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History of CAR-T Cell Therapy Spans
60+ Years

March 13, 2020 By Cade Hildreth (CEO)

The groundbreaking approvals of two CAR-T therapies in 2017 was the
climax of more than sixty years of devoted research. In the 1950s, the
discovery of bone marrow transplantation laid the foundation for
developing CAR-T therapy, as it was the �rst time that living cells were
infused into blood cancer patients for the control of cancer.
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Background Research 
Chimeric antigen receptor (CAR) T cell therapy is a novel immunotherapy for treating 

cancer that works by boosting the body’s own immune system. 1 Positive results in liquid cancers 
have caused excitement about the potential magnitude of this therapy as a cancer treatment. 2 This 
background research paper will focus on the structure of a CAR T cell, the benefits, its current 
uses in liquid cancers, the problems solid tumors pose, and a brief overview of the approaches 
that are being taken to attempt to increase the success of the therapy in solid tumors.  

CAR T cell therapy is a highly personalized treatment where a patient’s own T cells are 
genetically engineered to express a receptor specific to the antigen expressed on the cancerous 
cells. 1,2,3,4  Usually, as a mechanism to evade the immune system, cancer cells decrease their 
expression of major histocompatibility complexes (MHC), thereby making it harder for native T 
cells to find and kill the cancer cells. 1,2,3,4 In order to overcome cancer’s defense mechanism, 
CAR T cells are genetically engineered to be able to directly bind to the surface protein antigens 
expressed on the cancer cells instead of through the usual pathway of MHCs. 1,2,3,4  

To perform CAR T cell therapy, a sample of the patient’s blood is drawn and the T cells 
are extracted. 1 Next, in a lab, the genetic information of the receptor for the antigen on the 
cancerous cells is inserted into the T cells usually through a viral vector, creating a Chimeric 
Antigen Receptor T cell. 5 The receptor is usually made of two components: the single chain 
variable fragment of a monoclonal antibody and a transmembrane domain. 1 When the CAR T 
cells are infused back into the patient’s bloodstream, they circulate the body looking for 
cancerous cells to destroy.  It is important to note that the addition of costimulatory domains on 
the inside of the T cell’s membrane has been crucial in improving the efficacy of CAR T cells 
through increasing activation and stimulation of the T cells. 1 First generation CAR’s only used a 
CD3 zeta costimulatory domain; second generation CAR’s used the aforementioned domain plus 
another domain, usually CD28 or 4-1BB; and, third generation CAR’s use the CD3 zeta domain 
and two other domains, usually CD28 and 4-1BB  (see figure 1). 1  

CAR T cell therapy has the potential to have significant advantages over the conventional 
cancer treatments of chemotherapy, radiation, and surgery. Firstly, this therapy is bioengineered 
to target the antigens on the cancerous cells and hopefully leave the non cancerous cells 
alone. 1,2,3,4 Secondly, this therapy can provide long lasting immune surveillance to prevent 
relapse. 1,2,3,4 If the CAR T cells can stay around in the body for a long time, if the cancer returns, 
the cells are there and ready to act quickly. Thirdly, CAR T cell therapy is not restricted to 
whether a tumor is operable or inoperable and is much less invasive than surgical removal.  

The first CAR was genetically engineered in 1987 and CAR T cell therapy was first 
successfully used in 2011 to cure a patient of leukemia. 6 So far, CAR T cell therapy has had 
success in treating some lymphomas and leukemias. 1,2,3,4 CAR T cell therapy is currently on the 
market for certain leukemias and lymphomas where it targets the CD19 antigen that is expressed 
on the cancerous cells. 1 Even though the treatment is successful, one limitation is that the patient 
will no longer have any B cells left as B cells also express the same antigen. 5 Other limitations to 
CAR T cell therapy currently include lack of long term persistence, cancer mutates to not express 



 

the targeted antigen, T cell exhaustion, and high risk of cytokine release syndrome and 
neurotoxicity. 1  

In addition, due to the highly personalized nature of CAR T cell therapy, it is extremely 
expensive, costing approximately $400,000 per person in Alberta. 7 The hope is to one day make 
this therapy an ‘off the shelf’ therapy meaning it would not be personalized to each patient. 5 The 
advantages of an ‘off the shelf’ therapy include a lower price and quicker access. One of the 
disadvantages of an ‘off the shelf’ therapy is that with a less personalized therapy comes a higher 
risk of graft vs. host disease and host vs. graft disease. 5 This means that the body will either 
attack the CAR T cells causing them to fail or the CAR T cells will attack the body causing 
failure of healthy tissues.  

Unfortunately, CAR T cell therapy for solid tumors has had much more limited 
success. 1,2,3,4 The primary reasons for lack of success of CARs in solid tumors include lack of 
suitable targets (lots of the antigens seem to be expressed on healthy tissue as well), physical 
barriers for T cells to enter the tumor, immunosuppressive tumor microenvironment, and 
decreased fitness of the T cells, in part due to a phenomenon called T cell exhaustion. 1,2,3,4 As a 
result of these problems, a common occurrence with CAR T cell therapy in solid tumors is on 
target off tumor toxicity meaning that the CAR binds to the antigen which exists on other healthy 
tissues, thus damaging the tissue and leaving the tumor unaffected. 3  

There are currently multiple trials underway focusing on altering CAR T cell therapy, so 
that cancer cells in solid tumors are more responsive to treatment. This includes, but is not 
limited to: the use of dual antigen targeting, natural killer (NK) cells instead of T cells, the use of 
drugs and cytokines along with the therapy, additional signals for activating T cells, inhibiting 
molecules that deactivate T cells (immune checkpoint inhibitors ie. PD-1/PD-L1), localized 
delivery of CAR’s, fourth generation CAR’s (TRUCKS), armoured CARs, on and off/safety 
switches, deleting certain molecules in the T cells, adapting T cells so they are activated/attracted 
by molecules present in the tumor, increasing T cell metabolism, and targeting the stromal cells 
of the tumor. 1,2,3,4,8 Within each of these approaches, there are a variety of ways currently being 
explored to tackle each approach which will be further explained in the rest of this research.  

While CAR T cell therapy has the potential to revolutionize the face of cancer treatment, 
there are many barriers that continue to lie in the way due to the complexity of the interactions 
between the cancerous cells and the T cells.  
 



 

 
 
 
 
 

 
 



Scientific Question 
Having demonstrated efficacy in liquid cancers, how can CAR T cell therapy be adapted and 
altered to be effective and viable in the challenging tumor microenvironment (TME) that exists 
within solid tumors? 
 
 
 
 



Hypothesis
In order to overcome the TME barrier of solid tumors, CAR T cell therapy will require a
combination of alterations to the CAR, use of additional drugs, and combining CAR T cell
therapy with other immunotherapies.



Methods 
A literary search was performed using PubMed to identify publications from the last four 

years. Keywords used included CAR T cell therapy, checkpoint blockade, cytokines, stroma 
targeting, tumor microenvironment, and solid tumor. From these review articles, a categorization 
of barriers preventing effective CAR T cell therapy in solid tumors was created. From a 
combination of review and primary articles, a categorization of strategies to overcome the TME 
barrier was created as well as a list detailing some past and current clinical and preclinical 
studies.  

Published findings were then supplemented through virtual consultation with two experts 
in the field of CAR T cell therapy, Dr. Taku Kambayashi at University of Pennsylvania and Dr. 
Persis Amrolia at University College London. Research was performed under the guidance of 
Dr. Nicole Prokopishyn, University of Calgary.  
 















































































































































































































As early as 1900s, researchers were becoming aware that T cells could easily
search, recognize and kill cancer cells. To do this, the cells need a “guide”
to direct them to the tumors, and thus, antibodies emerged as a valuable
scienti�c and medical tool.

Antibodies are proteins used by the immune system to neutralize
pathogens. Notably, they can search for and attack “foreign bodies” within
your body, such as bacteria, virus or even cancer cells. In 1975, the �rst
monoclonal antibodies (mAbs) were developed. Importantly, these mAbs
could be mass produced within a laboratory, giving them enormous
commercial potential.

The �rst mAb to be used as a cancer therapeutic was developed in 1997.
This therapeutic mAb Rituximab (Rituxan) was soon approved to treat
certain types of lymphoma. This antibody binds to the surface of
lymphoma and causes the death of tumor cells. Rituximab paved the way
for several other targeted cancer therapies.

Rise of CAR-T Cell Therapies

In 1987, the �rst chimeric antigen receptor (CAR) was created. It was an
engineered receptor that does not exist in nature. The DNA coding for this
receptor was implanted in T cells to create CAR-T cells. CAR-T thus came
to possess a fragment of the antibody that allows it to home in on tumors.

Once it binds to the tumor cell, the CAR-T cells multiply and kill the
tumor cells in the vicinity. Importantly, the CAR-T cells persist in the
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body for years and serve as “guards” to call in additional CAR-T cells as
necessary to destroy stray tumor cells.

In late 1990s, methods were developed to multiply CAR-T cells in large
numbers in the laboratory and infuse them so they can act as reliable killers
of cancer cells.

First Promising Results with CAR-T Therapy

In 2011, the �rst promising results showing complete remission from
patients with chronic lymphocytic leukemia were reported. Some of these
patients are still alive and disease-free to this day. Around the same time
promising results were also reported from children and adults with B-cell
acute lymphoblastic leukemia (ALL). Nearly about 90% of the ALL
patients showed a complete and rapid response.

At the same time, the toxicities from the therapy were also life-threatening,
particularly due to cytokine release syndrome. However, researchers have
developed suitable treatments to mitigate this problem without reducing
the ability of CAR-T cells to destroy the tumor cells.

Historic CAR-T Cell Therapy Approvals

In 2017, cancer patients witnessed the historic victory of cancer researchers
when on August 30, 2017, Tisagenlecleucel (Kymriah) was approved by U.S.
FDA for the treatment of children and young adults with acute
lymphoblastic leukemia (ALL).

Soon after, on October 18, 2017, FDA granted approval for Axicabtagene
ciloleucel (Yescarta) for treating patients with relapsed/refractory di�use
large B-cell lymphoma (r/rDLBCL) and other rare large B-cell lymphomas.
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Both these projects had the �nancial support of Leukemia & Lymphoma
Society (LLS).

Other notable approvals for CAR-T cell therapy products have also been
achieved. In mid-2018, the European EMA approved Tisagenlecleucel
(Kymriah) and Axicabtagene ciloleucel (Yescarta).

Novartis’ Kymriah was given marketing authorization in the European
Union (EU) for the treatment of blood cancers, including B-cell acute
lymphoblastic leukaemia (ALL) and relapsed or refractory (r/r) di�use large
B-cell lymphoma (DLBCL) after two or more lines of systemic therapy.

Gilead/Kite Therapeutics’ Yescarta was authorized as a treatment for adult
patients with relapsed or refractory DLBCL and primary mediastinal large
B-cell lymphoma (PMBCL) after two or more lines of systemic therapy.

Health Canada subsequently approved Kymriah as the �rst CAR-T
therapy in Canada and the Therapeutic Goods Administration (TGA)
approve it as the �rst CAR-T therapy in Australia.

The Japanese Ministry of Health, Labour and Welfare also approved
Novartis’ Kymriah on March 26, 2019, making it the �rst CAR-T therapy
approved within Japan. And, Daiichi Sankyo, the company which controls
the Japanese rights to Gilead Sciences’ Yescarta, is seeking regulatory
approval for it as well.

As evidenced by these historic approvals in diverse markets across the
globe, CAR-T cell therapy has reached its time in the spotlight and will
provide critical contributions to the future of human health.
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Abstract

To generate chimeric Ag receptors (CARs) for the adoptive immunotherapy of cancer patients with
ErbB2-expressing tumors, a single-chain Ab derived from the humanized mAb 4D5 Herceptin
(trastuzumab) was initially linked to T cell signaling domains derived from CD28 and the CD3ζ to
generate a CAR against ErbB2. Human PBLs expressing the 4D5 CAR demonstrated Ag-specific
activities against ErbB2  tumors. However, a gradual loss of transgene expression was noted for PBLs
transduced with this 4D5 CAR. When the CD3ζ signaling domain of the CAR was truncated or
mutated, loss of CAR expression was not observed, suggesting that the CD3ζ signaling caused the
transgene decrease, which was supported by the finding that T cells expressing 4D5 CARs with CD3ζ
ITAM mutations were less prone to apoptosis. By adding 4–1BB cytoplasmic domains to the CD28-
CD3ζ signaling moieties, we found increased transgene persistence in 4D5 CAR-transduced PBLs.
Furthermore, constructs with 4–1BB sequences demonstrated increased cytokine secretion and lytic
activity in 4D5 CAR-transduced T cells. More importantly, PBLs expressing this new version of the
4D5 CAR could not only efficiently lyse the autologous fresh tumor digests, but they could strongly
suppress tumor growth in a xenogenic mouse model.

Adoptive cell therapy (ACT)  has emerged as the most effective treatment for patients with metastatic
melanoma. An immunodepleting preparative regimen followed by ACT of tumor-reactive autologous
tumor-infiltrating lymphocytes (TILs) resulted in the clonal repopulation of patients with antitumor T
cells (1). Of patients with metastatic melanoma refractory to all other treatments, 50% experienced
objective clinical regression, some with complete responses (2). Intensifying the lymphodepletion by
adding total-body irradiation to the chemo-therapy conditioning regimen improved the therapeutic
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results of ACT, resulting in a 72% objective response rate (3). However, TILs with high avidity for
tumor Ags can only be generated from patients with melanoma and, therefore, a need exists for the
generation of T cells with broad reactivity against shared cancer-associated Ags present on common
epithelial tumors.

The ability to introduce genes into circulating human lymphocytes provides the flexibility to introduce
Ag receptors as well as molecules that can provide the cell with enhanced properties required for
effective ACT (4–8). The first clinical trial to successfully mediate the regression of human cancer by
ACT using genetically engineered autologous lymphocytes was recently published (9). Seventeen
patients were treated with a TCR that was reactive with the MART-1 melanoma Ag isolated from
highly reactive TILs. Two patients with metastatic melanoma who received ACT of their autologous
normal lymphocytes transduced with genes encoding this MART-1 TCR experienced long-term
objective regression of metastatic tumor, and 2 of an additional 14 patients also experienced objective
tumor regressions for a response rate of 13% (10). The decreased response rate using TCR-modified
lymphocytes for the treatment of cancer patients, compared with the use of TILs, implies that further
optimization of TCR gene therapy is required. Additionally, current TCR-based gene therapies target
HLA-A2-restricted epitopes, which greatly lessens the number of patients that can be treated by
adoptive immunotherapy.

A chimeric Ag receptor (CAR) is an artificially constructed hybrid protein containing the Ag binding
domains of a single-chain Ab (scFv) linked to T cell signal domains. The main characteristics of CARs
are their ability to redirect T cell specificity and killing/effector activity toward a selected target in a
non-MHC-restricted manner, exploiting the Ag-binding properties of mAbs (11, 12). This non-MHC-
restricted Ag recognition gives T cells expressing CARs the potential ability to recognize tumor cells in
patients independent of HLA status, and thus these cells may be able to effectively treat tumors that
have lost or down-regulated HLA (a major mechanisms of tumor immune escape). While CAR-
engineered T cells would not be impacted by HLA down-regulation, Ag loss has been observed in
murine models of ACT, and such events would abrogate the function of any CAR-based gene therapy
(13, 14).

ErbB2 (HER-2/Neu) represents one of the most studied targets for cancer-specific therapy. Herceptin
(trastuzumab), a mAb directed against the extracellular domain of ErbB2, is therapeutically active in
ErbB2 overexpressing breast carcinomas. However, a consistent number of ErbB2-positive tumors are
not responsive to Herceptin-driven therapy, indicating the need for a better understanding of the
mechanism of action of this Ab in vivo and suggesting the need to develop additional therapies
targeting ErbB2. CARs against ErbB2 have been well characterized and tested in vitro and in animal
models (15–19). Nevertheless, several limitations need to be overcome before ErbB2 CAR-modified T
cells can be applied clinically. ErbB2-based CARs reported thus far are composed of scFv from murine
mAbs, which have been shown to induce anti-CAR immune responses in human clinical trials (20,21).
scFv-based CARs engineered to contain a signaling domain from CD3ζ or FcRγ have been shown to
deliver a potent signal for T cell activation and function, but they were not sufficient to elicit
substantial IL-2 secretion in the absence of a concomitant costimulatory signal (12, 22). It has been
demonstrated that CARs containing the signal transduction domain of CD28 and/or 4–1BB, or other
costimulatory molecules, enhanced the function of the gene-modified T cells (12, 23, 24). Therefore, a
new generation of CARs containing both humanized scFv and optimized costimulatory signaling
domains may be optimal for clinical trials using CAR-based genetically engineered T cells for the
treatment of cancer patients.

We have assessed the function of human T cells expressing a CAR that is composed of scFv derived
from a humanized mAb 4D5 (Herceptin) (25) followed by signaling domains of CD28 and CD3ζ. We
found a consistent transgene decrease over time that was associated with activation-induced cell death
(AICD) of transduced T cells expressing low levels of ErbB2. Here we describe that optimization of



this CAR by the addition of costimulatory signaling domains from both CD28 and 4–1BB lead to
maintained transgene expression by increasing the expression of an antiapoptosis gene Bcl-x , as well
as increased cytokine secretion, lytic activity, and in vivo antitumor activity of the transduced T cells.

Materials and Methods

PBLs and cell lines

All of the PBMCs used in this study were from metastatic melanoma patients treated under approved
protocols at the Surgery Branch, National Cancer Institute, National Institutes of Health, Bethesda,
MD. Melanoma cell line 624.38mel (HLA-A2 , NY-ESO-1 , ErbB2 ), and fresh tumor digests were
generated at the Surgery Branch. ErbB2-positive tumor lines SK-OV3, SK-BR3, BT-474, MDA361,
MDA231, MCF-7, CLL-222, and CRL-1740 and ErbB2-negative tumor lines MDA468 and CCRF-
CEM (CEM) were provided by American Type Culture Collection. All cell lines were cultured in
medium consisting of RPMI 1640 (or DMEM) supplemented with 10% heat-inactivated FBS
(Biofluids), 100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen). Lymphocytes were cultured
in AIM-V medium (Invitrogen) supplemented with 5% human AB serum (Valley Biomedical) and 300
IU/ml IL-2 (Chiron) at 37°C and 5% CO .

Generation of retroviral constructs

The ErbB2-specific scFv 4D5 (25) sequence derives from the humanized mAb that was used to
produce Herceptin. The sequence for the anti-VEGFR2-specific scFv 2C6 (26) was derived from a
human Ab. Both CARs were designed and synthesized by PCR using a web-based DNA codon
optimization algorithm (27). Supplemental Fig. 1 shows the sequences of the 4D5 and 2C6 scFvs
(including the linker sequence) and the primers used to synthesis these genes.  The synthesized DNA
fragments were sequence confirmed and subcloned in frame into MSGV-1-based vector (28) containing
CD28 and CD3ζ signaling moieties (12) to generate MSGV-4D5–28Z or MSGV-2C6–28Z. Variant
signaling domains were constructed by mega-primer overlap PCR of specific signaling domains and
assembled in the order described in figure legends (details available upon request). An MSGV-1-based
vector encoding TCRα and TCRβ specific for NY-ESO-1 (MSGV-1G4-AIB) was described previously
(29). FMC63–28Z is a CAR vector in which scFv against human CD19 derived from mAb FMC63 as
described (30) was constructed and subcloned into MSGV-1-based retroviral vector containing CD28-
CD3ζ cassette. A trinitrophenyl-specific CAR, SP6–28Z CAR (22), and a CAR containing the
extracellular domain of LNGFR were used as controls.

Retrovirus vector production and transduction of T cells

Retroviral vector supernatant was produced from stable packaging cell lines as described (29) or by
transient transfection. To generate transient viral supernatant, 293GP cells (Clontech Laboratories)
were cotransfected with retroviral vector plasmid and envelope encoding plasmid RD114 using
Lipofectamine 2000 reagent (Invitrogen). Supernatants containing the retrovirus were collected 48 and
72 h later. OKT3-activated T cells were transduced with retroviral vectors as described (29). Briefly,
PBMCs were activated with OKT3 at a final concentration of 50 ng/ml with recombinant human IL-2
at a final concentration of 300 IU/ml. Cells were harvested for retroviral transduction on day 2 and
applied to RetroNectin (CH-296; Takara Shuzo)-coated non-tissue culture-treated 24-well plates. After
transduction, the cells were cultured in the presence of 300 IU/ml IL-2 until use.

Real-time PCR

L

+ + +
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Genomic DNA was isolated using a QIAamp DNA blood kit (Qiagen) according to the manufacturer’s
instruction. One hundred nanograms of each DNA was used for the real-time quantitative PCR assay
(TaqMan; Applied Biosystems). Total RNA was isolated using RNeasy Mini Kit (Qiagen). One
microgram of total RNA was used in the first strand of cDNA synthesis reaction using ThermoScript
RT-PCR system (Invitrogen) and diluted 10-fold with RNA-free water after the reaction. One tenth of
the diluted reaction mix was used later for the real-time quantitative PCR. All PCR reactions were
performed using an ABI 7500 Fast real-time PCR system instrument (Applied Biosystems). The
TaqMan gene specific assay was designed by ABI Assays-by-Designs software (Applied Biosytems).
Primers and probe used for detection of ErbB2 are: ErbB2 forward, 5’-
GCCTCCACTTCAACCACAGT-3’; ErbB2 reverse, 5’-TCAAACGTG TCTGTGTTGTAGGT-3’;
ErbB2 probe, FAM-CAGTGCAGCTCACA GATG. Primers and probe used for detection of MSGV
3’LTR that is transcribed together with the transgenes are: LTR forward, 5’-TGCAAG
GCATGGAAAATACATAACTGA-3’; LTR reverse, 5’-CACAGAT ATCCTGTTTGGCCCATAT-3’;
and LTR probe, FAM-TCTCTCTGTTC CTAACCTTG. The reference standard curve was established
using the plasmid DNA encoding target sequence. A TaqMan β-actin control re-agents kit (Applied
Biosytems) was used to normalize reactions to input RNA/DNA amounts.

FACS analysis

Abs were obtained from the following suppliers: anti-human CD3, CD4, CD8, and NKG2D (BD
Biosciences), Ab to Bcl-x  (Santa Cruz Biotechnology), and anti-human Vβ13.1 reactive with the NY-
ESO-1 TCR 1G4 (Immunotech). Matched isotype control Abs were used in all analyses. Cell surface
expression of ErbB2 was detected by anti-ErbB2 affibody (Abcam). ErbB2 and VEGFR2 specific CAR
expression was detected by ErbB2-Fc or VEGFR2-Fc fusion protein (R&D Systems), respectively,
followed by PE-conjugated anti-human IgG Fc Ab (eBioscience). For analysis, the relative log
fluorescence of live cells was determined using a FACScan flow cytometer with CellQuest software
(BD Biosciences).

Cytokine release assays

PBL cultures were tested for reactivity in cytokine release assays using commercially available ELISA
kits (IFN-γ, IL-2, and TNF-α; Endogen). Stimulator cells and responder cells were cocultured for 24 h
as described(8). Cytokine secretion was measured in culture supernatants diluted to be in the linear
range of the assay.

Cr release assay

The ability of the T cells to lyse tumor target cells was measured using a Cr release assay as
described previously (31). Briefly, 1 × 10  target cells were labeled for 1 h at 37°C with 200 μCi of

Cr sodium chromate (GE Healthcare). Labeled target cells (5 × 10 ) were incubated with effector
cells at the ratios indicated in the text for 4 h at 37°C in 0.2 ml of culture medium. Harvested
supernatants were counted using a Wallac 1470 Wizard gamma counter (PerkinElmer). Total and
spontaneous Cr release was determined by incubating 5 × 10  labeled targets in either 2% SDS or
culture medium for 4 h at 37°C. Each datum point was determined as an average of quadruplicate
wells. The percentage specific lysis was calculated as: % specific lysis = [(specific Cr release –
spontaneous Cr release)/(total Cr release – spontaneous Cr release)] × 100.

Ab blocking assay

Tumor cell lines (5 × 10  cells/100 μl) were incubated with each mAb at a concentration of 10 μg/ml
for 30 min at 37°C in a flat-bottom 96-well plate.
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T cells (5 × 10  cells/well) were then added and incubated with target cells overnight at 37°C. The
supernatants were harvested and assayed for IFN-γ production by ELISA. The anti-ErbB2 Abs used
were mAb N29(15) and an anti-ErbB2 IgG fraction (Austral Biologicals). An anti-MAGE1 mAb
(Austral Biologicals) was used as control.

Mice and tumor model

SCID mice were transplanted with pellets of 1β-estradiol at day–2 and then injected orthotopically
(into the mammary fat pad) with 3 × 10  BT-474 human breast cancer cells (with Matrigel) on day 0.
At day 7 mice received 200 mg/kg cyclophosphamide (i.p.). At day 10, 12 mice were i.v. injected with
1.5–2 × 10  human PBLs transduced with the indicated CARs when the tumor was palpable. All mice
received 2000 IU of IL-2(i.p.) twice a day for 7 days following cell administration. HBSS (no PBL)
and SP6 CAR (anti-trinitrophenyl) served as controls. All protocols were approved by the Weizmann
Institute of Science animal use committee.

Results

PBLs redirected with CARs derived from Herceptin were specifically reactive to ErbB2
tumor lines

ErbB2 expression of a panel of tumor cell lines was examined via flow cytometry by staining the cells
with an anti-ErbB2 Affibody molecule. The results show that ErbB2 expression was easily detected not
only for breast tumor lines BT-474, MDA361, SK-BR3, MCF7, and MDA231, but also for the tumors
from other origins, such as ovarian (SK-OV3), prostate (CRL-1740), colon (CCL-222), and melanoma
(624.38mel) (Fig. 1A). A Herceptin-based CAR, consisting of scFv of mAb 4D5 linked to CD28 and
CD3ζ signaling moieties (supplemental Fig. 1A), was constructed and cloned into a retroviral vector
MSGV-1 and named MSGV-4D5–28Z (4D5–28Z) (Fig. 1B). To test if T cells expressing 4D5–28Z
were capable of specifically recognizing tumor lines expressing ErbB2, the transduced PBLs were
coincubated with a panel of tumor cell lines and the amount of secreted effector cytokine IFN-γ was
determined. 4D5–28Z-transduced PBLs recognized all of the ErbB2  tumor lines and secreted IFN-γ at
high levels (Fig. 1C). A low level of IFN-γ was observed in cocultures with the MDA468 cell line,
which was negative for ErbB2 expression by FACS analysis, while a second negative control line CEM
did not induce cytokine release by engineered PBLs.
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FIGURE 1.

Recognition of ErbB2-expressing tumor cell lines by Herceptin 4D5 CAR-transduced PBLs. A, ErbB2
expression of tumor cell lines. An Affibody reagent specific for ErbB2 was used to determine expression
on tumor cell lines (solid line), and an isotype Ab was used as negative control (dotted line). B, A
schematic representation of the retroviral vector MSGV-4D5–28Z (4D5–28Z) encoding the Herceptin
(4D5)-based CAR against ErbB2. SP, signal peptide; VL, variable L chain, VH, variable H chain.
Supplemental Fig. 1 shows the complete sequence of the CAR and primers used for synthesizing the scFv.
C, Cytokine production of 4D5 CAR-transduced T cells. IFN-γ secretion of 4D5–28Z-transduced T cells
following coculture with the indicated tumor lines. Nontransduced T cells (NV) were used as a negative
control. D, Specific tumor cell lysis by 4D5 CAR-transduced T cells. 4D5 CAR-transduced PBLs (4D5–
28Z) were tested in a Cr release assay, where nontransduced PBLs (NV) served as a control. PBLs were
cocultured with Cr-labeled control tumor line MDA468 (ErbB2 ), and ErbB2  tumor lines SK-OV3,
SK-BR3, and 624.38mel at the indicated E:T ratio for 4 h, after which the percentage lysis of target cells
was calculated. E, Proliferation of 4D5 CAR-transduced PBLs. 4D5–28Z or NY-ESO-1 TCR (1G4-AIB)-
transduced PBLs were cocultured with tumor lines MDA468 (ErbB2 /NY-ESO-1 ), MDA231
(ErbB2 /NY-ESO-1 ), and 624.38mel (ErbB2 /NY-ESO-1 ) for 3 days. [ H]thymidine ([ H]TdR) was
added for the final 17 h of culture and incorporation was measured. Data are representative of three
experiments.

In addition to cytokine secretion, naturally occurring tumor-reactive T cells can both lyse tumor targets
and are capable of Ag-driven proliferation. We next assayed for these abilities in 4D5-CAR-engineered
T cells. As demonstrated by Cr release assay, 4D5–28Z-transduced PBLs were capable of
specifically killing ErbB2  tumors of different histology, including breast (SK-Br3), ovarian (SK-
OV3), and melanoma (624.38mel) (Fig. 1D). Moreover, 4D5–28Z-engineered PBLs proliferated upon
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stimulation with ErbB2  tumors (MDA231 and 624.38mel), similar to TCR-engineered cells when
they were cocultured with Ag-positive tumor cells (Fig. 1E, control anti-NY-ESO-1 TCR 1G4-AIB and
NY-ESO-1  tumor line 624.38mel).

The specificity of the tumor recognition was confirmed by Ab blocking experiments. As shown in 
Fig. 2A, anti-ErbB2 Abs blocked the recognition of 4D5–28Z-transduced PBLs against ErbB2  tumors
MDA231 and 624.38mel, while no blocking was observed with an anti-MAGE1 control Ab. The lack
of a blocking effect on NY-ESO-1 TCR-transduced PBLs (Fig. 2B) indicated that ErbB2 Ab blocking
was Ag specific. To determine the correlation between ErbB2 expression and cytokine production,
NIH3T3 cells were transfected with a plasmid DNA encoding human ErbB2 cDNA, and clones
expressing ErbB2 at different levels were selected (Fig. 2C). IFN-γ secretion of 4D5–28Z-transduced
PBLs upon coculture with these ErbB2-expressing NIH3T3 cell clones showed that cytokine
production was highly correlated with ErbB2 expression on the surface of NIH3T3 cell lines (
Fig. 2, D and E) and further confirmed that the 4D5 CAR recognition was Ag dependent.
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FIGURE 2.

Recognition of anti-ErbB2 CAR-transduced T cells is Ag specific and correlates with Ag expression
levels. Ab-blocking experiments of 4D5 CAR (A) and control NY-ESO-1 TCR (B) are shown. The
transduced PBLs were cocultured with tumor cell lines in the presence of two anti-ErbB2 Abs: mouse
mAb N29(15), or a commercially available anti-ErbB2 IgG fraction (ErbB2) as described in Materials and
Methods. Controls included an anti-MAGE1 mAb (MAGE1) and a culture without Ab (No AB). Twenty
hours after coculture, IFN-γ secretion was measured by ELISA. C, ErbB2 expression of the clones selected
from ErbB2 cDNA plasmid-transfected NIH3T3 cells. D, IFN-γ production of 4D5 CAR (4D5–28Z)-
transduced PBLs or control NY-ESO-1 TCR (1G4-AIB) transduced PBLs were cocultured with clones
from ErbB2 cDNA-transfected NIH3T3 cells as shown in C for 20 h, and IFN-γ production was measured
by ELISA. E, Correlation of ErbB2 expression (mean fluorescence intensity (MFI)) on ErbB2-transfected
NIH3T3 clones was plotted vs the production of IFN-γ by 4D5 CAR-transduced PBLs cocultured with
these NIH3T3 clones. Data are representative of two experiments.

Loss of transgene expression in 4D5–28Z CAR-transduced PBLs is mediated by CD3ζ
signaling

In our current T cell gene therapy clinical trials, transduced PBLs undergo strong T cell activation
followed by transduction with γ-retroviral vectors and expansion ex vivo for 2–3 wk before being
infused into patients. When 4D5–28Z-transduced PBLs were monitored for transgene expression over
time, we consistently found that PBLs expressing 4D5–28Z showed decreased transgene expression
over time (data not shown). To explore the mechanism for this observation, multiple 4D5-CAR
constructs were assembled with alternative signaling domains and using variants of 4D5 with different
affinities (Fig. 3A). Deleting all intracellular domains in construct 4D5–28D resulted in sustained
transgene expression, similar to TCR- or control CAR-engineered cells (Fig. 3B). In construct 4D5-
CD8HTZ, in which the signaling domain contained only the CD3ζ moiety and hinge and
transmembrane regions from human CD8, transgene expression was also reduced, suggesting that the
involvement of signals within CD3ζ were mediating the loss of expression. Similar to parent 4D5–28Z
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construct (with a native Ab affinity of 0.3 nM), all CARs using lower affinity scFvs showed transgene
decrease as well, which indicated that the transgene decrease could not be prevented by decreasing the
affinity of the ErbB2 scFv to 25 nM. These results strongly suggested that signaling from CD3ζ was
responsible for the transgene decrease observed in transduced PBLs. To determine whether the 4D5-
CAR target Ag ErbB2 was expressed in PBLs, ErbB2 expression in PBLs was assayed for by
quantitative RT-PCR in five different donors (Table I). ErbB2 expression was observed in both the
starting PBMC population and continued following T cell stimulation required to expand PBLs (a
decrease in the total ErbB2 level was observed in all five donors during culture, and some variation in
expression levels was noted).

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6292203/table/T1/


FIGURE 3.

Transgene decrease was correlated with loss of transduced cells from the culture and was associated with
CD3ζ signaling in the CAR. A, A schematic representation of the 4D5-based CAR constructs, including
scFv, hinge region (Hinge), transmembrane region (TM), CD28 intracellular domain (CD28 IC), CD3ζ
intracellular domain (CD3 ζ IC), and the hinge and transmembrane region of CD8α (CD8). All of the 4D5
mutant scFvs and CD3ζ mutations were generated by PCR-based site-directed mutagenesis using the
parent 4D5–28Z as template according to the published sequences (25). The published affinity of the
different 4D5 Ab variants is: parent 4D5–28Z (3 × 10  M), 4D5–1 (2.5 × 10  M), 4D5–3 (4.4 × 10
M), 4D5–5 (1.1 × 10  M), and 4D5–7 (6.2 × 10  M). The vertical line indicates the approximate
location of the mutation. B, Transgene expression over time after transduction. PBLs were transduced with
4D5–28Z-based CARs with scFv at different affinities (4D5–28Z, 4D5–1, 4D5–3, 4D5–5, 4D5–7), a 4D5
CAR with hinge and transmembrane regions from human CD8α without CD28 signaling domain (4D5-
CD8HTZ), and a 4D5 CAR with both CD28 and CD3ζ signaling domains being truncated (4D5–28D).
Construct organization was as depicted in A. Controls included a CAR against CD19 (FMC63–28Z) and
an anti-NY-ESO-1 TCR (1G4-AIB). Transgene expression was monitored at days 8, 21, and 35 after
transduction by flow cytometry staining of the transduced PBLs using gene-specific reagents. Data shown
are percentages of day 8 transgene expression of each transduced PBL population. C, PBLs were
transduced with 4D5-based CARs with various signaling domain alterations: 4D5 CAR with CD28 and
CD3ζ signaling domains being truncated (4D5–28D), 4D5 CAR with all three ITAMs within CD3ζ being
mutated (4D5–28ZM), CD28 signaling domain being truncated from 4D5–28Z (4D5–28HTZ), 4D5 CAR
without CD28 signaling domain and hinge/transmembrane region from CD8α (4D5-CD8HTZ), and the
parent 4D5–28Z (4D5–28Z). As controls, PBLs were transduced with anti-NY-ESO-1 TCR (1G4-AIB),
LNGFR CAR (LNGFR-28Z), SP6 CAR (SP6–28Z), and a CD19 CAR (FMC63–28Z). All mutant
constructs were as depicted in A. Transgene expression was detected at indicated time by flow cytometry
for protein using gene-specific reagents (left panel), for RNA using real-time quantitative RT-PCR (middle
panel), and for DNA copy number determined by real-time quantitative PCR (right panel). Data shown are
percentages of day 8 transgene expression of each transduced PBL population. Data are representative of
three experiments.
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Table I.

ErbB2 expression of OKT3-stimulated PBMCs (ErbB2 copies/10  β-actin)

Day 0 Day 2 Day 7 Day 15 Day 22

PBMC1 8,970 608 1,133 3,874 1,265

PBMC2 6,451 1,528 1,918 1,870 780

PBMC3 22,210 5,619 1,617 1,208 930

PBMC4 8,344 522 2,095 1,355 2,422

PBMC5 12,756 518 1,404 1,016 5,606

ErbB2 expression was detected by quantitative RT-PCR for PBMCs from five donors at time points as indicated.
Cells were stimulated on day 0 with 50 ng/ml OKT3 and 300 IU/ml IL-2 followed by maintenance in IL-2-
containing medium.

To further analyze the loss of transgene expression, gene activity and transduced cell persistence of the
parent and mutant ErbB2-CARs were retested along with several control constructs. The control
constructs included the NY-ESO-1 TCR (1G4-AIB), a construct made by linking the extracellular
portion of LNGFR to CD28-CD3ζ (LNGFR-28Z), and two unrelated scFv CARs specific for a hapten
molecule (SP6–28Z) or the B cell Ag CD19 (FMC63–28Z). All constructs were used to transduce
PBLs and were examined for transgene expression by flow cytometry (Fig. 3C, left panel), vector-
mediated expression at the RNA level by RT-quantitative PCR (Fig. 3C, middle panel), and vector copy
number by quantitative PCR (Fig. 3C, right panel). Results demonstrated that the surface protein
expression levels were highly correlated with RNA and DNA copy numbers. Decrease in trans-gene
expression was found for ErbB2-directed CARs with an intact CD3ζ signaling moiety, such as 4D5–
28HTZ (intact CD3ζ with hinge and transmembrane from CD28), 4D5-CD8HTZ (intact CD3ζ with
hinge and transmembrane from CD8), and the parent 4D5–28Z. No transgene decrease was observed
for the TCR (1G4-AIB) or any of the alternate CARs (LNGFR-28Z, SP6–28Z, and FMC63–28Z). The
4D5 CAR without CD3ζ (4D5–28D) or the 4D5 CAR in which all immunoreceptor tyrosine-based
activation motifs (ITAM) were inactivated by mutations (4D5–28ZM) did not display transgene
decrease. These results suggested that the trans-gene decrease was caused by the gradual loss of
transduced PBLs from the culture and that the loss of transduced cells may be the result of AICD due
to signaling transduced through CD3ζ.

To determine which ITAMs in CD3ζ were responsible for the transgene decrease, a panel of 4D5–28Z-
based CARs was generated where the three ITAMs were mutated individually or in combinations and
then used to transduce PBLs (Fig. 4A). We observed that when ITAMs at both position A and C were
mutated (28ZB), transgene expression was maintained (Fig. 4B), suggesting that PBLs expressing the
4D5 CAR with one ITAM at position B was less prone to apoptosis. This result is consistent with
previous reports that the CD3ζ-chain could promote apoptosis by both a quantitative effect of the
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presence of multiple ITAMs as well as qualitative contributions made by individual ITAMs, and that
the ITAMs in CD3ζ were functionally different in terms of their ability to induced apoptosis and T cell
activation (32).

FIGURE 4.

Effect of specific ITAM mutations on expression, function, and AICD. A, Schematic representation of
4D5–28Z-based CARs with different ITAMs in CD3ζ signaling moiety being mutated (tyrosine to
phenylalanine). B, Transgene expression of PBLs transduced with CD3ζ ITAM-mutated 4D5 CAR
constructs at days 7 and 55 after transduction. C, Annexin V and PI staining of PBLs transduced with 4D5
CARs with CD3ζ ITAM mutants following coculture with ErbB2  tumor lines SK-OV3 or SK-BR3, with
an ErbB2  tumor line MDA468, and without a tumor line (Medium). Percentages of positive cells were as
shown in each quadrate.

To determine the role of apoptosis in the loss of transgene expression, transduced PBLs were
stimulated with the ErbB2-positive tumor lines SK-OV3 and SK-BR3 and stained for annexin V and
propidium iodide (PI) (Fig. 4C). We observed that the level of apoptotic (annexin V ) cells in 4D5–28Z
CAR-transduced PBLs was more than twice that of nontransduced control (NV) cells (78% vs 30% in
coculture with SK-BR3) and that when all of the ITAMs were mutated (4D5–28ZM) that the level was
similar (26%) to that of control cells. PBLs transduced with the 4D5 CAR with only ITAM B intact in
CD3ζ (4D5–28ZB) showed a notably lower level of annexinV  cells than did PBLs transduced with the
CD3ζ ITAM mutants A or C (Fig. 4C). These results suggested that ITAM A and C in the CD3ζ
signaling moiety could transmit a stronger apoptosis signal than could ITAM B. Together with the
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finding that ErbB2 could be detected by real-time RT-PCR at low levels in PBMCs (Table I), these data
support the hypothesis that the observed transgene decrease was caused by the recognition of some
ErbB2-expressing cells in the PBMCs and that CD3ζ signaling promoted these transduced PBLs to
undergo AICD.

Adding 4–1BB signaling domains maintains transgene expression and enhances
effector function of 4D5 CAR-transduced PBLs

4–1BB is a TNF receptor family member and a costimulatory molecule in the activation of T cells,
with signaling being independent of CD28. Signaling via 4–1BB has been shown to cause T cell
expansion, cytokine induction, up-regulation of anti-apoptotic genes, and prevention of AICD (33–36),
suggesting that the addition of the 4–1BB intracellular signaling domain may enhance CAR function.
Placing the cytoplasmic domain of human 4–1BB between the CD28 and CD3ζ (construct 28BBZ) or
after CD3ζ (construct 28ZBB) resulted in reduced transgene expression at day 10 posttransduction
compared with the PBLs transduced with the original CAR (28Z) (based on percentage of CAR
expression, Fig. 5B, or mean fluorescence intensity, data not shown). Reduced transgene expression
was also observed in similar constructs when scFv was replaced with an scFv from another Ab (mouse
mAb N29 against ErbB2) or when the CD3ζ signaling domain was replaced with FcRγ chain (our
unpublished data). Codon optimization of the signaling moieties showed no improvement in transgene
expression (our unpublished data).
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Open in a separate window
FIGURE 5.

Adding 4–1BB signaling moiety enhanced function and maintained transgene expression of 4D5 CAR-
transduced PBLs. A, A schematic representation of variant 4D5 CAR constructs with hinge and
transmembrane region from either CD8α or CD28 preceding the intracellular signaling domains of CD28,
4–1BB, or CD3ζ. The signaling domains were combined in the different orders as shown. B, Transgene
expression. PBLs were transduced with 4D5 CAR-based constructs with different protein domains as
diagrammed in A. Transgene expression was monitored at days 10 and 30 posttransduction by flow
cytometry, and the percentage of transduction was as shown. C, PBLs transduced with a 4–1BB containing
CARs were less prone to AICD. PBLs were transduced with 4D5 CARs with transmembrane region and
hinge region from CD8α followed by CD3ζ (CD8HTZ), both CD28 and CD3ζ (CD8–28Z), or by a
construct with 4–1BB inserted between CD28 and CD3ζ (CD8–28BBZ). Controls were an unrelated CAR,
CD19 CAR (FMC63–28Z), and untransduced cells (NV). Three days posttransduction, PBLs were
subjected to staining with PI to determine the percentage of dead cells. The flow cytometry results shown
were the cells without any gating; the number shows the percentage of PI  cells. D, Effector cytokine
production. PBLs transduced with retroviral vectors expressing the constructs shown in A were tested by
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coculture with ErbB2  (SK-BR3) and ErbB2  (MDA468 and CEM) cell lines. Effector cytokine
production (IFN-γ) was determined by ELISA following overnight coculture. E, Specific lysis by 4D5
CAR-transduced T cells. 4D5-CD8–28BBZ (CD8–28BBZ)- and 4D5-CD8–28Z (CD8–28Z)-transduced
PBLs, with control nontransduced PBLs (NV), were cocultured with Cr-labeled tumor lines MDA361
(ErbB2 ), SK-BR3 (ErbB2 ), MDA468 (ErbB2 ), and CEM (ErbB2 ) at the indicated E:T ratio. Data
were the percentage lysis of specific target cells as calculated (see Materials and Methods). Significant
differences (where p < 0.01 by two-way ANOVA test) between the mean values for 4D5-CD8–28BBZ and
4D5-CD8–28Z are indicated by asterisks. Data are representative of three experiments.

To investigate if CD28/4–1BB protein-protein interaction was responsible for the low transgene
expression, the hinge and trans-membrane regions of CD28 were replaced with the sequence from
human CD8α-chain, and the signaling domains of CD28, 4–1BB, and CD3ζ were placed in different
orders (Fig. 5A). PBLs were transduced with these constructs and their functions were compared with
PBLs transduced with parent 4D5–28Z CAR. When the transduced PBLs were examined for the
expression of transduced CAR at 10 and 30 days posttransduction (Fig. 5B), transgene expression of
PBLs transduced with the original 4D5–28Z (28Z) decreased from 44.2% to 12.3%, while the
transgene expression of PBLs engineered with CARs containing 4–1BB signaling domains maintained
higher levels of transgene expression at day 30 (35.1–86.8%), suggesting that the anti-apoptosis
function of 4–1BB signaling protected the transduced cells from AICD. This observation was further
supported by determining the percentage of dead cells in PBL cultures following transduction with
4D5-CAR constructs containing the CD8 hinge and transmembrane regions either with CD28 ((4D5-
CD8–28Z) or without CD28 (4D5-CD8HTZ) compared with the vector with 4–1BB (4D5-CD8–
28BBZ). Flow cytometry demonstrated a greater percentage of dead cells (cells that take up PI) when
PBLs were transduced with 4D5-CD8HTZ(38.8% PI ) and 4D5-CD8–28Z (47.3% PI ) compared with
PBLs transduced with the 4–1BB containing construct 4D5-CD8–28BBZ(14.6% PI ) (Fig. 5C).

To compare the biological activity of the 4–1BB containing CARs, transduced PBLs were cocultured
with the SK-BR3 (ErbB2 ) tumor cell line (Fig. 5D). PBLs transduced with 4D5-based CAR
containing the 4–1BB and CD28 signaling domains secreted up to twice the amount of IFN-γ (Fig. 5D)
and equivalent amounts of TNF-α (supplemental Fig. 2). We further observed that PBLs expressing the
4D5 CAR with signaling domains on the order of CD8 hinge and transmembrane/CD28 cytoplasmic
domain/4–1BB cytoplasmic domain/CD3ζ cytoplasmic domain (4D5-CD8–28BBZ) demonstrated
sustained transgene expression (Fig. 5B), lower background recognition of the MDA468 cell line (
Fig. 5D), and increased IL-2 production compared with other 4D5-based CARs (supplemental Fig. 2).
To determine the lytic ability of 4–1BB-containing constructs, transduced PBLs were sorted based on
the expression of the 4D5 CAR binding to an ErbB2-Fc-soluble fusion protein and used in a standard

Cr release assay. As shown in Fig. 5E, 4–1BB bearing CAR-transduced PBLs showed significantly
enhanced lytic activity compared with 4D5 CAR with only CD28 and CD3ζ signaling domains. These
results indicated that CD28 and 4–1BB signaling could synergistically enhance T cell function and that
the order of the signaling moieties can affect their function as previously reported (12, 24).

4–1BB signaling in CAR-transduced T cells promoted the up-regulation of Bcl-x  and
NKG2D

The enhanced expression of two genes that are involved in T cell function and survival, Bcl-x  and
NKG2D, were reported to be correlated with 4–1BB signaling (37–40). To investigate Bcl-x
expression in CAR-transduced cells, transduced PBLs were stimulated with plate-coated ErbB2-Fc
fusion protein, or VEGFR2-Fc fusion protein as a control, and expression of Bcl-x  was detected by
flow cytometry intracellular staining. As shown in supplemental Fig. 3, PBLs stimulated with ErbB2-
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Fc showed increased Bcl-x  expression in 4D5-CD8–28BBZ (59.8%)-transduced PBLs compare with
4D5–28Z-engineered PBLs (38.7%). Significant Bcl-x  up-regulation was also evidenced by Western
blot analysis. PBLs were transduced with the parent 4D5–28Z (28Z) or 4D5-CD8–28BBZ (CD8–
28BBZ) and then cocultured with ErbB2-positive (SK-OV3) or -negative (MDA468) tumor lines (
Fig. 6A). While both the parent 28Z and 4–1BB CAR-engineered PBLs demonstrated Bcl-x  up-
regulation, there was greater Bcl-x  protein detected in cells engineered with the 4–1BB-containing
vector. Taking together, Bcl-x  up-regulation of CAR-transduced PBLs was observed in an Ag-specific
manner, and CD28 plus 4–1BB signaling mediated greater Bcl-x  expression over CD28 alone.

FIGURE 6.

Adding 4–1BB signaling moiety in the CAR increased both Bcl-x  and NKG2D expression upon specific
Ag stimulation. A, Increased Bcl-x  expression in cells transduced with 4–1BB containing CAR. PBLs
were transduced with 4D5-CD8–28BBZ (CD8–28BBZ), 4D5–28Z (28Z), or nontransduced (NV) and then
cocultured with ErbB2  tumor SK-OV3 or ErbB2  tumor MDA468 for 20 h. PBLs were separated from
tumor cells by enriching for T cells with CD3 magnetic beads and subjected to Western blot for the
detection of Bcl-x . Data were quantitated and expression relative to β-actin was plotted. B, Increased
NKG2D expression in cells transduced with 4–1BB containing CAR. Transduced PBLs as indicated were
stimulated with ErbB2-Fc-coated plates for 20 h. The cells were harvested and stained with NKG2D and
ErbB2-Fc (for 4D5 CAR) and subjected to flow cytometry. Dead cells were excluded by PI gating and
CAR-transduced cells were analyzed for NKG2D expression by gating on ErbB2-Fc  population.
Percentages of positive cells were as indicated. Data are representative of two experiments.

NKG2D is an activation receptor on NK cells and CTLs that binds MHC class I-like ligands expressed
primarily on virally infected and neoplastic cells. To determine whether signaling via 4–1BB in the
form of a CAR could up-regulate NKG2D expression, 4D5 CAR-transduced T cells were stimulated
with plate-coated ErbB2, and NKG2D expression of the stimulated T cells were subjected to flow
cytometry detection. As shown in Fig. 6B, the T cells transduced with 4D5-CD8–28BBZ showed
increased expression of NKG2D (64.1%), compared with T cells transduced with CARs lacking 4–1BB
(22.6–32.7%).
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Reactivity against fresh tumor and in vivo tumor treatment efficiency of Herceptin-
based CAR-transduced T cells

The Herceptin-based CAR constructed in this study holds promise for application in a clinical trial for
the treatment of cancer patients with tumors overexpressing ErbB2. To test the lytic activity of T cells
transduced with 4D5-CD8–28BBZ against autologous fresh tumor digests, PBLs from three melanoma
patients were transduced with the 4D5-CD8–28BBZ and tested in a Cr lysis assay. As shown in 
Fig. 7A, all three fresh tumor digests expressed detectable levels of ErbB2. PBLs from these patients
were transduced with 4D5-CD8–28BBZ and demonstrated significant lytic activity against the
autologous fresh tumor digests (Fig. 7B). To evaluate the in vivo potential of 4D5 CAR-redirected T
cells, we established a mammary gland cancer model with a human breast carcinoma line BT-474
implanted into the mammary fat pad of SCID mice. Mice were injected i.v. with transduced PBLs 10
days after tumor challenge and the tumor growth was monitored. As shown in Fig. 7C, there was no
treatment effect of the PBLs transduced with control CAR, SP6–28Z, compared with mice treated with
HBSS, while dramatic tumor growth inhibition was observed for mice treated with both 4D5–28Z- and
4D5-CD8–28BBZ-transduced PBLs. Moreover, PBLs transduced with 4D5-CD8–28BBZ showed
stronger treatment efficacy compared with PBLs transduced with 4D5–28Z, which was evidenced by
significantly smaller tumor volume at day 72 posttreatment (p < 0.05).
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FIGURE 7.

Reactivity against fresh tumor and in vivo tumor treatment efficiency of Herceptin-based 4D5-CAR-
transduced T cells. A, ErbB2 expression on fresh tumor samples. ErbB2 expression was determined using
flow cytometry using an anti-ErbB2 Affibody moleculer (filled histogram) and an isotype control (open
histogram) on fresh tumor digests from three melanoma patients (donors 1–3 FrTu), two ErbB2  tumor
lines (SK-OV3 and SK-BR3), and one ErbB2  line (CEM) as control. B, Tumor cell lysis. Lytic activity of
4D5 CAR-transduced PBLs against tumor cell lines and autologous fresh tumor digests (FrTu Digest).
4D5-CD8–28BBZ-transduced PBLs from different donors (D1, D2, and D3) were cocultured with Cr-
labeled tumor lines at the indicated E:T ratios using SK-OV3 (ErbB2 ), SK-BR3 (ErbB2 ), CEM
(ErbB2 ), and autologous fresh tumor digests (FrTu) as targets. Data were the percentages of lysis of
specific target cells as calculated (see Materials and Methods). Nontransduced PBLs from the same donors
served as negative controls (NV). C, Treatment of a breast cancer xenograft by ErbB2-CAR-transduced
PBLs. SCID mice bearing human breast tumor line BT-474, implanted in the mammary gland 10 days
before treatment, were established as described in Materials and Methods. Adoptively transferred (i.v.)
4D5–28Z or 4D5-CD8–28BBZ- or SP6–28Z-transduced PBLs were administered to animals with palpable
tumors. No treatment control mice received HBSS (n = 7–10/group). Tumor volume was monitored at
time points as indicated. Significant difference (where p < 0.05 by two-way ANOVA test) between the
mean values at day 72 for 4D5–28Z and 4D5-CD8–28BBZ is indicated by asterisks.

Discussion

Most tumor-associated Ags currently used in cancer immunotherapy are differentiation Ags that are
expressed in a restricted tissue pattern or are expressed at low levels in normal tissues, but are
preferentially up-regulated in malignancy (41, 42). ErbB2 is a tumor-associated Ag that is expressed on
some normal tissues at low levels (43, 44) and is overexpressed on a substantial percentage of multiple
malignancies, including breast cancer. Clinical use of the humanized anti-ErbB2 4D5 Ab Herceptin
was demonstrated to lead to improved outcomes (45), but it is associated with an increased incidence of
cardiac dysfunction (46). In trials using ErbB2-targeted immunotherapy for cancer patients, either with
tumor vaccines (47, 48) or the adoptive cell transfer of ErbB2-reactive CTLs (49), no toxicities
resulting from these immunotherapies was reported. Caution should be taken in extrapolating the safety
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of these initial reports, as the vaccine studies did not effectively treat tumors, and naturally occurring
CTLs may be of low avidity due to immunological tolerance. While PBLs transduced with the ErbB2
CARs do not produce cytokine without tumor stimulation, they do manifest AICD (Figs. 3–5),
suggesting recognition of low levels of ErbB2 in hematopoietic cells (Table I). Additionally, when
highly active ErbB2 CAR-transduced PBLs were cocultured with the ErbB2-negative (based on FACS
analysis, Fig. 1)-expressing cell line MDA468, considerable cytokine production was noted in some
experiments, suggesting that background recogni tion of normal cells may be a significant risk in the
clinical application of ErbB2-directed CARs.

The property of CARs to recognize normal tissues might be a common concern for all of the CARs that
are composed of high-affinity scFvs targeting self-tumor-associated Ags. It has been reported that
patients with metastatic renal carcinoma treated with adoptive transfer of autologous T cells that had
been gene-transduced to express a CAR (scFv(G250)) against carboxyanhydrase IX (CAIX)
manifested liver toxicity resulting from the specific immune reaction of the retargeted T cells directed
against CAIX expressed by epithelial cells lining the bile ducts (20, 21). In clinical trials using TCR-
engineered autologous PBLs for the treatment of melanoma, we recently found that infusion of
autologous PBLs redirected with high-affinity TCRs (MART-1 and gp100(154)) resulted in on-target
toxicity against normal cells expressing the target Ags (50). While melanocyte differentiation Ags,
such as MART-1 and gp100, are expressed at similar levels in normal tissues and malignancies, ErbB2
has been reported to be overex-pressed in a substantial percentage of tumor cells from cancer patients.
Thus, careful selection of patients with ErBb2 overexpression will likely be important to minimize any
potential toxicity related to anti-ErbB2 CAR administration.

Data in this study demonstrated transgene decrease for PBLs transduced with the 4D5 CARs that target
ErbB2, but there was no transgene decrease observed for an anti-NY-ESO-1 TCR or control CAR-
transduced PBLs grown under similar conditions. Inactivation of CD3ζ prevented the transgene
decrease, suggesting that the transgene decrease was associated with AICD resulting from CD3ζ
signaling caused by the recognition of low levels of endogenous ErbB2 (Table I). Consistent with the
finding from other investigators working with ErbB2-specific CAR (51), we found that decreased
transgene expression of PBLs transduced with Herceptin-based CARs in the configuration of scFv-
CD3ζ (with or without CD28 signaling moiety) was accompanied by significantly increased
apoptotic/dead cells. This phenomenon was not found for PBLs transduced with CAR against CD19,
the control CARs LNGFR-28Z and SP6–28Z, or CARs without CD3ζ. Further investigation suggested
that CAR-associated transgene decrease and cell death was due to apoptotic signaling transmitted from
ITAMs within CD3ζ stimulated by a low level of ErbB2 expression in PBMCs (Table I and Fig. 4). Our
analysis confirmed previous findings that the signaling by individual ITAMs in CD3ζ was not
equivalent (32). Our data also support the assumption that CARs designed to signal from the single
ITAM-containing Fc receptor FcRγ might be less prone to apoptosis (33). Interestingly, we found that
PBLs expressing CARs where at least one ITAM was intact functioned equally as well as PBLs
transduced with the wild-type CAR in terms of Ag-specific IFN-γ secretion and lytic activity (our
unpublished data).

It has been reported that the ErbB2 recognition sensitivity of CAR-expressing T cells could be adjusted
by changing the binding affinity of the ErbB2-specific scFv (K  from 1.5 × 10  to 3.2 × 10  M)
(18). We monitored the transgene expression of T cells transduced with CARs derived from 4D5 scFv
mutants with different affinity (K  from 3 × 10  to 2.5 × 10  M, Fig. 4) and found that the CAR
transgene decreased for all CARs, independent of affinity. At the same time, the low-affinity CAR
(4D5–1) had dramatically reduced ability to recognize tumor cell lines (our unpublished data). As T
cell avidity correlated with the efficient in vivo elimination of tumors and virally infected cells (52,
53), the enhanced specificity of Ab/Ag recognition using high-affinity scFv for CAR design may be
necessary to maximize antitumor efficacy in vivo.
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Based on these observations we sought strategies to protect transduced cells from undergoing AICD by
utilizing the known anti-apoptosis properties of the 4–1BB molecule. 4–1BB transmits a potent
costimulatory signal to T cells, promoting differentiation and enhancing long-term survival of CD8 T
lymphocytes (37, 54–56), as well as up-regulating effector molecules, such as perforin, granzyme A,
and cytokines (57, 58). Apart from its costimulatory function, a major effect of 4–1BB appears to be on
T cell survival (37, 54, 59). Furthermore, it has been reported that signaling from both CD28 and 4–
1BB has synergic effects on T lymphocytes in the induction of IL-2 and its functional activity (55, 60).
Incorporating both CD28 and 4–1BB signaling in a single CAR construct may yield engineered T cells
that respond to antigenic stimulus with increased abilities of cytokine production, proliferation, and T
cell survival after Ag stimulation. Wang et al. reported that polyclonal T cells expressing a CD20-
specific CAR construct containing CD28 and 4–1BB costimulatory domains in cis- with the CD3ζ
intracellular signaling domain showed improved CTL activation, proliferation, and cytotoxicity (24). In
our present study, we found that the addition of 4–1BB signaling to 4D5 CARs greatly reduced the
AICD of the transduced T cells, and thus the transduced cells could be efficiently expanded in culture,
an essential feature for clinical applications. Moreover, the 4–1BB signaling not only increased
expression of Bcl-x  and NKG2D but also was associated with higher effector cytokine production and
Ag-specific tumor cell lysis.

The induction of NKG2D expression by 4–1BB signaling may have CAR-independent antitumor
properties. Human NKG2D interacts with MHC class I chain-related proteins A and B (MICA and
MICB). MIC molecules are not detected on most healthy tissues, but are induced by stress such as heat
shock, viral infection, or malignant transformation (61, 62). Persistent expression of MIC results in
impaired NK and CD8 T cell immune responses, and this negative effect of MIC is mainly due to
pronounced down-modulation of NKG2D (63). A recent study found that 4–1BB costimulation could
restore down-regulated NKG2D and induce cytotoxic activity of CD8 T cells and that the 4–1BB-
induced NKG2D was refractory to TGF-β down-regulation (40). Thus, enhancing 4–1BB costimulation
through appropriate CAR design could promote the generation of protective antitumor immune
responses by a variety of mechanisms (64–68).

The finding that forced expression of 4–1BB permitted survival and expansion of CD8 T cells both in
vitro and in vivo suggests that 4–1BB stimulation will be useful in adoptive immunotherapy of cancer
(55, 69). However, 4–1BB signaling has also been shown to promote expansion of regulatory T cells
(70–72), which might explain in part the findings that treatment of autoimmune-prone strains of mice
with 4–1BB mAb did not accelerate the syndromes but in many cases actually appeared to ameliorate
them (73–76). While the induction of regulatory T cells may offset the therapeutic effect of using 4–
1BB costimulation, providing 4–1BB signaling through CAR could specifically benefit only the T cells
that express the CAR, thus preventing the enhancement of Tregs.

Persistence of adoptively transferred T cells was shown to be highly correlated with objective response
for patients treated with either tumor-reactive TILs (77) or highly active TCR-engineered PBLs (9, 50).
While the use of viral-specific PBLs as CAR targets has recently resulted in positive clinical findings
(78), all of the prior clinical trials using CAR-engineered bulk PBLs for adoptive cell therapy of cancer
patients showed no objective response and very short-term persistence of adoptively transferred
lymphocytes (20, 78–80). T lymphocytes redirected with CARs composed of scFv of mouse origin or
the use of T cell signaling domains that only contain CD3ζ, with or without CD28 intracellular regions,
may not function or persist in vivo in cancer patients due to mechanisms previously discussed.
Adoptive transfer of T lymphocytes engineered with CARs that are composed of human or humanized
Abs with optimized T cell signaling moieties, such as 4–1BB, together with proper conditional
regimens, or the transduction of virus-specific CTLs (78) holds great promise to enhance current
adoptive immunotherapy for both cancer and infectious diseases.
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Reprogramming T cell metabolism with a click
Cancer therapies in which tumor-speci�c T cells are transferred into a patient often fail to control solid tumors.
This is partially due to metabolic dysfunction of the transferred T cells at the tumor site. In this study, Hao et al.
reprogrammed T cells by anchoring, and clicking, a drug that modulates metabolism to the surface of the T cells.
This drug, avasimibe, increased cholesterol in the T cell membrane, which enhanced T cell activation, promoted
tumor cell killing, and extended survival in mouse models of melanoma and glioblastoma. Thus, using click
chemistry to anchor drugs on the surface of T cells may be a useful technique to improve functionality of adoptive
T cell therapies.
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Treatment of solid tumors with T cell therapy has yielded limited therapeutic bene�ts to date. Although T cell
therapy in combination with proin�ammatory cytokines or immune checkpoints inhibitors has demonstrated
preclinical and clinical successes in a subset of solid tumors, unsatisfactory results and severe toxicities
necessitate the development of effective and safe combinatorial strategies. Here, the liposomal avasimibe (a
metabolism-modulating drug) was clicked onto the T cell surface by lipid insertion without disturbing the
physiological functions of the T cell. Avasimibe could be restrained on the T cell surface during circulation and
extravasation and locally released to increase the concentration of cholesterol in the T cell membrane, which
induced rapid T cell receptor clustering and sustained T cell activation. Treatment with surface anchor-engineered
T cells, including mouse T cell receptor transgenic CD8  T cells or human chimeric antigen receptor T cells,
resulted in superior antitumor e�cacy in mouse models of melanoma and glioblastoma. Glioblastoma was
completely eradicated in three of the �ve mice receiving surface anchor-engineered chimeric antigen receptor T
cells, whereas mice in other treatment groups survived no more than 64 days. Moreover, the administration of
engineered T cells showed no obvious systemic side effects. These cell-surface anchor-engineered T cells hold
translational potential because of their simple generation and their safety pro�le.
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Abstract 

Cancer immunotherapy by chimeric antigen receptor-modified T (CAR-T) cells has shown 
exhilarative clinical efficacy for hematological malignancies. Recently two CAR-T cell based 
therapeutics, Kymriah (Tisagenlecleucel) and Yescarta (Axicabtagene ciloleucel) approved by US 
FDA (US Food and Drug Administration) are now used for treatment of B cell acute lymphoblastic 
leukemia (B-ALL) and diffuse large B-cell lymphoma (DLBCL) respectively in the US. Despite the 
progresses made in treating hematological malignancies, challenges still remain for use of CAR-T cell 
therapy to treat solid tumors. In this landscape, most studies have primarily focused on improving 
CAR-T cells and overcoming the unfavorable effects of tumor microenvironment on solid tumors. 
To further understand the current status and trend for developing CAR-T cell based therapies for 
various solid tumors, this review emphasizes on CAR-T techniques, current obstacles, and 
strategies for application, as well as necessary companion diagnostics for treatment of solid tumors 
with CAR-T cells. 

Key words: CAR-T cells; chimeric antigen receptor; solid tumors; companion diagnostics; CTC 

Introduction 
Immunotherapy with CAR-T cells has achieved 

tremendous successes in treatment of hematological 
malignancies. Two CD19-targeting CAR-T cell 
products, Kymriah from the Novartis (East Hanover, 
NJ USA) and Yescarta from the Kite Pharma (Santa 
Monica, CA USA), have been approved by the US 
FDA for treating B cell acute lymphoblastic leukemia 
(B-ALL) and diffuse large B-cell lymphoma (DLBCL), 
respectively [1]. However, due to intricacies of solid 
tumors and their locations in the human body, 
treatment of solid tumors with CAR-T cells is facing 
multiple obstacles, such as the hostile tumor 
microenvironment, on-tumor/off-tumor toxicities, 
and undesired antigen specificity [2]. Many strategies 
and approaches have been tried to overcome these 

obstacles, including arming CAR-T cells with 
knock-out of PD-1 expression or secretion of 
cytokines/chemokines and using CAR-T cells in 
combination with other treatments [3-5]. Despite these 
efforts, there are still no CAR-T cells clinically 
approved for solid tumor treatment so far. 
Encouragingly and optimistically, in this landscape, 
more than forty clinical trials in treatment of solid 
tumors by CAR-T cells have been registered in China 
alone (Table 1) [6]. 

Beside the focuses on the aspects of treatment, 
companion diagnostics are increasingly recognized as 
playing important roles in patient screening, 
treatment regimen, efficacy evaluation, and real-time 
monitoring of CAR-T cell therapies. Therefore, in this 
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review, we focus on current CAR-T techniques, 
obstacles, strategies for overcoming these obstacles, as 

well as necessary companion diagnostics in treatment 
of solid tumors with CAR-T cells.  

 

Table 1. Clinical trials in treatment of solid tumors in China by CAR-T cells 

Antigen Tumor target Sponsor Phase NCT number Study start 
CD133 Liver cancer; pancreatic cancer; brain tumor; breast 

cancer; ovarian tumor; colorectal cancer, acute myeloid 
lymphoid leukemias 

Chinese PLA General Hospital Phase 1 NCT02541370 2015 

CD138 Multiple myeloma Chinese PLA General Hospital Phase 1/Phase 2 NCT01886976 2013 
CD19 Recurrent or refractory B-cell tumor Second Military Medical University Phase 1/Phase 2 NCT02644655 2015 
CEA Lung cancer; colorectal cancer; gastric 

cancer; breast cancer; pancreatic cancer 
Southwest Hospital Phase 1 NCT02349724 2014 

Claudin 18.2 Advanced gastric adenocarcinoma, pancreatic 
adenocarcinoma 

Changhai Hospital NA NCT03159819 2017 

EGFR Advanced EGFR-positive solid tumors Chinese PLA General Hospital Phase 1/Phase 2 NCT01869166 2013 
EGFR Advanced glioma RenJi Hospital Phase 1 NCT02331693 2014 
EGFR Advanced solid tumor Shanghai Cell Therapy Research Institute Phase 1/Phase 2 NCT03182816 2017 
EGFR EGFR-positive colorectal cancer Shenzheng Second People’s Hospital Phase 1/Phase 2 NCT03152435 2017 
EGFRvIII Recurrent glioblastoma multiforme Beijing Sanbo Brain Hospital Phase 1 NCT02844062 2016 
EGFRvIII Glioblastoma multiforme Shenzhen Geno-Immune Medical Institute Phase 1/Phase 2 NCT03170141 2017 
EphA2 EphA2-positive malignant glioma Fuda Cancer Hospital Phase 1/Phase 2 NCT02575261 2015 
EpCAM Liver neoplasms Sinobioway Cell Therapy Co., Ltd. NA NCT02729493 2015 
EpCAM Stomach neoplasms Sinobioway Cell Therapy Co., Ltd. NA NCT02725125 2015 
EpCAM Malignant neoplasms of the nasopharynx, TNM staging, 

distant metastasis and breast cancer recurrence 
Sichuan University Phase 1 NCT02915445 2016 

EpCAM Colon cancer, esophageal carcinoma, pancreatic cancer, 
prostate cancer, gastric cancer, hepatic carcinoma 

First Affiliated Hospital of Chengdu 
Medical College 

Phase 1/Phase 2 NCT03013712 2017 

GD2 Neuroblastoma Zhujiang Hospital Phase 2 NCT02765243 2016 
GD2 Relapsed or refractory neuroblastoma Sinobioway Cell Therapy Co., Ltd. NA NCT02919046 2016 
GD2 Solid tumor Shenzhen Geno-Immune Medical Institute Phase 1/Phase 2 NCT02992210 2016 
GPC3 Hepatocellular carcinoma RenJi Hospital Phase 1 NCT02395250 2015 
GPC3 Hepatocellular carcinoma and liver metastases Shanghai GeneChem Co., Ltd. Phase 1/Phase 2 NCT02715362 2016 
GPC3 GPC3-positive hepatocellular carcinoma Funda Cancer Hospital, Guangzhou Phase 1/Phase 2 NCT02723942 2015 
GPC3 Lung squamous cell carcinoma Carsgen Therapeutics, Ltd. Phase 1 NCT02876978 2016 
GPC3 Hepatocellular carcinoma Shanghai GeneChem Co., Ltd. Phase 1/Phase 2 NCT03130712 2017 
GPC3 Advanced hepatocellular carcinoma Xinqiao Hospital of Chongqing Phase 1/Phase 2 NCT03084380 2017 
GPC3 Hepatocellular carcinoma, squamous cell lung cancer Second Affiliated Hospital of Chengdu 

Medical University 
Phase 1 NCT03198546 2017 

GPC3 Hepatocellular carcinoma RenJi Hospital - NCT03146234 2017 
GPC3/MSLN/ 
CEA 

Hepatocellular, pancreatic cancer, colorectal cancer Shanghai GeneChem Co., Ltd. Phase 1/Phase 2 NCT02959151 2016 

HER2 Tumors refractory to chemotherapy and/or HER2 
antibody therapy, advanced HER2-positive solid tumors 

Chinese PLA General Hospital Phase 1/Phase 2 NCT01935843 2013 

HER2 Breast cancer, ovarian cancer, lung cancer, gastric cancer, 
colorectal cancer, glioma, pancreatic caner 

Southwest Hospital Phase 1/Phase 2 NCT02713984 2016 

HER2 Breast cancer Fudan Cancer Hospital Phase 1/Phase 2 NCT02547961 2015 
HerinCAR-PD1 Advanced malignancies Ningbo Cancer Hospital Phase 1/Phase 2 NCT02873390 2016 
HerinCAR-PD1 Advanced solid tumors (lung, liver, and stomach) Shanghai International Medical Center Phase 1/Phase 2 NCT02862028 2016 
MSLN Malignant mesothelioma, pancreatic cancer; ovarian 

tumor; triple negative breast cancer; endometrial cancer; 
other mesothelin-positive tumors 

Chinese PLA General Hospital Phase 1 NCT02580747 2015 

MSLN Pancreatic cancer Shanghai GeneChem Co., Ltd. Phase 1 NCT02706782 2016 
MSLN Mesothelin-positive tumors China Meitan General Hospital Phase 1 NCT02930993 2016 
MSLN Solid tumors, adult advanced cancer Ningbo Cancer Hospital Phase 1/Phase 2 NCT03030001 2017 
MSLN Advanced solid tumors Shanghai Cell Therapy Research Institute Phase 1/Phase 2 NCT03182803 2017 
MG7 Liver metastases Xijing Hospital Phase 1/Phase 2 NCT02862704 2016 
MUC1 Malignant glioma of the brain; colorectal carcinoma; 

gastric carcinoma 
PersonGen Biomedicine (Suzhou) Co., Ltd. Phase 1/Phase 2 NCT02617134 2015 

MUC1 Advanced refractory solid tumors (hepatocellular 
carcinoma, NSCLC, pancreatic carcinoma, triple-negative 
invasive breast carcinoma) 

PersonGen Biomedicine (Suzhou) Co., Ltd. Phase 1/Phase 2 NCT02587689 2015 

MUC1 Advanced solid tumors Shanghai Cell Therapy Research Institute Phase 1/Phase 2 NCT03179007 2017 
NY-ESO-1 Advanced NSCLC Guangzhou Institute of Respiratory 

Disease 
Phase 1 NCT03029273 2017 

LMP1 Nasopharyngeal neoplasms The Second Hospital of Nanjing Medical 
University 

Phase 1/Phase 2 NCT02980315 2016 

PD-L1 CSR Glioblastoma multiforme Beijing Sanbo Brain Hospital Phase 1 NCT02937844 2016 
PSCA/MUC1/ 
PD-L1/CD80/8
6 

Advanced lung or other cancers Second Affiliated Hospital of Guangzhou 
Medical University 

Phase 1 NCT03198052 2017 

PSMA/FRα Bladder cancer, urothelial carcinoma bladder Shenzhen Geno-Immune Medical Institute Phase 1/Phase 2 NCT03185468 2017 
Zeushield NSCLC Second Xiangya Hospital of Central South 

University 
Phase 1 NCT03060343 2016 

*The clinical trials are collected from clinicaltrials.gov 
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Overview of CAR-T techniques 
Chimeric antigen receptor (CAR) is the core 

component of CAR-T, which endows T cells with the 
ability to recognize tumor antigens in a 
HLA-independent manner and enables them to 
recognize more extensive target antigens than natural 
T cell surface receptor (TCR) [7]. A basic CAR 
includes a tumor-associated antigen (TAA) binding 
domain (usually from the scFv fragment of 
antigen-binding region of the monoclonal antibody), 
an extracellular hinge domain, a transmembrane 
domain and an intracellular signal domain [7, 8]. 

The activation of T cells mediated by the first 
generation of CAR is accomplished by the tyrosine 
activation motif on CD3ζ chain or FcεRIγ [9]. CD3ζ 
chain can provide “signal I” for T cell activation, 
cytolysis, regulation of IL-2 secretion and anti-tumor 
activity in vivo [10, 11]. However, the anti-tumor 
activity of the first generation of CAR modified T cells 
is limited in vivo, and the decreased proliferation of T 
cells ultimately leads to apoptosis [12, 13]. The second 
generation of CAR adds a new costimulatory signal in 
the intracellular region, which enlarges the original 
“signal I” derived from TCR/CD3 complex [14, 15]. 
Many studies have shown that compared with the 
first generation of CAR, the second generation of CAR 
carrying “signal II” has the same antigen specificity, 
increased T cell proliferation and cytokine secretion, 
enhanced secretion of anti-apoptotic proteins, and 
delayed cell death. The ubiquitously used 
costimulatory molecule is CD28 [16, 17], which have 
been gradually been replaced with CD137 (4-1BB) 
[18]. In addition, an idea of using NK cell receptor 
CD244 has also been proposed to promote sustained 
activation and proliferation of CAR-T cells [19]. 

In order to further improve the design of CAR, 
many studies began to focus on the development of 
the third generation of CAR, including not only 
“signal I”, “signal II”, but also additional 
costimulatory signals. Studies using different targets 
and costimulatory signals were conducted to compare 
the results of the second and third generation of CARs 
and obtained quite encouraging experimental results 
[20, 21]. Zhong et al. combined CD28 and 4-1BB 
costimulatory signaling domains to construct a CAR 
specific for prostate-specific membrane antigen 
(PSMA). This group demonstrated that the CAR they 
constructed was able to induce strongest PI3K/Akt 
activation and Bcl-XL expression in vitro, and the least 
apoptosis in transduced peripheral blood CD8+ T cells 
[20]. Targeting a different tumor marker, MUC1, 
Wilkie et al. designed a CAR containing a fused 
CD28/OX40/CD3ζ endodomain. Using the 
engineered CAT-T cells and upon MUC1 stimulation, 
they showed that these CAR-T cells were able to 

secrete proinflammatory cytokines indicative of both 
type-1 (IFN-γ) and Th17 (IL-17) differentiation in 
vitro. It was noteworthy that IL-17 has been known as 
tissue destructive cytokine in autoimmune disease 
animal models, although its anti-tumor effect is still to 
be elucidated [20, 21].  

Up to date, it is still uncertain which design is 
better between the second generation and the third 
generation of CAR. Additionally, the second and third 
generations of CARs have their own on-going clinical 
trials in the US, China and Europe, and the 
development and outcome of these clinical trials are 
being closely watched.  

Obstacles in treating solid tumors with 
CAR-T cells 
1. CAR-T cells traffick to the tumor sites 

To bind to their target proteins on the surface of 
tumors, CAR-T cells first need to traffick to tumor 
sites. This is the fundamental prerequisite for T cell 
immunotherapy to work properly. Unlike the 
hematological malignancies, in the case of solid 
tumors, T cells trafficking to and infiltrating into 
tumor sites are oftentimes greatly limited by the 
immunosuppresive microenvironment [22]. Also 
unlike hematological malignancies that are easy to be 
targeted and reached by CAR-T cells, some of 
chemokines such as CXCL1 [23], CXCL12, and CXCL5 
[24, 25] secreted by solid tumors prevent T cells from 
trafficking toward and infiltrating into the tumor 
lesions. Due to lack of corresponding chemokine 
receptors expressed on T cells, it is difficult for them 
to traffic and infiltrate into tumor sites, drastically 
impeding the ability of CAR-T cells for their designed 
immuno-cytotoxicity for killing tumor cells. 
Therefore, in order to overcome this obstacle, T cell 
will need to be modified to express chemokine 
receptor that matches the corresponding 
tumor-derived chemokine. An early study conducted 
by Kershaw et al. demonstrated that chemokine 
receptor (CXCL1 receptor)-engineered T cells can 
greatly drive themselves to migrate toward 
melanoma cells [23]. This study demonstrated the 
feasibility that T cell traffic can be re-directed to tumor 
sites by chemokines secreted by tumor cells. 

2. CAR-T cells infiltrate into tumors 
Once CAR-T cells successfully traffic to tumor 

sites, infiltrating into tumor microenvironment is a 
required critical step to exert anti-tumor effects. This 
is a very highly dynamic and regulated complex step: 
it involves rolling, adhesion, extravasation and 
chemotaxis [26]. Solid tumors have unique 
histopathological features, such as concentrated blood 
vessels [27], as well as tumor-associated fibroblasts 
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and myeloid cells forming extracellular matrix (ECM). 
While these features favor the growth of solid tumors, 
they impose the difficulty for T cell infiltration in 
tumor sites [27], thus preventing the continuous 
contact between T cells and tumor cells that is neces-
sary for T cells to exert cytotoxic antitumor effects.  

3. The immunosuppressive state of 
microenvironment in solid tumors  

The immunosuppressive microenvironment 
within solid tumor has special histopathological 
features as manifested by high density blood vessels, 
extensive vascular leakage, poor integrity of tissue 
structure, and others [2]. These changes result in 
hypoxia, low pH, immune suppressor cells, augment 
of inhibitory checkpoint, and more tumor-derived 
cytokines [28-30]. Following are three major factors 
that affect the antitumor effects of T cells: 

3.1 Immune suppressor cells 
Solid tumors generally consist of a large number 

of immune suppressor cells, such as regulatory T cells 
(Tregs), myeloid-derived suppressor cells (MDSCs), 
and tumor-associated macrophages. These cells all 
play roles to protect solid tumor cells from being 
killed by the host’s immune system. Theoretically, 
costimulatory molecules, such as CD28 and CD137, 
may benefit CAR-T cell activation and survival in 
tumor sites [31, 32]. In addition, blocking 
granulocyte-macrophage colony stimulating factor 
(GM-CSF) dependent MDSC expansion and PD-L1 
expression on MDSC may be a potential approach to 
enhance the antitumor effects of CAR-T cells [33].  

3.2 Tumor-derived cytokines 
Tumor-derived cytokines are soluble factors that 

deter the efficacy of cancer immunotherapy for solid 
tumors. Transforming growth factor-β (TGF-β) is an 
inhibitory tumor cytokine that plays a major role in 
alleviating the antitumor response. TGF-β 
downregulates CD8+ effector T cell function and 
upregulates Treg maturation [27]. In contrast, 
neutralizing TGF-β by antibody or small molecular 
drugs improves CD8+ T cell functions and enhances 
the antitumor response by increasing the number, 
infiltration and persistence of adoptively transferred T 
cells. Moreover, the activation of cytokines, such as 
interleukin (IL)-2 and IL-15, improves the antitumor 
effects of CAR-T cells [34]. IL-12, in particular, alters 
the tumor microenvironment [35], eliminates 
antigen-negative tumor cells [36], and prolongs the 
survival of T cells to increase efficacy of 
immunotherapy through recruiting and activating 
macrophages and other innate immune cells [27]. In 
addition, to alter the tumor microenvironment, 
armored CAR-T cells have been generated to secrete 

proinflammatory cytokines to improve CAR-T cell 
efficacy within the tumor microenvironment [37]. 

3.3 Checkpoint inhibitory ligands 
Inhibitory immune-checkpoint ligands induce 

the suppressive function of the immune response and 
are usually overexpressed in solid tumors. For 
example, PD-L1 is ligand for PD-1 receptor and 
inhibits CAR-T cell activation by binding to PD-1. 
PD-L1 has the two function motifs, immune-receptor 
tyrosine-based inhibitor motif (ITIM) and 
immune-receptor tyrosine-based switch motif (ITSM), 
which are involved in dephosphorylation of TCR- 
associated CD3 and zeta chain-associated protein 
kinase 70 (ZAP70) [27, 38]. Blocking PD-1 through 
specific antibody, shRNA, or dominant negative 
receptor restored the function of Mesothelin-targeting 
CD28 CAR T cells, and CAR-T cells with constitutive 
anti-PD-1 secretion were more functional, 
expandable, and efficient in tumor eradication than 
parental CAR-T cells in a human lung carcinoma 
xenograft mouse model [39, 40]. Checkpoint 
blockades are being applied to many clinical trials in 
combination treatment with CAR-T cells [41, 42]. 

4. The immune-related adverse events(irAEs)  
One of the major challenges in CAR-T cell 

therapy for solid tumors is the irAEs [43-46]. In 2010, 
death of a patient with colon cancer metastasis to the 
lung and liver following ERBB2-targeting CAR-T cell 
therapy was reported. The cause may be due to the 
recognition of CAR-T cells to low levels of ERBB2 on 
lung epithelial cells and resulted in triggering the 
release of remarkable amount of cytokines [43]. There 
are two major mechanisms leading to the increased 
toxicity observed with CAR-T cell therapy: 

4.1 On-target/on-tumor toxicity 
The most life-threatening toxicity following 

CAR-T cell immunotherapy is on-target/on-tumor 
toxicity, which relates to adverse effects, such as 
cytokine release syndrome (CRS). Upon binding to 
antigens on target tumor cells, infused CAR-T cells 
are extensively activated, leading to the release of a 
large number of inflammatory cytokines. The CRS 
symptoms include fever, fatigue, nausea, vomiting, 
diarrhea, rashes, delirium, hallucinations, 
hypotension, and even severe multiple organ failure 
[44, 47]. The CRS has been classified into five grades 
according to the Common Terminology Criteria for 
Adverse Events (CTCAE) ranging from a mild 
reaction/grade 1 to death/grade 5. The level of the 
CRS severity is believed to be strongly correlated with 
tumor burden. IL-6 appears to be a major mediator of 
the CRS [48], and thus the key strategy to ameliorate 
this side effect is to block IL-6 directly with the IL-6R 
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inhibitor tocilizumab [49]. In addition to tocilizumab, 
new cytokine-directed approaches might be 
considered to overcome the CRS.  

4.2 On-target/off-tumor toxicity 
Another type of toxicity originates from binding 

of CAR-T cells to target antigen that is also expressed 
on normal cells. This toxicity may lead to destruction 
of healthy cells and organs [43]. In the treatment of 
neuroblastoma, the fatal neurotoxicity was observed 
in high-affinity GD2-specific CAR-T cell therapy, 
suggesting that GD2 may be an inappropriate 
targeting antigen for CAR-T cell therapy [50]. Most of 
the CAR-T cell target antigens seem not to be tumor 
specific and shared by normal cells. Therefore, 
antigen specificity becomes a crucial factor for CAR-T 
therapy. To reduce the risk of this toxicity, selectivity 
of a safer antigen for CAR-T cells is critical and may 
be improved by utilizing dual CAR targeting, and 
modulating the sensitivity of single-chain variable 
fragment (scFv) [51]. Toxicity can also be minimized 
by controlling CAR-T cell activity through 
manipulating CAR expression and introducing a 
switch that can be triggered in the severe condition of 
the irAE [52, 53].  

5. Antigen specificity 
Tumor cells exhibit different morphologic and 

phenotypic profiles. One of the predominant 
biological characteristics of solid tumors is their 
heterogeneity. Tumor heterogeneity significantly 
affects immunotherapy efficacy due to the immune 
target may limit to a certain population of solid tumor 
cells. Therefore, to improve target specificity and 
eliminate toxicity are necessary in CAR-T cell therapy. 
EGFR variant III (EGFRvIII) is believed to be the only 
tumor-specific antigen (TSA) for CAR-T cells. It is 
found to be exclusively expressed on human cancer 
cells rather than normal healthy cells [54-56], 
EGFRvIII-targeting CAR-T cells precisely target 
tumor cells and are helpful to increase efficacy and 
reduce toxicity.  

The shortage of TSAs severely limits the use of 
CAR-T therapy. Therefore, targeting tumor-associated 
antigens (TAAs) is an alternative method to overcome 
the shortage of TSAs. Most of ongoing clinical trials of 
CAR-T cell therapies for solid tumors are using these 
TAAs [57]. Attention should be paid to use of this 
CAR-T strategy because it may cause damage of 
normal tissues as TAAs are not only overexpressed on 
tumor cells but also on some normal cells.  

6. Strategies to refine CAR-T cells for 
treatment of solid tumors 

To overcome the obstacles mentioned above, we 
need to improve T cell efficacy and adopt new 

strategies that are discussed as below:  

6.1 Improving CAR-T cell trafficking and infiltration 
As mentioned earlier, CAR-T cell trafficking 

requires the establishment of chemotaxis migration 
between chemokines secreted by tumor cells and 
chemokine receptors on effector T cells. Different 
tumor types produce various chemokines so that a 
corresponding chemokine with its appropriate 
chemokine receptor is a critical factor for successful 
trafficking of T cells to tumor sites [22]. T cells 
engineered with the chemokine receptor CXCR2, 
which binding to the ligand CXCL1 on tumor cells, 
have been demonstrated to effectively traffick toward 
melanoma (Figure 1A) [23]. Di Stasi et al. 
demonstrated that the anti-lymphoma effects of T 
cells were improved by co-expression of CCR4. CCR4 
can enhance the homing of CAR-CD30-modified T 
cells to CD30+ Hodgkin lymphoma cells by its 
secreted CCL17 (ligand for CCR4) [58]. Similarly, the 
antitumor effects towards malignant pleural 
mesothelioma and neuroblastoma were improved by 
CCR2b expression of mesothelin- and GD2-targeting 
CAR-T cells, respectively [59]. The local delivery of 
IL-7 and CCL19 by CAR-T cells improved immune 
cell infiltration and CAR-T cell survival in the tumor 
[60]. Conversely, tumor cells mediate the secretion of 
chemokines from suppressive immune cells, such as 
CXCL5, and the lack of suitable chemokine receptors 
on T cells, decrease migration of CAR-T cells into 
tumors (Figure 1A) [24, 25]. 

Regional delivery of T cell through 
intraperitoneal and intra-tumoral injection is also a 
direct way to deliver CAR-T cells. In a Phase I clinical 
trial study, ErbB-targeting CAR-T cells were delivered 
via intra-tumoral injection to patients with head and 
neck squamous cell carcinoma [61]. Local delivery is 
also suitable for other cancers, such as ovarian cancer 
and malignant pleural mesothelioma via the 
peritoneal and pleural cavities [22]. However, 
innovative deliveries are needed to be developed for 
those patients with tumors that are not easy to access 
by regional delivery. 

Stroma is mainly composed of ECM whose 
primary ECM component is heparan sulfate 
proteoglycan (HSPG) [22]. Degradation of HSPG is 
the first step for T cells to pass stroma-rich solid 
tumors. Heparanase (HPSE) is an enzyme that 
degrades HSPG. Reduction of HPSE mRNA 
expression has been found in in vitro-expanded 
CAR-T cells, thus restricting their anti-tumor function 
in solid tumors due to the abundance of stroma [62]. 
Caruanu, et al. had engineered CAR-T cells that 
express HPSE to promote T cell infiltration and 
antitumor activity. Their study showed improved 
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capability of CAR-T cells to degrade the EMC [62]. 
Wang et al. demonstrated that fibroblast activation 
protein (FAP)-targeted CAR-T cells enhanced 
cytotoxic function by decreasing tumor fibroblasts in 
animal models [27]. VEGF receptor-2, highly 
expressed on tumor-associated endothelial cells, has 
been selected as another candidate for facilitating T 
cell infiltration [26]. CAR-T cells engineered with 
VEGF receptor-2 generated a durable and increased 
tumor infiltration and enhanced antitumor effect 
(Figure 1A) [63]. With anti-angiogenic pharmacologic 
intervention, tumor infiltration of CD8+ T cell is 
increased by blocking VEGF receptor-2 to achieve 
long-term therapeutic efficacy [64]. It is clear that the 
complexity of genetic modification and long-term 
period of in vitro culture may also limit the clinical 
application of CAR-T cell therapy. 

6.2 Reversal of the immunosuppressive 
microenvironment 

Preclinical data have shown that incorporation 
of costimulatory molecules into CARs helps CAR-T 

cells to reverse the immunosuppressive tumor 
microenvironment, for example, CD28 co-stimulation 
overcomes TGF-β-mediated repression of 
proliferation and enhances T-cell resistance to Treg 
cells [31, 32, 65]. Burga et al. showed that MDSCs are 
responsible for liver metastases and inhibition of 
CEA-targeted CAR-T cells. Following MDSC 
depletion in a mouse model, the antitumor activity of 
CAR-T cells was rescued [33]. During MDSC 
recruitment, tumor cells secrete high levels of 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) in vivo. Thus, GM-CSF neutralization might 
be an alternative method to inhibit MDSC expansion 
(Figure 1) [66, 67]. 

Inhibition of immunosuppressive cytokines by 
introducing a dominant-negative TGF receptor on 
CAR-T cells also improves the efficacy of CAR-T cells 
[68]. In the tumor microenvironment, cytokine (e.g., 
IL-2, IL-12, and IL-15) activation could antagonize the 
effects of immunosuppressive factors and improve 
CAR-T cell efficacy. Studies have shown that the 
antitumor function is enhanced by CAR-T cells that 

 

 
Figure 1. A. Improving CAR-T cell trafficking and infiltration. 1) Targeting the tumor stroma or vasculature: tumor fibroblasts are depleted by FAP-targeting CAR-T 
cells to inhibit tumor growth. 2) ECM consumption by a secreted enzyme: the ECM (heparan sulfate proteoglycans) can be disintegrated by HPSE. 3) Homing to tumors 
expressing chemokine receptors (CCR4, CCR2b): genetically modified CAR-T cells express chemokine receptor(s) matching the tumor chemokine to facilitate migration to the 
tumor cells. B. Overcoming the immunosuppressive tumor microenvironment. 1) Anti-PD-L1-secreting CAR-T cells: human NK cells are recruited to the tumor site 
through secretion of anti-PD-L1 antibodies from CAR-T cells. 2) CAR-T cell therapy is potently enhanced by PD-1 blockade. 3) Blockade with the IL-10/TGFβ receptor. 4) 
Proinflammatory cytokines secreted by armored-CARs and TRUCKS (IL-12 showed an increased antitumor efficacy). C. Multiplex CAR-T cells to target the tumor 
profile. 1) Pooled CAR-T cells: multiple single-targeting CAR-T cells are mixed together. 2) Multi-specific CAR-T cells: one bispecific CAR-T cell consists of two specific CARs. 
3) Tandem CAR-T cells: two different CARs connected in tandem possessing a common intracellular domain. 4) Conditional CAR-T cells: one CAR has a CD3ζ signaling domain, 
and the other has a costimulatory domain. D. Minimizing CAR-T cell toxicity. 1) EGFRvIII CAR: EGFRvIII is the only truly tumor-specific antigen that is completely restricted 
to human cancer, such as glioblastoma. 2) Dual CAR: the first CAR activates T cell function through the CD3 signaling domain, and the second CAR contains CD28/CD137 to 
co-stimulate the signaling function. 3) Affinity-tuned CAR. 4) Inhibitory CAR (iCAR): normal cells are maintained safely because of negative signaling by iCARs that only have 
antigens that are expressed on normal cells. 5) ‘ON’ switch CAR-T cells: a CAR molecule is attached with a costimulatory CD3ζ signaling domain that can only be activated in 
the presence of a small molecule acting as an ‘ON’ switch. FAP: fibroblast activation protein; ECM: extracellular matrix; HPSE: heparanase; TRUCKs: T cells redirected for 
universal cytokine killing; CAR: chimeric antigen receptor. Note: The lines represent what A, B, C and D include respectively. 
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co-express IL-12 (Figure 1B) [35, 69]. Equally, IL-12 
secretion by CAR-T cells has been shown to destroy 
antigen-negative cancer cells that may escape from 
the therapy [36]. Other studies have confirmed that 
the antitumor effects of CAR-T cells are enhanced by 
IL-2 and IL-15 production [70-74]. To rebalance the 
tumor microenvironment, armored CAR-T cells or 
redirected T cells for universal cytokine killing 
(TRUCKs) have been studied in preclinical trials. 
Koneru M et al. demonstrated that these armored 
CARs and TRUCKs secreted proinflammatory 
cytokines that induced transformation of the tumor 
microenvironment in mice with human ovarian 
cancer xenografts [75]. 

For treatment of cancers such as melanoma and 
renal cancer, the application of checkpoint inhibitors, 
such as anti-PD1, anti-CTLA-4 and anti-PD-L1, 
improves T cell responses in patients [41, 76]. 
Preclinical data showed that blocking PD1-mediated 
immunosuppression also boosts the therapeutic 
effects of CAR-T cells (Figure 1B) [41]. In a study of 
CAR-T cells with PD-1 blockade in a mouse model, 
Moon EK et al. found that PD-1 blockade improved 
the antitumor activity of human mesothelin-targeting 
CAR-T cells (Figure 1B) [77]. HER2-targeted CAR-T 
cells in combination with anti-PD-1 significantly 
eliminated tumor cells in a mouse model [41]. Suarez 
ER et al. engineered CAR-T cells to secrete anti-PD-L1 
antibodies instead of administering anti-PD-L1 
antibody [78]. This approach not only reduced tumor 
progression but also enabled human NK cells to 
migrate to the tumor sites in a mouse model of renal 
carcinoma. NK cells exert the anti-tumor efficiency 
through antibody-dependent cell-mediated 
cytotoxicity (ADCC) and IFNγ stimulation of CD8+ T 
cells [22]. Therefore, CAR-T cell therapy for solid 
tumors can be improved by infiltration of other 
immune cell subsets into the tumor 
microenvironment through local anti-PD-L1 antibody 
secretion. Interestingly, the number of MDSCs was 
also significantly diminished in the mouse tumor 
microenvironment. In addition, certain molecules, 
such as IL-6, may play double-sided roles in tumor 
microenvironment [79].  

6.3 Multiplexing CAR-T cells to target tumor profiles 
Given by tumor heterogeneity and antigen 

escape variants, the next development in CAR-T cell 
therapy is to target more than one antigens, similar to 
the combinatorial strategy of traditional 
chemotherapy [80]. This approach increases the 
chances of eliminating multiple sub-clonal 
populations simultaneously by targeting multiple 
TAAs or other factors in the tumor 
microenvironment.  

There are various ways to create multi-specific 
CAR-T cells. The basic approach is to construct a pool 
with two unispecific CAR-T cell products, namely, a 
‘CAR pool’, for simultaneous co-administration 
(Figure 1C) [81]. A strategy of using combination 
targeting of HER2 and IL13Rα2 by bispecific T cells in 
glioblastoma was shown to be more efficient in 
eliminating tumor cells and showed less antigen 
escape variants compared with the CAR-T cells 
targeting HER2 alone in both in vitro and in vivo 
mouse xenograft models [82]. When treating lung 
cancer, a similar approach was applied to pool 
EphA2-targeted CAR and FAPα-targeted CAR to 
target the tumor microenvironment. This combination 
showed significant tumor killing in vitro and 
prolonged the survival of mouse xenografts 
compared with application of either CAR alone [83]. 

A single T cell platform can also possess dual 
antigen targeting when two (bispecific [bi]CARs)[83] 
or more (triCARs) [84] unispecific CARs are expressed 
in T cells (Figure 1C) [81]. In breast cancer, the 
proliferation of biCAR-T cells targeting HER2 and 
MUC1 in vitro was dependent on contact with both 
antigens simultaneously. biCAR-T cells coexpressing 
HER2 and IL13Rα2 CAR molecules showed 
significant potential of eliminating tumor cells 
compared with unispecific CARs alone or pooled 
products in a glioblastoma model and the antigen 
escape variants also decreased substantially [83]. In a 
non-small cell lung cancer model, the combination of 
PSCA- and MUC1-targeting CAR-T cells 
synergistically eliminated PSCA and MUC1 positive 
tumor cells [84]. However, another study reported the 
biCAR-T cells did not enhance the level of IL-2, a 
marker of T cell activation compared with single 
CAR-T cells. This is possibly caused by the steric 
hindrance during simultaneously binding both 
antigens [85].  

CAR-T function can be improved by alteration of 
the CAR configuration. In a proof-of-concept study, a 
tandem (tan) CAR was designed by Grada et al. that 
had two different scFv domains in tandem linked by a 
spacer (Figure 1C) [81]. The tanCAR individually 
recognized each target antigen, and its function was 
strengthened when both antigens interacted with 
their scFv domain simultaneously in vitro and in vivo 
[85]. This phenomenon suggests co-docking occurring 
to both target molecules. This concept was also 
established in an inducible in vitro targeting model 
and in vitro and in vivo antigen escape models [86]. In 
addition to biCARs, triCARs, and tanCARs, 
neoantigen-like tissue factors (TFs) become promising 
novel antigens. In certain types of lung cancer, 
melanoma and other cancers, TFs are overexpressed 
on the surface of tumor cells, and TF-CAR-T cells 
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were significantly activated to show specific 
cytotoxicity to TF-positive tumor cells in vitro [87]. 

Multispecific CAR-T cells have a potential 
advantage over unispecific CAR-T cells in avoiding 
on-target/off-tumor toxicities [49]. In lymphoreticular 
malignancies, instead of CRS, multispecific CAR-T 
cells led to specific tissue cholangitis [88]. A 
conditional biCAR was developed to minimize tissue 
damage (Figure 1C) [81]. Different endomembrane 
signaling domains are included in the two CARs of T 
cells, and T cell activation depends on simultaneous 
interaction of both CARs with their specific TAAs. For 
example, in prostate cancer, a biCAR was constructed 
with two prostate cancer antigens (prostate-specific 
membrane antigen and prostate stem cell antigen), the 
expression of which are also found on normal tissues. 
There is a CD3ζ intracellular domain and a 
CD28-4-1BB domain that constitute a costimulatory 
intracellular domain. This special biCAR effectively 
targeted tissues expressing both antigens but not 
tissues positive with single antigen [89]. Another 
example is that a conditional biCAR of mesothelin 
and α-folate receptor (FRα) with intracellular signaling 
domains of separated CD3ζ and CD28 are fully 
activated only when both antigens are present 
simultaneously in ovarian cancer. When 
multi-specific CAR-T cells were activated, cytokines 
were released and the tumor burden was reduced in 
both in vitro and in vivo experiments, similar to the 
single second generation of mesothelin-targeting 
CAR-T cells [90]. An approach of adding a further 
layer of titratable control to activate the CAR-T cells 
was recently described by Wu et al. The structure 
contained a small molecule that forms a 
heterodimerized biCAR, consisting of a binding 
domain for the antigen and a domain for intracellular 
signaling (Figure 1C) [81, 91]. 

Multitargeting CARs have several potential 
advantages over conventional unispecific CAR 
molecules. Through cytokine release and cytolysis in 
vitro and decreasing the tumor burden in vivo, the 
antitumor effects of CAR-T cells may be further 
enhanced. Other structures, such as the tanCAR, may 
strengthen functionality by changing steric 
interactions with tumor antigens [81]. However, the 
percentage of targeted tumor cells within tumor 
tissues should be concerned with multitargeting 
CARs [89, 92]. There are still growing demands to find 
novel antigens as potent targets. 

6.4 Minimizing CAR-T cell toxicity 
As mentioned above, to date, EGFRvIII is 

exclusively the tumor-specific CAR antigen, and it is 
fully restricted to human cancers and mostly found in 
glioblastoma [54, 55]. EGFRvIII-positive tumor cells 

can be precisely targeted by specific CAR-T cells to 
enhance therapeutic efficacy and decrease the 
corresponding toxicity. In an animal model study of 
glioblastoma, EGFRvIII CAR treatment produced 
very promising results, and clinical trials are 
underway to test it on glioblastoma patients [93, 94]. 

Various targeting strategies have been 
developed to increase the specificity and safety of 
CAR-T cell therapy (Figure 1D) [27]. One strategy is to 
modify T cells with two different CARs, and thus, 
tumor cells and normal cells can be induced to 
differentiate effectively. The first CAR molecule 
consists of the CD3ζ signaling domain, and the second 
CAR molecule contains the CD28 or CD137 
costimulation signaling domain [27, 89, 90]. Only 
when two CARs expressed in the same cells, the 
CAR-T cells can be fully activated. The 
on-target/off-tumor toxicities caused by TAA 
expression on normal tissues are limited by the CAR 
costimulatory domain on the same T cells. Preclinical 
data demonstrated that targeting multiple TAAs 
helps to minimize the possibility of antigen escape 
variant and efficiently target tumor subclones [81]. 

Furthermore, tumor specificity can be enhanced 
by an affinity-tuned CAR. In recent years, studies 
have demonstrated that adjusting the CAR affinity of 
CAR-T cells and maintaining potent antitumor 
efficacy in vivo, could distinguish tumor cells from 
normal cells with the expression of the same antigens 
at lower levels [51, 95]. Thus, tuning CAR sensitivity 
through high scFv affinity in CAR-T cell therapy for 
overexpressed antigens in solid tumors provides a 
promising approach. In addition, an alternative 
strategy called inhibitory CAR (iCAR) can reduce 
unwanted off-target effects. iCARs recognize specific 
antigens that are expressed only on normal cells, thus 
protects CAR-T cell from attacking normal cells by 
induction of the negative signaling. Fedorov et al. 
demonstrated that an iCAR possessing PD-1 and 
CTLA-4 inhibition ability prevented normal tissues 
from off-target effects in mouse models, applying the 
principle of checkpoint inhibition to an antigen in the 
normal tissue but not in the tumor [96]. However, due 
to the risk of iCAR to completely abolish T cell 
function, updated modifications, such as suicide 
genes, may be useful to control the unwanted toxicity 
[97]. 

The introduction of suicide switches, such as 
herpes simplex thymidine kinase (HSV-TK), inducible 
caspase 9 (iCasp9) and CD20, has already been 
clinically tested to control CAR-T cells [53, 98, 99]. 
This smart “tumor sensing” strategy, with the balance 
of two-antigen recognition, potentially diminishes 
on-target/off-tumor toxicity [100]. However, one 
disadvantage is the unintended elimination of the 
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modified T cells. Transient RNA expression of CAR 
offers temporary redirected T cell activity and limits 
toxic side effects, even though, in solid tumor models, 
RNA CAR-T cell activity is limited by insufficient 
tumor infiltration [22]. 

Companion diagnostics for CAR-T cells 
Many reviews have exclusively discussed 

strategies to improve the efficacy of CAR-T cell 
therapy against solid tumors, while less attention has 
been paid to companion diagnostics and related 
detections. These diagnostics and detections are now 
becoming indispensable for CAR-T cell therapies as 
they are playing important roles in patient selection, 
disease outcome prediction, treatment regimen 
decisions, efficacy evaluation, and relapse prevention. 
In these regards, we would like to focus on the topics 
of detection of target antigen expression and the 
properties of CARs.  

Since the death report of a metastatic colon 
cancer patient caused by on-target/off-tumor effects 
of ERBB2-targeted CAR-T cell therapy in 2010, the 
side effects of CAR-T cell therapy for solid tumors 
have received extensive attention [22, 43]. The 
on-target/off-tumor effects of CAR-T cells are mainly 
caused by T cells attacking normal cells due to their 
expression of target antigens [50, 100]. Thus, there is 
the compelling need for the identification of TSAs for 
treating solid tumors with CAR-T cells. Unless the 
depletion of those normal cells is tolerable, similar to 
CD19+ B cells, CARs with moderate affinity are 
considered to improve the effect of CAR-T cell 
therapy [2, 27, 46, 101, 102]. Despite the lack of an 
ideal TSA, scientists have attempted to reduce the side 
effects of CAR-T cell therapies by investigating the 
extracellular domain of CARs, especially the affinity 
of the scFv domains. Studies have reported that 
reducing the affinity of CARs could spare normal cells 
that express the target antigen at a low level, thus 
avoiding the on-target/off-tumor effect [51, 95, 103]. 
With detail comparisons between the T cell receptors 
and CARs, more precise adjustments have been made 
to CARs [104, 105]. A CD38-targeted CAR with 
~1,000-fold reduced affinity was confirmed to be 
more suitable for treating multiple myeloma, and an 
ICAM-1-targeting CAR with micromolar affinity was 
more appropriate than nanomolar counterparts for 
treating solid tumors [102, 106]. In addition, the 
density of CARs on T cells is another factor that 
should be considered along with the affinity. 
Altogether, CARs with moderate affinity are suitable 
for targeting TAAs in solid tumors. However, there is 
still an important factor that impacts the affinity 
choice of CARs and should be considered: the density 
or expression level of the target antigens on tumor 

cells [107, 108].  
To test the expression level of the target antigens 

on tumor cells, immunohistochemical (IHC) staining 
is ubiquitously utilized for regimen decisions. 
Another point that should be highlighted is the 
differences between the antibodies used for IHC and 
those for CARs, within which the scFv domains are 
responsible for binding the target antigens. Thus, 
using an antibody with the same clone origin for IHC 
and scFv for CARs has been emphasized [108, 109]. 
Nevertheless, peptides may form different spatial 
structures under different circumstances, and this 
may hide some of the essential binding sites of the 
scFv domains compared with the related antibodies 
for IHC [110-113]. Thus, the optimal antibody for IHC 
tests should bind the same epitopes as the relative 
CAR, or be in form of custom-made scFv peptide by 
coupling with a tag for secondary antibody detection. 

When discussing the detection of target antigen 
expression on tumor tissues using IHC assays, a 
question should be raised about the patients who do 
not have tumor tissue samples available such as in the 
situation of early stage of disease or metastasis, and 
minimal residual disease (MRD). In order to test 
whether those patients are suitable for respective 
CAR-T treatement, an alternative approach may be 
found by detecting the expression of target antigens 
on circulating tumor cells (CTC). We have tested the 
applicability of this protocol by examining the 
expression of EGFR and mesothelin on CTCs for 
CAR-T cell therapy, because these antigens are 
frequently targeted in clinical trials (Figure 2) [114]. 
Our preliminary results as shown in Figure 2 
demonstrated the feasibility for adapting CTC as one 
of the companion diagnostic and monitoring tool for 
CAR-T therapy. However, there are key factors that 
should be considered with this approach before it can 
become a reliable clinical testing utility. First, the 
number of CTCs varies with cancer types and stages. 
In order to assure sufficient CTCs are obtained and 
analyzed, the optimal sample blood volume still 
remain to be determined because too few CTCs may 
lead to a false negative result. Second, the 
epithelial-mesenchymal phenotype of CTCs must be 
considered because the epithelial-mesenchymal 
transition (EMT) process may hide the expression of 
target antigens [115, 116]. Many currently available 
methods for CTCs enrichment do not take this into 
account, thus lead to another possibility for negative 
results. Finally, the correlation between the numbers 
of target antigen-positive CTCs and the therapeutic 
efficacy needs further investigation after treatment 
(Table 2). Beside IHC and CTC detection, many other 
methods and technologies, such as circulating tumor 
DNAs, circulating miRNAs, T-cell receptor 
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sequencing/profiling and tumor mutation burdens, 
are currently being developed for companion 
diagnostics and efficacy monitoring for CAR-T cell 
therapy.  

 

Table 2. Summary of application of companion diagnostics 

Diagnostic Assays Intentions Related Issues Suggestions 
Immunohistochem
istry (IHC) 

Detecting the 
expression of 
targeting 
antigens for 
CAR-T cells 

Different binding 
epitopes with 
scFv in CAR 

Apply the same clone 
origin of the antibody for 
IHC and scFv for CAR; 
Custom synthesis of the 
scFv peptide by coupling 
with the substrate for the 
second antibodies. 

Affinity tests Reduce the side 
effects of 
CAR-T cells for 
solid tumors 

Too high will 
cause 
on-target/off-tum
or effects; 
Too low will 
cause inefficacy in 
killing cancer 
cells. 

Moderate affinity is 
proven to be a better 
choice; 
Balance the affinity and 
density of CAR on the T 
cells; 
Balance the affinity of 
CAR and density of the 
antigens on the tumor 
cells. 

Circulating tumor 
cells (CTCs) 

Provide 
alternative for 
patients 
without tumor 
tissue; 
Evaluate 
therapeutic 
efficacy of 
CAR-T cells; 
Real-time 
monitoring of 
antigen-positiv
e tumor cell 
relapse. 

CTCs are rare in 
blood; 
CTCs with a 
mesenchymal 
phenotype may 
hide the 
expression of 
antigens. 

Confirm the correlation 
between the positivity of 
the antigen-repressing 
CTCs and tumor tissues; 
Extract more blood than 
the traditional volume; 
Investigate the 
correlation between the 
number of targeting 
antigen-positive CTCs 
and the therapeutic 
efficacy needs. 

 

Conclusions 
In recent years, strategies have been applied to 

improve the efficacy and safety of CAR-T cell 
treatments for solid tumors, mainly through 
overcoming obstacles caused by the characteristics of 
T cells and tumor environment. Companion 

diagnostics, including IHC and CTC detection assays, 
can be applied to ameliorate the treatment of solid 
tumors with CAR-T cells. 
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Abstract

A deletion variant of epidermal growth factor receptor (EGFRvIII) is a known driver mutation in a
subset of primary and secondary glioblastoma multiforme. Adoptive transfer of genetically modified
chimeric-antigen receptor (CAR) lymphocytes has demonstrated efficacy in hematologic malignancies
but is still early in development for solid cancers. The surface expression of the truncated extracellular
ligand domain created by EGFRvIII makes it an attractive target for a CAR-based cancer treatment.
Patients with recurrent glioblastoma expressing EGFRvIII were enrolled in a dose escalation phase I
trial, using a third-generation chimeric antigen receptor construct derived from a human antibody.
Transduced cells were administered after lymphodepleting chemotherapy and supported post-transfer
with intravenous interleukin-2. The dose escalation proceeded at half-log increments from 10  to >10
cells. Primary endpoints were safety and progression-free survival. Eighteen patients were treated with
final infusion products ranging from 6.3×10  to 2.6×10  anti-EGFRvIII-CAR+ T cells. Median
progression free survival was 1.3 months (interquartile range 1.1–1.9), with a single outlier of 12.5
months. Two patients experienced severe hypoxia, including one treatment related mortality after cell
administration at the highest dose level. All patients developed expected transient hematologic
toxicities from preparative chemotherapy. Median overall survival was 6.9 months (interquartile range
2.8–10). Two patients survived over one year, and a third patient was alive at 59 months. Persistence of
CAR+ cells correlated with cell dose, but there were no objective responses. Administration of anti-
EGFRvIII CAR-transduced T cells did not demonstrate clinically meaningful impact in patients with
glioblastoma multiforme in this phase I pilot trial.

Keywords: glioblastoma, chimeric antigen receptor, immunotherapy, EGFRvIII
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Introduction

Glioblastoma is the most aggressive subtype of primary brain cancer. Standard of care includes surgical
resection or biopsy, followed by radiation and chemotherapy. Even with this strategy, median survival
is 14.6 months.  Molecular analysis of these tumors has demonstrated that increased signaling of the
epidermal growth factor receptor (EGFR) is a frequent genetic alteration associated with
glioblastoma.  The most frequent variant, EGFR variant III (EGFRvIII), an in-frame deletion of
exons 2–7, occurs in 25–64% of glioblastoma.  When present, it truncates the extracellular ligand
binding domain of the receptor and renders the protein constitutively active.  This mutation drives a
malignant phenotype by enhancing tumorgenicity , promoting cellular motility , and conferring
resistance to radiation and chemotherapy , but also creates a unique opportunity for immune-based
therapy. Because EGFRvIII is not present in normal tissue , the truncated extracellular portion of
the protein is tumor-specific and could be an antigenic target.

Human vaccine trials with EGFRvIII peptides have demonstrated antigenicity with specific cellular and
humoral responses, but no clinical efficacy has been seen. In the VICTORI trial, patients with
EGFRvIII+ glioblastoma received intradermal injections of autologous dendritic cells pulsed with
rindopepimut, a 13mer peptide spanning the fusion junction conjugated via a terminal cysteine with
keyhole limpet hemocyanin. Ten of 12 patients demonstrated increased in vitro proliferation when post-
vaccination blood was stimulated with EGFRvIII peptide. Comparison to historical controls did not
demonstrate significant improvement in survival.  In a series of trials (ACTIVATE, ACT II, ACT III)
of intradermal peptide injections of rindopepimut admixed with GM-CSF, most patients demonstrated
increased anti-EGFRvIII antibody titers over baseline. Delayed-type hypersensitivity skin tests
converted to reactive in a minority of patients, but further T cell analysis was not performed.
These studies suggested longer than expected survival, however a large, multinational phase III trial
(ACT IV) randomizing patients to temozolomide ± rindopepimut was terminated when a planned
interim analysis reached a futility boundary for overall survival.

Chimeric antigen receptors (CAR) utilize antibody-derived specificity to signal T cell activation, and
preclinical work from other groups has demonstrated that EGFRvIII-directed CAR T cells can inhibit
the growth of human tumor cells in vitro  and intracranial murine tumors  expressing the variant.
Human glioma cell lines, however, did not always retain the molecular characteristics of the primary
tumor and required introduction of the EGFRvIII variant through transfection or transduction. To
develop a more robust target to test the in vitro specificity of anti-EGFRvIII CAR T cells, glioblastoma
stem cells derived from single cell suspensions and grown in neurospheres were shown to maintain
mRNA expression of EGFRvIII.

Multiple second-generation CAR constructs were created for initial testing, each combining a single
chain antibody sequence (scFv) of one of four murine or three human anti-EGFRvIII antibodies with
CD28 costimulation and CD3ζ signaling. Three constructs recognized cell lines engineered to express
the variant without reactivity to wildtype, and the human scFv (139) was chosen for further
development (139–28Z). A third-generation CAR construct incorporating additional 4–1BB
costimulation (139–28BBZ, Figure 1A) demonstrated equivalent function to 139–28Z and the ability to
recognize glioblastoma stem cells.  Because animal models suggested that additional 4–1BB
costimulatory signaling could increase persistence and tumor localization , the third-generation
construct was chosen for the clinical trial described herein.
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Open in a separate window
Figure 1

Characterization of clinical infusion product. A. Diagram of retroviral vector construct selected for clinical
protocol detailing location of single chain variable fragment of human monoclonal Ab 139, CD8 linker
domain, CD28 and 4–1BB costimulatory domains, and CD3ζ signaling domain. B. EGFRvIII-specific
cytokine release of cell product 48–72 hours prior to infusion as measured by interferon-γ ELISA. UT:
untransduced PBL, Td: PBL transduced with CAR-28BBZ, U251: glioblastoma cell line ± transduction to
express EGFRwt or EGFRvIII, REP: rapid expansion protocol C. Measurement of CAR (+) cells in each
infusion product by flow cytometry. Non-REP: median 67.5% (IQR 62.6–71), REP: median 66% (IQR
49.4–75.3). Gated on live, CD3+ cells. Whiskers indicate range; + denotes mean. D. Infused CAR+ cells
were primarily of effector memory (EM) phenotype, as defined as CD45RA-, CCR7- T cells. There were
significantly fewer central memory (CM) cells in REP products (p=0.0006).
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During the accrual of this trial, other groups have explored EGFRvIII-directed CAR therapy, one using
a second-generation lentiviral construct containing a 4–1BB costimulation domain. In that study of 10
patients, no objective responses nor persistent CAR+ cells were identified.

Materials and Methods

Study Design

This clinical trial was designed to determine the maximum safe dose of autologous peripheral blood
lymphocytes retrovirally transduced with an EGFRvIII–targeting chimeric antigen receptor (CAR) and
whether this approach could impact progression free survival in patients with recurrent glioblastoma.
Secondary endpoints included CAR persistence and radiologic response. The protocol was approved by
the Institutional Review Board of the National Cancer Institute and registered with ClinicalTrials.Gov
(NCT01454596). All patients gave informed consent.

Treatment began with nonmyeloablative preparative chemotherapy: two days of cyclophosphamide (60
mg/kg) followed by five days of fludarabine (25 mg/m ). On the next day, autologous CAR-transduced
cells were infused over thirty minutes, with patient 18 receiving divided doses two hours apart. Low-
dose intravenous interleukin-2 administration (72,000 IU/kg) began within 24 hours of cell transfer and
continued every eight hours to tolerance. Tumor response was assessed by comparison to baseline
dynamic contrast-enhanced magnetic resonance imaging (MRI) with perfusion using Neuro-oncology
Working Group proposed guidelines starting one month after cell administration and proceeding at
regular intervals thereafter .

Patients

Adult patients with a pathologically confirmed diagnosis of EGFRvIII+ glioblastoma with radiologic
recurrence after initial surgical resection or chemoradiotherapy were eligible for this clinical trial.
Patients were required to have a Karnosfsky performance status of ≥60%. Concomitant steroids for
symptom control did not preclude eligibility provided a stable dose was achieved at least five days
prior to enrollment. Detection of EGFRvIII was confirmed by the Molecular Diagnostics Section,
Laboratory of Pathology, NCI using a clinically validated RT-PCR assay modified from Yoshimoto et
al .

Anti-EGFRvIII CAR T Cell Production and Analysis

After determining eligibility, peripheral blood lymphocytes (PBL) were isolated from patients by
leukapheresis and separated by centrifugation on a lymphocyte separation medium cushion. PBL were
stimulated by OKT3 antibody (50 ng/mL) and transduced with a clinical grade γ-retroviral vector that
encodes the EGFRvIII CAR, as previously described . National Institutes of Health Guidelines for
Research Involving Recombinant or Synthetic Nucleic Acid Molecules were followed. Final cell
product was required to have a minimum of 10% CAR+ CD3+ cells and specific interferon-γ release to
EGFRvIII+ cell lines. Cell dose was calculated by total number of CD3+ cells and proceeded at half-
log increments from 10  to >10  cells; higher doses (for patients 12–18) required additional
lymphocyte rapid expansion protocols (REP), as previously described.

Characterization of the infusion product was performed by flow cytometry. To assess the proportion of
transduced T-cells, cryopreserved lymphocytes aliquoted from the final infusion product were thawed
and cultured overnight in media without IL-2. Cells were first stained with biotinylated goat anti-
human Fab (Jackson ImmunoResearch, West Grove, PA) for 45 minutes on ice. At the end of
incubation, cells were washed and further stained with other antibodies including streptavidin-PE, anti-
CD3, anti-CD4, anti-CD8, anti-CCR7 and anti-CD45RA from either BD Biosciences (Franklin Lakes,
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NJ) or BioLegend (San Diego, CA). Data acquisition was performed using a FACS Canto II (BD
Biosciences), and data were analyzed using FlowJo software (FlowJo, Inc., Ashland, OR). T cell
phenotypes were defined as: naive CCR7+CD45RA+, central memory CCR7+CD45RA-, effector
memory CCR7-CD45RA-, and effector CCR7-CD45RA+.

CAR-engineered PBLs were tested for antigen-specific reactivity in cytokine release assays using wild
type and EGFRvIII-modified U251 glioblastoma tumor lines. In these assays, effector cells (1×10 )
were cocultured with an equal number of target cells in AIM-V medium in a final volume of 0.2 mL in
duplicate wells of a 96-well U-bottom microplate. Culture supernatants were harvested 18–24 hours
after the initiation of coculture and assayed for IFN-γ by ELISA (Thermo Scientific, Rockford, IL).

To detect genetically modified T cells, genomic DNA was extracted from an aliquot of the final
infusion product and PBL collected prior to treatment and at multiple time-points after treatment.
Duplicate aliquots of 100 ng DNA from each sample were used for each real-time quantitative PCR
reaction (TaqMan, Applied Biosystems Inc, Foster City, CA). The following primers/probe set was
used to detect EGFRvIII-CAR: forward primer (5’-TGCTAGGGCTCTGGGTCATCT-3’), reverse
primer (5’-TCGAGCATGGTTCTGCTGGTCA-3’) and the probe (5’-FAM-
AGCCTGCTGCTGTGCGAACT-3’). A standard curve was established using a DNA sample prepared
from a single patient CAR infusion product determined to contain 2.843×10  copies of CAR/µg DNA.
TaqMan β-actin control reagents kit (Applied Biosystems Inc., Foster City, CA) was used to normalize
reactions to input DNA amounts. CAR DNA in all samples prior to treatment was below the detectable
limit in this assay.

Statistics

A Mann-Whitney test was used to evaluate differences between REP and non-REP infusion products
and patients ± concomitant steroid administration. Student’s t test was used to evaluate differences in
phenotype and corrected using the Bonferroni-Dunn method. A nonparametric Spearman correlation
was used to evaluate CAR+ cell persistence and cell dose. A log-rank test was applied to Kaplan-Meier
survival analysis (Prism; GraphPad Software, La Jolla, CA). Data were reported as medians with
interquartile ranges (IQR), where appropriate. Reported P values were two-tailed, and P < .05 was
considered statistically significant.

Results

Patient and Treatment Characteristics

Initially, 33 patients with historical evidence of EGFRvIII+ GBM were clinically screened, three of
whom were ineligible when the presence of EGFRvIII could not be confirmed by PCR. Of the
remaining thirty patients with confirmed variant, three patients underwent biopsy of recurrent disease
that did not demonstrate the presence of EGFRvIII. Nine patients pursued other treatment or developed
progressive disease prior to enrollment. Eighteen patients were treated on this dose-escalating phase
one study (Table 1). All had developed recurrent glioblastoma after surgery, radiation, and
temozolomide chemotherapy, and 10 of 18 patients had received bevacizumab. Median interval from
initial diagnosis of GBM to screening was 15.7 months (interquartile range 11.6–20.6). Four of the
patients had tumors with an O -methylguanine-DNA-methyltransferase (MGMT) methylated promoter.
Fourteen patients entered the trial requiring medication for seizure control or prophylaxis. Repeat
biopsy was not required for study entry, and the median interval between an EGFRvIII (+) biopsy and
cell infusion was 11.1 months (interquartile range 3.1–17.0).

5

6

27

6

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6691897/table/T1/


Table 1.

Summary of patients enrolled on trial

Open in a separate window

MGMT: O -methylguanine-DNA-methyltransferase; Dex: dexamethasone; HCT: hydrocortisone; NR: no
response; NE: not evaluable; TRM: treatment-related mortality.

∆Ct = EGFRvIII Ct – Mean Ct of housekeeping genes GUS and HPRT1. Values <8 indicate presence of variant.
Time from confirmed biopsy to protocol treatment.
indicate ongoing survival

TUMOR CHARACTERISTICS

CONCURRENT
STEROIDS

(DAILY DOSE)

EGFRvIII qPCR

ID AGE/SEX
PRIOR

TREATMENTS
MGMT

METHYLATION TUMOR
%

TUMOR ∆Ct
INT
(M

1 45/M Surgery,
Radiation,
temozolomide,
bevacizumab,
BCNU

Y (Dex 3mg) N Initial >80 −4.8

2 43/M Surgery,
Radiation,
temozolomide,
bevacizumab

N N Recurrent 50 −1.2

3 52/M Surgery,
Radiation,
temozolomide,
bevacizumab

Y (Dex 1mg) N Initial 70 0.6

4 46/M Surgery,
Radiation,
temozolomide

Y N Initial >70 −3.4

5 55/M Surgery,
Radiation,
temozolomide

Y N Initial 60 −2.9

6 57/M Radiation,
temozolomide,
bevacizumab

Y (HCT 20mg) N Initial 85 −4.1

7 53/M Surgery,
Radiation,
temozolomide

N N Recurrent 70–80 3.5

8 56/M Surgery,
Radiation,
temozolomide,

N N Recurrent 60 −2.6

*

‡

‡
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initially enrolled without steroids, but neurologic symptoms required acute stress doses of steroids prior to cell
administration. Shading delineates patient groups illustrated in Figure 3A–D.

The cell infusion products (Table 2) were predominantly CD3+ (97.9%, range 94.8–99.4), and while
always CD8+ dominant, there was variability in the CD8:CD4 ratio (median 1.79, interquartile range
1.45–4.33). Three patients did not receive interleukin-2 (IL-2) after cell infusion: one developed
transient mental status changes that did not resolve within 24 hours and two patients developed acute
pulmonary symptoms. Infusion samples released on average >200-fold higher IFNγ in response to
EGFRvIII+ targets than negative controls (Figure 1B). As planned, a rapid expansion protocol (REP)
was used to achieve the desired cell number for patients treated at higher dose levels (≥3×10 ). The
percentage of CAR+ cells was not statistically different (p=0.84) between the non-REP (median 67.5%,
interquartile range 62.6–71) and REP (median 66%, interquartile range 49.4–75.3) infusion products (
Figure 1C). As expected with additional stimulation, the REP infusion samples had fewer central
memory T cells than non-REP (median 0.96% vs 15.2%, p=0.0006), however both were predominantly
of an effector memory phenotype (Figure 1D).
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Table 2.

Characteristics of Treatment

Open in a separate window

CAR: chimeric antigen receptor; IL-2: interleukin-2. T cell subsets: T  – naïve; T  – central memory; T  –
effector memory; T  – effector memory RA.

qPCR of infusion product, normalized to ACTB. Value is copies/1E6 copies ACTB; n.d.=not done. Shading
delineates patient groups illustrated in Figure 3A–D.

Adverse Events

There were no dose-limiting toxicities associated with cell infusion until the highest dose level (≥10 )
of CD3+ cells. Approximately one hour after administration of 6×10  cells, one patient developed
acute dyspnea and oxygen desaturation that was initially managed with bilevel positive airway pressure
(BiPAP) but proceeded rapidly to intubation. Severe hypotension ensued, refractory to resuscitation

PHENOTYPE (% OF INFUSED CD3+ CE

ID DOSE

%
CAR
(+)

EGFRvIII
Transgene

# CAR
(+)

# IL-2
DOSES CD4 CD8

T
CD45RA+

CCR7+

T
CD45RA−

CCR7+

T
CD45RA−

CCR7−

1 1.00E+07 71.0% 5.8E+04 7.10E+06 7 5 92 4 3 70

2 1.00E+07 62.6% 1.1E+05 6.26E+06 10 40 58 1 3 88

3 3.00E+07 67.6% 1.3E+05 2.03E+07 8 45 53 23 8 62

4 3.00E+07 66.5% 1.1E+05 2.00E+07 4 46 52 10 15 67

5 1.00E+08 67.5% 1.1E+05 6.75E+07 7 28 69 14 7 71

6 1.00E+08 62.9% 4.0E+04 6.29E+07 6 18 80 4 5 89

7 3.00E+08 76.5% 4.2E+04 2.30E+08 8 49 49 5 8 83

8 1.00E+09 62.0% 4.3E+04 6.20E+08 6 40 57 19 11 61

9 1.00E+09 67.6% 5.3E+04 6.76E+08 6 37 60 15 13 67

10 1.00E+09 73.3% 4.7E+04 7.33E+08 5 12 85 2 2 94

11 2.48E+09 35.0% 5.5E+04 8.68E+08 3 19 80 4 3 89

12 3.00E+09 67.9% 2.8E+04 2.04E+09 5 16 83 1 8 90

13 3.00E+09 79.3% 5.8E+04 2.38E+09 1 38 59 0 1 85

14 1.00E+10 49.4% 4.2E+04 4.94E+09 5 44 51 1 0 12

15 1.00E+10 66.0% 5.1E+04 6.60E+09 0 34 63 1 6 91

16 1.00E+10 75.3% 4.2E+04 7.53E+09 1 6 90 0 6 93

17 6.00E+10 43.2% n.d. 2.59E+10 0 35 61 1 10 87

18 3.00E+10 49.9% 3.8E+04 1.50E+10 0 30 65 0 5 91

*

N CM EM

N CM EM
EMRA

*

10

10
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efforts, and the patient expired four hours after completion of transfer, with significant pulmonary
edema identified post-mortem. The next patient received two doses of 1.5×10  cells separated by two
hours for a total dose of 3×10  cells and developed dyspnea approximately four hours later, just prior
to planned IL-2 administration. The patient was managed successfully with continuous positive airway
pressure (CPAP) during a brief stay in intensive care and discharged home without requiring oxygen
support. Other than the treatment related mortality noted above, no patients required high-dose steroids
to ameliorate symptoms of cytokine release syndrome. Worsening grade 2 neurologic symptoms or
suspected seizure activity prompted brain imaging in ten patients; the results of which led to
adjustments in steroids (n=3), anti-seizure medications (n=3), or both (n=1). Intravenous steroids were
administered without imaging in two additional patients for symptoms that developed during
preparative chemotherapy.

As a consequence of lymphodepleting chemotherapy, all patients experienced transient leukopenia and
thrombocytopenia, while half (9/18) also developed anemia (Figure 2). During inpatient admission,
patients were supported with transfusions of blood (median 2, n=11) for hemoglobin values
approaching 8 g/dL and platelets (median 4, n=16) for values less than 30 K/uL.
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Figure 2

Most transient cytopenias after preparative chemotherapy resolved prior to hospital discharge. A.
Hemoglobin. B. Absolute lymphocyte count. Delayed recovery was consistent with prior experience. C.
Absolute neutrophil count. Filgrastim was used at the onset of neutropenia to promote neutrophil recovery.
D. Platelet count. Values shown indicate mean ± SEM. Lines indicate threshold for Grade 3 toxicity
(Common Terminology Criteria for Adverse Events version 3.0).
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One patient developed a lower extremity deep venous thrombosis during preparative chemotherapy,
and subsegmental pulmonary embolus was identified in a different patient one week after cell transfer.
Both were treated with placement of an inferior vena cava filter rather than anti-coagulation given the
bleeding risks associated with intracranial pathology. All patients underwent daily neutropenic
surveillance blood cultures, and asymptomatic bacteremia was documented in eight patients. There
were two additional patients with episodes of febrile neutropenia without bacteremia, but no patients
exhibited overt signs of sepsis (Table 3). Median length of hospitalization (from enrollment to
discharge) was 17 days (range 14 to 30) and was similar in patients whose pre-treatment symptoms did
or did not require concomitant steroids (median 18 vs. 17, p=0.51)

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6691897/table/T3/


Table 3.

Grade 3 and 4 Serious Adverse Events

Description # of patients

Cardiopulmonary

  Dyspnea/Hypoxia 2

  Hypotension (not associated with sepsis) 2

  Capillary leak syndrome  
1

Infectious

  Febrile Neutropenia (without bacteremia) 2

  Bacteremia (asymptomatic) 8

    Eschericia coli 4

    Enterobacter cloacae 1

    Klebsiella pneumoniae 2

    Staphylococcus epidermidis 1

Neurologic

  Motor weakness (transient) 1

  Urinary incontinence (transient) 1

Coagulation

  Prolonged PTT 1

  Deep Venous Thrombus 1

  Pulmonary Embolism 1

Hematologic

  Anemia 9

  Lymphopenia 18

  Neutropenia 18

  Thrombocytopenia 18

Metabolic

  Transaminitis 2

Open in a separate window

includes 1 treatment-related mortality (Grade 5)
expected due to lymphodepleting chemotherapy

Response and Survival

*

+

*
+
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Based on serial MRI imaging, there were no objective responses. Most patients demonstrated
progressive disease at first follow-up with a median progression-free survival of 1.3 months
(interquartile range 1.1–1.9). Sixteen of the 17 evaluable patients progressed less than three months
after infusion, with no evidence of pseudoprogression. Increasing symptoms prompted immediate
bevacizumab-based therapy (n=3), resection (n=1), or palliative care (n=7, median survival after
progression 1.2 months, range 0.4–3.5). Five patients had confirmation of progression on further
imaging. A single patient, with no post-CAR GBM treatment, is still alive at 59 months, and two
additional patients survived greater than one year (13.1 and 13.6 months, median survival of all
patients 6.9 months, interquartile range 2.8–10). There was no significant difference in overall survival
when analyzed for MGMT promoter methylation status (p=0.08) or concomitant steroid administration
(p=0.55).

Persistence

Persistence of CAR+ cells was measured indirectly by identification of the transgene product in DNA
derived from the peripheral blood and an aliquot of the infusion product. For each sample, the
quantitative PCR values at serial time points were normalized to 1×10  copies of β-actin. There was no
correlation between % transduction and EGFRvIII transgene copies in the infusion products (Table 2,
p=0.8). Patients were divided into dose level groups based on the number of CAR+ CD3+ cells in the
infusion product and the use of REP (Figure 3A–D). Persistence at one month could be analyzed in 14
patients (median day 32), and while presence of EGFRvIII CAR correlated with cell dose, it did not
correlate with survival (Figure 3E). There was no significant difference in transgene persistence
(p=0.07) when the cohort was divided by concomitant steroid administration. Transcripts were still
identified three months after infusion in five patients, four of whom had already demonstrated
radiologic progression. An attempt was made to quantify the number of circulating CAR+ cells in the
peripheral blood at one month, however a combination of low frequency events, non-specific binding
of anti-human Fab’, and slow recovery of the lymphocyte compartment (median ALC 0.59 K/µL,
range 0.17–2.08) yielded inconclusive results (Figure 3F).
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Open in a separate window
Figure 3

Persistence of infused CAR+ cells as measured by qPCR. A. Patients who received <3×10  CAR+ cells.
B. Patients who received between 3×10  and 3×10  CAR+ cells. C. Patients who received >3×10  CAR+
cells without rapid expansion. D. Patients who received >3×10  CAR+ cells including rapid expansion.
Open symbols indicate those patients receiving concurrent steroids. Red outlines indicate time points after
radiologic progression. E. Persistence at one month (median day 32, n=14) was correlated with CAR+ cell
dose (r=0.6, p=0.0261), but not survival (not shown). F. Persistence at one month was analyzed by FACS
in conjunction with clinical lymphocyte counts, however there were too few events for reliable analysis.
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In this pilot clinical trial, adoptive transfer of autologous CAR T cells targeting EGFRvIII after
lymphodepleting preparative chemotherapy was not capable of inducing objective tumor regression and
did not appear to be either delaying progression or prolonging survival in patients with recurrent
glioblastoma.

Adoptive transfer included a preparative chemotherapy to create an immune milieu that promotes
lymphocyte expansion – cytokine-enhanced and depleted of myeloid-derived suppressor cells and
regulatory T cells.  The patients in this trial received a standard lymphodepleting regimen that
induced the transient cytopenias associated with this strategy demonstrating that patients with recurrent
glioblastoma can safely undergo the same preparative chemotherapy used successfully in large trials of
patients without primary brain tumors.  With transfusion support during periods of
thrombocytopenia, there were no significant bleeding events. Underlying recurrent glioblastoma added
complexity to the management of mild neurologic symptoms, and treatment was guided by liberal use
of brain imaging.

Given our experience transferring activated lymphocytes and the associated risks of lymphodepletion,
we balanced the first-in-human nature of this receptor with a low initial starting dose (10  CD3+ cells)
and a rapid single patient escalation schema to achieve doses (>10  CD3+ cells) historically capable of
conferring clinical benefit before beginning a traditional 3+3 escalation design. At the highest dose
levels in this trial, patients began to develop respiratory symptoms within hours of cell infusion, likely
demonstrating congestion of pulmonary vasculature from activated T cells in a dose-dependent fashion,
unlike our previous experience with a trastuzumab-derived CAR, in which low levels of ERBB2 likely
resulted in fatal on-target, off-tumor reactivity.  The dose-limiting pulmonary toxicity was reached in
this trial without any indication of clinical benefit. One promising case report of an interleukin-13
receptor alpha 2 CAR suggests that repeated intrathecal administration of anti-tumor CAR is feasible
(2×10 -1×10  cells).  A potential future protocol with anti-EGFRvIII CAR could incorporate the use
of an intrathecal reservoir (Ommaya) or intratumoral catheter to allow further dose-finding strategies to
test efficacy without encountering limitations of the pulmonary vasculature.

In this study, we delivered cell doses capable of demonstrating initial engraftment and long-term
persistence of EGFRvIII CAR in the peripheral blood. While qPCR measurements are indirect and
cannot account for the number of copies of a transgene within an individual cell, there was only one
patient among those analyzed in whom the anti-EGFRvIII-CAR sequence could not be amplified and
detected one month after infusion. While the third-generation retroviral construct (139–28BBZ) was
chosen based on preclinical evidence of improved persistence, the human data on the importance of
persistence is mixed. In the use of adoptive transfer in patients with melanoma, objective responders
had significantly greater persistence of autologous tumor infiltrating lymphocytes one month post-
infusion than those patients without a response.  In that trial, persistence was based on comparison of
unique T cell receptor beta chain variable complementarity-determining region 3 (CDR3) sequences
within the infusion product with those detected in post-treatment peripheral blood. The intratumoral
population may reflect a baseline CDR3 distribution that is recapitulated with homeostatic
reconstitution, and the persistent cells may or may not be tumor-reactive. However, in a pilot trial of
lymphocytes with genetically modified T-cell receptors against the NY-ESO-1 cancer germline antigen,
there was no difference in persistence between responding and non-responding patients.  Another
study using the same NY-ESO-1 TCR demonstrated a correlation between response and peak vector
expression and suggested an association with long-term persistence.  Specifically in a CAR setting,
two independent studies of the same anti-CD19 construct demonstrated that clinical response correlated
with early peak values but did not require long-term persistence.
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The frequent clinical use of steroids to manage edema-related symptoms in patients with intracranial
pathology has the potential to confound immune-based strategies. While it is difficult to assert that
concomitant steroid administration did not abrogate potential immune effects in a trial with no clinical
responders, we have demonstrated that this patient cohort has similar one-month CAR persistence and
overall survival to those patients enrolled without concomitant steroids, though the small sample size
and broad range may obscure a potential difference. In another CAR trial targeting CD19 in B cell
malignancies, glucocorticoids were administered to 27 of 101 patients as a management strategy for
acute cytokine release syndrome, and response rates were not significantly different in patients who did
(78%, 95% CI 58–91%) and did not (84%, 95% CI 73–91%) receive them.  A delayed administration
of steroids was occasionally necessary for patients treated with ipilimumab, an immune-based strategy
based on checkpoint blockade inhibition, and the use of steroids did not affect the generation or
duration of an objective response.

While there has long been an assumption that the brain is a site of immune privilege, cell transfer
immune therapies have demonstrated that it is possible to eradicate intracranial parenchymal brain
metastases using autologous gene-engineered or tumor infiltrating lymphocytes in some patients with
melanoma.  In primary CNS cancer, specifically in histologic studies of glioblastoma, T cell
infiltration could be identified using immunohistochemistry in a subset of tumors.  The presence of
T cells in brain parenchyma may imply that the trafficking signals necessary to penetrate intracranial
pathology are intact or may reflect an increased permeability of tumor neovasculature. O’Rourke et al
detected transferred lentiviral anti-EGFRvIII CAR cells in tumor parenchyma with the highest levels
described in a subset of four patients that underwent surgical resection within two weeks of intravenous
infusion.  However, without corresponding normal tissue at a time post-infusion when peripheral
blood levels remain high, it remains unclear if the presence of CAR T cells was target specific.

For successful CAR-directed therapy, the ideal target would be homogenously presented on the surface
of tumor cells with no expression on normal tissue. Considerable intra- and intertumor heterogeneity of
EGFRvIII expression has been reported. One study, published after the conception of and recruitment
of this trial, examined paired samples of tumors resected before (primary) and after (recurrent) standard
chemoradiotherapy. The variant was not expressed in nearly half of recurrent tumors from patients with
EGFRvIII+ primary disease.  While we did not see this level of discrepancy in our study population,
we did screen three patients with confirmed EGFRvIII that was absent on subsequent biopsy of
recurrent disease. Intertumoral heterogeneity has been better elucidated using single-cell sequencing
techniques, and in one study, EGFR amplifications coexisted with other known EGFR variants
(structural alterations and missense mutations) in 71% of analyzed samples.  One model indicated that
the EGFRvIII mutant actively augmented heterogeneity with paracrine signaling that drove wild type
EGFR cells into accelerated proliferation.  Another pre-clinical model indicated that tumors treated
with tyrosine kinase inhibitors transiently downregulated the mutated protein, but extrachromosomal
EGFRvIII DNA may have served as a repository for restoring the mutation phenotype and promoting
heterogeneity.

Although the presence or absence of EGFRvIII DNA or protein at any stage of tumor is likely
reflective of this undulating heterogeneity and epigenetic regulation rather than treatment effect, the
loss of this variant has been reported as evidence of clinical response. The phase II trial of
rindopepimut peptide vaccine described a loss of EGFRvIII (as detected by immunohistochemistry) in
nine of eleven tumors resected after vaccination.  In the subsequent phase III trial comparing
temozolomide ± rindopepimut, presence of the variant was assessed using RT-PCR. In the subset of
patients with pre- and post-tumor samples available, the rate of EGFRvIII loss was the same with and
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without the administration of the EGFRvIII vaccine (57% vs 59%).  In the O’Rourke EGFRvIII CAR
trial, five of seven patients with post-treatment samples available for comparison had decreased
EGFRvIII as measured by % of total EGFR reads on next generation sequencing of RNA.

Despite demonstrating anti-EGFRvIII CAR persistence and reaching dose-limiting toxicity, only a
single patient was free from progression at six months; that tumor was also MGMT-methylated,
associated with longer survival.

The paucity of safe normal self-proteins or tumor-specific mutated antigens to target on the surface of
tumor cells is a severe limitation in the more widespread application of CAR T technology for solid
cancers. This clinical trial of 18 patients is the only one to utilize high cell doses (≥ 10 ), preceded by
a lymphodepleting regimen and followed by IL-2 administration, the exact regimen associated with
clinical responses in patients with melanoma, synovial sarcoma, and selected patients with colon,
breast, cervical and bile duct cancer. Here, the inability to successfully treat patients with CAR T cells
targeting one of these rare mutated surface tumor antigens in this pilot trial may be a harbinger of
additional difficulties in translating the CAR T strategy to more common solid cancers.
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In addition to the crucial role in promoting the growth of tumor vessels, vascular endo-
thelial growth factor (VEGF) is also immunosuppressive. VEGF can inhibit the function 
of T cells, increase the recruitment of regulatory T cells (Tregs) and myeloid-derived sup-
pressor cells (MDSCs), and hinder the differentiation and activation of dendritic cells 
(DCs). Recent studies have investigated the role of antiangiogenic agents in antitumor 
immunity, especially in recent 3 years. Therefore, it is necessary to update the role of tar-
geting VEGF/VEGFR in antitumor immunity. In this review, we focus on the latest clinical 
and preclinical findings on the modulatory role of antiangiogenic agents targeting VEGF/
VEGFR in immune cells, including effector T cells, Tregs, MDSCs, DCs, tumor-associated 
macrophages, and mast cells. Our review will be potentially helpful for the development 
of combinations of angiogenesis inhibitors with immunological modulators.

Keywords: vascular endothelial growth factor, tumor, angiogenesis, immune, T cells

INTRODUCTION

Blood vessels are required for the growth and dissemination of a solid tumor. There are numerous 
growth factors involved in tumor angiogenesis, but foremost among them is the family of vascular 
endothelial growth factors (VEGFs). The VEGF family includes VEGFA, VEGFB, VEGFC, VEGFD, 
and placenta growth factor (PGF) (1). These ligands bind with different affinities to three endothelial 
receptor tyrosine kinases (RTKs), such as VEGFR1, VEGFR2, and VEGFR3, as well as co-receptors, 
including neuropilins and heparan sulfate proteoglycans (2, 3). VEGFA has been studied more than 
other family members and is a critical regulator of angiogenesis (4). VEGFA is usually referred to 
simply as VEGF. VEGFR1 binds to VEGFB and PGF and is a positive regulator of monocyte and 
macrophage migration (5). VEGFR2 is the main signaling VEGFR in blood vascular endothelial 
cells. The activation of VEGFR2 involves both canonical mediators (VEGF, processed VEGFC and 
VEGFD) and non-canonical mediators (Shear stress, gremlins, galectins, lactate, and LDL) (5–7). 
Both blood and lymphatic endothelial cells express VEGFR3 during early development and VEGFR3 
is reintroduced into blood endothelial cells during angiogenesis during angiogenic sprouting in the 
retina (5, 8, 9). VEGFR signaling has been extensively studied by Simons et al. (5) and Sia et al (2).

Vascular endothelial growth factor promotes tumor angiogenesis through stimulating the pro-
liferation and survival of endothelial cells and also by increasing the permeability of vessels and 
recruiting vascular precursor cells from the bone marrow (2). Unlike the formation of mature vessels 
under normal conditions, intratumor vessels are complex, disorganized, irregular, and leaky, result-
ing in hypoxia and the inefficient delivery of antineoplastic agents to the tumor microenvironment 
(10, 11). Besides, VEGF has some direct effects on cancer cells or cancer stem cells. VEGF might 
promote cancer cell proliferation through the activation of VEGFR1 signaling (12). A recent study 
indicated that VEGFA/neuropilin-1 pathway conferred cancer stemness via the activation of the 
Wnt/β-catenin axis in breast cancer cells (13). Zhao et al. found that VEGF promotes tumor-initiating 
cell self-renewal through VEGFR2/STAT3 signaling (14).

https://www.frontiersin.org/Immunology/
https://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.00978&domain=pdf&date_stamp=2018-05-03
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/Immunology/editorialboard
https://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.00978
https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:baoruiliu@nju.edu.cn
https://doi.org/10.3389/fimmu.2018.00978
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00978/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00978/full
https://loop.frontiersin.org/people/515875
https://loop.frontiersin.org/people/515794


FIGURE 1 | Effects of vascular endothelial growth factor (VEGF) on T cells, regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSC),  
and dendritic cell (DC).
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Meanwhile, VEGF is also immunosuppressive. The effects 
of VEGF on immune cells are summarized in Figure 1 and are 
reviewed in detail in the main text. Given the immunosuppressive 
role of VEGF, scientists have recently tried to restore the antitumor 
immunity by targeting VEGF/VEGFR. In this review, we focus 
on the latest clinical and preclinical findings on the modulatory 
role of antiangiogenic agents targeting VEGF/VEGFR in immune 
cells, such as effector T cells, regulatory T cells (Tregs), myeloid-
derived suppressor cells (MDSCs), and dendritic cells (DCs).

EFFECTOR T CELLS

Effects of VEGF on Effector T Cells
Zhang et al. found that strong expression of VEGF was detected 
in ovarian carcinoma tissues without T cells, while low expres-
sion of VEGF was detected in ovarian carcinoma tissues with 
T Cells (15). Ohm et  al.’s study indicated VEGF impeded the 
development of T cells from early hematopoietic progenitor cells, 
indicating the potential immunosuppressive role of VEGF in 
tumors (16). But the direct effects of VEGF on T-cell function 
were not investigated in these two studies.

Basu et  al. found that VEGFRs were expressed on recently 
activated and memory subsets of human CD4+  T  cells (17). 
VEGF–VEGR interactions resulted in the activation of the MAPK 
and PI3K–Akt signaling pathways in human CD4+ T cells (17), 
similar to in endothelial cells (18). VEGF could also induce the 
production of IFN-γ and IL-2 and mediate migratory responses 
in human CD4+CD45RO+ memory T cells (17). However, mount-
ing evidence supports the suppressive role of VEGF/VEGFR in 
T cells (19). Ziogas et al. found that VEGF significantly reduced 
the cytotoxic activity of T  cells derived from peripheral blood 
samples, and that activated T cells expressed increased VEGFR2. 
Anti-VEGFR2 reversed the VEGF-induced suppression of T cells 
(20). Similar results were also observed in T  cells from ascites 
secondary to ovarian cancer (21). In addition to the direct effects 
of VEGF on T cells, VEGF could also suppress T-cell function 
through combination with cyclooxygenase by upregulating FasL 
on the endothelium (22).

Kaur et al.’s study tried to illustrate the controversial role of 
VEGF in the activation of T cells. It was found that VEGF had 
context-dependent effects on T-cell activation. VEGF/VEGFR2 
signaling inhibited TCR-dependent activation in T cells, but not 
in CD47-deficient T cells (23). VEGF and VEGFR2 expression 
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were upregulated in CD47-deficient murine CD4+ T  cells, and 
the resulting autocrine VEGFR2 signaling enhanced proliferation 
and some TCR responses in the absence of CD47 (23). This may 
explain the conflicting findings regarding whether VEGF was 
an inhibitor or stimulator in T-cell function. Because CD47 is 
ubiquitously expressed in human cells (24), it is possible that 
VEGF suppresses the function of T cells in most circumstances.

Enhancing T-Cell Function by 
Antiangiogenic Agents Targeting  
VEGF/VEGFR
Regarding the immunosuppressive role of VEGF in T-cell func-
tion, it is biologically reasonable that interfering with VEGF/
VEGFR can enhance antitumor immunity by improving T-cell 
function. There are some clinical and preclinical findings sup-
portive of this hypothesis. Manzoni et al. found that bevacizumab 
(Avastin), a humanized anti-VEGF monoclonal antibody, could 
increase B-cell and T-cell compartments in patients treated with 
a bevacizumab-based first-line therapy for metastatic colorectal 
cancer (25). Bevacizumab also improved cytotoxic T-lymphocytes 
response in patients with metastatic non-small cell lung cancer 
(NSCLC) (26). Sunitinib is a multi-target tyrosine kinase inhibi-
tor that can block VEGFR1, VEGFR 2, and VEGFR3, platelet-
derived growth factor receptors α and β, stem cell factor receptor, 
and Flt3. Sunitinib was approved by the FDA for the treatment 
of renal cell carcinoma (RCC) and imatinib-resistant gastroin-
testinal stromal tumor (GIST) in 2006 (27, 28). Sunitinib was 
found to reduce the expression of IL-10, Foxp3, PD-1, CTLA4, 
and BRAF, but increased Th1 cytokine (IFN-γ) in isolated tumor-
infiltrating lymphocytes (TILs) in an MCA26 (colon cancer cells) 
bearing mouse model. An increase in the proportion of CD4+ 
and CD8+ T cells was also observed in TILs in sunitinib-treated 
mice, whereas expressions of the inhibitory molecules PD-1 and 
CTLA4 were obviously reduced after sunitinib treatment. T cells 
from sunitinib-treated mice exhibited stronger cytotoxic activity 
against MCA26 tumor cells. These results indicate that sunitinib 
can modify the tumor microenvironment, resulting in a shift of 
cytokine and costimulatory molecule expression profiles that 
could favor T-cell activation and Th1 responses (29). Likewise, 
Schmittnaegel et al.’s study suggested that dual angiopoietin-2 and 
VEGFA inhibition elicited antitumor immunity by increasing the 
proportion of CD8+ T cells that expressed an activated, IFN-γ or 
CD69+ phenotype in both transgenic and transplanted mammary 
tumor models (30). Voron et al. found that VEGFA produced in 
the tumor microenvironment enhanced the expression of PD-1 
and other inhibitory checkpoints involved in CD8+ T-cell exhaus-
tion, including PD-1, CTLA-4, Tim-3, and Lag-3 (28). This effect 
could be reversed by antibodies targeting VEGFR2 (28), which 
is similar to Bamias et al.’s findings (21). Voron et al.’s study also 
indicated that VEGFA enhanced the expression of inhibitory 
checkpoints involved in T-cell exhaustion via the activation of 
the VEGFR2-PLCγ-calcineurin-NFAT pathway (28).

In addition to increasing T-cell activity, targeting VEGF/VEGFR  
also can promote T-cell infiltration in the tumor microenviron-
ment. Targeting VEGF/VEGFR not only hinders the sprouting 
of new vessels (31, 32) but can also normalize the vasculature. 

Vasculature normalization can improve oxygen levels, drug deliv-
ery (33), and immune cell infiltration (34), especially in CD8+ 
T cells. This assumption is supported by abundant recent studies 
(30, 35–37). The extravasation of T  cells into the tumor tissue 
depends on the expression levels and clustering patterns of inter-
cellular adhesion molecule-1 (ICAM-1) and vascular cell adhe-
sion molecule-1 (VCAM-1) (31, 38). VEGF can downregulate 
expressions or inhibit the clustering of these adhesion molecules 
to impair leukocyte–endothelial interactions (39–41). This can 
be reversed by VEGF antibody or inhibitor (30, 31, 34). There are 
some studies supporting the expression-promoting role of VEGF 
in adhesion molecules including VCAM-1, but most of them are 
not based on tumor models (42–44).

High endothelial venules (45) may be another mechanism by 
which T-cell infiltration can be promoted by targeting VEGFR2. 
HEVs are located in all lymphoid organs except the spleen and 
specialized postcapillary venules with portals through which 
blood-borne lymphocytes enter into secondary lymphoid organs 
(36, 46, 47). Recent studies have suggested that various human 
tumors could develop areas of HEVs and their presence was 
associated with a decreased tumor size and improved patient 
outcome (48, 49). A recent study by Allen et  al. demonstrated 
that a combination of anti-VEGFR2 and anti-PD-L1 antibodies 
could induce HEVs in murine models. These HEVs enhanced 
lymphocyte infiltration and activity through activation of lym-
photoxin β receptor (LTβR) signaling, and eventually improved 
the treatment efficacy (36).

TARGETING VEGF/VEGFR TO DECREASE 
THE NUMBER OF Tregs

Regulatory T cells are immunosuppressive and can suppress or 
downregulate induction and proliferation of effector T cells (50). 
Tregs express the biomarkers CD4, FOXP3, and CD25 (51). The 
expression of VEGF has been shown to be positively associated 
with intratumoral Tregs, which are prognostic markers for the 
poor outcomes of various malignancies (52–54). Suzuki et  al. 
showed for the first time that VEGFR2 is selectively expressed 
by FOXP3 high but not FOXP3 low Tregs (55). Neuropilins 
acted as co-receptors, increasing the binding affinity of VEGF for 
VEGFRs (56, 57). Promoted VEGF signaling through conjunc-
tion with neuropilin-1 may enhance Treg activation and create 
a tolerogenic environment (57). It is therefore reasonable that 
targeting VEGFA/VEGFR can modulate antitumor immunity by 
interfering with inhibitory Tregs.

Sunitinib has been reported to reduce the number of Tregs 
in tumor-bearing mice and in patients with metastatic renal 
carcinoma (29, 58–60). Sunitinib could target various receptors 
as mentioned above, and these studies (29, 58–60) did not inves-
tigate through which receptor sunitinib decreased the number 
of Tregs or the direct effects of VEGF on Tregs. Then, Terme 
et al. investigated patients receiving bevacizumab, a monoclonal 
antibody targeting VEGF, for metastatic colorectal cancer and 
treated colon cancer-bearing mice (CT26) with drugs targeting 
the VEGF/VEGFR axis. This study suggested that VEGF could 
promote the proliferation of Tregs and VEGF/VEGFR antibodies 
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or inhibitors could decrease the number of Tregs in both patients 
with mCRC and the mouse models. This proliferation was inhib-
ited by VEGF/VEGFR2 blockade (61), similar to the findings of 
Suzuki et al (55). In addition, sunitinib (55, 61), the anti-VEGFR2 
antibody DC101 (62) and a chimeric receptor blocking VEGFR1/
R2 (63) could also reduce the number of Tregs in tumors.

TARGETING VEGF/VEGFR TO INHIBIT THE 
ACCUMULATION AND THE ACTIVITY OF 
MDSCs

Myeloid-derived suppressor cells were initially identified in 
tumor-bearing mice as cells co-expressing CD11b and Gr1 (64). 
Two main MDSC populations were characterized: monocytic 
MDSCs (M-MDSC) and polymorphonuclear MDSCs (PMN-
MDSC). In tumor-bearing mice, PMN-MDSCs are the dominant 
population of MDSCs, while M-MDSCs are the dominant popu-
lation for suppressing T-cell activation in vitro in human studies 
(64, 65). The mechanisms by which MDSCs elicited immuno-
suppressive effects can be grouped into four classes: lymphocyte 
nutrient depletion; generation of oxidative stress; interfering 
with lymphocyte trafficking and viability; and the activation and 
expansion of Tregs (64). Gabrilovich et al.’s study suggested that 
infusion of VEGF could increase the production of Gr1+ cells 
in tumor-free animals (66). The accumulation of MDSCs was 
shown to be associated with an increase in intratumoral VEGF 
concentration during disease progression in pancreatic-ductal 
adenocarcinoma-bearing mice (45).

Huang et  al. found that VEGF could induce the accumula-
tion of Gr1+CD11b+ cells by VEGFR2 and activation of JAK2 
and STAT3 (67), but not VEGFR1 in tumor-bearing mice (68). 
Besides, MDSC enhanced by VEGF could induce the develop-
ment of other immunosuppressive cells, including FOXP3+ 
Tregs, through a TGFβ-dependent and/or independent pathway 
(69–71). It is, therefore, reasonable to decrease the accumulation 
of MDSC by interfering with VEGF/VEGFR axis.

A decrease in the absolute number of MDSC in the spleen, bone 
marrow, and tumor in various tumor models has been observed 
after treatment with sunitinib (29, 58). The potential mechanisms 
included the following: sunitinib could act on MDSC by inhibit-
ing STAT3; sunitinib could constrain the M-MDSC and lead to 
the apoptosis of granulocytic MDSCs (29, 58). Sunitinib also 
resulted in a favorable microenvironment depleted of MDSCs and 
synergize with HPV vaccine leading to enhanced levels of active 
tumor-antigen specific CTLs in a tumor-bearing mice model (72). 
Not only the quantity of MDSC but also the suppressive capacity 
was affected. In a melanoma-bearing mouse model, Axitinib, 
a small molecule against VEGFR1, R2, and R3, could induce a 
reduced suppressive capacity of MDSCs isolated from the spleen 
or tumor of Axitinib-treated mice compared to vehicle-treated 
mice. Moreover, treatment with Axitinib induced differentiation 
of MDSC toward an antigen-presenting phenotype (73). Clinically, 
sunitinib could result in a reduction of MDSC in RCC patients. 
The reduction of MDSC was correlated with reversal of T-cell 
suppression (74). A recent study demonstrated that bevacizumab-
containing regimens significantly reduce the percentage of the 

granulocytic-MDSCs compared with non-bevacizumab-based 
regimens in patients with unresectable NSCLC (75).

DENDRITIC CELLS

Effects of VEGF on the Differentiation, 
Maturation, and Activation of DCs
Dendritic cells are antigen-presenting cells of the immune sys-
tem, which act as messengers between the innate and the adaptive 
immune systems. Immature DCs are derived from hematopoi-
etic bone-marrow progenitor cells. Immature DCs are highly 
endocytic. They express relatively low levels of surface MHC-I, 
MHC-II, and costimulatory molecules such as CD80 and CD68. 
Hence, immature DCs are unable to process and present them 
efficiently to T cells (76, 77). Mature DCs are characterized by an 
increased capacity for antigen processing, increased the half-life 
of surface MHC-peptide complexes, and reduced antigen uptake 
(76, 78). Activated DCs can be distinguished from resting, mature 
DCs by expression of higher levels of MHC and costimulatory 
molecules or production of cytokines. Maturation and activation 
can occur simultaneously (76, 79). Thus, factors that interfere 
with the differentiation, maturation, and activation of DCs can 
lead to the dysfunction of DCs.

Clinical and preclinical studies indicated that VEGF could 
impair the differentiation and maturation of DCs. Almand et al. 
found that an increased plasma level of VEGF was associated with 
the presence of immature DCs in the peripheral blood of cancer 
patients. Surgical removal of the tumor could result in partial 
reversal of the observed effects (80). For patients with colorectal 
cancer, peripheral DCs were inversely correlated with VEGF 
serum levels (81). Various studies have indicated that VEGF 
binding to VEGFR1 blocked the activation of the transcriptional 
factor NF-κB and resulted in the inhibition of DC maturation in 
murine models (71, 82, 83). Dikov et al.’s study demonstrated that 
VEGFR2 affected the differentiation of DC from early hematopoi-
etic progenitors (84).

TARGETING VEGF/VEGFR TO MODIFY 
THE DIFFERENTIATION, MATURATION, 
AND ACTIVATION OF DCs

Scientists have tried to modify the function of DCs by target-
ing VEGF/VEGFR. Sorafenib is a multikinase inhibitor and can 
inhibit RAF/MEK/ERK pathway, VEGFR2, VEGFR3, PDGFRβ, 
Flt-3, and c-KIT (85). Though various studies have investigated 
the associations between sorafenib and DCs, the results are 
inconsistent and the role of sorafenib in DCs remains controver-
sial. Hipp et al. found that sorafenib impeded the maturation of 
DCs, characterized by reduced expression of CD1a, major histo-
compatibility complex, and costimulatory molecules in response 
to TLR ligands as well as by their impaired ability to migrate 
and stimulate T-cell response (85). However, Alfaro et al.’s study 
indicated that sorafenib could restore the differentiation of DCs 
assessed by the alloreactive mixed T-lymphocyte reaction (MLR) 
in the presence of VEGF and supernatants of RCC cells (86). The 
seemingly paradoxical results from the studies of Hipp (85) and 
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Alfaro (86) are actually intelligible. Sorafenib does not target 
VEGFR1 and therefore will not stimulate DC maturation, while 
VEGFR2 is one of the targets of sorafenib and is responsible for 
the differentiation of DCs. A recent study by Zhao et al. suggested 
that sorafenib promoted the differentiation of bone marrow cells 
to immune suppressive DCs and constrained the MLR (87). 
In mouse models bearing hepatocellular carcinoma, Ho et  al. 
found that sorafenib and TLR3 could enhance the activation of 
DCs (88). Discrepancies among different studies may lie in the 
intricate effects of sorafenib or distinct experimental designs, the 
complicated development of DCs, or the use of different animal 
models. Discrepancies also exist for sunitinib. Though sunitinib 
was found to increase the frequency of myeloid DCs in patients 
with renal cancer experiencing tumor regression (89), other studies 
indicated that the function of DCs was not affected by the use 
of sunitinib (85, 86). Generally, the exact roles of sorafenib and 
sunitinib in DCs are debatable and further studies are warranted.

A preclinical study indicated that bevacizumab could reverse 
the inhibitory effects of VEGF in the differentiation of mono-
cytes into DCs in  vitro (86). Various clinical studies suggested 
improvements in both quantity and function of DCs after the use 
of bevacizumab. Bevacizumab was found to increase the number 
of DCs in peripheral blood of cancer patients and enhance the 
allostimulatory capacity of DCs against recall antigens (90). In 
patients with metastatic NSCLC, bevacizumab was found to pro-
mote DC activation (26). Significant trafficking of CD163+ DCs 
across the tumor vasculature was observed in bevacizumab plus 
ipilimumab post-treatment biopsies in patients with metastatic 
melanoma, compared to ipilimumab alone (91).

TUMOR-ASSOCIATED MACROPHAGES 
(TAMs)

Effects of VEGF on TAMs
Vascular endothelial growth factor can recruit macrophages to 
the tumor and promote TAM development (53, 92). TAMs have 
a poor antigen-presenting capacity and a decreased cytotoxic 
capacity due to the weak NO production (53, 93). TAMs can 
also hinder T-cell activation and proliferation by releasing IL-10, 
TGFβ, and prostaglandins (53, 94).

TAM Might Be Involved in the  
Anti-VEGF Resistance
A recent study suggested macrophages could be actively recruited 
to the tumor microenvironment and were responsible for the 
anti-VEGF resistance in a mouse model bearing ovarian cancer. 
The resistance to anti-VEGF failed to occur in a macrophage-
deficient mouse model (95). Zoledronic is a bisphosphonate drug 
and clinically approved for the treatment of bone metastases 
and osteoporosis. Bisphosphonates can also result in robust 
macrophage depletion (95–97). The addition of zoledronic acid 
at the emergence of resistance to anti-VEGF therapy halted tumor 
growth and obviously prolonged the survival of mice bearing 
ovarian cancer (95).

In addition to ovarian cancer, increased TAMs have been 
observed in the specimens of glioblastomas which progress during 

bevacizumab treatment and associated with a poor outcome in 
preclinical and clinical studies (98, 99). The accumulation of 
immune-suppressive cells was induced by increased expressions 
of stromal-derived factor (SDF)-1α (CXCL12) and C–X–C motif 
chemokine receptor 4 (CXCR4) (100, 101). SDF-1αpromoted the 
recruitment of macrophages by targeting CXCR4. Decreasing the 
recruitment of TAMs is another strategy to reverse the anti-VEGF 
resistance. A preclinical study by Deng et al. found that inhibition 
of SDF-1α inhibited the recruitment of TAMs induced by VEGF 
blockade and potentiated its antitumor efficacy in glioblastoma 
(102). Combination of VEGFR and CXCR4 inhibitors slows 
progression of GBM xenografts (100).

AMD3100 against CXCR4 was applied with a combination of 
bevacizumab in patients with recurrent high-grade glioma (HGG) 
in a phase I clinical trial NCT01339039. In ASCO annual meeting 
2014, the preliminary data demonstrated that the combination 
treatment with bevacizumab and AMD3100 was well tolerated 
in HGG patients (103). Macrophage migration inhibitory factor 
(MIF) is another ligand for CXCR4. A recent study by Castro 
et al. described that MIF was also a mediator of increased mac-
rophages and associated with bevacizumab-resistance in patients 
with glioblastoma and xenograft models by causing proliferative 
expansion of M2 macrophages (104).

ANTIANGIOGENIC THERAPY  
AND MAST CELLS

Kessler et al. found that mast cells accumulated in tumors before 
the onset of angiogenesis and resided in close proximity to blood 
vessels (105, 106). Mast cells can participate in the tumor rejec-
tion by producing molecules such as IL-1, IL-4, IL-6, and TNF-α. 
By contrast, mast cells can promote the tumor by enhancing its 
vascular supply, degradation of the tumor extracellular matrix 
and immunosuppression (107). Mast cells can synthesize and 
release angiogenic cytokines, including VEGF, FGF-2, the serine 
proteases tryptase and chymase, IL-8, TGFβ, TNF-α, and nerve 
growth factor (NGF) (107).

Similar to the findings in MDSC and TAM, antiangiogenic 
agents could reverse the tumor-induced immunosuppression by 
decreasing the tumor-promoting mast cells, and mast cells also 
played a role in antiangiogenic resistance. Axitinib is a multi-
receptor inhibitor, which does not only inhibit VEGF receptors but 
also kinases including fms-like tyrosine kinase 3 (FLT-3), PDGF 
receptors, and CD117 (cKIT) (108). The latest study found that 
inhibition of mast cells by axitinib as well as their experimental 
depletion led to a decreased tumor growth. Treatment with axitinib 
also resulted in an improved T-cell response, which was pivotal for 
the therapeutic efficacy (109). A recent study demonstrated that 
mast cells could decrease the efficacy of antiangiogenic therapy 
(anti-VEGFR2 antibody DC101) (106). The potential mechanisms 
included: the degranulation-independent secretion of granzyme 
B, which liberates alternative pro-angiogenic factors including 
FGF-1 and GM-CSF from the ECM and the degranulation-
dependent secretion of FGF-2 (106). Therefore, tumor-promoting 
mast cells might be a promising therapeutic target to improve the 
antitumor immunity and reverse the antiangiogenic resistance.
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CONCLUSION

In this review, we summarized the effects of VEGF and antian-
giogenic agents on the immune cells, e.g., effector T cells, Tregs, 
MDSCs, DCs, TAMs, and mast cells. Agents targeting VEGF/
VEGFR can restore the function and enhance the infiltration 
of effector T cells, decrease the number of immunosuppressive 
Tregs, TAMs, and mast cells, and inhibit the accumulation and 
immunosuppressive activity of MDSCs. But the effects of antian-
giogenic agents on DCs are inconsistent among different studies 
and further studies are still needed. MDSC, TAMs, and mast cells 
also participate in the resistance of antiangiogenic therapy. Our 
review will be potentially helpful for the development of combina-
tions of angiogenesis inhibitors with immunological modulators.
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1  | INTRODUC TION

Multiple preclinical and clinical evidences indicate that adoptive 
transfer of antigen-specific T cells can control cancer in the long 
term. To redirect T cells specifically against a defined antigen ex-
pressed by cancer cells, patient's T cells are engineered with a T-cell 
receptor (TCR) or an artificial chimeric antigen receptor (CAR) rec-
ognizing the respective antigen. Accordingly, binding of the TCR to a 

peptide antigen presented by the major histocompatibility complex 
(MHC) initiates signaling through the TCR/CD3 complex that is en-
hanced by costimulatory receptor signaling. CAR uses the same CD3/
costimulatory signaling pathway, however, binds to cognate antigen 
by a single-chain variable fragment (scFv) antibody independently of 
the MHC. By redirecting CAR T cells against CD19, so far refractory 
B-cell lymphoma and leukemia could be induced to long-term remis-
sions and cure in a substantial number of cases.1-3 The therapeutic 
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Abstract
The overriding goal of adoptive cell therapy with chimeric antigen receptor (CAR) re-
directed T cells in oncology is to eliminate cancer cells from infiltrated tissues. Clinical 
trials document that this form of immunotherapy can induce lasting remissions of 
hematologic malignancies; however, the successes could not yet be transferred to 
the treatment of solid tumors. In this situation, modulating the immune regulation 
within the solid tumor tissue is thought to be a key point. In order to induce a pro-
inflammatory milieu CAR T cells were additionally engineered to release a transgenic 
cytokine upon CAR signaling in the targeted tumor tissue. Such TRUCKs (“T cells 
redirected for antigen-unrestricted cytokine-initiated killing”), also called “4th gen-
eration” CAR T cells, combine the direct antitumor attack of the CAR T cell with 
the immune modulating capacities of the delivered cytokine. Through CAR-induced 
release, the cytokine is ideally deposited in the targeted tissue alleviating systemic 
side effects. The TRUCK concept is currently explored using a panel of cytokines, 
including IL-7, IL-12, IL-15, IL-18, IL-23, and combinations thereof, and is entering early 
phase trials. Future developments will expand the application to a broader panel of 
released proteins converting CAR T cells to “living factories” of therapeutically active, 
locally deposited products with the potential to eliminate some clinical deficits of the 
currently used CAR T cells in the field of solid tumors.
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success of CAR T-cell therapy could not be transferred to the treat-
ment of solid tumors, although some indications to clinical efficacy 
were obtained. For instance, the treatment of CEA+ colorectal can-
cer with specific CAR T cells leads to stable disease in 7/10 patients, 
two of them with 30 weeks in stable disease and two patients ex-
perienced tumor shrinkage.4 Glioblastoma was controlled upon in-
stallation of Her2-specific CAR T cells into the cavity after surgery 
inducing remissions in three of 17 patients and stable diseases in four 
of 17 patients.5 Treatment with CAR T cells specific for GD2 induced 
complete remissions in three of 11 patients suffering from GD2+ neu-
roblastoma; persistence of those CAR T cells beyond 6 weeks was 
associated with superior clinical outcome.6 Epidermal growth factor 
receptor variant-III (EGFRvIII) specific CAR T cells traffic to regions 
of active glioblastoma, however, regulatory T cells (Tregs) also infil-
trated the tumor repressing the antitumor response.7 The observa-
tion suggests that CAR T-cell-mediated inflammation in the targeted 
tissue induces a broad compensatory immunosuppressive response 
that leads to repression and finally exhaustion of CAR T cells.

In this situation, modulating the immune regulatory milieu within 
the tumor tissue is thought to be key for improving CAR T-cell efficacy. 
A recently developed strategy utilizes CAR T cells for tumor target-
ing that are additionally engineered with a transgenic cytokine that is 
released upon CAR engagement of target within the targeted tumor 
(Figure 1). The strategy was developed to overcome the insufficient 
production of pro-inflammatory cytokine(s) by those T cells that accu-
mulate in the tumor. CAR T cells engineered with CAR inducible release 
of transgenic IL-12 and IL-18 were successfully used in preclinical mod-
els8-12; T cells engineered with other cytokines are currently explored 
as well. TCR redirected T cells were likewise engineered for transgenic 

cytokine release.13 CAR T cell mediated local delivery of transgenic 
IL-18 or IL-12 which induces acute inflammation in the tumor stroma 
and leads to a comprehensive antitumor response that is not achieved 
by coadministration of the respective cytokine to tumor-bearing 
mice.10-12 Such TRUCKs (“T cells redirected for antigen-unrestricted 
cytokine-initiated killing”), also called “4th generation” CAR T cells, can 
provide a multifunctional treatment to the CAR targeted tissue which 
was so far not achieved by conventional CAR T cells.

2  | MATERIAL AND METHODS

The TRUCK concept is based on T cells that target the cognate tumor 
tissue through their engineered CAR or TCR and deliver a transgenic 
protein of interest, in particular a cytokine, to the targeted tissue upon 
specific signaling. For that, T cells with a transgenic CAR or TCR are 
additionally engineered with an inducible expression cassette for the 
protein of interest driven by the 6xNFAT-responsive elements and the 
IL-2 minimal promoter (Figure 2). Accordingly, TCR- or CAR-mediated 
signaling through the CD3-ZAP70 cascade, amplified by costimula-
tion, results in the activation of the transcription factor NFAT that in 
turn activates the NFAT/IL-2 minimal promoter and finally initiates the 
expression of the transgenic protein. CAR and TCR signaling likewise 
induce NFAT/IL-2 driven transcription and finally the production and 
release of the transgenic protein; the promoter remains silent without 
adequate T-cell stimulation. CAR T cells producing a transgenic cy-
tokine can basically provide stimulation in an autocrine fashion to sus-
tain survival and amplification or in a paracrine fashion to modulate 
the immune cell environment. CAR T cells depositing the transgenic 

F I G U R E  1   The TRUCK concept. T cells are equipped with a tumor-specific chimeric antigen receptor (CAR) and a constitutive or NFAT-
inducible expression cassette coding for a transgenic protein, preferentially but not exclusively, a cytokine. After CAR T cell binding to the 
CAR cognate antigen on the tumor cell, CAR signaling leads to NFAT phosphorylation, migration to the nucleus and induction of the NFAT-
responsive/IL-2 minimal promoter that drives transgene expression. On the other hand, NFAT phosphorylation is also initiated by TCR/CD28 
signaling making the concept translatable to T cells with transgenic TCR. In case of a cytokine as transgenic cell product, the cytokine can 
act in cis in an autocrine fashion to sustain survival and amplification of the CAR T cell, or in trans to modulate the immune cell environment, 
for instance to activate NK cells and to repolarize macrophages

M
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therapeutic protein in a CAR-targeted lesion have the advantage to 
treat otherwise not accessible tumor lesions and to achieve therapeu-
tic levels of the transgenic product at the site of CAR T-cell activation 
while reducing systemic toxicity. Some pro-inflammatory cytokines 
including IL-7, IL-15, IL-12, and IL-18 are currently explored (8-20) in 
the context of the TRUCK strategy (Figure 3).

3  | RESULTS AND CONCLUSIONS

3.1 | CAR T cells delivering IL-12 activate an innate 
immune response

From the aspect of safety, inducible release of the transgenic protein 
in the targeted tissue upon CAR signaling is of substantial relevance 

when the protein causes toxicity upon systemic administration. For 
instance, this is the case for IL-12 that is a highly potent inflammatory 
amplifier, however, induces severe toxicities preventing systemic ap-
plication. The main sources of physiological IL-12 are monocytes, 
macrophages, and dendritic cells in response to microbial infec-
tions. IL-12 enhances T- and NK-cell cytotoxicity and induces their 
IFN-γ release, affects NK-cell amplification, and drives the Th1 re-
sponse.21,22 IFN-γ in turn activates monocytes and macrophages to 
further increase IL-12 production23 helping to control local pathogen 
infections.24 Anti-CD19 CAR T cells with constitutive IL-12 release 
produced a more robust response against CD19+ leukemia25 and did 
not require preconditioning of the host.16 Interestingly, IL-12 releas-
ing CAR T cells became less sensitive to repression by Treg cells.16

CAR T cells engineered to constitutively release IL-12 showed 
superior activities against orthotopic ovarian cancer xenografts 

F I G U R E  2   Both TCR and chimeric antigen receptor (CAR) signaling can induce the expression of a transgenic protein product in 
engineered T cells. CAR engagement of cognate antigen on tumor cells induces CD3 ζ-mediated downstream signaling in T cells and finally 
the activation of NFAT by phosphorylation that migrates into the nucleus and binds to the synthetic (NFAT)3 response elements-IL-2 minimal 
promoter of the transgenic expression cassette; alternatively, (NFAT)6 response elements-IL-2 minimal promoter constructs are used. As a 
consequence the transgenic protein is expressed by CAR-stimulated T cells; expression ceases upon withdrawal from CAR signaling. The 
same activation signal is generated upon TCR engagement of the respective antigen presented by the MHC; again, the NFAT response 
element-IL-2 minimal promoter drives expression of the transgenic protein. The TRUCK concept is thereby applicable to both TCR and CAR 
engineered T cells for use in adoptive cell therapy
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with increased survival of tumor bearing mice, prolonged T-cell per-
sistence, and higher systemic IFN-γ levels.9

Constitutive IL-12 release, however, goes along with the risk of 
super-physiological high IFN-γ levels and consequently uncontrol-
lable NK cell and macrophage activation and finally hematopoietic, 
intestinal, hepatic, and pulmonary failures26 giving a strong rationale 
to express IL-12 under control of CAR signaling for local deposition 
in the targeting tissue based on at least two reasons.

(i) IL-12 modified T cells showed improved efficacy of toward large 
established tumors, that is, a single dose of 104 IL-12 modified 
T cells was therapeutically effective against established tumors 
compared to 2 × 107 T cells without IL-12.27 High doses of sys-
temically applied IL-12 did not recapitulate the effect indicating a 
clear therapeutic benefit of locally produced and deposited IL-12.

(ii) Frequently during tumor progression, some cancer cells in a tumor 
lesion lose antigen and MHC expression on their cell surface which 
makes them invisible to natural cytotoxic T cells as well as CAR-
engineered T cells. The activation of the innate immune response 
is potentially a strategy to eliminate those antigen-loss cancer cells 
and to achieve lasting tumor reduction. To avoid systemic toxicities, 
CAR T cells with specificity for a tumor antigen were engineered 
with a NFAT/IL-2 promoter driven expression cassette to release 
inducible IL-12 (iIL-12) upon CAR engagement.8 Once the CAR en-
gages antigen, iIL-12 CAR T cells produce IL-12 providing constantly 
high cytokine levels to the targeted organ; IL-12 production ceases 
when CAR T cells no longer are in contact to their cognate antigen 
representing a safe “switch-off” when leaving the target tissue.

In an immune competent mouse model, systemic application of 
iIL-12 CAR T cells resulted in the elimination of antigen-loss cancer 

cells in a transplanted, antigen-heterogeneous tumor lesion consist-
ing of both antigen-positive and -negative cancer cells.8 The model 
thereby mimics a clinically relevant situation of a tumor with a sub-
stantial number of cancer cells lacking the targeted antigen. The 
therapeutic effect of IL-12 is generally attributed to orchestrating the 
Th1-type immune response against cancer by increasing the IFN-γ 
production by NK and T cells and to enhancing the cytolytic activity 
of CD8+ T cells28 and of a subset of NKp46+ cells,29 to counteracting 
angiogenesis through IFN-γ inducible genes, and to strengthening 
the lymphocyte-endothelial cell cross talk. Accordingly, application 
of iIL-12 CAR T cells activated macrophages in the tumor lesions and 
eliminated antigen-loss cancer cells.8 Other innate cells, including 
NK and NK-T cells30,31 are also IL-12 targets contributing to eliminate 
antigen-loss tumor cells through secreted TNF-α. At least in a pre-
clinical model iIL-12 CAR T cells combine the antigen-redirected cy-
tolytic T cell attack with an antigen-independent antitumor response 
through the activation of tumor resident innate immune cells.

In a mouse model of CD19+ thymoma CD19-specific CAR T cells 
with transgenic IL-12 secretion induced efficient tumor eradication. 
The therapeutic effect was dependent on both CD4+ and CD8+ T 
cells and required further autocrine stimulation by IL-12 and IFN-γ, 
which in turn made the cells resistant to Treg cell suppression.16

Kueberuwa et al confirmed these observations in an additional 
CD19+ tumor model; constitutive production of IL-12 by CD19-
specific CAR T cells can eliminate established systemic lymphomas 
without prior lymphodepletion. Tumor control appears to be due to 
the combined action of direct cell killing, induction of a robust memory 
cell development and the induction of a host immune cell response 
against the cancer.32

Another example demonstrating the benefit of IL-12 in the elimi-
nation of solid tumors are CAR T cell targeting glypican-3 expressed 

F I G U R E  3   Transgenic proteins released by chimeric antigen receptor (CAR) T cells upon activation impact tumor environment. CAR T 
cells releasing transgenic cytokines when engaging the tumor tissue can activate tumor infiltrating T cells (TILs) and NK cells to prolong 
their persistence and amplification and to improve killing; IL-12 can also repolarize macrophages toward an M1 phenotype. These cytokines 
also act on the CAR T cells themselves prolonging their activation, improving their killing capacities, and protecting from activation-induced 
cell death. The TRUCK strategy can also be used to produce antibodies upon CAR signaling, for instance, a PD-1 blocking antibody that 
prevents T-cell suppression by tumor cells. CAR T cells can also be engineered to release other antibodies or proteins to modify the tumor 
environment
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by hepatocellular carcinoma and releasing inducible IL-12.33 Such 
IL-12 TRUCKs showed augmented the antitumor effect when en-
countering large tumor burdens which is superior to CAR T cells 
without IL-12 release. Tumor deposited IL-12 increased IFN-γ pro-
duction, favored T-cell infiltration and persistence and decreased 
regulatory T cells in tumors.

T cell released IL-12 furthermore increased proliferation, de-
creased apoptosis, and increased cytotoxicity of CAR T cells when 
applied to immunosuppressive ascites tumors.34 In a similar way, 
MUC-16-specific CAR T cells with IL-12 release could overcome the 
immunosuppression by the tumor microenvironment in mice bearing 
ovarian cancer xenografts resulting in increased survival rates, lon-
ger CAR T cell persistence, and higher systemic IFN-γ serum levels.9 
In order to link the IL-12 production to CAR T-cell activation and 
to eliminate PD-1 expression, the IL-12 transgene was placed under 
the control of the PDCD1 promoter by homology directed repair 
thereby generating PD-1/PD-L1-resistant CAR T cells with the acti-
vation-mediated IL-12 release.35

Taken together, IL-12 releasing CAR T cells have the capacity to 
change the immunosuppressive environment in the tumor lesion 
toward a Th1 polarized situation due to an increased Th1 cytokines 
and reduced IL-4 and IL-5 levels. On the other hand, IL-12 contrib-
utes to immune repression through released IL-1036 which can be 
blocked by coadministrating soluble IL-10 receptor or a neutraliz-
ing IL-10 antibody. Coadministration of other cytokines, such as 
IL-2 and IL-1837 may furthermore improve the antitumor activity of 
IL-12 CAR T cells in a specific fashion. Other cytokines of the IL-12 
family may be alternatives for IL-12 TRUCK T cells. Both, IL-23 and 
IL-27 affect the IFN-γ production of NK cells and polarize the T-cell 
responses,38 however, IL-23 promotes tumor progression39 and 
thereby seems to be a less favorite cytokine in this respect.

3.2 | TRUCKs delivering IL-18

Current studies are exploring CAR T cells with transgenic IL-18 in 
order to improve the cytolytic response and to promote a proin-
flammatory immune reaction in the targeted tumor lesion. IL-18 
promotes both Th1 and Th2 responses and, in concert with T-cell-
secreted IFN-γ, accumulating IL-18 recruits and activates innate 
immune cells40,41 and enhances IFN-γ production by NK cells and 
macrophages. Produced as an inactive precursor by macrophages, 
DCs and fibroblasts, IL-18 is converted into the mature form by 
Casp1 cleavage that binds to the heterodimeric IL-18Rα/IL-18Rβ 
receptor. IL-18 induced, exaggerated Th1 responses are prevented 
by binding to the IL-18 binding protein (IL-18 BP) that is constitu-
tively produced by monocytes and macrophages as part of a nega-
tive feedback loop.42,43 Upon binding to the respective receptor, 
IL-18 primarily signals through MyD88 and TRAF6 adapters result-
ing in MAPK and NFκB activation; this is unlike to most other pro-
inflammatory cytokines that signal via the Jak/STAT pathway.44 
CAR T cells with constitutive IL-18 released increased IFN-γ levels 
and amplified upon triggering through the endogenous TCR in a 

xenograft mouse model.10 In the B16F10 model with engineered 
CD19+ melanoma cells IL-18 CAR T cells with CD19 specificity in-
duced deeper B-cell aplasia, increased their antitumor efficacy and 
improved their amplification compared with CD19-specific CAR T 
cells without IL-18.10 CAR T cells with CAR inducible IL-18 were 
more potent against advanced solid tumors in an immunocompe-
tent mouse model with syngeneic pancreatic tumors than T cells 
without IL-18.11 Systematic screening revealed that IL-18 polarizes 
CAR T cells toward T-bethigh FoxO1low effector cells mediating an 
acute inflammatory response in a fully immune competent host 
without prior preconditioning. Treatment with IL-18 CAR T cells 
was accompanied by increase in the number of M1 macrophages 
and activated NK cells in the targeted tumor tissue, both contrib-
uting to successful immune destruction.11 The improved antitumor 
activities were confirmed other models including hematopoietic 
and solid tumors.12 Noteworthy, IL-18 CAR T cells gain their activi-
ties by autocrine stimulation and transmit the effect to host T cells 
in a paracrine fashion.

Similarly as CAR engineered T cells, TCR redirected, IL-18 releas-
ing T cells showed improved and persistent activities against mel-
anoma.13 In contrast to IL-12, IL-18 delivery seems to be safe since 
IL-18 administration to cancer patients did not cause life-threatening 
side effects even at high concentrations45; no adverse events were 
observed in mouse models with CAR T cells engineered to release 
IL-18. On the other hand, adoptive transfer of TCR T cells with induc-
ible IL-12 into melanoma-bearing mice resulted in severe, edema-like 
toxicity accompanied by enhanced IFN-γ and TNF-α levels in the 
peripheral blood and reduced numbers of engineered T cells.13 In ac-
cordance with improved in vitro amplification capacities, CAR T cells 
with constitutive IL-18 release showed superior in vivo expansion 
and persistence improving long-term survival of mice with hemato-
logical and solid malignancies.12 In these models, IL-18 recruited and 
activated macrophages and induced an acute inflammation in the 
tumor tissue, both contributing to a productive antitumor response.

3.3 | TRUCKs with IL-15 release

An alternative strategy to improve T-cell activation and amplifica-
tion is the transgenic release of IL-15 that suppresses T-cell apoptosis 
through BCL upregulation.46 CD19-specific CAR NK cells with trans-
genic IL-15 release efficiently eliminated CD19+ cell lines in vitro and 
increased the survival of mice with a xenograft Raji lymphoma com-
pared with CAR NK-cell treatment without IL-15 release.18 CAR T cells 
engineered with membrane-anchored IL-15 were also effective in the 
treatment of CD19+ B-cell malignancies.17 CAR T cells with membrane 
IL-15 showed long-term persistence, a CD45RO-CCR7+CD95+ T stem 
cell memory (TSCM)-like phenotype and superior in vivo antitumor 
activity making IL-15 anchored CAR T cells to candidates for clini-
cal exploration in other malignant diseases. Along this line, anti-GD2 
CAR T cells with constitutive IL-15 release were reported to express 
a more stem-cell like phenotype and enhanced survival and antitumor 
response upon repetitive stimulation with tumor cells.47
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3.4 | TRUCKs engineered to overcome 
TGF-β repression

CAR T cells can also be engineered to release of autostimulatory 
cytokines on order to counteract their repression in the tumor 
environment. T-cell responses are frequently repressed by TGF-
β15 that is present in high levels in a variety of solid tumors and 
goes along with poor prognosis. TGF-β also drives T-cell differen-
tiation into regulatory T cells48 that, in turn, produce TGF-β and 
further promote immune repression. CD28-ζ CAR T cells release 
IL-2 upon activation that counteracts TGF-β-mediated repres-
sion,49 but also sustains Treg-cell survival and amplification, again 
suppressing the CAR T-cell response. By deleting the LCK binding 
domain within the intracellular CD28 signaling chain, IL-2 release 
upon CAR signaling is reduced, however, making T cells sensitive 
to TGF-β.15 In this situation, Golumba-Nagy et al15 explored re-
placing IL-2 by other γ-cytokines like IL-7 or IL-15 and introducing 
a hybrid receptor that binds the γ-cytokine and transmits the IL-2 
receptor signal. T cells with CAR IL-2 deficiency were addition-
ally engineered with an autocrine loop composed of transgenic 
IL-7 release, replacing IL-2, and providing IL-7 binding to the re-
combinant IL-7 receptor α-chain that is linked to the intracellular 
IL-2 receptor signaling β-chain. The hybrid IL-7Rα/IL-2Rβ receptor 
has the advantage of translating extracellular IL-7 binding into in-
tracellular IL-2 signaling conferring resistance to TGF-β. Such IL-7 
TRUCKs with a hybrid IL-7/IL-2R receptor become activated upon 
binding to antigen by the CAR, amplify, and execute cytolysis 
along with releasing proinflammatory cytokines in a so far repres-
sive environment.

TGF-β resistance was also converted to Epstein-Barr virus 
(EBV)-specific, cytolytic T cells that were engineered to constitu-
tively release IL-12 to the targeted EBV+ Hodgkin's lymphoma le-
sion50 which resulted in increased Th1 and reduced Th2 cytokines, 
like IL-4 and IL-5, finally providing resistance to TGF-β-mediated 
repression.

3.5 | Clinical implications

Previous clinical trials explored various strategies to deliver IL-12 
locally to the tumor lesion, including the transfer of IL-12 gene-
transduced tumor cells,51 fibroblasts,52 or dendritic cells.53 IL-12 
production at the tumor environment was associated with substan-
tial macrophage infiltration, vessel damage and tumor necrosis.37 
Upon intratumoral injections, response rates were about 43%-56% 
in cutaneous T-cell lymphoma, Kaposi's sarcoma and mycosis fun-
goides; in other tumor entities, however, the efficacy was minimal 
underlining the need to increase cytokine levels or to combine IL-12 
with other antitumor strategies. For instance, IL-12 was delivered 
together with GM-CSF on microspheres54 in order to improve the 
antitumor activities. Compared to applying the cytokine, TRUCKs 
are “living factories” with the advantage to amplify and to continu-
ously deliver the transgenic cytokine over an extended period as 

long as the T cell stays activated and persists in the targeted tumor 
lesion.

Based on mouse models,28 Rosenberg and colleagues mod-
ified tumor-infiltrating lymphocytes (TILs) to express IL-12 for 
the treatment of patients suffering from metastatic melanoma 
(NCT01236573). Patients received a nonablative lymphocyte-de-
pleting regimen followed by the infusion of CD8+ TILs modified 
with IL-12 and ex vivo expanded. The IL-12 expression was under 
control of a NFAT-inducible promoter providing cytokine release 
upon TCR-mediated T-cell activation. The study ultimately had to 
be discontinued due to severe toxicity in most patients likely due to 
extensive IL-12 release.55 It remains an open issue whether the use 
of CAR T cells with predefined specificity for a tumor associated 
antigen instead of polyclonal TILs would also lead to same systemic 
toxicities.

An ongoing trial (NCT03542799) explores EGFR-specific CAR T 
cells with engineered IL-12 release for the treatment of metastatic 
colon cancer. A TRUCK with a third-generation CAR with 4-1BB and 
CD28 costimulation along with the primary CD3ζ signal and NFAT 
driven, inducible IL-12 release is used. As a phase I trial, the aim is to 
determine the maximum tolerated dose and the safety and feasibil-
ity in cancer patients.

In a phase I trial, CAR T cells were directed against MUC16ecto 
that is highly expressed on most epithelial ovarian carcinomas but at 
low levels on normal tissues; CAR T cells were further modified to 
secrete IL-12 to enhance cytotoxicity and persistence and to modu-
late the tumor microenvironment.56 In this trial, 4-1BB-CD28-ζ CAR 
T cells with transgenic IL-12 release were injected intraperitoneally 
near the tumor site. The rationale is that secreted IL-12 is expected 
to enhance CAR T-cell persistence and to attract a Th1 immune cell 
infiltrate. For safety purposes, a suicide gene has been incorporated 
into the CAR T cells to mitigate any on-target, off-tumor or other 
unforeseen toxicity.

To treat Nectin4-positive advanced solid tumors, CAR T cells are 
going to be applied targeting Nectin4 and FAP on tumor stroma by 
the CAR and releasing IL-7 or IL-12 upon CAR engagement of target 
(NCT03932565).

3.6 | Future developments of the TRUCK strategy

The primary aim of the TRUCK strategy is to produce, either by 
inducible or by constitute release, and deposit a transgenic protein 
in the targeted tissue. By releasing a cytokine in the targeted tis-
sue, systemic side effects are reduced, however, may occur upon 
entry into circulation. Linking the cytokine to an antibody or an-
tibody fragment (chimeric antibody-cytokine fusion protein) for 
tumor targeting, the cytokine may become more “sticky” to the 
targeted tissue.

Another future aspect of transgenic cytokine delivery by CAR 
T cells is the release of two cytokines in order to combine their ca-
pacities. Both IL-7 and IL-15 are the common cytokine receptor γ–
chain family cytokines. IL-7 plays a central role in the development 
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and maintenance of T cells, whereas IL-15 induces the differen-
tiation and proliferation of T and NK cells and enhances the cy-
tolytic activity of CD8+ T cells. The activities may be combined 
by cosecretion of both individual cytokines or by linking both cy-
tokines together to create a recombinant IL-7/IL-15 hybrid cyto-
kine linked by a flexible peptide linker as previously reported for 
mouse cytokines.57 Combining both cytokines aims at improving 
half-life of the respective cytokines and finally antitumor activi-
ties. Moreover, combining IL-7 and IL-15 may evoke additional ef-
fects on immune cells as compared with the individual factors. For 
instance, treatment with the IL-7/IL-15 fusion protein decreased 
Treg-cell infiltrations in tumors and more effectively improved 
NK-cell activities, whereas IL-7 and/or IL-15 treatment did not or 
far less.57

Within the technical framework of TRUCKs, it is conceivable to 
engineer T cells to release any protein with therapeutic potential 
or functional capacities. Among these proteins may be cancer-di-
rected monoclonal antibodies to mediate antibody-dependent 
cellular cytotoxicity or sustain cellular responses and anticancer 
efficacy. Other favorite candidates for therapeutic proteins are 
immune checkpoint inhibitors that are clinically used with great 
success, in particular monoclonal antibodies against CTLA-4 like 
Ipilimumab and against PD-1 like Nivolumab. Such antibodies can 
also be produced by engineered T cells and released into the en-
vironment after CAR signaling. We assume that the approach will 
have the advantage of accumulating antibodies in the tumor tis-
sue to high concentrations sufficient to prevent T-cell suppres-
sion. The strategy is currently explored in an early phase trial 
for the treatment of advanced solid tumors with EGFR-specific 
CAR T cells engineered to release CTLA-4 and PD-1 antibodies 
(NCT03182816).

Any other protein can be released by engineered TRUCK cells. 
It is conceivable that pro-drug converting enzymes are secreted by 
TRUCK T cells into the tumor tissue upon targeted activation. In this 
example, T cell released cytosine deaminase can cleave the che-
motherapeutic prodrug 5-fluorocytosine (5-FC) into its active form 
5-fluorouracil (5-FU) in the tumor area, thereby locally converting an 
inactive into a cytotoxic drug that kills tumor cells independently of 
T-cell recognition.

More recently, T cells were engineered with the IL-23 p40 
receptor chain that associates with the endogenous IL23a p19 
receptor to use released IL-23 in an autocrine fashion.58 CAR T 
cells with engineered IL-23 receptor showed superior reactivity in 
various tumor models and attenuated side effects putting IL-23 in 
the forefront of sustaining cytokines for an improved CAR T-cell 
response.

Beyond cancer therapy, cytokine releasing engineered T cells 
have therapeutic potential for the treatment of a broad variety of 
other diseases. For the treatment of autoimmune diseases, engi-
neered T cells can be envisioned to produce immune suppressive 
cytokines, including TGF-β or IL-10. However, this would require a 
protective shield in order to prevent engineered T-cell repression by 
the release of its own transgenic cytokine.
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Barriers to Effective CAR T Cell Therapy 
The multiple barriers to effective CAR T cell therapy in solid tumors can be categorized 

into four main categories (Table 1): i) the antigen dilemma, ii) the immunosuppressive tumor 
microenvironment (TME), iii) T cell exhaustion, and iv) tumor penetration. 
 
Antigen Dilemma 

The antigen dilemma refers to the problem of having so far found a lack of tumor specific 
antigens which can be targeted with CAR T cell therapy, especially antigens that are not found 
elsewhere in the body. This problem has led to a phenomenon known as on target off tumor 
toxicity which means that the antigen being targeted is also present on healthy body tissues and 
the CAR T cells attack the healthy body tissue instead of attacking the tumor. 2,3,4  

 
Tumor Microenvironment (TME) 

The TME is known to be hypoxic, acidic and low in nutrients. 4 The TME lacks  oxygen 
causing cells in the TME to use anaerobic respiration resulting in a buildup of lactic acid 
decreasing the pH. 9 The acidic environment prevents optimal function of T cells. The TME also 
lacks the amino acid arginine which is a critical amino acid for the proteins made by CAR T cells 
that allow for cell proliferation. 10 Finally, the TME contains many immunosuppressive factors 
such as the cytokines tumor growth factor beta and interleukin 4, 11 which further decreases the 
efficacy of the CAR T cells. As a result, CAR T cells have a hard time being effective and 
remaining viable in the TME as they are overwhelmed by a breadth of factors working against 
them.  
 
T Cell Exhaustion 

The third problem is T cell exhaustion which refers to the idea that CAR T cells have a 
lack of persistence and proliferation which can be due to chronic antigen exposure or exposure to 
immunosuppressive factors inhibiting T cell function. 2,3,4 Lack of persistence is a major problem 
in CAR T cell therapy because one of the main ideas behind CAR T cell therapy is that the cells 
can stay around after the cancer is gone to prevent a major relapse. 2,3,4 

 
Tumor Penetration 

The last major problem is the lack of tumor penetration with CAR T cells. CAR T cells 
have a hard time finding the tumor and then physically getting into the tumor due to its unique 
structure. 2,3,4 This problem furthers the issue of on target off tumor toxicity because if a CAR T 
cell has a hard time finding the antigens in the tumor, it will more likely bind to the antigens on 
the healthy body tissue. If the CAR T cell cannot get inside the tumor, the therapy will not work 
as the CAR T cells will not be able to reach the tumor cells.  

To combat each barrier, there are currently multiple approaches being explored. Some of 
these examples of these approaches are outlined in table 1.  



The rest of this research will primarily focus on the strategies being investigated to 
overcome the TME barrier. The TME barrier was chosen as a focus because it contains the most 
variety of strategies being explored.  
 
Methods to Overcome Barriers in the Tumor Microenvironment 

Within the barrier of the TME, there are four main groups of strategies to solve the 
problem (table 2): i) addition/deletion of signal pathways, ii) metabolic alteration of T cells, iii) 
targeting structure and stroma of tumors, and iv) cytokines. Each of these strategies have 
multiple mechanisms within them.  

 
Addition/Deletion of Signal Pathways 

Addition/deletion of signal pathways refers to altering interactions between the CAR T 
cells and different proteins present in the TME. One of the main strategies being explored using 
this idea is combining the already existent immunotherapy of checkpoint blockade with CAR T 
cell therapy (see figure 2). 2,3,4,12 The body has many mechanisms in place to prevent itself 
attacking healthy body tissues, one of which is checkpoint inhibitors. 4,12 This is where there is a 
protein on the T cell that matches the protein on the healthy cell and when the proteins bind to 
each other, the T cell is inhibited. 12 Cancer upregulates checkpoint inhibitors as one of its many 
survival strategies. In checkpoint blockade, the proteins are prevented from binding and 
inhibiting the T cell. 12 One common checkpoint inhibitor target for checkpoint blockade therapy 
is PD-1/PD-L1.12 There are two main ways to adapt this therapy for CAR T cells. Firstly, the two 
treatments are delivered independently of each other in a similar time frame. 12 Secondly, the 
checkpoint blockade therapy could be integrated into the CAR T cell through a multitude of 
ways. One possibility is that the CAR T cell releases anti PD-L1 antibodies which would bind to 
the inhibitory protein on the tumor cells blocking the pathway. 12 Another way is through the use 
of gene editing technology, the CAR T cells could be built to not express the PD 1 protein which 
would also block the pathway. 12 The other possibility is to alter the pathway inside the T cell 
once the proteins bind together so that the intracellular pathway is deactivated or actually 
stimulates activation of the T cell. 12  

Another signal pathway that is showing potential is the addition of signal pathways that 
allow for costimulation. 2 This means that certain proteins found in the TME have receptors on 
the CAR T cell and when the proteins bind to the receptor, the CAR T cell is further activated 
which has proved effective in preclinical models of pancreatic cancer. 13  

A very similar approach is combatting immunosuppressive soluble factors such as 
cytokines like interleukin-4 by blocking the immunosuppressive factors from binding to the T 
cells. 11  

 
Metabolic Alteration 

Metabolic alteration of T cells allows for CAR T cells to be better suited to the harsh 
environment of the TME by altering their metabolism to work in coordination with the nutrients 



available. One method currently being used is altering the proteins in the costimulatory domains 
of CAR T cells. 9 For example, in liquid cancers, CAR T cells with CD28 and 4-1BB (third 
generation CAR) have been shown to be more effective than a CAR with only those proteins 
because the metabolic pathway was quicker and more efficient. 9  

Another method under investigation is the addition of different chemicals to the culture in 
which the CAR T cells are incubated in before being put back in the patient. 9 There is evidence 
to suggest that certain cytokines in the incubation tray cause CAR T cells to have a more 
effective metabolism. 9  

In order to combat the low arginine environment present in the TME, scientist have 
added genes into the cell coding for two enzymes, human argininosuccinate synthase and 
ornithine transcarbamylase, which allow the CAR T cells to use the limited arginine more 
efficiently. 10 As mentioned before, cell proliferation in CAR T cell therapy is key to allowing an 
effective and widespread response.  

The use of click chemistry is also being applied to CAR T cells by binding a drug to 
increase metabolism to the membrane of the T cell. 14 One example of a drug was avasimibe 
which when attached to the CAR T cell increased cholesterol in the membrane and resulted in a 
superior anti-tumor response. 14 

 
Targeting the Structure and Stroma of the Tumor 

Another part of the TME that is hostile for CAR T cells is the structure and stroma of the 
tumor. 2 There are currently two main solutions to this problem. The vessels can be remodelled or 
the stroma of the tumor can be directly targeted. 15 Through certain cytokines such as 
interleukin-12 and antiangiogenic drugs, the poor vasculature of the tumor can be remodelled so 
that the CAR T cells will have an easier time navigating through the blood vessels. 15 The stroma 
of the TME is full of other immune cells that work against T cells such as T cell regulatory cells 
and tumor associated macrophages. 15,16 By targeting these cells in the stroma, there will be less 
inhibitory feedback to CAR T cells in the TME. 15,16 The vasculature of the tumor can also be 
greatly improved through direct targeting of certain proteins on the blood vessels. 15  

 
Use of Cytokines 

Cytokines are important proteins in the immune system that have a variety of roles 
including summoning other cells, activating cells, and killing tumors and viruses.  One method 
of using cytokines is combining the popular cytokine immunotherapy with CAR T cell therapy 
independently of one another, but in the same time frame. 17 Interleukin-2 is a common cytokine 
that is used alongside CAR T cell therapy as it enhances T cell activation and proliferation. 17 

These two immunotherapies can be combined into one through the use of an armoured 
CAR T cell (see figure 3) which is essentially a CAR T cell that is programmed to release 
cytokines such as interleukin-12. 18 This would allow for cytokines to be released in the area they 
are needed, the tumor, instead of around the whole body helping to increase the potency of CAR 
T cell therapy. 18  



Chemokines are a type of cytokine common in the TME that helps enhance tumor 
growth. 19 Certain receptors on chemokines could be targeted by CAR T cells to decrease the 
hostility of the TME by decreasing the amount of chemokines present. 19  

The use of cytokines in activating CAR T cells is becoming increasingly popular through 
the use of cytokine switch receptors/T cells Redirected for antigen-Unrestricted 
Cytokine-initiated Killing (TRUCKS). 8,17 When TRUCKS bind to a tumor antigen, they are 
programmed to release certain cytokines such as interleukin-12 which will summon other 
immune cells such as tumor infiltrating leukocytes to help eradicate the tumor. 8,17 

 
Preclinical and Clinical Trials Results 

Table 3 lists some of the past and current preclinical and clinical trials. In the research 
conducted, no clinical trials targeting the structure and stroma of the tumor were found.  
 
Analysis 

This study has demonstrated that there are a variety of barriers to CAR T cell therapy for 
solid tumors, but there are also multiple trials and studies in progress to overcome these barriers 
that show promising solutions. Due to the many problems currently present with CAR T cell 
therapy in solid tumors, effective CAR T cell therapy would involve combining many solutions 
so as to address all the different problems.  

To overcome the TME barrier, many different solutions have been put forward and have 
begun testing; however, there are very few clinical trials that focus on overcoming the TME 
barrier. There are multiple clinical trials working on the antigen dilemma. 1  One of the reasons 
for the lack of clinical trials for the TME could be that clinical trials will have a hard time being 
effective if there is no suitable antigen to be targeted. Therefore, it is important to work towards 
solving the antigen dilemma and then other solutions can be incorporated into the therapy to 
make CAR T cell therapy the most effective it can possibly be.  

Many of these solutions involve the use of combination therapy which involves 
combining another immunotherapy into CAR T cell therapy. This can be particularly effective 
since the other immunotherapy’s efficacy is enhanced through being directed at the tumor which 
could result in potentially less side effects in healthy tissue.  

The research showed a discrepancy in the efficacy of second versus third generation 
CARs. One study20 showed that third generation CARs provided no benefit over second 
generation CARs while another study 21 showed superior efficacy in third generation CARs.  

One of the key limitations of this research study is that there is the possibility that the 
research missed a key strategy/study for CAR T cell therapy in solid tumors due to the vastness 
of this field.  
 
Future Directions 

The next steps in developing CAR T cell therapy for solid tumors involves taking the 
preclinical trials into larger animal models and then humans. Once certain solutions prove to be 



effective in humans, multiple solutions may need to be combined together to create a standard of 
care CAR T cell therapy for a specific solid tumor.  

One of the major findings of this research is that inhibitory cellular pathways in T cells 
play a major role in preventing effective CAR T cell therapy in solid tumors. Therefore, future 
studies should consider exploring the role of technologies such as Clustered Regularly 
Interspaced Short Palindromic Repeats and CRISPR Associated Protein 9 (CRISPR/Cas-9) to 
delete gene sequences that allow for inhibitory signals.  

 
 
 

 



 



Conclusions
This research study addressed the problem: how can CAR T cell therapy be adapted and

altered to be effective and viable in the challenging TME that exists within solid tumors? The
hypothesis was proven correct that it will take a combination of many different solutions to solve
this very large problem including not only CARs but TRUCKS, armored CARs and future
immunotherapy vehicles. Although there are many solutions being investigated, most of them are
still in the preclinical phase which means that there is a long way to go before CAR T cell
therapy can become the standard of care for solid tumors.

This research study has proposed two new classification systems in order to design
strategies to treat solid tumors with immunotherapy: 1) Categorization of barriers that need to be
overcome to allow for effective CAR T cell therapy in solid tumors: i) the antigen dilemma, ii)
TME, iii) T cell exhaustion, and iv) tumor penetration; 2) Categorization of strategies being used
to overcome the TME barrier: i) addition/deletion of signal pathways, ii) metabolic alteration, iii)
targeting the structure and stroma of the tumor, and iv) the use of cytokines.

Ultimately, CAR T cell therapy has the possibility to revolutionize future cancer
treatment, preventing many cancer related fatalities.



 

 

Table 1: Summary of Barriers Preventing Effective CAR T Cell Therapy for Solid Tumors and Potential Strategies 
     

Barriers to CAR T Cell 
Therapy for Solid Tumors 

 Problem being Addressed  Strategies being Investigated to Overcome Barrier 

1) Antigen Dilemma2,3: On 
Target Off Tumor Toxicity  

 

Tumour antigens being expressed on 
healthy tissue elsewhere in the body 

 

○ Dual Targeting22 

○ On/Off Switches 2 
○ New Target Identification22 
○ Epitope Spreading2,4 
○ Altering Affinity of Receptor3  
○ Bispecific T cell Engager (BiTEs)2,4  

2) Tumor Microenvironment2,3 
(TME) 

 

Localized immunosuppressive 
environment due to depleted nutrients, 
high acidity & presence of T cell 
inhibitory factors 

 

○ Addition/Deletion of Signal Pathways 
○ Metabolic Alteration of T cells 
○ Targeting Structure and Stroma of Tumor 
○ Cytokines 
1,2,3,4,11 

3) T Cell Exhaustion2 

 

Activity level, persistence and 
proliferation of manufactured cells 

 

○ Increasing Memory Phenotype4 
○ Alter Costimulatory Domain1  
○ Alter transcription factors 2 

○ Checkpoint Blockade2,3,4,12  

4) Tumor Penetration2,3 

 

Tumor localization and physical barriers 
causing inability to infiltrate tumor 

 

○ Localized Delivery3  
○ Cytokines 3  
○ Oncolytic Virus 2,11  
○ Adhesion Molecules 22  
○ Other Immune Cells (Tumor Infiltrating 
Lymphocytes/Natural Killer Cells)2,3,4  



Table 2: Proposed Categorization of Strategies Being Investigated to Overcome TME

Strategies Examples

Addition/Deletion of Signal Pathways ○ Checkpoint Blockade12

○ Combatting Immunosuppressive Soluble
Factors11

○ Costimulation2,13

Metabolic Alteration of T Cells ○ Alteration of Costimulatory Domain9

○ Addition of Chemicals to Grow Cells9

○ Addition of Drug on T cells14

○ Addition of Enzymes10

Targeting Structure and Stroma of Tumor ○ Vessel Remodelling15

○ Targeting the vessel and stromal cells15

Cytokines ○ Armoured CARs4,18

○ Chemokine Receptors19

○ TRUCKS; Cytokine Switch Receptors4,8

○ Use of Cytokines17



 

 

Table 3: Selected Studies to Overcome TME Barrier for CAR T Cell Treatment of Solid Tumors 
   

Strategy  Summary of Results 

Addition/Deletion of Signal Pathways 

 

Clinical Trials: 
○ Greater than 15 trials currently underway using knockout strategy for 
checkpoint blockade; Majority in China23  
 
Preclinical Studies: 
○ Inhibiting the adenosine receptor on T cells, positively affected T cell 
activation in a tumor model4 

Metabolic Alteration of T Cells 

 

Clinical Trials: 
○ Third generation CARs used to treat 18 patients with glioblastoma with 
no statistically significant survival benefit20  
○ Third generation CARs currently in multiple clinical trials 24  
 
Preclinical Studies: 
○ In mice, click chemistry shown to cause complete regression of 
glioblastoma14  
○ Third generation CAR T cells shown to be more effective in activation 
and proliferation than second generation in mice21  

Targeting Structure and Stroma of Tumor 

 

Clinical Trials: 
None found 
 
Preclinical Studies: 
○ Antiangiogenic factors like VEGF inhibitors shown to decrease tumor 
growth in vitro25  
○ Tumor-associated macrophage depleting proteins delay tumor 
progression in mice16  

Cytokines 

 

Clinical Trials: 
○ Phase 1 Clinical Trial completed using IL 2 with CAR T cell therapy to 
treat prostate cancer - trial is moving to phase 226  
○ TRUCKS* are in multiple early phase clinical trials 27  
 
Preclinical Studies: 
○ Armoured CARs that secrete interleukin-12 used in mice to treat 
ovarian cancer shown to increase efficacy of CAR T cells 18  

* T cells Redirected for antigen-Unrestricted Cytokine-initiated Killing 
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