee (RAC) as a function  
of time between 1994 and 2014. (b) Target  
antigens for CAR and TCR trials submitted to  
the RAC between 1994 and 2014. The shaded  
red area represents gene-engineered antigen  
receptor trials for hematologic cancers, the  
non-shaded area for solid cancers. Cancer-germline  
antigens include NY-ESO-1 and MAGE-A3, among others; pigment antigens include  
MART-1, gp100 and tyrosinase complex. ERRB2, HER-2/neu; CEA, carcinoembryonic  
antigen; IL-13Ra2, interleukin-13 receptor α2; PSMA, prostate-specific membrane antigen;  
TAG-72, tumor-associated glycoprotein 72; c-Met, MET proto-oncogene, receptor tyrosine  
kinase; EGFRvIII, epidermal growth factor receptor variant III; P53, tumor protein p53; MUC1,  
mucin 1, cell surface associated; L1-CAM, neural cell adhesion molecule L1; 2G1, a non-MHC-restricted TCR recognizing a TRAIL/DR4 complex; 
VEGFR2, vascular endothelial growth factor receptor 2; HPV-16 E6, human papillomavirus-16 E6 oncoprotein. Data is from the Genetic Modification 
Clinical Research Information System (http://www.gemcris.od.nih.gov).
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Limitations of current CAR and TCR approaches to treat 
common epithelial cancers
Two principles have emerged from successful TCR- and CAR- 
engineered ACT trials to date. First, potent antitumor effects in the 
absence of normal tissue damage can occur if the target is uniquely 
expressed by a patient’s tumor, as exemplified by the NY-ESO-1 TCR 
trials. Second, if a patient’s T cells are modified with a receptor that 
recognizes an antigen expressed both on non-transformed tissues 
and cancer cells, such as CD19 in the CD19-specific CAR trials, these 
cells will attack and destroy both normal and malignant tissue equally 
vigorously. Based on the success of the NY-ESO-1 TCR and the CD19-
specific CARs, there is tremendous excitement in the immunotherapy 
field that similar ‘off-the-shelf ’ TCRs and CARs targeting antigens 
shared across tumors, such as CGAs or tissue-differentiation antigens, 
will be highly effective against the majority of solid cancers.

Prerequisite to the generation of an antitumor CAR is knowledge 
of the genetic sequence from the scFv region of a mAb capable of  
recognizing antigens on a cancer cell’s surface. Although the testing  
of CARs in oncology clinical trials is comparatively new51,52,  
the search for tumor-specific antibodies is not53. Since the initial 
description in 1975 of a high-efficiency method for producing 
mAbs54, there has been a massive investment by academic and 
industry laboratories to develop therapeutic antibodies targeting 
cancer cells. Compared with the size of this investment, the search 
has yielded relatively few results.

To date, 20 mAb or mAb drug–radioisotope conjugates have been 
approved by the FDA for the treatment of cancer55. Among these, five 
target tumors indirectly by various mechanisms, including disrup-
tion of angiogenesis (bevacizumab, ramucirumab), interference with 
tumor-related bone remodeling (denosumab), or nonspecific immune 
activation through blockade of negative regulatory pathways such as 
CTLA-4 (ipilumimab) and PD-1 (nivolumab, pembrolizumab). For 
the remaining antibodies that directly target cancer cells, none are 
tumor-specific, but rather they recognize differentiation antigens 
also expressed by normal cells. Eight of these target lineage-specific 
antigens of the hematopoietic system, including CD20 (rituximab, 
ofatumumab, obinutuzumab, ibritumomab), CD30 (brentuximab 
vedotin), CD33 (gemtuzumab), CD38 (daratumumab) and CD52 
(alemtuzumab) which are expressed on B cells, activated T and B cells,  
myeloid cells, lymphoid and myeloid cells, and lymphocytes, respec-
tively56–60. Not unexpectedly, each of these antibodies induce cytope-
nias of benign cells that co-express these target antigens.

Of the remaining six mAbs that directly bind structures on the 
surface of solid cancers, five recognize growth factor receptors that 
are overexpressed by tumor cells, including epidermal growth factor  
receptor (EGFR, also known as ERB1; cetuximab, panitumumab)  
and ERBB2 (also known as HER-2/neu; trastuzumab, pertuzumab, 
ado-trastuzumab emtansine). For these mAbs, disruption of signal 
transduction pathways crucial to maintaining the malignant pheno-
type are the major, if not the only, mechanism of action55. Because 
EGFR and ERBB2 signaling is essential in the function of kerati-
nocytes61 and cardiac myocytes62, mAbs targeting these receptors 
are associated with skin and cardiac toxicities. At present, the only 
example of an approved mAb that directly targets a solid-tumor anti-
gen whose sole mechanism of action is immune-mediated killing is 
dinutuximab, which binds the glycolipid GD2 (ref. 63). Because GD2 
is expressed not only by cancers, such as neuroblastoma and sarcoma, 
but also by peripheral sensory nerve fibers and neurons, neuropathic 
pain is a dose-limiting toxicity of this antibody63. Thus, after more 
than 35 years of clinical development, none of the approved mAbs 

that directly bind tumor cells are tumor specific, and all can mediate 
on-target and off-tumor toxicities.

CARs for solid cancers. A similar situation appears to be the case for 
other tumor-targeted mAbs that are in clinical development and whose 
scFv regions are being incorporated into CAR designs. For example, 
the scFv of various antibodies targeting the shared tissue and tumor  
differentiation antigen mesothelin have been used to generate  
mesothelin-specific CARs for human clinical trials64,65. Mesothelin, a 
glycosylphosphatidyl inositol (GPI)-anchored membrane glycoprotein 
is highly expressed in a number of malignancies, including pleural and 
peritoneal mesothelioma, as well as pancreas, lung, breast, esopha-
geal and ovarian cancer66. However, mesothelin is also expressed 
throughout the body in sensitive tissues that possess mesothelial cells. 
This includes the cornea, pleura, pericardium, peritoneum, tonsils, 
fallopian tubes and cervix. Consistent with this expression pattern, 
pleuritic-type chest pain was a dose-limiting toxicity in studies using 
mesothelin-specific antibodies conjugated to various immunotoxins66. 
Given the potential for substantial on-target toxicities, the FDA has 
required a protracted dose escalation in currently accruing phase 1 
clinical trials testing the safety and efficacy of mesothelin-specific 
CARs. Recently, interim results from one mesothelin-specific CAR 
phase 1 study were presented in which as many as 3 × 107 cells were 
infused. Although no on-target toxicities were observed, neither was 
radiographic evidence of anti-tumor activity67. It is presently too early 
in the clinical development of mesothelin-specific CAR T cells to know 
whether mesothelin represents a viable target for gene-engineered  
T cells. Likewise, a recent CAR trial was initiated targeting MUC16 
(ref. 68), a glycosylated mucin expressed on the surface of the majority 
of ovarian cancers, as well as in normal tissues that harbor mesothelial 
cells such as the eye69. As with the mesothelin-specific CAR trials, 
this study is also in the midst of a slow dose titration owing to safety 
concerns related to normal tissue targeting.

When sufficient data exists to assess the safety and efficacy of CAR-
engineered T cells targeting other antigens shared by tumors and self 
tissues, substantial on-target toxicities have occurred. For example, 
CAR-modified T cells with an scFv specific for carbonic anhydrase 
IX (CAIX), an enzyme expressed by some kidney cancers and normal 
bile duct epithelial cells, triggered liver function abnormalities and 
cholangitis without causing cancer regression52. Similarly, infusion 
of ERBB2-specific CAR T cells constructed using the scFv from the 
humanized mAb trastuzumab resulted in lethal inflammatory cytokine 
release in the lung70. This toxicity was attributed to on-target but off-
tumor recognition of low levels of ERBB2 expression on lung epithelial 
cells71. A more recent trial reported the administration of a separate 
ERBB2-specific CAR T cell in which the scFv was derived from FRP5, 
a mouse anti-human ERBB2-specific mAb72. Although no signifi-
cant toxicities were reported, neither was evidence of in vivo CAR 
cell expansion or IFN-γ release in the blood after cell infusion. This 
might indicate that the engineered cells did not productively engage 
the target antigen. Although 1 of 19 patients treated with the FRP5-
derived ERRB2-specific CAR had an objective anti-tumor response, 
this patient received salvage chemotherapy in addition to CAR T cell 
infusion. Thus, it is impossible to determine the relative contributions 
of the infused cells versus chemotherapy. These findings contrast with 
experience using CD19-specific CAR T cells in which cell expansion, 
cytokine release, and profound antitumor and on-target immunity 
against normal B cells is universally observed across trials40,41,43–48.

A possible exception to the paradigm of CAR targeting of a shared 
tumor and tissue differentiation antigen resulting in untenable on-target 
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but off-tumor toxicities is GD2. In a series of pediatric patients with GD2-
expressing neuroblastomas, infusion of a GD2-specific CAR resulted in 
tumor regression in 3 of 11 patients with active disease, including two 
sustained CRs73. No patients developed neuropathic pain, although 
several experienced somatic pain at the tumor site. These results are 
currently being confirmed in two clinical trials (NCT02107963 and 
NCT01822652) using a new GD2-specific CAR design.

Targeting of shared antigens. As previously outlined in detail74, a 
similar pattern of on-target but off-tumor toxicities have been observed 
with gene-engineered TCRs targeting shared tumor and tissue dif-
ferentiation antigens. This includes TCRs reactive against MART75, 
gp100 (ref. 75) and carcinoembryonic antigen (CEA)76. Collectively, 
these data suggest that targeting shared tissue differentiation antigens 
is likely to come with the price of toxicity to critical normal organs. 
Whereas toxicities related to CAR targeting of hematologic antigens 
such as CD19 are manageable with repletion therapies, the majority of 
solid tumors are not derived from ‘expendable’ or replaceable tissues.

One potential solution to minimizing undesired on-target but off-
tumor toxicities is the engineering of safety and tissue-selectivity 

mechanisms into the transferred T cells (Box 1 and Fig. 2). A sec-
ond solution to overcoming the limitation of on-target but off-tumor  
toxicity is the targeting of antigens uniquely expressed by tumor cells. 
The ideal antigen would be expressed in common across multiple 
tumor types and result from driver mutations that appear early in 
oncogenesis, directly contribute to the malignant phenotype, and are 
essential for cancer cell survival77. Examples could include epitopes 
encompassing hot-spot mutations in genes such as KRAS, NRAS, ALK, 
PI3K and BRAF, among many others. Similarly, epitopes derived from 
virally encoded genes, such as the human papillomavirus (HPV) E6 
and E7 oncoproteins which cause cervical, anal, head and neck can-
cers, might also represent excellent targets because expression of these 
antigens is exclusive to cancer cells and not normal tissues74.

An example of a shared mutation in a solid cancer currently 
being targeted in immunotherapy clinical trials is EGFR variant III 
(EGFRvIII), a mutated version of EGFR resulting from an in-frame 
deletion of exons 2 to 7 of the gene78. This rearrangement leads to 
constitutive activation of the cell surface receptor and formation of an 
immunogenic epitope. Because EGFRvIII is expressed in approximately 
30% of patients with glioblastoma multiforme, the most common  

Box 1  Engineering safety and tissue-selectivity mechanisms into transferred T cells. 

Complementing the identification of tumor-specific antigen receptors, strategies are being developed that enhance either the safety or 
tissue-selectivity of engineered T cells (Fig. 2).

Suicide genes. T cells can be modified with a ‘suicide’ gene that confers sensitivity to a prodrug or antibody administered in the case  
of an adverse event. For example, insertion of herpes simplex virus–thymidine kinase (HSV-TK) renders T cells susceptible to the  
antiviral medication ganciclovir135. HSV-TK is the most extensively tested suicide gene in humans, and it was originally developed  
to modulate graft-versus-host disease (GvHD) after allogeneic transplantation135 or to attenuate immunopathology after ACT into  
immune-deficient hosts136. Because HSV-TK is a highly immunogenic virus-derived protein, cells expressing it can be immunologically 
rejected thereby compromising cellular persistence136. Alternative cell-suicide strategies have been developed using constructs derived 
from human proteins to reduce the risk of immune depletion. In the inducible caspase-9 (iCasp9) system, the sequence of human  
caspase-9 deleted for its endogenous activation domain is grafted onto a modified variant of human FK506-binding protein137.  
This allows for dimerization and activation of apoptosis upon ligation with a dimerizer drug. The in vivo activity of iCasp9 has been  
confirmed in patients with acute GvHD after allogeneic donor lymphocyte infusion138. Cells engineered with iCasp9 have been detected 
in patients for over 2 years after transfer139, indicating that the construct is not overtly immunogenic. Truncated EGFR (tEGFR) is  
another suicide gene derived from human sequences that uses the clinically approved EGFR-specific mAb cetuximab to deplete  
transduced cells140. The tEGFR molecule consists of an extracellular portion of human EGFR containing the epitope recognized  
by cetuximab. In pre-clinical studies, cetuximab caused antibody-dependent cellular cytotoxicity of tEGFR+ T cells. Clinical trials  
incorporating tEGFR are currently enrolling patients.

Spatiotemporal control of receptor activation. Strategies that control the duration, location and timing of engineered receptor activity  
might also enhance safety. RNA electroporation introduces receptors into T cells with self-limited expression, because RNA does  
not integrate into a cell’s genome and is an inherently short-lived molecule in vivo141. In the event of toxicity, receptor expression on 
transferred cells will extinguish spontaneously within several days. Attempts to control the activation of receptor-engineered T cells have 
also been made. In one design termed logic-gated CARs, T cells are co-transduced with two separate CARs: one that provides suboptimal 
activation when stimulated alone, and a second that recognizes a separate tumor-associated antigen, which provides a co-stimulatory 
signal142. Thus, only simultaneous ligation of both receptors will allow T cell activation, providing an additional degree of specificity. 
Alternatively, CARs delivering a dominant antigen-specific inhibitory signal, termed inhibitory CARs (iCARs), have also been explored143. 
The generation of an iCAR is accomplished by attaching the signaling domains of co-inhibitory receptors such as CTLA-4 or PD-1 to  
a scFv that recognizes structures on normal tissues. In vitro, iCARs suppress cytokine release, cytotoxicity and cellular proliferation  
after exposure to targets that co-express antigens recognized by both the stimulatory receptor and the iCAR. Recently, the ability  
to selectively enhance antibody binding within the tumor microenvironment has been demonstrated using pro-antibodies144. In this 
design, the antigen-binding domain of an antibody is sterically blocked by a substrate peptide cleaved in the presence of matrix  
metalloproteinases enriched within the tumor microenvironment. Provided that the rate of CAR T cell recirculation is minimal once  
a receptor is unblocked, the use of these ‘masked’ CARs provides another means of focusing the activity of gene-engineered cells  
toward targets shared with healthy tissues. Finally, ‘on-switch’ CARs have been developed145. Here, the antigen-binding and  
intracellular-signaling domains of a receptor are separated into two components that assemble only in the presence of a small-molecule 
dimerizer. Thus, this system allows for pharmacologic control over CAR T cell activity. It is important to note that none of the  
spatiotemporal control mechanisms listed above have been tested in humans to date.
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and deadly primary adult brain tumor, it could represent an ideal 
immunotherapy target. Ongoing trials are testing the antitumor activity  
and safety of 2 different anti-EGFRvIII CAR designs79,80; however, it is 
currently too early to know whether these receptors will have clinical  
activity. Similarly, a TCR trial targeting an A2-restricted epitope 
derived from the E6 oncoprotein of the high risk HPV-16 serotype 
has also been initiated in patients with HPV-16+ malignancies81.

Another example of a group of antigens potentially shared across 
multiple tumors and not present on the surface of normal tissues are 
the CGAs. As noted above, the CGAs are a group of more than 100 
potentially immunogenic proteins encoded by non-mutated genes 
whose expression in adult tissues is typically restricted to non-MHC-
bearing germ cells37. During the genetic and epigenetic dysregulation 
leading to oncogenesis, CGA expression may be reactivated causing 

expression in a variety of cancer types. Most studies evaluating the  
frequency of CGA expression in cancer have used mRNA-based assays, 
such as quantitative PCR (qPCR). By using this technique, expression 
estimates approaching 50% or higher for patients with a given tumor 
type have been reported for many common epithelial malignancies, 
including bladder, esophageal, hepatocellular, non-small-cell lung and 
gastric cancers37,82. However, qPCR does not assess the uniformity of 
CGA expression among individual tumor cells within a patient. When 
protein expression techniques such as immunohistochemical (IHC) 
staining are used, strong expression of CGAs such as MAGE and 
NY-ESO-1 is often limited to only small numbers of cancer cells37,83. 
For example, in the original description of NY-ESO-1 expression by 
IHC83, only 2 of 13 tumors that showed expression as measured by 
qPCR also demonstrated protein expression in >50% of cancer cells, 

Figure 2  Safety and tissue-selectivity 
mechanisms that may be inserted into 
gene-engineered T cells. (a) Co-expression 
of herpes simplex virus-thymidine kinase 
(HSV-TK) in antigen receptor-modified 
T cells. Following administration of the 
anti-viral medication ganciclovir (GCV), 
HSV-TK catalyzes the generation of GCV-
monophosphate (MP) which is subsequently 
converted to GCV-trisphosphate (TP) by 
enzymes present in all mammalian cells. 
GCV-triphosphate inhibits DNA chain 
elongation in proliferating cells, resulting 
in lethal toxicity. (b) Co-expression of an 
inducible caspase-9 (iCasp9) construct 
in antigen receptor–modified T cells. 
Administration of a small molecule 
dimerizer induces dimerization and 
activation of iCasp9 that subsequently 
triggers executioner caspases-3, -6 and -7, 
resulting in apoptosis. (c) Co-expression of 
a truncated variant of human EGFR (tEGFR) 
in receptor-modified T cells. Infusion of 
the EGFR-specific mAb cetuximab results 
in antibody-dependent cellular cytotoxicity 
of tEGFR+ T cells once the antibody’s Fc 
domain is engaged by Fc gamma receptors 
(FcγR) on the surface of immune effector 
cells. Some reports also suggest that 
cetuximab might deplete tEGFR+ cells 
though complement fixation, but this 
mechanism of action remains controversial. 
MAC, membrane attack complex. (d) RNA 
electroporation of antigen receptors into T 
cells. Because of the short half-life of RNA 
species, receptor expression is self-limited 
after cell transfer, thereby restricting the 
potential for uncontrolled on-target but 
off-tumor toxicities. (e) CARs engineered 
to deliver a dominant antigen-specific 
inhibitory signal, termed inhibitory CARs 
(iCARs), work by attaching the signaling 
domains of co-inhibitory receptors to an 
antibody-binding region that recognizes structures on the surface of normal tissues. (f) CARs can be ‘logic-gated’ by co-transducing with two separate 
CARs: one that provides suboptimal activation when stimulated alone and a second that recognizes a separate antigen, which provides a co-stimulatory 
signal. Ligation of either receptor alone is insufficient to trigger T-cell activation whereas co-engagement allows T cells to proliferate, acquire effector 
functions, and exhibit on-target immunity only against tissues expressing both antigens. (g) CARs can be engineered with an ‘on-switch’, whereby 
the antigen-binding and cytosolic-signaling domains of the receptor are divided into distinct modules. Administration of a small-molecule dimerizer 
induces heterodimerization of these modules, initiating cellular activation only when both cognate antigen and the small molecule are present. Thus, 
the duration and intensity of receptor-engineered T cells can be controlled. (h) CARs can be engineered with a ‘masked’ receptor in which the antigen-
binding domain is sterically blocked by a peptide mask attached to the receptor by a protease-cleavable linker. Entry of modified cells into tissues 
enriched in proteases, such as the tumor microenvironment, can cleave the blocking peptide and unmask the binding capacity of the CAR. 
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a finding confirmed by others37. This stands in sharp contrast to what 
is typically observed with tissue differentiation antigens, in which 
antigen expression is both more common and more pervasive84. From 
an immunotherapy perspective, treating patients with heterogeneous 
expression of a target antigen raises concerns about applying selection 
pressure for antigen-negative tumor cells. Indeed, in all published 
clinical trials in which objective clinical responses were observed 
after ACT of cells targeting CGAs, the patients had cancers with a 
high intensity of antigen expression in the majority (>50%) of cancer  
cells36,85,86. Whether ACT targeting a single antigen expressed  
on ≤50% of tumor cells can cause cancer regression is the subject of 
current pre-clinical and clinical investigations.

It is important to note that despite their name and the absence 
of off-target toxicities in trials testing an A2-restricted NY-ESO-1 
TCR36,87, not all CGAs are exclusively cancer or germline specific. 
PRAME (preferentially expressed antigen in melanoma), for example, 
is a CGA with well-documented expression in healthy tissues such 
as the adrenal glands, placenta and endometrium88. Further, whereas 
the CGA MAGE-A3 appears not to be expressed in healthy tissues, 
MAGE-A12 and possibly other MAGE family members are expressed 
at low levels in selected areas of the brain86. This became tragically 
apparent when patients received ACT using T cells modified with an 
HLA-A2–restricted, affinity-enhanced MAGE-A3 TCR that cross-
reacted with a non-identical A2-restricted MAGE-A12 epitope89. 
Among nine treated patients, four developed neurologic toxicities, 
including two neurologic-related deaths86. In a separate trial testing 
the efficacy of an HLA-A1–restricted, affinity-enhanced MAGE-A3–
specific TCR, two cardiovascular-related deaths occurred90. Although 
MAGE-A3 expression was not detected in the heart, engineered  
T cells were found to cross-react with an unrelated peptide derived 
from the muscle-specific protein titin91.

Further limiting the number of potential patients who might benefit 
from TCR targeting of CGAs is the requirement that patients possess 
a HLA haplotype compatible with the TCRs available. Given that the 
most common MHC class I restriction elements used for TCR gene 
therapy studies, namely HLA-A1 and A2, are—at most—present in only 
about 15–50% of patients92, the number of patients who would be can-
didates for these TCR-engineered cells becomes incrementally smaller. 
Taken together, these data suggest that although TCR-engineered  
cells targeting certain CGAs can cause pronounced tumor regression 
without off-target toxicity in the subset of patients whose tumor cells 
uniformly express the target antigen and who possess a requisite HLA 
haplotype, the majority of patients with common solid cancers will 
not be candidates for such therapies.

Targeting private somatic mutations with autologous gene therapy
Evidence supporting immunogenic neoantigens. After a decades-
long effort by our group and others targeting shared tissue differentia-
tion antigens with cancer vaccines93 and gene-engineered T cells74, 
cancer immunologists are reassessing which antigens are responsible 
for immune-mediated cancer regression. Increasing clinical evidence 
supports the hypothesis that immunogenic products of somatic muta-
tions unique to each patient’s cancer—so-called neoantigens—are the 
relevant targets for successful immunotherapies13,94. Neoantigens 
may represent ideal targets because somatic mutations are central 
to the formation of most cancers; in other words, mutations may 
be functionally important to drive tumor growth and/or invasion. 
Further, neoantigens are exclusive to tumor cells, minimizing the 
risk of on-target, off-tumor killing of healthy tissue. Finally, because 
the mutations from which neoantigens are derived are somatic, the 

repertoire of TCRs expressed on T cell progenitors do not encounter 
neoantigens during thymic development and therefore should not be 
deleted by negative selection. Consequently, TCRs with high affinity 
for neoantigens may be present in the circulation. Several lines of 
evidence support these suppositions.

First, melanoma TILs mediate curative responses with minimal 
autoimmune sequelae14. By contrast, transfer of gene-engineered  
T cells expressing high-affinity receptors for pigment antigens resulted 
in suboptimal antitumor responses and severe on-target but off-tumor 
toxicities75. Thus, reactivity to targets besides differentiation antigens 
appears responsible for a substantial portion of melanoma TIL anti-
tumor efficacy. Consistent with this premise, high-throughput assays 
using large collections of MHC multimers loaded with shared antigens 
revealed a low frequency of TILs expressing TCRs that bind to pigment 
and cancer-germline antigens95. By contrast, TILs that release inflam-
matory cytokines in response to patient-specific neoantigens can be 
detected at much higher frequencies in the majority of evaluated 
patients15,16. Second, it seems that immune checkpoint inhibitors are 
particularly effective in cancers with high burdens of somatic muta-
tions. This includes diseases such as melanoma, which carries a high 
mutation load as a result of UV exposure10,96, tobacco-associated lung 
cancer11, bladder cancer5 and cancers arising in patients with defects 
in DNA mismatch-repair enzymes8. Indeed, in people with melanoma 
and lung cancer, the mutational burden and neoantigen load is highly 
correlated with clinical benefit from treatment with blocking antibodies 
specific to CTLA-4 and PD-1 (refs. 10,11,96). Third, the frequency of 
circulating neoantigen-specific T cells increased in responding patients 
following treatment with antibodies specific to CTLA-4 (refs. 9,10)  
or PD-1 (ref. 11) Finally, we recently demonstrated that a single infu-
sion of a near-clonal population of neoantigen-specific CD4+ T cells 
resulted in prolonged tumor regression in a patient with cholangi-
ocarcinoma18. Taken together, these data suggest that the isolation 
and re-infusion of neoantigen-specific T cells might be required to 
mediate tumor regression without inducing undesired on-target but 
off-tumor toxicities. If the TCRs necessary to induce cancer regression 
target neoantigens resulting from private somatic mutations unique to 
each patient’s cancer, is individualized gene-engineered T cell therapy 
possible? We believe that with proper investment and sufficient tech-
nologic and regulatory innovation, the answer can be yes. Further, 
as outlined below it may be possible to assemble all the necessary 
elements required to generate such an autologous TCR gene therapy 
solely from the peripheral blood (Fig. 3).

Identifying neoantigens and neoantigen-reactive T cells. Currently, 
elucidation of the mutational landscape of a patient’s tumor as a first 
step in the detection of neoantigen-specific T cells is accomplished by 
performing whole-exome sequencing (WES) and/or RNA sequenc-
ing (RNA-seq) on tumor cells obtained through a tissue biopsy or 
surgical resection of a metastatic focus15,16,18,19. However, it is now 
possible to perform WES on circulating tumor cells (CTCs)97 or the 
cell-free products of tumor cells present in the circulation, such as 
tumor DNA98. These ‘liquid biopsies’ not only obviate the requirement  
for a patient to undergo an invasive procedure, they also can detect 
mutations held in common between the primary tumor and metastatic 
deposits97. Such founder or ‘trunk’ mutations are likely to be expressed 
in all tumor cells and therefore would make excellent immunotherapy 
targets. That said, not all detected mutations will be immunologi-
cally recognized as a cancer antigen. For a mutation to be immuno-
genic, it must be contained in an expressed gene, include a change 
in amino acid sequence resulting from either a nonsynonymous  
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substitution or translocation, and be processed intracellularly into a 
9- to 11–amino acid peptide capable of binding to one of the patient’s 
MHC molecules. Therefore, high-throughput methods for screening 
and isolating neoantigen-reactive T cells after a patient’s tumor has 
been sequenced are required. In one approach, synthetic long peptides 
that incorporate the substituted amino acid from a nonsynonymous 
mutation and that are predicted to be strong binders to one or more of 
the patient’s MHC molecules are pulsed onto autologous antigen-pre-
senting cells (APCs)15,16. In a second approach, a minigene encoding 
the mutated amino acid and flanked on either side by 12 amino acids 
from the endogenous protein can be electroporated into autologous 
APCs17–19. With either technique, establishment of a patient-specific 
tumor cell line is not required.

One can use different sources of T cells to screen for neoantigen-
reactive T cells. If a patient is able to undergo a metastatic resection, 
TILs can be isolated from this specimen, expanded and used as the 
screening population. Neoantigen-reactive TILs upregulate expression 
of tumor necrosis factor (TNF) family co-stimulatory markers such as 

4-1BB and OX-40 (refs. 15,18,19,99,100), and/or the degranulation 
marker CD107a (ref. 100), when co-cultured with antigen-bearing 
APCs or autologous tumor cell lines. Such receptor upregulation can 
be used to identify neoantigen-specific T cells and to isolate these cells 
(either by fluorescence-activated cell sorting (FACS) or magnetic bead 
isolation) for further analysis100,101. Similarly, although PD-1 is a nega-
tive regulator of T cell functions, expression of this molecule also marks 
TILs that react with neoantigens99. Therefore, isolation of PD-1+ TILs 
can also be used to enrich for neoantigen-reactive T cells. Detection of 
neoantigen-specific TILs using these techniques can be successful not 
only in cancers with high mutational loads, such as melanoma, but also 
in cancers harboring relatively few mutations. For example, we recently 
reported that neoantigen-specific T cells could be identified from the 
TILs of nine out of ten sequentially screened patients with various  
gastrointestinal malignancies19. None of these patients had mutations 
in DNA mismatch-repair enzymes nor did they possess a microsatellite- 
unstable phenotype associated with a high mutational burden. 
Critically, a neoantigen-specific T cell population could be identified  

Figure 3  A pathway for generating autologous TCR gene therapies targeting neoantigens for patients with advanced epithelial cancers. From a single 
blood draw, all of the requisite components required to produce this therapy can be procured. Circulating tumor cells (CTCs) can be enriched from 
the blood using a combination of antibody-mediated isolation based on epithelial marker expression (for example, EpCAM) followed by microfluidic 
isolation. Subsequent genomic extraction, amplification and whole exome sequencing can identify non-synonymous mutations present within the  
tumor. Circulating T cells that express PD-1 can be isolated and co-cultured with autologous professional antigen presenting cells (APCs) that have 
either been pulsed with synthetic long peptides harboring the amino acid change resulting from the mutation or RNA-electroporated with tandem 
minigenes (TMGs) encoding the amino acid change and flanked on either side by 12 amino acids from the endogenous protein. T cells that upregulate 
the activation markers 4-1BB and/or OX-40 can then be isolated and the α and β chains of the TCR associated with this cell can be sequenced.  
The α/β TCR that confers reactivity against a neoantigen can then be cloned into an expression vector, for example an integrating virus or the Sleeping 
Beauty (SB) transposon/transposase system. T cell subsets isolated from the peripheral blood of the patient can finally be modified with this expression 
vector, expanded in vitro to numbers sufficient for treatment, and re-infused back into the patient. TL, transmitted light; TN, T naive; TSCM, T stem  
cell memory; TCM, T central memory; SB11, SB transposase 11.
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in a patient with pancreatic cancer whose tumor harbored only  
ten somatic mutations. These data demonstrate that it is possible to 
consistently identify neoantigen-specific TIL cells in common epithelial 
cancers that are not hyper-mutated and that seem to be unresponsive to 
other forms of immunotherapy, such as checkpoint inhibitors8.

In addition to TILs, neoantigen-specific T cells can also be identi-
fied directly from the peripheral blood of a cancer patient. This can  
be accomplished using a high-throughput methodology based  
on peptide-MHC complexes9,11,102. In this approach, proteasomal 
processing and HLA-binding algorithms are used to determine candi-
date epitopes containing nonsynonymous mutations predicted to bind 
with high affinity to one of the patient’s MHC alleles. Predicted pep-
tides are subsequently synthesized and peptide-MHC complexes can 
be generated by UV-induced peptide exchange reaction103. By using 
this technique, it was shown in a recent report that it was possible to 
reproducibly identify, isolate and expand neoantigen-specific T cells 
from starting frequencies as low as 0.002% (ref. 102). Complementing 
this approach, it is probable that PD-1 may also identify tumor- 
reactive T cells in the circulation, just as it enriches for mutation-
specific T cells in TILs99.

Engineering neoantigen-reactive T cells. The mere isolation of  
mutation-specific and tumor-reactive T cells does not necessarily lead to 
an effective cancer treatment. This is because expansion of small num-
bers of isolated T cells to therapeutic numbers can result in a loss of rep-
licative capacity and entry into a terminally differentiated state104. The 
development of effective T cell therapies from one or a limited number 
of cells might be possible with cellular reprogramming techniques105. 
The use of induced pluripotent stem cell (iPSC) technology with  
T cells has been experimentally accomplished106,107. Importantly, repro-
grammed T cells retain a rearranged antigen-specific TCR. Although 
early reports suggested that iPSC-derived cells may be at increased risk 
for immunologic rejection after transfer into syngeneic hosts108, these 
findings have not been universally observed109,110. Other technical 
and practical hurdles remain in realizing the clinical utility of such  
T cell reprogramming techniques, however. For example, the  
efficiency of reprogramming remains low111, reprogrammed T cells 
can have an innate-like CD8αα or γδ T cell phenotype107,112, and  
differentiated cells derived from induced pluripotent cells might be at 
increased risk of undergoing malignant transformation113. Addressing 
each of these issues remain brisk areas of investigation.

An alternative approach using currently available technologies to 
generate minimally differentiated antitumor T cells could be cloning 
mutation-specific TCRs followed by inserting these TCRs into selected 
T cell subsets. This can be accomplished using high-throughput  
TCR gene-capture100 or multiplex nested single-cell real-time PCR 
(RT-PCR)114. More recently, it has been possible to perform α/β 
paired TCR sequencing (pairSEQ) from bulk populations of T cells 
using combinatorics115. After a mutation-specific α/β TCR has been 
identified, it subsequently can be cloned into a good manufacturing 
process (GMP)-quality expression system. In this case, substantial 
innovations in regulatory oversight are required.

It presently costs as much as $250,000 and a takes a minimum of  
4–6 months to generate a GMP retroviral or lentiviral vector116. Both 
this expense and time scale are prohibitive for treating individual 
patients, although it might be feasible to simplify safety testing for 
human gene therapy trials117. A major contributor to the time and 
expense in generating a GMP viral vector is mandated biosafety test-
ing. Whereas testing for sterility and the presence of mycoplasma 
is rapid and relatively inexpensive, testing for adventitious viruses,  

species-specific viruses, and replication-competent retrovirus (RCR) is 
not. Indeed, the necessity for routine RCR testing has been questioned  
by a large group of academic investigators involved in clinical gene 
therapy trials117. Given the potential for a favorable benefit/risk ratio 
in this patient demographic if autologous gene therapies are highly 
effective, it might be ethically permissible to relax some routine 
biosafety testing requirements. Ultimately, resolution of these issues 
will require close collaboration among all stakeholders, including 
regulatory agencies.

As an alternative to retroviral and lentiviral vectors, nonviral gene-
transfer methods can potentially be used to genetically introduce 
antigen receptors. Because nonviral integration systems use oligonu-
cleotides and recombinant proteins, they can be considerably cheaper to 
manufacture and easier to implement for single-use applications com-
pared with viral vectors. By some estimates, production of nonviral rea-
gents may cost one-tenth that of GMP-grade virus118. Presently, use of 
the Sleeping Beauty (SB) transposon/transposase system has advanced 
farthest in clinical development22. Genome editing strategies that intro-
duce double-stranded DNA breaks that serve as sites for targeted gene 
insertion, including zinc-finger nucleases, transcription activator-like 
effector nucleases (TALENs), and the clustered regularly interspersed 
short palindromic repeat (CRISPR)-Cas9 system, might offer additional 
nonviral means of inserting antigen receptors in the near future119. 
Although the SB transposon/transposase system typically has a lower 
gene-transfer efficiency compared with viral integration techniques, 
selection for modified cells by drug exposure120, magnetic bead isola-
tion121, or propagation using artificial antigen presenting cells122 can 
improve the frequency of receptor-engineered cells.

Finally, it will probably be advisable to enrich for ‘younger’ T cell 
subsets with high proliferative and engraftment potentials, such as 
naive, stem cell memory and central memory T cells, before intro-
duction of the receptor104,123. In preclinical studies, these subsets are 
superior to more-differentiated effector memory and effector T cell 
subsets in mediating cancer regression124. Isolation of defined T-cell 
populations can be accomplished using antibody-microbead conju-
gates125 or streptamer126 isolation strategies. Each of these activities, 
including cell processing, genetic engineering and cell expansion, can 
be conducted at one of several centralized GMP cell manufacturing 
facilities within the US. These include facilities that were previously 
used to generate the sipuleucel-T product23, as well as newer facilities 
that are generating CD19-specific CARs.

Limitations targeting neoantigens. Even with resolution of the tech-
nical and regulatory barriers listed above, critical questions regarding 
the targeting of neoantigens using patient-specific receptors remain. 
First, it is unclear how many receptors targeting distinct antigens might 
be required to reliably induce responses. Clinical experience using 
ACT of CD19-specific CAR– and NY-ESO-1–specific TCR-modified 
cells demonstrates that it is possible to induce durable CRs by targeting 
a single epitope36,38,41,47. However, this experience might not be trans-
ferable to the targeting of antigens generated by somatic mutations. 
Heterogeneity of the mutational landscape within a tumor mass and 
between metastases has been well documented in solid cancers127,128, 
raising the possibility that not all cancer cells within a single tumor or 
within a single patient will express the cognate target for a neoantigen-
specific receptor. Under the selective pressure of an antigen-specific 
immune response, outgrowth of cancer cells lacking the target anti-
gen might occur, a phenomenon recently documented in treatment 
failures with CD19-specific CAR cells129. Preclinical ACT studies in 
mice give conflicting conclusions as to whether direct cell killing of 
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individual cancer cells expressing a target antigen is required to induce 
tumor regression, or whether bystander destruction is sufficient130–132.  
For example, epitope spreading has been proposed as a mechanism  
by which T cell killing of a limited population of tumor cells can  
lead to immunologic destruction of other tumor cells expressing 
unrelated antigens. There are several reported examples of patients 
receiving ACT in which transfer of a mono-specific T cell popula-
tion resulted in increased immune reactivity against unrelated tumor 
or viral antigens85,133. Evidence for epitope spreading has also been 
documented in some patients responding to vaccine immunothera-
pies134, however it is not known whether this phenomenon is causally 
associated with tumor regression. It would therefore seem wise to 
target multiple antigens using a panel of different receptors. Similarly, 
targeting neoantigens derived from the products of a driver or truncal 
mutation expressed in the primary tumor might reduce the risk of 
targeting a subpopulation of clonally divergent tumor cells.

Concluding remarks
Genetic redirection of patient T cells toward the B cell lineage anti-
gen CD19 using CD19-specific CARs has met with unprecedented 
success in a heterogeneous group of chemotherapy-refractory 
hematologic diseases. So successful is this approach that it is very 
likely to become part of the standard of care for these diseases in 
the near future. Although this approach comes with the toxicity of 
normal B cell depletion, most patients can survive with Ig repletion. 
Nevertheless, the simple extrapolation of the experience using CARs 
in the treatment of lymphoid cancers to the treatment of most solid 
tumors is likely to come with the steep price of toxicity to essential 
normal tissues. Success for cell-based immunotherapies may come 
from the arduous task of targeting the unique set of mutations that 
cause each patient’s cancer.
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