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Abstract

Chimeric antigen receptor (CAR) T cell therapy has shown promise in CD19 expressing 

hematologic malignancies, but how to translate this success to solid malignancies remains elusive. 

Effective translation of CAR T cells to solid tumors will require an understanding of potential 

therapeutic barriers, including factors that regulate CAR T cells expansion, persistence, 

trafficking, and fate within tumors. Herein, we describe the current state of CAR T cells in solid 

tumors; define key barriers to CAR T cell efficacy and mechanisms underlying these barriers, 

outline potential avenues for overcoming these therapeutic obstacles, and discuss the future of 

translating CAR T cells for the treatment of patients with solid malignancies.
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1. Introduction

Adoptive cell therapy using gene-modified T cells has emerged as an exciting therapeutic 

approach for the treatment of cancer. Engineering T cells to express a chimeric antigen 

receptor (CAR) is the most common gene-modifying strategy that is being investigated. This 

personalized medicine approach has produced promising results for many patients across a 

range of hematological malignancies (Porter et al., 2011; Kochenderfer et al., 2012; 

Brentjens et al., 2013; Gill & June, 2015). Based on this success, there is now mounting 

interest around how to use CAR T cells for the treatment of solid malignancies. However, 

the translation of CAR T cells to solid tumors has been fraught with obstacles including 

issues of safety, T cell persistence and expansion, T cell trafficking into tumors, and immune 
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resistance mechanisms established within tumors that may define the ultimate fate of CAR T 

cells. Many of these obstacles are unique to solid tumors given their distinct 

microenvironments and anatomical locations. In this review, we detail the current state of 

CAR T cells in solid malignancies, discuss barriers that may regulate CAR T cell efficacy in 

vivo, and propose next steps toward advancing CAR T cells for the treatment of solid 

tumors.

2. Strategies to genetically modify T cells for cancer therapy

Two main approaches, namely, T cell receptors (TCRs) and chimeric antigen receptors 

(CARs), have been studied to genetically modify T cells to recognize cancer. Both of these 

approaches involve the introduction of genetic material encoding a receptor (i.e. TCR or 

CAR) into T cells. Each strategy is distinct and thus, associated with unique advantages and 

disadvantages (Table 1).

The distinct biology of TCR- and CAR-modified T cells is based on their structure. For 

example, a TCR recognizes tumor-specific peptides presented by a major histocompatibility 

(MHC) molecule. In contrast, a CAR is a modular protein composed of a defined 

extracellular component that recognizes a cell surface protein and an intracellular 
component made up of specific signaling domains from proteins (e.g. CD3ζ, CD28, and 

4-1BB) involved in T cell activation (Fig. 1). The extracellular component commonly 

incorporates light and heavy chain regions of a single chain variable fragment (scFv) that are 

combined in series using a polypeptide linker. This extracellular component acts as the 

target-binding domain of a CAR and is connected to the intracellular component by a hinge 

region. Optimization of the hinge region is important as it has been found to significantly 

influence the quality of a CAR construct (Hudecek et al., 2013). For example, the length of 

the hinge region may impact the elasticity of the extracellular domain and, thus, its capacity 

to bind the target ligand (Guest et al., 2005; James et al., 2008). Most commonly, the hinge 

region has been derived from CD8 or IgG4 molecules and serves to connect the extracellular 

domain with an intracellular component that contains signaling domains designed to drive 

cellular activation. “First generation” CARs utilize only a single intracellular signaling 

domain, typically the CD3 ζ chain. Other groups have also studied the use of signaling 

domains derived from the Fcγ receptor for triggering T cell activation (Kershaw et al., 

2006). Incorporating additional co-stimulatory molecules into the intracellular component 

can enhance T cell proliferation and persistence induced by CAR engagement of its target 

protein (Gill & June, 2015). CAR constructs that include one or two co-stimulatory domains 

have been termed “second generation” and “third generation” CARs, respectively. Overall, 

CAR-modified T cells are designed to interrogate a cell’s surface proteome which contrasts 

TCR-modified T cells which sample the intracellular proteome of a cell.

The unique mechanisms by which TCR- and CAR-modified T cells recognize a target cell 

are important in defining potential mechanisms of resistance and in understanding issues of 

toxicity. Whereas loss of antigen expression, downregulation of MHC molecules, or 

disruption of antigen processing and presentation are all potential mechanisms that cancer 

cells can exploit to evade recognition by TCR-modified T cells, defects in antigen 

processing and presentation are not sufficient for evading recognition by CAR T cells which 
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rely on surface expression of the target protein. However, due to this reliance on cell surface 

protein recognition, the selection of a target protein for engineering a CAR can be quite 

challenging. For example, if the target protein is expressed on normal tissues, there is a 

possibility for off-tumor but on-target toxicities to occur. In contrast, TCRs can be 

engineered with high affinity and specificity for tumor-specific peptides, although their 

clinical application is then limited to patients with a particular MHC allele, such as HLA-

A*02–01 (Schumacher, 2002; Robbins et al., 2011). However, while this selectivity of TCRs 

might suggest a reduced likelihood for toxicities against normal tissues, affinity-enhanced 

TCR-modified T cells have been found to produce off-target and organ-specific toxicities 

that are not always readily predictable (Johnson et al., 2009; Cameron et al., 2013; Linette et 

al., 2013). These properties of TCRs are again in contrast to CARs, which are MHC-

independent and, therefore, can be applied more universally to patients as they depend only 

on expression of the target antigen by tumor cells. Thus, gene-modified T cells, while 

capable of potentially invoking potent anti-tumor activity, come with particular challenges in 

their design and application that must be reconciled during their development.

3. Current state of CAR T cells in solid malignancies

Gene-modified T cells are actively being investigated in both hematological and solid 

malignancies. As of March 2016, there are 17 active TCR- and 97 active CAR-modified T 

cell studies registered through clinicaltrials.gov (Fig. 2). Whereas the majority of TCR-

modified T cell studies are focused on solid malignancies, CAR-modified T cells have most 

extensively been evaluated in B cell malignancies (Table 2). This focus of CAR T cells on 

lymphoma, leukemia, and multiple myeloma reflects (i) a tolerable safety profile with 

targeting proteins expressed by B lymphocytes, (ii) the ease of monitoring responses through 

peripheral blood and bone marrow sampling in hematological malignancies, and (iii) the 

natural trafficking of adoptively transferred T cells to sites (e.g. peripheral blood, bone 

marrow, and lymph nodes) where malignant cells naturally reside.

More than half of all CAR-modified T cell studies in hematological malignancies have 

focused on CD19, a protein that is expressed by many B cell malignancies (Table 3). CD19-

specific CAR T cells have demonstrated potent activity in B cell acute lymphoblastic 

leukemia as well as B cell lymphomas (e.g., chronic lymphocytic leukemia and non-

Hodgkin lymphoma) (Porter et al., 2011; Grupp et al., 2013; Davila et al., 2014; Maude et 

al., 2014; Lee et al., 2015; Brudno et al., 2016). However, normal B cell aplasia is a common 

adverse event occurring with CD19-redirected CAR T cells due to CD19 expression on 

normal B cells (Porter et al., 2011). This finding illustrates the potential of CAR T cells to 

break tolerance against normal cells that may express the CAR target protein.

Early studies attempting to translate CAR-modified T cells to solid malignancies have been 

hampered by expression of the CAR target on normal tissues. For example, a patient with 

ERBB2 (Her-2/neu)-positive metastatic colorectal carcinoma, who was treated with ERBB2-

redirected CAR T cells, developed respiratory distress within 15 min of treatment followed 

by cardiac arrest and death. Postmortem analysis suggested localization of CAR T cells to 

the lung with activation triggered by low levels of ERBB2 on lung epithelial cells (Morgan 

et al., 2010). In a second report, a CAR specific for carbonic anhydrase IX (CAIX) was used 
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to engineer autologous T cells for the treatment of patients with CAIX-expressing metastatic 

renal cell carcinoma. Here, CAR T cell infusions produced grade 2–4 liver enzyme 

disturbances in each of the three patients treated (Lamers et al., 2006). Liver biopsies 

revealed CAIX expression on bile duct epithelium and the presence of infiltrating T cells. 

Moreover, pre-treatment with a CAIX monoclonal antibody inhibited CAR T cell induced 

liver toxicity demonstrating antigen-specificity (Lamers et al., 2013). Together, these two 

reports illustrate the capacity of CAR T cells to induce antigen-specific toxicities directed 

against normal tissues, and thus, these reports strongly support the incorporation of safety 

measures for evaluating CAR T cells that are engineered to recognize target proteins that 

may also be expressed on normal tissues.

Despite promising findings with CAR T cells directed against CD19+ B cell hematological 

malignancies, the use of CAR T cells in solid malignancies has not yet reliably produced 

major or durable clinical responses. The most significant results reported to date have been 

in patients with neuroblastoma treated with GD2-specific CAR T cells where infusions were 

well-tolerated and produced complete responses in 3 of 4 patients with relapsed or refractory 

bone disease (Pule et al., 2008; Louis et al., 2011). However, in this study, responses in 7 

additional neuroblastoma patients with relapsed bulky disease were modest with 5 patients 

showing disease progression and only one patient each demonstrating a partial response and 

stable disease. This limited efficacy of CAR T cells against malignant cells residing in solid 

tissues is consistent with many other reports investigating CAR T cells in sarcoma (Ahmed 

et al., 2015), glioblastoma (O’Rourke et al., 2015), ovarian (Kershaw et al., 2006), 

pancreatic (Beatty et al., 2014a; Beatty et al., 2015a), mesothelioma (Maus et al., 2013; 

Beatty et al., 2014a), colon (Morgan et al., 2010; Katz et al., 2015), and renal cell carcinoma 

(Lamers et al., 2006; Lamers et al., 2013) where stable disease is typically the best overall 

response observed. Many factors likely contribute to this limited potency of CAR T cells in 

solid malignancies including (i) poor expansion and persistence of CAR T cells in vivo, (ii) 

insufficient CAR T cell trafficking to tumors, and (iii) CAR T cell susceptibility to 

mechanisms of immunosuppression in the tumor microenvironment. Below, we discuss 

clinical trials that highlight each of these potential barriers in translating CAR T cells to 

solid tumors.

3.1. Barrier 1: Expansion and persistence

In hematological malignancies, robust in vivo expansion and persistence of CAR T cells is a 

critical determinant of therapeutic efficacy (Porter et al., 2015). However, in nearly all 

studies investigating CAR T cells for solid malignancies, expansion and persistence of CAR 

T cells has been a major obstacle. For example, autologous T cells engineered with a CAR 

specific for CD171 were detected in the peripheral blood of patients with neuroblastoma for 

only 1–7 days after infusion (Park et al., 2007). Similarly, CAR T cells specific for 

mesothelin or alpha folate receptor have largely been found to persist in patients for only 

several weeks (Kershaw et al., 2006; Tanyi et al., 2015). On the other hand, CAR T cells 

specific for GD2 and Her-2 have, in some patients, demonstrated persistence for almost a 

year or longer, although these cells did not appear to undergo in vivo expansion (Louis et al., 

2011). The importance of CAR T cell persistence in solid malignancies is suggested by a 

direct correlation between persistence and longer time to progression seen in neuroblastoma 
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patients treated with GD2-specific CAR T cells (Louis et al., 2011). The biology that 

determines this persistence of CAR T cells in vivo, though, remains poorly understood and 

could be influenced by a number of factors including the differentiation state and/or 

functional competence of adoptively transferred CAR T cells, the CAR target, CAR affinity 

for the target, CAR immunogenicity, and host-derived factors. Certainly, strategies that 

improve CAR T cell persistence and expansion in solid malignancies will likely be 

necessary for producing durable clinical responses in patients.

3.2. Barrier 2: Trafficking

Another major obstacle for CAR T cells in solid malignancies is the requirement for T cells 

to extravasate from the peripheral blood into solid tissues in order to mediate anti-tumor 

activity. This is in contrast to hematological malignancies where CAR T cells encounter 

malignant cells within the blood, lymph nodes, and bone marrow because of their natural 

tendency to migrate to these lymphoid organs. For many solid malignancies, though, tumor-

infiltrating lymphocytes are often sparse and thus, mechanisms of T cell exclusion 

orchestrated by tumors may need to be circumvented to direct CAR T cells into tumor 

tissue. Furthermore, demonstrating CAR T cell infiltration into solid tissues is also 

challenging as it requires detection of not only T cells, but also their expression of the CAR. 

Several approaches have been used to monitor CAR T cell localization in vivo, including 

radiolabeling CAR T cells prior to adoptive cell transfer and detection of the CAR transgene 

by quantitative polymerase chain reaction. For example, 111In has been used to label CAR T 

cells specific for alpha folate receptor (Kershaw et al., 2006). When these radiolabeled gene-

modified T cells were then infused in combination with high-dose interleukin-2, adoptively 

transferred cells were detected in the lungs, spleen, and liver, but detection in tumor tissue 

was limited, suggesting poor trafficking to tumors. In a second study, HER-2-specific CAR 

T cell infiltration into sarcoma tissue was implied by detection of CAR transgene by 

quantitative polymerase chain reaction in two patients who underwent tumor resection 

(Ahmed et al., 2015). Similar findings have been seen in biopsies obtained from patients 

with pancreatic cancer, ovarian cancer, and mesothelioma treated with CAR T cells specific 

for mesothelin (Beatty et al., 2014a; Tanyi et al., 2015). However, neither imaging nor 

transgene detection can adequately address issues of cellular density and localization of 

CAR T cells within the tumor microenvironment. This is a particularly important 

consideration as several clinically relevant patterns of infiltration by endogenous tumor-

specific T cells into tumor tissue have been observed (Galon et al., 2013; Beatty & Gladney, 

2015) including (i) diffuse infiltration, (ii) infiltration restricted to the tumor margin, and (iii) 

limited infiltration by only specific T cell subsets (e.g. Foxp3+ regulatory T cells). Strategies 

to enhance T cell trafficking into tumor tissues by direct intratumoral injection (Beatty et al., 

2014a) or by hepatic artery infusion (Katz et al., 2015) to treat liver metastases have been 

studied but responses have been limited, suggesting that CAR T cell trafficking to the tumor 

tissue, while important, may be only one element regulating efficacy.

3.3. Barrier 3: Tumor microenvironment

The ultimate fate of tumor-infiltrating T cells in solid malignancies is determined by a 

complex network of signals orchestrated by both malignant and non-malignant cells present 

within the tumor microenvironment. Within solid tumors, T cell activity can be inhibited by 
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immunosuppressive molecules (e.g. PD-L1) presented by tumor-infiltrating myeloid cells 

and tumor cells (Gajewski et al., 2013; Beatty & Gladney, 2015; Zou et al., 2016). In 

addition, solid tumors frequently demonstrate metabolic aberrations that can impact T cell 

biology including (i) enhanced metabolism and subsequent depletion of amino acids (e.g. 

arginine and tryptophan) that are important for T cell function (Bronte & Zanovello, 2005; 

Munn & Mellor, 2007) and (ii) hypoxia and a resultant extracellular matrix acidification due 

to insufficient vascular supply that is hostile to T cell survival (Palazon et al., 2011). Finally, 

an accumulation of immunosuppressive factors (e.g. TGF-β) and a lack of 

immunostimulatory factors (e.g. IL-15) may contribute to the fate of tumor-infiltrating T 

cells (Gajewski et al., 2013; Mlecnik et al., 2014).

Knowledge about the functional competence of CAR T cells as they penetrate the tumor 

microenvironment in patients is currently lacking. Preclinical models have suggested that 

CAR T cells, upon encountering the tumor microenvironment, rapidly lose their cytolytic 

and cytokine secretion capacity and enter a state of hyporesponsiveness (Moon et al., 2014). 

The factors that regulate this cellular fate, though, remain ill-defined. Thus, understanding 

mechanisms that regulate the activity of CAR T cells within human tumors may help in the 

rational design of combination therapies for enhancing CAR T cell efficacy in solid 

malignancies.

4. Challenges to CAR T cell efficacy in solid tumors

CAR T cells, when evaluated in vitro, generally demonstrate potent cytolytic, proliferative, 

and cytokine secretory activity. However, their anti-tumor potential upon infusion into 

patients with solid malignancies has, to date, been limited. For CAR T cells to be effective in 

vivo, they must be able to persist, undergo cellular expansion, infiltrate tumor tissues, 

engage their target antigen expressed on tumor cells, and finally, exert their cytolytic, 

proliferative, and cytokine secretory activities within the tumor microenvironment to 

eliminate malignant cells (Fig. 3). Thus, unleashing the full potential of CAR T cells in solid 

tumors will require an understanding of each of these steps. Below, we discuss several key 

determinants for successful translation of CAR T cells to solid malignancies.

4.1. CAR target selection

Early attempts at translating CAR T cells to solid malignancies demonstrated the need for 

caution in CAR target selection due to the potential of CAR T cells to recognize their target 

expressed on normal tissues and produce toxicity, so-called “off-tumor on-target” activity 

(Lamers et al., 2006; Morgan et al., 2010). Several approaches have now been developed to 

address this safety concern including (i) incorporating suicide genes into the engineered T 

cells, (ii) selecting CAR targets that are unique to tumor cells, and (iii) expressing a CAR 

transiently or designing “smart CARs” in which the CAR requires a co-signal for activation

The use of “suicide” genes, such as herpes simplex thymidine kinase (HSV-tk) and cleaved 

caspase 9, has been studied as strategies for selectively eliminating gene-modified T cells in 

vivo in the event of treatment-related toxicities. For example, T cells engineered to express 

HSV-tk undergo apoptosis when exposed to the anti-viral drug ganciclovir (Bonini et al., 

1997; Frank et al., 2004; Berger et al., 2006). Similarly, T cells engineered to express human 
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caspase 9 fused to a modified FK-binding domain undergo apoptosis when exposed to 

AP1903, a small-molecule dimerizing drug (Straathof et al., 2005; Di Stasi et al., 2011). 

Both strategies have demonstrated the capacity to induce “on demand” elimination of gene-

modified T cells in vivo. However, not all gene-modified T cells appear to be effectively 

eliminated and in the case of HSV-tk, the incorporated transgene can be immunogenic 

thereby causing depletion of adoptively transferred cells and limiting their potential to even 

be efficacious (Berger et al., 2006). As a result, alternative strategies to selectively eliminate 

CAR T cells are also being examined. One such approach involves introducing proteins, 

such as CD20 or a truncated version of the epidermal growth factor receptor (EGFR). CD20- 

and EGFR-expressing gene-modified T cells can then be eliminated by cell-depleting 

antibodies rituximab and cetuximab, respectively (Kieback et al., 2008; Vogler et al., 2010; 

X. Wang et al., 2011).

Perhaps, the most desirable strategy for preventing on-target off-tumor toxicities with CAR 

T cells is to identify a target that is only expressed by malignant cells. One such example is 

the development of a CAR against epidermal growth factor receptor variant III (EGFRvIII), 

a common variant of EGFR that results from an in-frame deletion of multiple exons and 

produces a modified EGFR protein that is only found in human tumors and is immunogenic 

(Sampson et al., 2009; Mukasa et al., 2010). Single-chain variable fragments (scFvs) derived 

from monoclonal antibodies specific for EGFRvIII have been used to develop a humanized 

CAR that is being evaluated in patients with glioblastoma (Johnson et al., 2015; O’Rourke et 

al., 2015) (NCT02209376, NCT02664363). Preliminary results using this strategy in 6 

patients with glioblastoma have been reported and suggest safety without cross-reactivity 

against wild-type EGFR (O’Rourke et al., 2015). Another tumor-specific target being 

evaluated clinically is MUC1, which undergoes altered glycosylation and loss of polarity in 

many human cancers, allowing for development of tumor-specific MUC1 CARs (Maher & 

Wilkie, 2009). Ongoing clinical investigations are evaluating MUC1-specific CAR T cells 

for the treatment of multiple MUC1 expressing solid tumors (NCT02587689, 

NCT02617134).

The most common CAR target being evaluated in the clinic in solid tumors is mesothelin, a 

normal protein present on healthy serosal tissue lining the peritoneum, pericardium, and 

pleura (Table 3). Mesothelin is also overexpressed in many solid malignancies and for this 

reason has attracted attention as a CAR target (Morello et al., 2016). However, healthy tissue 

expression of mesothelin raises the possibility for on-target off-tumor toxicities. To address 

this concern, the first-in-human studies with CAR T cells recognizing mesothelin used 

mRNA to transiently express the CAR transgene in T cells (Beatty et al., 2014a; Beatty et 

al., 2015a). This strategy contrasts more common approaches for engineering T cells that use 

retroviral and lentiviral vectors to permanently integrate the CAR transgene into the T cell 

genome. With RNA CAR T cells, the CAR is detected in the peripheral blood only 

transiently and, due to rapid loss of CAR expression on the cell surface during proliferation 

and activation, toxicities against normal tissues are expected to be short-lived (Zhao et al., 

2010; Barrett et al., 2013).

With rapid development of gene-modifying strategies, the possibility to redesign cell 

behavior has become a reality. As an approach to improve the therapeutic safety of CAR T 
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cells recognizing target antigens, T cells can now be engineered with logic circuits that 

require two distinct signals for activation. For example, engagement of one receptor by 

antigen will induce the expression of a CAR that recognizes a second antigen (Morsut et al., 

2016). This strategy has been used in preclinical models to create dual-receptor AND-gate T 

cells. It uses a synthetic Notch receptor (synNotch), a modular receptor combining an 

extracellular tumor antigen recognition domain with a Notch cleavage domain fused to an 

intracellular transcriptional factor. Upon antigen binding to the synNotch receptor, the 

transcription factor is released and drives expression of a CAR recognizing a second antigen. 

In proof-of-concept studies, the synNotch-CAR system was shown to guide gene-modified T 

cells to selectively eliminate tumors that co-expressed both target antigens, leaving intact 

cells that expressed only one of the two target proteins (Morsut et al., 2016).

Dual-specific CAR T cells can also be designed using a trans-signaling strategy where one 

CAR is linked to a T cell activation signal (i.e. CD3ζ) and the second CAR is engineered 

with a co-stimulatory signaling domain (e.g. CD28) (Lanitis et al., 2013). In this approach, 

the T cell activation and co-stimulatory signals are physically dissociated from each other. 

As a result, full T cell activity requires target engagement of both CARs. This strategy can 

produce equivalent activity to second-generation CAR T cells that incorporate a single CAR 

fused to both CD3ζ and CD28 signaling domains. However, the trans-signaling approach 

provides an opportunity to minimize the potential for toxicity against normal tissues that 

express only one of the two CAR-specific target antigens. Despite this potential for 

improved safety, though, dual-specific CAR T cells may be more susceptible to antigen loss 

as a mechanism of immune evasion in which loss of either CAR target would be sufficient to 

evade elimination by CAR T cells. In contrast, bi-specific CAR T cells which incorporate 

two second-generation CARs may be more effective at preventing antigen escape (Hegde et 

al., 2013). This added potency, though, is again limited by the potential for toxicity now 

directed against two distinct target antigens. Thus, major challenges facing CAR T cell 

design in solid malignancies is not only with CAR target selection but also in how to balance 

safety without compromising potential efficacy.

4.2. CAR T cell manufacturing feasibility

While selection of a CAR for engineering T cells is an “off-the-shelf” approach, engineering 

and manufacturing CAR T cells is personalized and involves a multi-step process: (i) 

leukapheresis to collect leukocytes, (ii) elutriation to isolate lymphocytes based on cell size, 

(iii) genetic modification of isolated lymphocytes, (iv) in vitro cell expansion of T cells, and 

(v) quality control to assess CAR expression, T cell purity, and sterility (Fig. 3). With this 

process, manufacturing failures do occur. For example, the manufacturing failure rate among 

patients treated with CD19-redirected CAR T cells is approximately 5–10% (Davila et al., 

2014; Lee et al., 2015; Porter et al., 2015). The reason for manufacturing failures is usually 

an inability to achieve the target cell number of CAR T cells required for treatment. This can 

be the result of insufficient numbers of T cells in the initial leukapheresis product or poor T 

cell expansion during the stimulation culture. This observation raises the possibility that T 

cell “fitness” could be a key factor in CAR T cell manufacturing. Consistent with this 

premise, recent work has suggested that interleukin-7 (IL-7) and IL-15 can enrich for T cells 
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with enhanced expansion capacity (Singh et al., 2016). Thus, modifications to the T cell 

culture method may improve manufacturing feasibility.

4.3. Expansion and persistence of CAR T cells

The expansion and persistence of CAR T cells is fundamental to their therapeutic potential. 

In patients with CLL treated with CD19-redirected CAR T cells, expansion and persistence 

of the adoptively transferred cells is a clear determinant of clinical benefit (Porter et al., 

2015). The potential of CAR T cells to expand and persist in vivo may be due, at least in 

part, to their intrinsic cellular “fitness.” However, several additional factors can influence 

CAR T cell expansion and persistence including (i) conditioning regimens, (ii) the 

intracellular activation domains of the CAR, and (iii) CAR T cell immunogenicity.

To improve the engraftment of engineered T cells, conditioning regimens including 

lymphodepleting agents such as cyclophosphamide and fludarabine as well as total body 

irradiation have been incorporated prior to T cell infusion (Dudley et al., 2005). These 

approaches enhance T cell engraftment likely through a variety of mechanisms that act to 

modify the host macroenvironment to provide “space” for T cell expansion and to induce the 

systemic release of cytokines (e.g., IL-7 and IL-15) involved in T cell homeostasis 

(Rosenberg et al., 2008; Bot et al., 2015). Alternative strategies may also be capable of 

promoting T cell engraftment. For example, the BTK inhibitor ibrutinib has recently been 

shown to improve CAR T cell engraftment and enhance CAR T cell activity in xenograft 

models (Fraietta et al., 2016). These studies have largely, though, been conducted in 

hematological malignancies, and thus, the role of conditioning regimens for improving CAR 

T cell persistence and expansion in solid malignancies remains poorly understood.

The intracellular signaling domain of a CAR can also be a key determinant of CAR T cell 

biology. For example, whereas incorporating a CD28 signaling domain into a CAR can drive 

a metabolic state dependent on glycolysis, CARs utilizing a 4-1BB signaling domain appear 

to rely on oxidative phosphorylation (Kawalekar et al., 2016). This distinct biology seen 

between CD28 and 4-1BB can impact the cellular fate of CAR T cells—CD28 CARs 

promote effector memory T cells and drive terminal differentiation/exhaustion while 4-1BB 

CARs reduce T cell exhaustion, promote proliferation, and drive the development of a 

central memory pool of T cells (Long et al., 2015). Together, these findings may provide 

mechanistic insight into the distinct persistence patterns seen with CAR T cells expressing 

4-1BB or CD28 signaling domains. In addition, these data suggest the importance of the 

intracellular region of a CAR for defining CAR T cell persistence and expansion in vivo.

As CARs represent novel synthetic proteins, they can also be potentially immunogenic. As a 

result, endogenous immunity against the CAR may promote elimination of CAR T cells in 

vivo and limit persistence. Both humoral- and cellular-mediated anti-CAR responses have 

been observed in patients treated with CAR T cells (Riddell et al., 1996; Berger et al., 2006; 

Kershaw et al., 2006; Maus et al., 2013).

4.4. Trafficking of CAR T cells to solid malignancies

The exclusion of T cells from physically interacting with malignant cells is a common 

feature of many solid malignancies that can be mediated by innumerous mechanisms 
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(Gajewski et al., 2013; Beatty & Gladney, 2015; Joyce & Fearon, 2015). Overcoming this 

barrier and facilitating the infiltration and accumulation of CAR T cells into solid tumors is 

fundamental to their therapeutic potential. Tumors can be classified broadly based on their 

degree of T cell infiltration and to date, those tumors demonstrating active T cell penetration 

appear more likely to respond to immunotherapy (Tumeh et al., 2014). The trafficking of T 

cells to solid tumors is dependent on multiple factors including (i) chemokines that act to 

lure T cells into tumors, (ii) endothelium that must be permissive to T cell extravasation into 

tumor tissue, and (iii) stroma, including extracellular matrix proteins and non-malignant 

cells that may restrict T cell access to tumors. Each of these factors may also be involved in 

regulating CAR T cell trafficking to solid tumors. Thus, devising strategies to circumvent 

these potential barriers to CAR T cell entry is of great interest.

Leukocyte recruitment to solid malignancies is dependent on chemokines that can be 

secreted by both malignant and non-malignant cells residing within the tumor 

microenvironment (Bonecchi et al., 2011). For example, CCL2 is commonly produced 

within tumors and acts to recruit myeloid cells to the tumor microenvironment (Qian et al., 

2011). To improve CAR T cell infiltration into tumors, gene-modified T cells can be 

engineered to express a chemokine receptor that matches the chemokine profile of a tumor. 

For example, engineering CAR T cells with CCR2, the receptor for CCL2, was found to 

enhance CAR T cell trafficking to tumors in a xenograft model of human mesothelioma 

(Moon et al., 2011). Improved trafficking was associated with enhanced anti-tumor efficacy, 

thereby demonstrating that proper recruitment of CAR T cells to tumors can produce robust 

anti-tumor activity even against large established solid tumors.

Extravasation of T cells into solid tissues is a tightly regulated process. Aberrant expression 

of immune regulatory molecules, such as endothelin B receptor, on tumor vasculature, can 

restrict T cell entry into solid tumors (Buckanovich et al., 2008). In addition, the vasculature 

that feeds tumors is commonly dysregulated with poorly arranged and tortuous vessels that 

ineffectively supply the tumor bed with nutrients thereby leading to regional hypoxia and 

acidosis (Huang et al., 2013; Jain, 2014). Disruption of VEGF/VEGFR2 signaling can 

induce vascular normalization in tumors (Huang et al., 2012). Moreover, in preclinical 

models VEGF/VEGFR2 inhibition improves lymphocyte infiltration into tumors and 

enhances the efficacy of adoptive cell therapy (Shrimali et al., 2012). Thus, conditioning the 

vasculature that supplies solid tumors may be necessary in some cases to improve CAR T 

cell trafficking, although this hypothesis remains to be tested.

Dense fibrosis that surrounds tumors and separates malignant cells from the endothelium 

may be a physical barrier to CAR T cell infiltration in solid malignancies. Penetration of this 

stromal matrix is dependent at least in part on the capacity of T cells to produce enzymes, 

such as heparanase, which degrade heparin sulfate proteoglycans present within the 

extracellular matrix of solid tumors (Caruana et al., 2015). However, during in vitro culture 

conditions, T cells can lose their capacity to produce heparanase leading to an inability to 

penetrate the tumor microenvironment. Engineering T cells to express heparanase to allow 

for degradation of heparin sulfate proteoglycans can improve T cell infiltration into tumors 

leading to enhanced efficacy. Thus, some matrix components within solid tumors may 

restrict CAR T cell access.
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Finally, soluble factors and non-malignant cells within tumors may be able to repel T cells 

from the tumor microenvironment and thereby establish a site of “immune privilege” 

(Mellor & Munn, 2008). Immature myeloid cells recruited to solid malignancies have been 

shown to suppress T cell activation, and their elimination can restore T cell accumulation 

within tumors (Bayne et al., 2012; Stromnes et al., 2014). Similarly, some chemokines, such 

as CXCL12, may be capable of excluding T cells from solid malignancies (Feig et al., 

2013). In addition, tumor genetics can be a critical determinant of the chemokine profile of 

tumors and, thus, may determine the permissiveness of the tumor microenvironment to T 

cell recruitment. For example, activation of Kras induces the secretion of chemokines, 

including IL-8 (Sparmann & Bar-Sagi, 2004), which attracts myeloid cells to tumors, 

restricting T cell entry. Similarly, loss of PTEN by tumor cells can lead to release of CCL2 

and subsequent recruitment of T cell suppressive monocytes and macrophages (Peng et al., 

2016). Activation of the β-catenin pathway can also modulate the chemokine profile of 

tumors by preventing expression of CCL4, which appears to be important for dendritic cell 

recruitment and subsequent T cell priming and activation in draining lymph nodes (Spranger 

et al., 2015). In addition, hyperactivation of Hippo-YAP signaling in malignant cells can 

induce CXCL5-dependent recruitment of immature myeloid cells and in doing so, restrict T 

cell entry into tumors (Wang et al., 2016). However, it remains unclear whether these 

mechanisms act to mainly prohibit T cell infiltration or are primarily involved in regulating 

the priming and activation of tumor-specific T cells which once activated can infiltrate tumor 

tissue. For example, induction of tumor-specific T cells using chemoimmunotherapy (Beatty 

et al., 2015b) or adoptive transfer of gene-modified TCR-specific T cells (Stromnes et al., 

2015) leads to T cell recruitment in models of pancreatic cancer despite dense fibrosis, a 

strong presence by immunosuppressive myeloid cells, and high levels of CXCL12 and 

CCL2. However, each of these studies has addressed the trafficking of T cells that are 

dependent on TCR recognition for activation. Thus, whether mechanisms regulating CAR T 

cell trafficking into solid malignancies will be the same as for TCR-modified T cells still 

remains unclear. Nonetheless, the cellular fate of tumor-infiltrating T cells will ultimately be 

defined by the tumor microenvironment and thus, strategies to condition tumors for 

improved receptiveness to gene-modified T cells will likely be important for their effective 

translation to solid tumors.

4.5. Circumventing immune suppressive mechanisms within the tumor microenvironment

The microenvironment that surrounds tumors often comprises a dense fibrotic matrix with 

an abundance of immunosuppressive myeloid cells that together may limit the efficacy of 

tumor-infiltrating CAR T cells. This requirement to extravasate from the peripheral blood 

into solid tissues is in stark contrast to hematological malignancies in which T cells 

routinely migrate through lymphoid organs (e.g. spleen, lymph nodes, and bone marrow) 

where malignant cells reside. The microenvironment that surrounds solid tumors can be 

hypoxic, acidic, and scarce in key amino acids (e.g. arginine and tryptophan) critical for T 

cell activity. CAR T cells have been shown to enter a state of hyporesponsiveness within 

tumor tissues (Moon et al., 2014) and thus, modulation of this microenvironment may be 

necessary to improve outcomes. Multiple signaling networks can regulate T cell efficacy 

within tissues including (i) checkpoint molecules (e.g. PD-1, CTLA-4, TIM3, LAG3, etc), 

(ii) non-malignant stromal cells (e.g. macrophages, granulocytes, regulatory T cells, B cells, 
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and fibroblasts), and (iii) malignant cells which may adapt to immune pressure through a 

process termed “immune editing” in which they become poorly immunogenic such as by 

losing antigen expression.

To maintain peripheral immune tolerance, T cells are hardwired to upregulate immune 

checkpoint molecules (e.g. PD-1, CTLA-4, TIM3, LAG3, etc) that act to dampen their 

activation within tissues (Pardoll, 2012; Zou et al., 2016). Thus, combining immune 

checkpoint blockade with CAR T cells is a logical therapeutic combination that has 

demonstrated some promise in preclinical models. For example, in mouse models of 

sarcoma and breast cancer, Her2-specific CAR T cells have shown enhanced in vivo anti-

tumor activity when combined with anti-PD-1 blockade (John et al., 2013). An alternative 

approach is to engineer CAR T cells with a “switch receptor” in which a truncated 

extracellular domain of PD-1 is fused with the intracellular signaling domain of an activation 

molecule, such as CD28 (Liu et al., 2016). With this strategy, engagement of PD-1 ligands 

by the switch receptor on T cells induces activation rather than inhibition, thereby leading to 

decreased T cell susceptibility to tumor-induced hypofunction and enhanced anti-tumor 

activity in vivo. However, additional features of the tumor microenvironment may also be 

involved in regulating CAR T cell hyporesponsiveness in tumors including a lack of 

sufficient immunostimulatory signals. To this end, CAR T cells can be engineered to express 

cytokines (e.g. IL-12) that may then act in an autocrine fashion to enhance T cell activity 

and persistence (Koneru et al., 2015a). These so-called “armored CARs” have demonstrated 

the potential for superior anti-tumor activity and persistence compared to conventional CAR 

T cells in xenograft models and await clinical investigation in patients (Koneru et al., 

2015b). Thus, shifting the balance between immune suppressive and stimulatory signals 

within tumors may enhance CAR T cell efficacy.

T cell activity within tumor tissues can be regulated by arginase and indoleamine 2,3 

dioxygenase (IDO), which catabolize arginine and tryptophan, respectively. Both tumor cells 

and myeloid cells within the tumor microenvironment can express arginase and IDO which 

act to deplete amino acids necessary for T cell proliferation and sustained activation (Bronte 

& Zanovello, 2005; Munn & Mellor, 2007). For example, neuroblastoma can suppress the 

activity of GD2-specific CAR T cells by overexpressing arginase II, which limits CAR T 

cell proliferation in the absence of sufficient quantities of arginine (Mussai et al., 2015). 

Similarly, IDO expressed within the tumor microenvironment can inhibit CAR T cell 

proliferation, cytotoxicity, and cytokine secretion that is reversed by inhibiting IDO activity 

(Ninomiya et al., 2015). Thus, altering metabolic components within the tumor 

microenvironment may be critical for maximizing the potential of CAR T cells in solid 

tumors.

Despite the well-recognized capacity of myeloid cells to be immunosuppressive, their 

inherent plasticity also makes them capable of mediating potent anti-tumor activity (Long & 

Beatty, 2013). In this regard, it is likely that CAR T cells may require myeloid cells for 

realizing their full anti-tumor potential in vivo. In a preclinical model of ovarian cancer, the 

efficacy of CAR T cells was determined to be dependent on macrophages that acquired 

tumoricidal properties as a result of IFN-γ produced by CAR T cells (Spear et al., 2012). 

Thus, while it is tempting to deplete myeloid cells because of their tendency to be 
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immunosuppressive, it may be more prudent to combine CAR T cells with strategies that 

shift the behavior of tumor-infiltrating myeloid cells from pro- to anti-tumor. For example, 

CD40 agonists have shown potential for redirecting tumor-infiltrating myeloid cells with 

anti-tumor and anti-fibrotic activity (Beatty et al., 2011; Beatty et al., 2013; Long et al., 

2016). Similarly, CD47 antagonists can disrupt inhibitory signals that prevent macrophages 

from attacking malignant cells and potentially stimulating endogenous T cell immunity 

(Willingham et al., 2012; Tseng et al., 2013; Liu et al., 2015). CSF1R inhibitors have also 

been reported to shift the biology of tumor-infiltrating myeloid cells from pro- to anti-tumor 

(Pyonteck et al., 2013). Small molecule inhibitors of BTK and PI3Kδ may also be effective 

at disrupting key immunoregulatory pathways established within tumors by myeloid cells 

and other leukocyte populations (Ali et al., 2014; Gunderson et al., 2016). Thus, CAR T 

cells may benefit from reinforcement provided by innate immunity, in particular myeloid 

cells, which if redirected from pro- to anti-tumor could enhance the efficacy of CAR T cells.

The anti-tumor activity of CAR T cells is dependent on expression of their target by 

malignant cells. Thus, downregulation or loss of target antigen expression on tumor cells 

may allow for immune escape. This possibility is supported by findings in a patient with 

glioblastoma undergoing operative resection after treatment with EGFRvIII-redirected CAR 

T cells (O’Rourke et al., 2015). Pathological findings of the surgically resected tumor tissue 

from this patient revealed T cell infiltration, but with evidence of EGFRvIII antigen loss 

within tumors suggestive of immune editing of malignant cells by tumor-infiltrating T cells. 

To address this mechanism of immune evasion, it may be necessary to combine CAR T cells 

that recognize multiple unique target antigens expressed by tumors. However, it remains 

unclear whether all malignant cells will need to express the CAR target since tumor cell 

death induced by CAR T cells may also invoke epitope spreading (i.e. development of an 

immune response against antigens distinct from the target antigen) and subsequently, 

reinvigorate endogenous tumor-specific TCR-dependent T cell immunity (Beatty, 2014b). 

For example, in preclinical models, EGFRvIII-specific CAR T cells have demonstrated the 

capacity to induce anti-tumor immunity that prevents rechallenge with EGFRvIII negative 

tumors (Sampson et al., 2014). Thus, CAR T cells could also act as a vaccine strategy.

5. Next steps in CAR T cell development for solid malignancies

Realizing the potential of CAR T cells in solid malignancies will require a multi-targeted 

approach that addresses issues of CAR design and safety as well as CAR T cell persistence, 

expansion, trafficking, and fate in vivo. Based on findings to date with CAR T cells in solid 

malignancies, it is likely that the success of CAR T cells will depend on rational 

combination treatment strategies that address each of the potential barriers described above. 

In the coming years, it is expected that significant effort will also continue toward (i) the 

development of CARs that recognize novel targets, (ii) the engineering of CAR T cells as 

delivery mechanisms to release factors that may alter the tumor microenvironment, and (iii) 

the design of more elegant CAR T cells that incorporate novel synthetic genes that direct the 

selectivity, potency, and effector activity of CAR T cells.

In solid tumors, CAR T cells also offer a novel tool to understand mechanisms of immune 

evasion in cancer. Dissecting these mechanisms will be benefited by approaches that monitor 
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the fate of CAR T cells in vivo and within the tumor microenvironment. In addition, high 

throughput evaluation of combination strategies may be possible by incorporating parallel 

preclinical studies in relevant immunocompetent spontaneous mouse models of cancer. 

Together, the conduct of co-clinical trials in patients and mice has the potential to provide a 

seamless platform for advancing CAR T cells for solid tumors.

Beyond CAR T cell design and selection of rational combination strategies, it will also be 

critical to consider how to more effectively translate CAR T cells to solid malignancies. For 

example, immune profiling has revealed distinct tumor phenotypes that have been broadly 

classified as T cell-inflamed (or immunogenic) and non-inflamed (or immune privileged) 

based on robust and poor effector T cell infiltration, respectively (Gajewski, 2007; Beatty & 

Gladney, 2015; Joyce & Fearon, 2015). It is possible that the use of CAR T cells in T cell-

inflamed tumors may allow for more effective CAR T cell recruitment to tumor tissue and 

enhanced efficacy. Certainly, defining unique characteristics of tumors –beyond just 

presence or absence of the CAR target protein – that may positively or negatively impact 

CAR T cell efficacy in solid tumors will be important for improving patient selection. 

Similarly, as the long-term safety profile of CAR T cells becomes better defined, CAR T cell 

therapies might be considered in the neoadjuvant setting for some malignancies where 

surgical resection of tumor tissue could provide a more informative “snapshot” of CAR T 

cells in the tumor microenvironment. Thus, there may be a role for refining patient selection 

and trial design beyond tumor expression of the CAR target for realizing the potential of 

CAR T cells in solid tumors.

6. Concluding remarks

Cellular immunotherapy using CAR T cells has demonstrated remarkable therapeutic 

potential for the treatment of patients with hematological malignancies. However, the 

translation of CAR T cells to solid malignancies has been met with several challenges. In 

this review, we discussed the current landscape of CAR T cell studies in patients with solid 

tumors. In addition, we defined many of the barriers that may impact the safety and efficacy 

of CAR T cells in solid tumors including the selection of the CAR target protein, expansion 

and persistence of adoptively transferred CAR T cells, trafficking of CAR T cells to tumor 

tissue, and the tumor microenvironment. Next steps in the development of CAR T cells for 

solid malignancies will involve a multidisciplinary effort focusing on fine-tuning of CAR 

design, combination therapies, and novel clinical study designs for monitoring the 

therapeutic potential and cellular fate of CAR T cells administered to patients. With this 

effort, CAR T cells have the potential to not only improve our understanding of the 

immunobiology of cancer but also to impact clinical outcomes for patients with a broad 

range of cancers.

Abbreviations

CAIX Carbonic anhydrase IX

CAR Chimeric antigen receptor

EGFR Epidermal growth factor receptor
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EGFRvIII Epidermal growth factor receptor variant III

HSV-tk Herpes simplex thymidine kinase

IDO Indoleamine 2,3 dioxygenase

IL Interleukin

MHC Major histocompatibility

synNotch Synthetic Notch receptor

TCR T cell receptor
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Fig. 1. Schematic comparing the structure of T cell receptors (TCRs) and chimeric antigen 
receptors (CARs)
The TCR complex is composed of TCR-α and -β chains that are assembled together with 

invariant CD3 molecules. In contrast, a CAR is a modular protein that comprises an 

extracellular domain (ligand binding region), a hinge region, and an intracellular domain 

(signaling components). TCR: T cell receptor; CD3: cluster of differentiation 3; scFv: 

single-chain variable fragment.
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Fig. 2. Clinical trials using TCR and CAR therapy in cancer
Both CAR- and TCR-based T cell immunotherapies are being investigated in solid and 

hematologic malignancies. Shown are active clinical trials using CAR and TCR adoptive cell 

therapy in solid and hematologic malignancies. Active studies were identified on 

clinicaltrials.gov as of March 31, 2016, using keywords “CAR,” “chimeric antigen,” and 

“TCR”.
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Fig. 3. CAR T cell efficacy in solid malignancies is dependent on multiple steps
CAR T cell therapy is a multi-step process involving (i) pheresis to collect peripheral blood 

leukocytes (i.e. leukapheresis) and elutriation to isolate lymphocytes from the peripheral 

blood of patients (Lymphocyte Collection); (ii) manufacturing of CAR T cells including 

gene modification of T cells to express the CAR, stimulation/expansion of gene-modified T 

cells in vitro, and quality control measures to evaluate CAR expression levels, T cell quality, 

and infectious contamination (CAR T cell Manufacturing); and (iii) the adoptive transfer of 

T cells to patients which then must expand, persist, traffick to tumors, and mediate effector 

anti-tumor activity within the tumor microenvironment (Adoptive Cell Transfer). Each of 

these steps is critical to the efficacy of CAR T cell therapy in solid malignancies.
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Table 1

Defining characteristics of CARs and TCRs

Chimeric antigen receptors (CARs) T cell receptors (TCRs)

Signal amplification Determined by synthetic biology Determined by evolution

Affinity High and can be engineered Low but can be enhanced

Target Cell surface proteome Intracellular proteome

MHC dependency Independent Required

Safety Toxicities possible due to antigen expression on 
normal tissues

Toxicities may be difficult to predict

Mechanisms of resistance Antigen loss Antigen loss, MHC loss/downregulation, defects in 
antigen presentation
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Table 2

Active clinical trials with CAR T cell therapy

Cancer type 1 Active clinical trials

Skin 1

Other 2

Neural 2

Stomach 3

Liver 3

Soft tissue 4

Colon 4

Multiple myeloma 4

T cell leukemia/lymphoma 4

Myeloid leukema 5

Ovary 5

Lung 6

Breast 6

Brain 6

Pancreas 8

B cell leukemia/lymphoma 59

1
Tissue of origin for cancers being targeted in active clinical trials with CAR T cell therapy.
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Table 3

Proteins targeted by CAR T cell therapies in active clinical trials

CAR target 1 Active clinical trials CAR target Active clinical trials

CD33 1 CD123 2

CD133 1 CD20 2

CD138 1 CD22 2

CD171 1 CEA 2

cMet 1 GPC3 2

EphA2 1 MUC1 2

FAP 1 GD2 3

IL13Ra2 1 CD30 4

LewisY 1 EGFRvIII 4

NKG2D ligands 1 HER2 4

ROR1 1 Mesothelin 6

BCMA 2 CD19 51

1
Shown is the protein targeted by CAR T cell therapies in active trials of solid and hematologic malignancies.

CD: cluster of differentiation; FAP: fibroblast activation protein; ROR: receptor tyrosine kinase-like orphan receptor; BCMA: B-cell maturation 
antigen; CEA: carcinoembryonic antigen; GPC3: glypican 3; HER2: human epidermal growth factor 2; MUC1: mucin 1; EGFRvIII: epidermal 
growth factor receptor variant III.
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