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Abstract

Chimeric antigen receptors (CARs) are synthetic molecules designed to redirect T cells to specific 

antigens. CAR-modified T cells can mediate long-term durable remissions in B cell malignancies, 

but expanding this platform to solid tumors requires the discovery of surface targets with limited 

expression in normal tissues. The variant III mutation of the epidermal growth factor receptor 

(EGFRvIII) results from an in-frame deletion of a portion of the extracellular domain, creating a 

neoepitope. We chose a vector backbone encoding a second-generation CAR based on efficacy of 

a murine scFv–based CAR in a xenograft model of glioblastoma. Next, we generated a panel of 
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humanized scFvs and tested their specificity and function as soluble proteins and in the form of 

CAR-transduced T cells; a low-affinity scFv was selected on the basis of its specificity for 

EGFRvIII over wild-type EGFR. The lead candidate scFv was tested in vitro for its ability to 

direct CAR-transduced T cells to specifically lyse, proliferate, and secrete cytokines in response to 

antigen-bearing targets. We further evaluated the specificity of the lead CAR candidate in vitro 

against EGFR-expressing keratinocytes and in vivo in a model of mice grafted with normal human 

skin. EGFRvIII-directed CAR T cells were also able to control tumor growth in xenogeneic 

subcutaneous and orthotopic models of human EGFRvIII+ glioblastoma. On the basis of these 

results, we have designed a phase 1 clinical study of CAR T cells transduced with humanized scFv 

directed to EGFRvIII in patients with either residual or recurrent glioblastoma (NCT02209376).

Introduction

Immune therapies that engage T cells have the potential to induce long-term durable 

remissions of cancer. In hematologic malignancies, allogeneic hematopoietic stem cell 

transplant can be curative in part due to T cell–mediated antitumor immunity; in solid 

tumors, checkpoint blockade with anti–CTLA-4 or anti–PD-1 monoclonal antibodies 

(mAbs) can mediate long-term responses (1, 2) by releasing T cells from tightly controlled 

peripheral tolerance. Redirecting T cells with chimeric antigen receptors (CARs) is an 

alternative method of overcoming tolerance and can be performed in the autologous setting. 

In B cell malignancies, CAR T cells directed to CD19 can mediate long-term remissions 

without the need for an allogeneic human leukocyte antigen (HLA)–matched donor (3–5). 

However, CAR immunotherapy in solid tumors remains challenging, largely due to the lack 

of appropriate surface antigens whose expression is confined to malignant tissue. Off-tumor 

expression of the antigen target has potential to cause on-target toxicity with varying degrees 

of severity depending on the affected organ tissue (6–8).

Epidermal growth factor receptor variant III (EGFRvIII) is a putative tumor-specific 

oncogenic mutation and is the most common variant of the EGFR observed in human 

tumors (9–13). EGFRvIII results from the in-frame deletion of exons 2 to 7 and the 

generation of a novel glycine residue at the junction of exons 1 and 8; this novel 

juxtaposition within the extracellular domain (ECD) of the EGFR creates a tumor-specific 

and immunogenic epitope. The EGFRvIII mutation is most frequently observed in 

glioblastoma, where it occurs in about 30% of cases. Median survival for patients with 

newly diagnosed glioblastoma is less than 15 months, and expression of EGFRvIII is linked 

to poor long-term survival regardless of other factors such as extent of resection and age 

(14). The current standard of care for patients with newly diagnosed glioblastoma involves 

primary surgical resection, followed by concurrent temozolomide and radiation, followed by 

adjuvant temozolomide alone for six cycles at minimum (15). No current treatment is 

curative. Novel temozolomide agents (16, 17) and a variety of targeted kinase inhibitors (18) 

have limited efficacy when used as monotherapy, and there has been extensive interest in 

immunotherapeutic approaches.

Classically, the central nervous system (CNS) has been considered an “immunoprivileged” 

site where immune surveillance is minimal. Indeed, several cellular and molecular 
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mechanisms underlying the unique immunosuppression of the CNS tumors have been 

delineated (19, 20). However, the presence of lymphocytes within malignant gliomas can be 

a positive prognostic indicator of survival (21, 22). Although such tumor-infiltrating 

lymphocytes are not potent enough to mediate regression of gliomas, the primary defect is 

not likely a result of a lack of immune surveillance. Indeed, naturally occurring autoimmune 

diseases, such as paraneoplastic cerebellar generation and multiple sclerosis, provide 

evidence that immune cells can traffic to the CNS and target the brain.

Immunotherapeutic approaches to glioblastoma, and EGFRvIII in particular, are currently in 

clinical development. Rindopepimut is a peptide vaccine strategy currently in phase 3 trials 

for EGFRvIII-expressing glioblastoma. Rindopepimut consists of the EGFRvIII-specific 

peptide sequence conjugated to the carrier protein keyhole limpet hemocyanin. Three phase 

2 trials of rindopepimut have been completed in newly diagnosed EGFRvIII-positive 

glioblastoma patients with consistent results: across all studies, rindopepimut has been 

generally well tolerated with generation of robust, specific, and durable immune responses 

(23,24). Generation of T cell responses to peptide vaccine is nevertheless limited by the 

available repertoire of T cells, which have undergone selection in the thymus; in contrast, 

adoptive immunotherapy with redirected T cells obviates both the existing T cell repertoire 

and the need for antigen processing and presentation by professional antigen-presenting 

cells. Therefore, direct transfer of EGFRvIII-directed T cells is potentially more effective 

and may have more favorable kinetics compared to peptide- or cell-based vaccines. 

However, whereas in the vaccine setting, high-avidity T cells reactive to self-antigens are 

unlikely to be present or cause tissue damage, T cells that are redirected to a novel antigen 

require extensive validation to avoid on-target, off-tumor toxicity or cross-reactivity to self-

antigens (8, 25, 26).

We have previously described CARs directed to EGFRvIII in human and murine systems 

based on single-chain variable fragments (scFvs) derived from two mAbs: human 139 and 

murine 3C10 (27–29). Here, after selection of a basic CAR design, we humanized the 

murine 3C10 scFv to avoid human anti-mouse antibody (HAMA) responses, which could 

limit the persistence of the CAR T cells or cause allergic sensitization (30). Because many 

antibodies to EGFRvIII cross-react with wild-type EGFR (EGFRwt), including cetuximab 

(31, 32), we focused much of our validation efforts on determining the degree of specificity 

to EGFRvIII and cross-reactivity with EGFRwt. The interaction between scFv and antigen 

was evaluated at the biophysical level, with either or both as soluble molecules, and at the 

biologic level as CARs expressed on human T cells. The initial panel of scFv candidates was 

tested in silico, and the panel was progressively narrowed on the basis of testing in vitro. 

The lead humanized CAR was further tested for safety in a mouse model grafted with 

normal human skin and for efficacy as a single agent in subcutaneous and orthotopic 

xenograft models of human EGFRvIII+ glioblastoma. On the basis of the validation data 

described here, we have opened a phase 1 clinical trial to treat patients with EGFRvIII+ 

glioblastoma either at recurrence or in conjunction with temozolomide in newly diagnosed 

patients with residual disease.
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Results

Selection of the anti-EGFRvIII CAR design

As a general rule, the scFv dictates the new antigen specificity of the redirected CAR T cell, 

whereas the intracellular signaling domains of the CAR dictate the functional outcome of 

CAR-mediated T cell activation. Our institution has had success with a CD19-directed CAR 

designed to include a murine-derived scFv fused to a CD8a hinge and transmembrane 

domain, and the intracellular domains of human 4-1BB and CD3z (or “z”). However, it is 

possible that targeting antigens presented by solid tumors could be optimized with a 

different CAR design, such as a third-generation CAR that includes the intracellular domain 

of the CD28 costimulatory molecule (33). To determine an optimal CAR design for 

glioblastoma, a series of EGFRvIII-specific CARs were generated on the basis of either the 

murine 3C10 or the human 139 scFv (27) fused with either 4-1BB or CD28–4-1BB and 

CD3ζ (z) signaling domains (Fig. 1A). Human T cells were lentivirally transduced with each 

construct and tested in vitro and in vivo. A flow cytometry–based cytotoxicity assay using 

the human glioma cell line U87 and the transduced cell line U87-EGFRvIII as targets 

indicated no difference among three different types of CAR T cell products directed to 

EGFRvIII (Fig. 1B). We then compared the three anti-EGFRvIII CAR designs in an in vivo 

xenogeneic mouse model of intracranial glioblastoma, using orthotopically injected U87-

EGFRvIII tumor cells (Fig. 1C). In this model, mice were treated with CART cells 

intravenously 1 week after tumor implantation, along with temozolomide (17 mg/kg) daily 

for 4 days (29, 34) starting the day of T cell injection. Tumor progression was evaluated by 

serial bioluminescent imaging. Mice receiving any of the anti-EGFRvIII CAR–transduced T 

cells demonstrated sustained tumor regression compared with mice receiving control CD19–

specific CARs, temozolomide alone, or saline. However, the 3C10.BBz construct induced a 

tumor regression earlier than 3C10.28.BBz or 139.BBz (Fig. 1C). On the basis of these 

results, we decided to proceed with the 3C10.BBz vector design for clinical translation.

Generation and selection of a humanized scFv

Previous studies of CAR T cells using murine-based scFvs have elicited HAMA responses, 

resulting in elimination of the transferred cells over relatively short periods of time, 

particularly in solid tumors (6, 35, 36). Although the HAMA response itself is not clinically 

significant, it could potentially limit retreatment options. In one case at our institution, 

repeated dosing of murine scFv CAR T cells resulted in anaphylaxis (30), which was likely 

caused by an immunoglobulin E (IgE)–mediated response to the murine scFv. On the basis 

of the CD19 CAR data demonstrating that persistence of CAR T cells is required for optimal 

efficacy (5, 37), and to allow for the possibility of more than one infusion, we chose to 

humanize the murine 3C10 scFv. A panel of eight humanized scFv constructs was generated 

and produced as soluble fragments. Each fragment was biotinylated and tested for binding to 

EGFRvIII and EGFRwt-transfected cells over a wide range of concentrations (Fig. 2A). We 

noted that the original murine 3C10 scFv bound to EGFRwt at high concentrations. Two of 

the constructs (2173 and 2174) did not bind to EGFRwt in the concentration ranges tested, 

though they also appeared to have a lower affinity for EGFRvIII.
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We chose to pursue the lower-affinity scFv to minimize the potential binding to EGFRwt, 

given that EGFR is expressed in a wide variety of normal tissues, including keratinocytes 

and multiple epithelial tissues. In light of previous on-target, off-tumor toxicities observed in 

several cases of gene-engineered T cell therapy in melanoma (38), colon cancer (39), renal 

cell cancer (6), and toxicity due to recognition of HER2 and MAGE-A3 mimotopes on 

normal, nontumor cells (7, 8, 25, 26), minimizing the potential recognition of the EGFRwt 

protein was of paramount importance. Affinity constants were determined for the anti-

EGFRvIII scFv constructs before and after humanization. Binding affinities were measured 

by Biacore (surface plasmon resonance) using soluble, biotinylated versions of the 

EGFRvIII and EGFRwt ECDs coupled to a streptavidin sensor chip; purified soluble scFv 

candidates were flowed over the chip in serial dilutions, and association and dissociation 

rates were monitored for 240 and 360 s, respectively. The sensograms for murine 3C10 and 

the humanized lead candidate (2173) are shown (Fig. 2B). The data were fitted to a steady-

state affinity model, and KD values were calculated (Fig. 2B). The KD for the humanized 

2173 scFv was 101 nM for EGFRvIII and 872 nM for EGFRwt. In contrast, the KD for the 

murine 3C10 scFv was 25.8 nM for EGFRvIII and 195 nM for EGFRwt. These values 

confirm the relatively lower affinity of the humanized 2173 scFv for both EGFRwt and 

EGFRvIII.

The affinity of a soluble scFv is a measure of the strength of its interaction with antigen as a 

monovalent protein. Because cell-anchored CAR constructs will dimerize and bind to 

antigen with the accumulated strength of multiple interactions (that is, avidity), we 

proceeded to determine the effect of CAR-mediated binding to EGFRwt and EGFRvIII by 

performing the converse experiment to Fig. 2A. Here, T cells transduced with murine 3C10 

or humanized 2173 CAR were stained with varying concentrations of soluble proteins 

derived from the ECD of EGFRvIII or EGFRwt. We found that although there was a 

reduction in binding affinity of the humanized 2173–based CARs, the specificity toward 

EGFRvIII was maintained, if not enhanced, compared to the murine 3C10–based CAR (Fig. 

2C). Thus, there was strong biophysical evidence for specific binding of the anti-EGFRvIII 

CAR to the EGFRvIII mutant protein.

In vitro characterization of CART-EGFRvIII T cells

The murine (3C10) and humanized (2173) EGFRvIII CARs were extensively evaluated in a 

series of in vitro immunologic assays. Cytotoxicity assays used to evaluate CART-

EGFRvIII cells against U87 glioblastoma cell lines expressing EGFR (naturally) or 

transduced to express EGFRvIII demonstrated specific killing of EGFRvIII-expressing cells. 

Untransduced T cells and CAR T cells directed to CD19 served as negative controls (Fig. 

3A). No cytolytic activity toward EGFR-expressing cells was noted. Because most cultured 

human tumor cell lines express some degree of EGFR, we generated a panel of baby 

hamster kidney (BHK) cell lines that lack human EGFR expression; these were main- tained 

as the parental line or transduced to express either EGFRwt or EGFRvIII. CART-EGFRvIII 

cells based on either the murine 3C10 scFv or the humanized 2173 scFv produced IFN-γ 

specifically in response to EGFRvIII-expressing cells such as BHK-EGFRvIII or U87-

EGFRvIII (Fig. 3B). Similarly, T cells transduced with either the murine 3C10 or 
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humanized 2173 CARs proliferated specifically in response to stimulation with EGFRvIII 

antigen, but not EGFRwt (Fig. 3C).

To determine whether repeated antigen stimulation could specifically enhance CAR T cell 

expansion and persistence, we stimulated EGFRvIII-directed CAR T cells with U87-

EGFRvIII cells or anti-CD3/CD28–coated beads over the course of 4 weeks in vitro. The 

timing of restimulation was based on return to resting cell size because cell size is a marker 

of lymphocyte activation state, and restimulation of resting lymphocytes reduces activation-

induced cell death (40). Repeated stimulation with EGFRvIII-expressing cells allowed 

CART-EGFRvIII cells to continue to expand, whereas lack of antigen stimulation or 

repeated CD3/CD28 bead stimulation resulted in culture growth arrest (Fig. 3D). T cell 

cultures were normalized for CAR expression at each stimulation, and specific enrichment 

of CAR-expressing cells was noted after the first antigen-specific stimulation and was 

further enhanced after two encounters with antigen (Fig. 3E). We again noted modest 

antigen-independent proliferation of transduced T cells bearing the 4-1BB signaling domain 

(SS1 anti-mesothelin CAR T cells) (41). Thus, EGFRvIII-directed CAR T cells 

demonstrated cytolytic activity, cytokine production, and specific proliferation in response 

to EGFRvIII but not EGFRwt stimulation in vitro.

Extensive in vitro and in vivo testing against EGFRwt demonstrates lack of reactivity

Having confirmed the in vitro function of EGFRvIII-directed CAR T cells to EGFRvIII-

expressing targets, we next sought to evaluate the humanized 2173 CAR candidate for 

potential cross-reactivity to EGFRwt in more biologically relevant assays. First, we 

generated a positive control CAR on the basis of the heavy and light chains from the mAb 

cetuximab, which does not distinguish EGFR from EGFRvIII. Cetuximab is U.S. Food and 

Drug Administration–approved for use in colon cancer and head and neck cancers, which 

overexpress EGFR; common side effects of cetuximab are rash and diarrhea due to 

endogenous EGFR expression in keratinocytes and epithelial tissues. A cetuximab-based 

CAR (cetux-CAR) constructed with the same design as the 2173 anti-EGFRvIII CAR was 

expressed in human T cells. Cetux-CAR bound equally well to soluble EGFRwt and 

EGFRvIII ECDs, whereas the 2173 CAR bound only to EGFRvIII (Fig. 4A). Similarly, 

cetux-CAR T cells were tested in vitro for their ability to proliferate in response to 

stimulation with either BHK-EGFRwt or BHK-EGFRvIII (Fig. 4B). Cetux-CAR T cells 

proliferated equally well in response to stimulation with BHK-EGFRwt as the they did to 

BHK-EGFRvIII, whereas 2173 CAR T cells proliferated only in response to BHK-

EGFRvIII and equally as well as cetux-CAR T cells. Similarly, 2173 CAR T cells produced 

type I cytokines [IFN-γ, inter-leukin-2 (IL-2), and tumor necrosis factor–α (TNF-α)] only in 

response to EGFRvIII, whereas cetux-CARs responded to both EGFRwt and EGFRvIII. 

Again, the levels of cytokine production for 2173 and cetux-CAR T cells were similar in 

response to EGFRvIII, indicating that the relatively low affinity of 2173 for EGFRvIII did 

not result in lower in vitro activity against target cells expressing high levels of antigen.

Having confirmed the function of the cetux-CAR, we next sought to compare reactivity of 

2173 CAR and cetux-CAR T cells in response to endogenous levels of EGFR in normal 

tissues in vitro. We cultured primary human keratinocytes and used them to stimulate CAR 
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T cells in vitro. We observed production of type I cytokines by cetux-CAR T cells in 

response to EGFR presented by either U87 or keratinocytes, as well as U87-EGFRvIII cells. 

In contrast, 2173 CAR T cells only produced type I cytokines in response to EGFRvIII 

antigen (Fig. 5A; gating strategy and controls are shown in the Supplementary Materials, 

fig. S1). Similarly, whereas cetux-CAR T cells lysed U87, U87-EGFRvIII, and 

keratinocytes, 2173 CAR T cells only lysed EGFRvIII-expressing target cells (Fig. 5B). 

There was no significant cytokine production or lysis of keratinocytes or U87 glioma cells 

by the humanized anti-EGFRvIII–directed 2173 CAR T cells.

Finally, because cultured human keratinocytes may not express EGFR at endogenous levels, 

we sought to evaluate the reactivity of CART-EGFRvIII cells in human skin. We therefore 

tested CAR T cells in an in vivo mouse model of human skin grafted onto immunodeficient 

mice. NSG mice were surgically grafted with human foreskins and allowed to heal over 4 to 

6 weeks. Skin-grafted mice were injected intravenously with either untransduced or cetux-

CAR or 2173 anti-EGFRvIII CAR T cells. Two weeks after CAR T cell injection, skin 

grafts were excised and examined histologically (Fig. 5C). Mice treated with untransduced T 

cells had intact epidermis and dermis, with minimal infiltration of lymphocytes in the 

epidermis and dermis. No significant infiltration of CD3, CD4, or CD8 T cells was observed 

by immunohistochemistry of a skin biopsy specimen taken 3 days after T cell injection (Fig. 

5C). In contrast, mice injected with cetux-CAR T cells had a prominent lymphocytic 

infiltrate of the epidermis and dermis. Lymphocyte-induced keratinocyte apoptosis was 

observed (inset), which is a typical histological feature of cutaneous graft-versus-host 

disease. Most of the infiltrate appeared to be composed of CD3+ CD4+ T cells. The injected 

CAR T cells were 75% CD4+ T cells and 25% CD8+ T cells. Mice injected with anti-

EGFRvIII CAR T cells (2173) had mild immune infiltration of the dermis, but the basal cell 

layer and epider- mis and keratinocytes were intact. No significant CD3+ T cell infiltrate 

was observed by immunohistochemistry in the epidermis or dermis (Fig. 5C). Numbers of 

CD3+ T cells infiltrating the epidermis were quantified in two consecutive tissue sections 

taken from a punch biopsy specimen obtained 3 days after T cell injection (Fig. 5D); there 

were negligible numbers of T cells observed in the human skin of mice treated with 

untransduced and 2173 CAR T cells compared to the large numbers of T cells in the skin of 

cetux-CAR–treated mice.

CART-EGFRvIII efficacy in human tumors in subcutaneous and orthotopic mouse models

Having demonstrated both the specificity and effector functions of 2173 CAR T cells in 

response to EGFRvIII in vitro, we sought to confirm the in vivo antitumor activity in NSG 

mice bearing human glioma tumors established for 7 days. U87-EGFRvIII tumors were 

implanted subcutaneously, and engraftment was confirmed via bioluminescence imaging 5 

days later. On day 7, human T cells expressing CD19 CAR, 3C10 CAR, or 2173 CAR at 

similar levels were injected intravenously as a single agent. Animals in all groups showed 

tumor progression; mice receiving control CD19 CARs demonstrated rapid tumor growth, 

with all mice reaching a humane experimental endpoint by 17 days after initial tumor 

engraftment. In contrast, mice treated with murine 3C10 or humanized 2173 EGFRvIII-

specific CARs had reduced tumor growth, with both groups having mice surviving greater 

than 40 days. In the 3C10 and 2173 CAR treatment groups, median survival also increased 
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from 14 to 21 days compared with mice receiving CD19 CAR control T cells (Fig. 6A; the 

raw data are shown in table S1).

In an orthotopic model of glioblastoma, U87-EGFRvIII tumors were intracranially 

implanted into NSG mice (day 0), and 7 days later, mice were injected intravenously with 

PBS alone, untransduced human T cells (UTD), or 2173 CAR–expressing human T cells 

(2173). In this model, CAR T cells were given as a single agent. Tumors in the 2173 CAR 

group had a rapid reduction in volume (∼80%) relative to the PBS group 3 days after 

receiving T cells (Fig. 6B; the raw data and calculations are shown in table S2). MRI 

performed 11 days after T cell injection (day 18) demonstrated a large mass in both the PBS 

and UTD groups compared to the 2173 group (Fig. 6C). Eighteen days after tumor 

implantation (11 days after T cell injection), mice were euthanized to determine persistence 

and trafficking of T cells within the bone marrow, spleen, or brain. A significant (P < 0.05) 

and large increase in both CD4+ and CD8+ T cells was found in all three organs in the 2173 

group compared to the UTD group (Fig. 6D), indicating engraftment and trafficking of CAR 

T cells in mice bearing antigen-expressing tumor. The injected CAR T cells were 80% CD4+ 

T cells and 20% CD8+ T cells, and both types of T cells infiltrated the tumor-bearing brain, 

with a predominance of CD8+ T cells. This was in contrast to the skin graft infiltration of 

cetux-CAR T cells, where the predominant infiltrate was composed of CD4+ T cells. The 

significance of this finding is unclear, although it is possible that passenger human immune 

cells were present in the skin graft (such as dendritic cells) and that these favored infiltration 

of CD4+ T cells over CD8+ T cells. In both models where T cells were given as a single 

agent, CART-EGFRvIII cells significantly delayed tumor progression and appeared to 

control tumor effectively, as measured by the most commonly used clinical modality (MRI) 

for evaluation of glioblastoma.

Discussion

The application of gene-modified T cell immunotherapy as a potentially curative therapy for 

a multitude of cancer types has been met with abundant enthusiasm (42). Although most 

success has resulted from clinical trials targeting CD19 for hematological malignancies (3–

5, 43, 44), promising responses have also been observed in solid tumors when targeting NY-

ESO-1 on melanoma and synovial cell sarcoma (45). Additional ongoing trials and 

preclinical studies are targeting PSMA (prostate-specific membrane antigen) for prostate 

cancers (46), ganglioside GD2 for neuroblastoma (47), mesothelin for lung cancers (30), and 

others. The greatest impediment to widespread application of CAR T cell therapies remains 

the selection of appropriate target antigens. Phase 1 trials in the field have revealed toxicities 

when targeting molecules expressed at near undetectable levels on vital organs, such as 

Her2/neu (7) or CAIX (6). Furthermore, despite the strong selective pressure that targeted T 

cells can impose, targeting nondriver or nononcogenic proteins may nevertheless result in 

tumor recurrence by antigen escape variants (5). The ideal CAR target would be a surface-

expressed protein that is specific to malignant cells, is homogeneously expressed, and plays 

a critical role in maintaining onco genesis. EGFRvIII appears to meet most of these criteria; 

although its expression in glioblastoma is heterogeneous, the association of its expression 

with the cancer stem cell and its role in oncogenesis make it an attractive target (27). 
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Nevertheless, immunologic escape is possible and has already been proposed to be an issue 

with anti-EGFRvIII pep-tide vaccination (48).

In this relatively new field, developed for the most part in the academic setting, most scFvs 

have been derived from published sequences of the heavy and light chains of murine mAbs. 

The degree of specificity and potential for cross-reactivity has only been minimally 

examined. Here, we sought to develop a novel scFv to target EGFRvIII and validate the 

selection, by first generating a large panel of humanized scFvs, and then performing a deep 

and extensive characterization of their affinity as soluble molecules and their binding 

affinity under cellular conditions, directed both to the target antigen and to the most likely 

cross-reactive antigen, EGFRwt. Humanization of the scFv has the potential benefit of 

increasing the persistence of CAR-modified T cells, which has been shown to be a key 

factor in the efficacy of CAR T cells directed to CD19 (3–5, 37, 49). Furthermore, if 

persistence wanes before eradication of antigen-expressing tumor, retreatment with 

humanized scFv–based CARs is less likely to result in immediate rejection or cause allergic 

responses than murine scFv–based CARs.

Of the eight humanized scFvs that were generated and tested for affinity, avidity, and 

specificity in biophysical assays and in vitro, we ultimately selected a relatively low-affinity 

candidate as the lead for clinical translation. Although the lead candidate (2173) had a 

relatively lower affinity than most scFvs in clinical use as CARs, the gain in specificity to 

binding EGFRvIII over EGFRwt was prioritized. Although the affinity of a specific CAR 

construct is likely to play a role in directing the functionality of the redirected T cell, 

evidence from targeting the CD22 molecule indicates that affinity is of relatively lesser 

importance than the site of epitope binding (50). Here, we also noted that despite the 

relatively lower affinity of the 2173 scFv compared to cetuximab, both CARs were able to 

induce T cell proliferation and cytokine production to similar degrees in response to antigen 

stimulation by targets expressing high levels of antigen. One limitation of this study is that 

we were unable to test the 2173 CAR T cells against glioblastoma targets expressing 

endogenous levels of EGFRvIII, because patient-derived glioblastoma cells from EGFRvIII+ 

tumors frequently lose their endogenous expression of EGFRvIII in culture (51, 52).

Given the single amino acid epitope junction that defines the specificity of EGFRvIII 

compared to the ubiquitously expressed EGFRwt, we sought to ensure the specificity of the 

lead scFv to the greatest possible extent. To this end, we tested the lead CART-EGFRvIII 

construct for reactivity against primary human tissues in vitro and in vivo. To our 

knowledge, the skin graft assay used in this study is the first time normal human tissue has 

been used in vivo to test the potential toxicities of CAR T cells. Nevertheless, the potential 

for EGFR-directed toxicity will be carefully monitored in human studies; the monitoring 

period could be prolonged, depending on the persistence of the CAR T cells. On the basis of 

the toxicity of cetuximab, the most likely toxicities that could indicate cross-reactivity are 

skin rash and diarrhea.

Xenogeneic mouse models are commonly used to test the efficacy of novel constructs of 

CAR T cells against human tumors. In this regard, we tested three mouse models: two 

orthotopic models, where human glioma tumor is implanted in the brain and CAR T cells 
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are administered with or without chemotherapy, and a subcutaneous tumor model. 

Measurements of tumor in mouse models are often quantified with bioluminescent imaging, 

which is quite convenient and sensitive, but cannot be used clinically to assess antitumor 

responses. We measured tumor responses by bioluminescent imaging, caliper measurements 

of subcutaneous tumors, and MRI in orthotopic models. Of these, MRI is the only modality 

that can be used clinically to measure disease response in glioblastoma. When administered 

as a single agent, CART-EGFRvIII cells were able to eliminate orthotopically injected 

glioma by MRI, but deeper regression was observed when CART-EGFRvIII cells were 

administered with adjuvant temozolomide. Encouragingly, CART-EGFRvIII cells also 

seemed to traffic to the site of antigen in the brain, indicating that intravenous administration 

is likely a suitable route to target CNS tumors with T cells.

The main limitation of our study is that preclinical testing does not necessarily predict safety 

or efficacy in human trials. Here, the target glioblastoma cells used to test efficacy were 

derived from a single cell line (U87), and the only form of EGFRvIII antigen expression 

tested was by overexpression of the gene via stable transduction of target cells. In contrast, 

glioblastoma is a heterogeneous disease, and each tumor is composed of heterogeneous cell 

populations. Unfortunately, primary cultured glioblastoma cells are very challenging to 

obtain, and often lose EGFRvIII expression in culture. The T cells used in all the 

experiments were derived from healthy donors, which may also be more functional and have 

more favorable characteristics than those derived from patients with glioblastoma, who are 

often treated with lymphotoxic agents including temozolomide, radiation, and/or cortico 

steroids. Nevertheless, we feel that these data indicate compelling rationale to proceed with 

clinical testing.

Two other clinical trials are currently open using CAR T cells to treat glioblastoma. The first 

trial, conducted by Baylor College of Medicine, is targeting the Her2 antigen using 

cytomegalovirus-specific CAR T cells; the CAR design uses the CD28 signaling domain 

instead of 4-1BB (NCT01109095). The second trial, conducted by the National Cancer 

Institute (NCI), is also targeting EGFRvIII but differs from ours in vector type and CAR 

design; the NCI is using a gammaretrovirus vector to express the CAR, and the CAR design 

incorporates the signaling domains of CD28, 4-1BB, and CD3ζ (NCT01454596). On the 

basis of the data described here, we have opened a clinical trial that will test the efficacy of 

2173 CART-EGFRvIII cells in patients with EGFRvIII+ glioblastoma (NCT02209376). 

Patients will be enrolled on one of two cohorts, depending on whether they have recurrent 

disease after primary resection and adjuvant therapy (cohort 1), or residual disease after 

primary resection (cohort 2). In the second cohort, CART-EGFRvIII cells are administered 

after radiation and concurrent with adjuvant temozolomide.

The University of Pennsylvania has entered into an alliance with Novartis Pharmaceuticals 

to develop CAR T cells as a platform for multiple cancers. The degree of in vitro and in vivo 

characterization described here sets a new standard for preclinical validation of novel CAR 

T cell products as they enter phase 1 trials in patients with cancer.

Johnson et al. Page 10

Sci Transl Med. Author manuscript; available in PMC 2016 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and Methods

Study design

The purpose of this study was to design and rigorously test an optimal and specific 

EGFRvIII-directed CAR T cell product for potential use as a therapeutic agent in patients 

with EGFRvIII-expressing tumors such as glioblastoma. We tested a panel of CAR designs 

with different signaling domains in vitro and in vivo, and then varied and tested a large 

panel of humanized scFvs as antigen recognition domains in silico and in vitro. We verified 

the specificity of the lead CAR, focusing on potential cross-reactivity to the native EGFRwt 

protein, by testing CAR T cells against cultured cell lines, primary tissues, and skin-grafted 

mice. We tested efficacy in three different xenogeneic models, including two orthotopic 

models with and without standard chemotherapy. We measured tumors by calipers, 

bioluminescent imaging, and MRI. Thus, multiple modalities including in silico, in vitro, 

and multiple mouse models were tested. Each experiment was performed multiple times, 

with T cells derived from various normal donors. Furthermore, experiments were performed 

in three different institutions, and overall results with regard to transduction efficiencies, in 

vitro testing, and in vivo animal models were consistent.

Cell lines and culture

The human cell lines U87 and U87-EGFRvIII were provided by S. Chang (Northwestern 

University, Chicago, IL). These cell lines were lentivi rally transduced to express the click 

beetle green luciferase and green fluorescent protein (GFP) under control of the EF-1a 

promoter. At 48 hours after transduction, cells were sorted on an Influx cell sorter (BD 

Biosciences) on the basis of GFP expression to be 100% GFP positive and subsequently 

expanded. BHK-21 parental cells were purchased from the American Type Culture 

Collection and cultured in Eagle's modified Eagle's medium (EMEM) with 10% fetal bovine 

serum (FBS). For the BHK cell line derivatives, lentivirus was produced to express 

EGFRvIII or EGFRwt under the control of the EF-1α promoter along with blasticidin 

selection marker. The produced viruses were used to transduce BHK cells. Blasticidin-

resistant cells were selected and FACS (fluorescence-activated cell sorting)-sorted for 

EGFRvIII-or EGFRwt-positive cells. BHK-EGFRwt and BHK-EGFRvIII cells were 

maintained in EMEM with 10% FBS and blasticidin (2 μg/ml). Primary human 

keratinocytes were purchased from the Dermatology Core Facility at the University of 

Pennsylvania.

Vector constructs

The 3C10.28BBz CAR was constructed by ligating the huCD8 leader-3C10scFv coding 

sequence into the Nhe I/Nhe I sites of pELNS SS128BBz. The 3C10.BBz CAR was 

constructed by ligating the Nhe I/Nhe I fragment containing the huCD8 leader-3C10scFv 

from 3C10.28BBz into the Nhe I/Nhe I sites of pELNS SS1.BBz. The nucleotide coding 

sequences of 139 scFv with the huCD8 leader were synthesized with 5′ Nhe I and 3′ Nhe I 

sites and ligated into Nhe I/Nhe I sites of pELNS SS1.BBz. Likewise, DNA for humanized 

EGFRvIII scFv constructs as well as for the cetuximab-based scFv control including the 

huCD8 leader sequence and part of the huCD8 hinge region were synthesized and subcloned 
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into the pELNS vector using 5′ Bam HI and 3′ Bsp EI sites. The pELNS vectors have been 

described (53).

Recombinant proteins

Plasmids encoding the amino acids for EGFRwt ECD (EGFR-ECD), EGFRvIII-ECD, 2173 

scFv, and 3C10 scFv constructs were synthesized at DNA 2.0 Inc. All proteins were 

synthesized with a C-terminal 8×His tag to facilitate purification. EGFR-ECD and 

EGFRvIII-ECD included an additional Avi-tag on the C terminus for site-selective 

biotinylation of the proteins upon cotransfection with BirA biotin ligase to mimic orientation 

of the natural ECD on the cell surface. Proteins were produced transiently in human 

embryonic kidney (HEK) 293F cells. For each construct, HEK293F cells were transfected 

with 1:3 ratio of plasmid/polyethylenimine at a density at 3 × 106 cells/ml. The cells were 

incubated at 37°C with 8% CO2 for 6 days. Proteins were harvested by centrifugation, and 

the supernatant was purified by binding to either Ni-NTA agarose beads (Qiagen) or Ni-

Sepharose 6FF (GE Healthcare). The resin was washed, and the protein was step-eluted with 

imidazole and dialyzed against PBS.

Surface plasmon resonance

Binding affinities of the 2173 and 3C10 scFvs were measured on the Biacore T200 

molecular interaction system (GE Healthcare). Biotinylated EGFRvIII-ECD and biotinylated 

EGFR-ECD were coupled to a streptavidin sensor chip at a target density of about 150 

relative units. Purified scFv was injected over the chip under constant flow rate in threefold 

serial dilutions. Association and dissociation rates were monitored for 240 and 360 s, 

respectively. Samples were run in duplicate, double referencing was performed against a 

blank immobilized flow cell and a buffer blank, and data were fit using a steady-state 

affinity model with the Biacore T200 evaluation software.

Flow cytometry

For measurement of scFv binding to target cells, 293 cells were transiently transfected with 

a plasmid encoding either full-length EGFRvIII or EGFRwt protein, using a 1:3 ratio of 

plasmid to polyethylenimine at a density at 3 × 106 cells/ml. Forty-eight hours after 

transfection, purified, his-tagged scFvs (0.002 to 200 nM) were incubated with 293-

EGFRvIII– or 293-EGFRwt–expressing cells. Binding was detected by the addition of PE-

conjugated anti-his antibody (R&D Systems). After a short incubation, cells were washed 

twice and resuspended in PBS with 2% paraformaldehyde. Fluorescence was assessed using 

a BD LSR II flow cytometer, and data were analyzed with FlowJo software.

For detection of CAR expression, cells were stained using either biotinylated EGFRvIII or 

EGFRwt protein. Cells alone or expressing EGFRvIII CAR were pelleted, washed once with 

PBS, and resuspended in PBS containing 0.2% bovine serum albumin (FACS buffer) at 1 × 

106 cells/ml. Biotinylated EGFRvIII protein was added to 100 μl of cells at a concentration 

of 1 μg/ml and incubated at 4°C for 30 min. Cells were washed twice with FACS buffer, and 

secondary detection was carried out by the addition of streptavidin-coupled PE (Jackson 

ImmunoResearch). After a short incubation, cells were washed twice and resuspended in 
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PBS with 2% paraformaldehyde. Fluorescence was assessed using a BD LSR II flow 

cytometer, and data were analyzed with FlowJo software.

In vitro T cell transduction and cultures

Isolated T cells were derived from leukapheresis products obtained from deidentified 

healthy donors under an institutional review board–approved protocol. T cells were 

stimulated with Dynabeads Human T-Activator CD3/CD28 (Life Technologies) at a bead to 

cell ratio of 3:1 (first stimulation). T cells were cultured in RPMI 1640 medium 

supplemented with 10% fetal calf serum, Hepes buffer (20 mM), and penicillin and 

streptomycin (1%). The end of first stimulation was determined on the basis of decrease of 

log-phase growth and reduction of mean lymphocytic volume to 300 to 330 fl as measured 

on a Coulter Multisizer. This is usually reached 10 days after stimulation, at which point 

cells are frozen down for functional assays or used for restimulation. T cells from the first 

stimulation were normalized to 30% CAR+ and cocultured with either U87-EGFRvIII or 

Dynabeads Human T-Activator CD3/CD28 at a 1:1 ratio (second stimulation). Target cells 

were irradiated with 100 Gy of γ-radiation before coculture.

T cell expansions were monitored via mean lymphocytic volume and total cell counts as 

described in the first stimulation. Upon resting, T cells from the second stimulation were 

normalized to 52% CAR+ and cocultured and expanded as described in the second 

stimulation. T cells in all three rounds of stimulations were maintained at a concentration of 

0.7 × 106 cells/ml throughout the culture period. In the second and third stimulation period, 

IL-2 (100 IU/ml) was added every other day.

Cytotoxicity assays

We used three different kinds of cytotoxicity assays based on luciferase, flow cytometry, 

and chromium release. The ability of EGFRvIII-specific CAR T cells to kill targets was 

tested in a 20-hour luciferase-based killing assay. Both U87 and U87-vIII cell lines were 

engineered to stably express firefly luciferase. These engineered cell lines served as targets 

for the killing assay. The effector CAR T cells used were transduced to express the 

EGFRvIII-specific CARs 3C10 or 2173 and the control CART19. Transduced T cells and 

UTD were thawed and rested for 24 hours at 37°C in a six-well plate in T cell medium. The 

effectors and targets were mixed together at the indicated E:T ratios and cultured in black-

walled 96-well flat-bottom plates with 3 × 104 target cells in a total volume of 200 μl per 

well in T cell medium. Target cells alone were seeded at the same cell density to determine 

the maximal luciferase expression (relative light units; RLUmax). After 20 hours, 100 μl of 

supernatant per well was removed, and 100 μl of luciferase substrate (Bright-Glo, Promega) 

was added to the remaining supernatant and cells. Emitted light was measured after 10 min 

of incubation using the EnVision plate reader. Lysis was determined as [1 – (RLUsample)/

(RLUmax)] × 100. Two replicate experiments were performed; each was done in duplicate.

Flow-based cytotoxicity assays were performed with T cells harvested at the end of the first 

stimulation; untransduced and CD19.BBz-transduced CAR cells served as control T cells. 

3C10.BBz, 3C10.28BBz, and 139.BBz were tested for efficacy of the murine anti-EGFRvIII 

CARs. U87MG (parental) and U87-EGFRvIII were harvested and labeled with 5 μM 
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carboxyfluorescein diacetate succinimidyl ester (CFSE) (Life Technologies), then plated in a 

24-well plate, and left to adhere overnight at 37°C, 5% O2. The following day, CAR+ T cells 

were normalized by CAR expression and cocultured with the tumors at 0.1:1, 0.33:1, 1:1, 

3:1, 10:1, and 20:1 E:T ratios for 18 hours. All cells were harvested and stained with CD45 

allophycocyanin (APC)–H7 to identify T cells and 7-aminoactinomycin D (7-AAD) for live/

dead discrimination. Tumor cells were CFSE-positive. Counting beads were added to 

quantify the number of live tumor cells. Samples were acquired on LSR II, and data were 

analyzed with FlowJo v8.8.7 (TreeStar). Lysis was determined as [(% lysis sample – % lysis 

minimum)/(% lysis max [100%] – % lysis minimum)] × 100%. Two replicate experiments 

were performed; each was done in duplicate.

Cytotoxicity of the CAR-expressing T cells was also tested in a 4-hour 51Cr release assay. 

Target cells were labeled with 51Cr for 1 hour at 37°C. Radioactive 51Cr (50 μCi) was used 

to label 1 × 106 target cells. After labeling, cells were washed with 10 ml of non–phenol red 

RPMI medium plus 5% FBS twice and resuspended at 10 × 105 cells/ml. One hundred 

microliters of labeled target cells (n = 5000) was plated in each well of a 96-well plate. 

Effector cells were added in a volume of 100 μl at different E:T ratios. Effector and targets 

were incubated together for 4 hours at 37°C. Supernatant (30 μl) from each well was 

collected and transferred onto the filter of a LumaPlate. The filter was allowed to dry 

overnight. Radioactivity released in the culture medium was measured using a β-emission 

reading liquid scintillation counter. Percentage specific lysis was calculated as follows: 

(sample counts – spontaneous counts)/(maximum counts – spontaneous counts) × 100.

Intracellular cytokine analysis

CAR-transduced or untransduced T cells were cocultured with target cells (tumors, cell 

lines, or human primary cells) in a 1:1 ratio at 2 × 106/ml in 96-well round bottom tissue 

culture plates at 37°C, 5% CO2 for 16 hours in RPMI 1640 plus 10% FBS in the presence of 

CD107a mAb and Golgi inhibitors monensin and brefeldin A. Cells were washed, stained 

with live/dead viability stain, followed by surface staining for CD3 and CD8, then fixed and 

permeabilized, and intracellularly stained for IFN-γ, TNF-α, IL-2, granzyme B, and CD154. 

Cells were analyzed by nine-color flow cytometry (Becton Dickinson Fortessa or LSR II) 

and gated on live, single-cell lymphocytes and CD3-positive lymphocytes (supplementary 

data for Fig. 5A).

Enzyme-linked immunosorbent assay

Thawed and rested (see Cytotoxicity assays) CAR T cells were cocultured with target-

expressing cells for 24 hours at an E:T ratio of 1:1. The following effector cells were used: T 

cells transduced to express the EGFRvIII-specific CARs 3C10 or 2173, the EGFR-specific 

cetux-CAR, or the control CART19. Target cells were BHK parental cells, BHK cells 

overexpressing human EGFRwt protein (BHK-wt), and BHK cells overexpressing human 

EGFRvIII protein (BHK-vIII), as well as the human glioblastoma cell line U87MG (U87), 

which endogenously expresses the EGFRwt protein, and U87MG cells overexpres sing 

EGFRvIII (U87-vIII). Cells were cultured in 96-well U-bottom plates with 3 × 104 (BHK 

lines) or 1.7 × 104 (U87 lines) target cells in a total volume of 200 μl per well in T cell 

medium. After 24 hours, supernatants were removed from the cultures and IFN-γ secretion 
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was quantified by ELISA (eBioscience). Alternatively, IFN-γ, IL-2, and TNF-α were 

quantified by CBA (BD Biosciences).

Proliferation assay

Assessment of antigen-mediated proliferation was performed in 96-well microtiter plates by 

mixing 2.5 × 104 washed T cells with 2.5 × 104 parental BHK cells or BHK cells expressing 

EGFRvIII (BHK-vIII) or EGFRwt (BHK-wt) for a final T cell/BHK cell ratio of 1:1. CAR T 

cell populations were normalized to equivalent percentages of CAR+ cells before plating. 

BHK cells were irradiated at 10,000 rads before use. T cells were enumerated in cultures 

using CountBright fluorescent beads (Invitrogen) and analyzed on a BD LSR II as described 

by the manufacturer.

Mouse models

All mouse experiments were conducted according to Institutional Animal Care and Use 

Committee (IACUC)–approved protocols. For orthotopic models, 1 × 10 U87-luc-EGFRvIII 

cells were implanted intracranially into 6- to 8-week-old female NSG mice (Jackson), with 

10 mice per group. The surgical implants were done using a stereotactic surgical setup with 

tumor cells implanted 1 mm right and 1 mm anterior to the bregma and 3 mm into the brain. 

Before surgery and for 3 days after surgery, mice were treated with an analgesic and 

monitored for adverse symptoms in accordance with the IACUC. Mice were injected with 

CAR T cells in 100 μl of PBS intravenously via the tail vein. Bioluminescent measurements 

are used as a surrogate for tumor volume. %T/ΔC was calculated for each measurement after 

CART cells were dosed. Percent treatment/control (T/C) values were calculated using the 

following formula:

where T is the individual tumor volumes of the mice in the drug-treated group on the final 

day of the study; Tinitial is the individual tumor volumes of the mice in the drug-treated 

group on initial day of dosing; ΔT is the individual tumor volumes of the mice in the drug-

treated group on the final day of the study minus the individual tumor volumes of the mice 

in the drug-treated group on the initial day of dosing C is the mean tumor volume of the 

control group on the final day of the study; and ΔC is the mean tumor volume of the control 

group on the final day of the study minus the mean tumor volume of the control group on 

the initial day of dosing. T/C values in the range of 100 to 42% are interpreted to have no or 

minimal antitumor activity. T/C values that are ≤42% and >10% are interpreted to have 

antitumor activity or tumor growth inhibition. T/C values ≤10% or regression values ≥–10% 

are interpreted to be tumor stasis. Regression values <–10% are reported as regression.

In subcutaneous models, NSG mice were injected with 5.0 × 105 U87-v III/Luc+ tumors 

subcutaneously in 100 μ l of PBS on day 0. Tumor progression was evaluated by 
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luminescence emission on a Xenogen IVIS Spectrum after intraperitoneal D-luciferin 

injection according to the manufacturer's directions (GoldBio). Additionally, tumor size was 

measured by calipers in three dimensions, L × W × H, for the duration of the experiment. 

Seven days later, CAR T cells were stained with anti-idiotype (goat anti-mouse or goat anti-

human) antibodies, and CAR expression was normalized by addition of donor-matched 

untransduced T cells. Mice were treated with 1.0 × 10 CAR T cells or a matched number of 

untransduced T cells intravenously via tail vein in 100 μl of PBS. Survival was followed 

over time until predetermined IACUC-approved endpoint was reached (n = 8 to 10 mice per 

group). The experiment was repeated twice.

In skin-grafted models, 8- to 10-week-old male NSG mice (Jackson) were surgically grafted 

with human neonatal foreskin obtained from the Penn Skin Disease Research Center. After 

complete healing of the skin graft (about 6 weeks), mice were injected with 2 × 10 CAR T 

cells intravenously. Skin grafts were monitored daily for 2 weeks and surgically excised at 

day 15. Skin punch biopsies were taken 3 days after T cell injection. Formalin-fixed 

paraffin-embedded tissue was cut and stained by standard H&E and by 

immunohistochemistry with antibodies to CD3, CD4, and CD8.

MRI of mice

In orthotopic mouse models, tumors were evaluated with a 7-T MRI machine at a single 

time point 18 days after tumor implantation. For each animal imaged, 20 to 30 slices were 

taken in the coronal orientation of the brain. Each slice was 0.5 mm thick and was T2-

weighted. The images were used to estimate the solid tumor volume in the brain.

Statistical methods

Data are presented as means ± SD or SEM as stated in the figure legends. Statistically 

significant differences were tested by specific tests as indicated in the figure legends. 

Survival curves were analyzed with log-rank test as stated in the figure legends. The number 

of animals per group in each experiment was determined on the basis of previous statistical 

analyses by our group and by the Novartis Pharmacology team. All exact p values are 

provided in the figures or their legends. All statistical analyses were performed with Prism 

software version 6.0 (GraphPad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Selection of a 4-1BB-endodomain–based anti-EGFRvIII CAR construct
(A) Vector maps of tested anti-EGFRvIII CAR designs. (B) Flow-based cytotoxicity of 

CART-EGFRvIII cells against EGFRvIII+ glioma cell line. The glioblastoma cell line 

U87MG was stably transduced with EGFRvIII, fluorescently labeled with CFSE, and 

cocultured for 18 hours. Untransduced (UTD) or CD19.BBz CAR T cells were used as 

negative controls and compared to 3C10.BBz, 3C10.28BBz, or 139.BBz EGFRvIII CAR T 

cells. Lysis of parental cells (U87MG) and EGFRvIII-transduced U87 cells was analyzed at 

different effector/target (E:T) ratios by flow cytometry. One representative experiment is 

shown. Samples were performed in duplicate in two replicative experiments. (C) CART-

EGFRvIII cells eradicate glioblastoma in an orthotopic xenogeneic mouse model. Seven 

days after 5 × 104 U87-EGFRvIII cells were orthotopically implanted into mouse brains, 

mice were injected intravenously with either phosphate-buffered saline (PBS) alone, 

temozolomide (TMZ) alone, or temozolomide with 1 × 106 transduced T cells expressing 
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the indicated CAR constructs. Tumor burden was quantified as total flux in units of photons/

second. Bars indicate means ± SD (n = 10 mice per group). Note that all mice in the PBS 

group died by day 15.
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Fig. 2. Selection of a humanized scFv with high specificity for EGFRvIII
(A) Binding of soluble scFvs to 293 cells transiently transfected with EGFRvIII or EGFRwt. 

Eight his-tagged solubilized humanized scFvs, at increasing concentrations from 0.002 to 

200 nM, were incubated with either EGFRvIII-or EGFRwt-transfected 293 cells. After 

detection with phycoerythrin (PE)–conjugated anti-his secondary antibodies, the mean 

fluorescence intensity (MFI) was quantified. (B) Affinity measurements of soluble scFv 

binding to EGFRvIII or EGFRwt. Sensograms of soluble versions of the lead humanized 

2173 scFv and the original murine 3C10 scFv flowed at various concentrations over a sensor 

chip binding the ECDs of EGFRvIII or EGFRwt. Association (after 240 s) or dissociation 

(after 360 s) rates were measured. Calculated KD values for these two scFvs for affinity of 

binding to either EGFRvIII or EGFRwt are shown in the table. (C) Membrane-bound CAR 

recognition of soluble EGFRvIII or EGFRwt recombinant proteins. MFI of murine 3C10– or 
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humanized 2173 CAR–transduced T cells stained with varying concentrations of soluble and 

biotinylated forms of the ECDs of EGFRvIII or EGFRwt.
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Fig. 3. In vitro function of murine 3C10 and humanized 2173 CART-EGFRvIII cells
(A) Luciferase-based cytotoxicity assay of UTD, CART19, murine 3C10, or humanized 

2173 CART-EGFRvIII cells cultured for 18 to 20 hours with U87 and U87-vIII target cells 

expressing luciferase. (B) Levels of interferon-γ (IFN-γ) as measured by enzyme-linked 

immunosorbent assay (ELISA) 24 hours after culturing UTD, CART19, murine 3C10, or 

humanized 2173 CART-EGFRvIII cells alone or with BHK, BHK-EGFRvIII (BHK-vIII), 

BHK-EGFRwt (BHK-wt), U87, or U87-EGFRvIII at a 1:1 E:T ratio. (C) Proliferation of 

UTD, CART19, 3C10, or 2173 CART-EGFRvIII cells after 6 days of coculture with either 

BHK-wt or BHK-vIII cells relative to proliferation over T cells cultured with parental BHK 

cells. (D) Long-term proliferation of T cells in response to repetitive stimulation with either 

antigen (U87-EGFRvIII cells) or anti-CD3/CD28 beads. T cells were either UTD or 

transduced to express either murine 3C10 or humanized EGFRvIII CAR, or an anti-

mesothelin (SS1) CAR. All CARs are of the same vector design (4-1BB-ζ). (E) Enrichment 

Johnson et al. Page 25

Sci Transl Med. Author manuscript; available in PMC 2016 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of CAR-expressing T cells with repetitive antigen stimulation. CAR expression was 

quantified by flow cytometry just before each stimulation and normalized at each new 

stimulation as indicated by arrows.
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Fig. 4. In vitro comparison of humanized 2173 EGFRvIII-specific CAR to cetux-CAR
(A) Membrane-bound CAR recognition of soluble EGFRvIII or EGFR recombinant 

proteins. T cells that were either UTD or transduced with the indicated CARs were 

incubated with soluble biotinylated ECDs of EGFR or EGFRvIII. Histogram plots are 

shown with gates indicating the percentage of cells that stained with streptavidin-PE. (B) 

Proliferation of UTD or T cells transduced with the indicated CAR T cells after 4 days of 

coculture with BHK cells expressing EGFRwt or EGFRvIII. Y axis indicates fold 

proliferation over CAR T cells stimulated with parental BHK cells. (C) ELISA-based 

cytokine analysis on supernatants collected 24 hours after stimulation of T cells with BHK, 

BHK-EGFRwt, or BHK-EGFRvIII cells.
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Fig. 5. Evaluation of cross-reactivity of CAR T cells to human skin in vitro and in vivo
(A) Intracellular cytokine staining on untransduced (UTD), 2173 CAR, or cetux-CAR T 

cells after they were cocultured with no stimulation (NS), human keratinocytes (K), U87, or 

U87-EGFRvIII for 16 hours. Plots indicate percentage of T cells (±SD of two replicates) that 

stained positive for each cytokine as determined by flow cytometry. Data shown are 

representative of three independent experiments. GrzB, granzyme B. (B) Chromium release 

assays of cytotoxicity of UTD, 2173 CAR, or cetux-CAR T cells at ratios from 20:1 to 0.3:1 

with either U87, U87-EGFRvIII, or human keratinocyte targets. Plots indicate means ± SEM 

of triplicate wells. (C) Hematoxylin and eosin (H&E)–stained human skin grafts excised 

from NSG mice 2 weeks after intravenous injection of either UTD, cetux-CAR–transduced, 

or humanized 2173 CAR–transduced T cells at ×10 magnification (degrees of magnification 

indicated at the top), along with an additional magnification inset in the cetux-CART–

treated mice. On the right, immuno-histochemical stains for CD3, CD4, and CD8 of punch 

biopsy specimens obtained 3 days after T cell injection are shown. Scale bar, 100 mm (all 

10× images). Results are representative of two experiments. (D) T cells infiltrating the 

epidermis were enumerated in a punch biopsy specimen. Bars show average and range of 

counts from two separate sections of adjacent cuts.
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Fig. 6. Antitumor activity of humanized 2173 CART-EGFRvIII cells in vivo
(A) NSG mice injected with U87-EGFRvIII tumors subcutaneously on day 0 and with T 

cells as indicated intravenously on day 7. Left plot indicates mean ± SEM of calculated 

tumor volume based on caliper measurements over time. Statistically significant differences 

between EGFRvIII CARs and CD19 CARs are marked by asterisks [*P = 0.01, **P = 

0.003; n = 10 mice per group; one-way analysis of variance (ANOVA), Kruskal-Wallis test]. 

+ indicates euthanasia. Survival based on time to endpoint was plotted using a Kaplan-Meier 

curve (Prism software); statistically significant differences between the experimental groups 

were determined using log-rank Mantel-Cox test (P = 0.0002). Endpoint was defined by 

tumor reaching 2 cm in any direction or a volume of 4 cm3, ulceration, more than 10% 

weight loss, or inability to ambulate. (B) Effect of 2173 CART-EGFRvIII cells and UTD T 

cells compared to PBS on intra cranial tumor volume over time. Mice were injected 

intracranially with 5 × 104 U87-EGFRvIII cells on day 0; on day 7, mice were injected 
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intravenously with 4 × 106 CAR T cells or a matched number of total UTD T cells or PBS. 

Plots show means ± SEM of the calculated %T/ΔC for the days indicated. The study was 

terminated, and all mice were euthanized on day 18 due to the disease burden and condition 

of the mice in the PBS and UTD groups. n = 10 mice per group. (C) Magnetic resonance 

imaging (MRI) of intracranial U87-EGFRvIII tumors in mice 11 days after CAR T cell 

injection (day 18 of study). Arrows indicate tumor mass. n = 2 mice per group imaged with 

one representative image shown. (D) Numbers of CD4+ and CD8+ T cells in bone marrow 

(BM), spleen, and brain of intracranial tumor-bearing mice on day 18. Tissues were 

harvested, processed into a single-cell suspension, and stained with antibodies for 

enumeration of T cells by flow cytometry. Plots indicate means ± SEM number of T cells 

per million cells as measured by flow cytometry of each homogenized organ. Statistically 

significant differences were calculated by one-way ANOVA, using Dunnett's test (n = 8 

mice per group; P values as indicated).
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