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Abstract
New therapeutic modalities are needed for ovarian cancer, the most lethal gynecologic

malignancy. Recent clinical trials have demonstrated the impressive therapeutic potential of

adoptive therapy using chimeric antigen receptor (CAR)-redirected T cells to target hemato-

logical cancers, and emerging studies suggest a similar impact may be achieved for solid

cancers. We sought determine whether genetically-modified T cells targeting the CE7-epi-

tope of L1-CAM, a cell adhesion molecule aberrantly expressed in several cancers, have

promise as an immunotherapy for ovarian cancer, first demonstrating that L1-CAM was

highly over-expressed on a panel of ovarian cancer cell lines, primary ovarian tumor tissue

specimens, and ascites-derived primary cancer cells. Human central memory derived T

cells (TCM) were then genetically modified to express an anti-L1-CAM CAR (CE7R), which

directed effector function upon tumor antigen stimulation as assessed by in vitro cytokine

secretion and cytotoxicity assays. We also found that CE7R+ T cells were able to target pri-

mary ovarian cancer cells. Intraperitoneal (i.p.) administration of CE7R+ TCM induced a sig-

nificant regression of i.p. established SK-OV-3 xenograft tumors in mice, inhibited ascites

formation, and conferred a significant survival advantage compared with control-treated ani-

mals. Taken together, these studies indicate that adoptive transfer of L1-CAM-specific

CE7R+ T cells may offer a novel and effective immunotherapy strategy for advanced ovar-

ian cancer.
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Introduction
Ovarian cancer is the most lethal among all gynecological malignancies, and is responsible for
the majority of gynecologic cancer deaths, with an estimated 14,030 deaths in 2013 [1]. Despite
improvements in surgical approaches and the refinements of frontline cytotoxic combinations
over the past two decades, the majority of patients in advanced stages of disease at the time of
diagnosis eventually succumb to tumor recurrence [2]. Thus, novel therapeutic approaches are
desperately needed. With the growing recognition that ovarian tumors are immunogenic, and
can be recognized and attacked by the immune system, various immune-based modalities have
been actively explored to augment the efficacy of conventional therapies with the potential to
prevent recurrence. Indeed, a number of peptide vaccines, dendritic cell vaccines and adoptive
cell therapy strategies have been examined in clinical trials (reviewed in [3]).

The recent clinical efficacy of chimeric antigen receptor (CAR)-based adoptive T cell immu-
notherapy in the treatment of subsets of patients with acute lymphoblastic leukemia, and
chronic lymphocytic leukemia (reviewed in [4, 5]) has provided important support for extend-
ing this form of immunotherapy to the treatment a wider scope of malignancies. CARs are
unique in endowing T cells with cytotoxic effector functions in an HLA-unrestrictive manner,
and thus are not subject to tumor escape as a consequence of HLA downregulation (reviewed in
[6]). This is particularly important in ovarian cancer, where advanced disease is correlated with
HLA downregulation [7]. Indeed, efforts to design CAR T cells for the treatment of ovarian can-
cer has been the focus of several preclinical and clinical studies. Preclinical anti-tumor activity
against ovarian tumors has been reported using T cells expressing CARs specific for mesothelin
[8] and MUC16 [9]. Folate receptor-specific CAR-modified T cells have been tested in a phase I
trial for recurrent ovarian cancer, but lack of T cell persistence and localization to the tumor, as
well as lack of tumor regression suggests that the strategy requires further optimization [10].

We and others have shown that the L1-cell adhesion molecule (L1-CAM) is highly over-
expressed in ovarian cancer, while absent in normal ovaries [11, 12], and that its expression on
tumors is associated with poor clinical outcome [13–15]. Previous studies have also reported
that monoclonal antibodies directed against L1-CAM inhibit the growth of solid tumor cells in
vitro and the growth of SKOV3 human ovarian carcinoma cells in a human xenograft model
[16]. These data, along with our previous experience using cytotoxic T lymphocytes expressing
a CAR specific for the CE7 epitope of L1-CAM (CE7R) to treat children with advanced refrac-
tory neuroblastoma [17], has resulted in our interest in examining the utility of CE7R+ T cells
as a potential immunotherapeutic strategy in ovarian cancer.

Materials and Methods

Tumor cell lines
Ovarian adenocarcinoma lines CAOV-3, OVCAR-3, SK-OV-3, MADH2780, and A2780 were
obtained from the American Type Culture Collection (ATCC) and cultured under ATCC sug-
gested conditions. Generation of the EBV-transformed lymphoblastoid cell line that expresses
a membrane tethered OKT3 single chain antibody (LCL-OKT3) was previously described [18].
Firefly luciferase-positive SK-OV-3 cells (ffluc+ SK-OV-3) were generated by lentiviral trans-
duction of SK-OV-3 cells with an eGFP-ffLuc_epHIV7 lentiviral vector at a multiplicity of
infection (MOI) of 5. Cryopreserved banks of all cell lines were authenticated for the desired
antigen/marker expression by flow cytometry, and thawed cells were cultured for less than 6
month prior to use in assays.

Freshly-isolated ascites fluid from ovarian cancer patients who underwent paracentesis
was obtained from City of Hope National Medical Center (COHNMC) surgical staff in a
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sterile vacuum container with the approval of the COHNMC Institutional Review Board
(IRB) and Office of Human Subjects Protection. The COHNMC IRB waived the need for writ-
ten informed consent as all samples were de-identified and ascites was discard material. The
ascites was then immediately placed in culture with an equal volume of MCDB105 (Sigma)/
M199 (Gibco) medium supplemented with 10% fetal bovine serum (HyClone), and penicillin/
streptomycin (Fisher Scientific). Ovarian tumor cells eventually adhered to the cell culture
plate surface. All experiments using primary cells were performed within two culture
passages.

DNA constructs and lentiviral vector
The CE7R28Z-T2A-CD19tDHFRFS_epHIV7 and CE7R(EQ)28Z-T2A-CD19t_epHIV7 lenti-
viral constructs used to generate CE7R+ cells contained a) the chimeric antigen receptor (CAR)
sequence consisting of the VH and VL gene segments of the L1-CAM-specific CE7 mAb [19],
an IgG4 hinge-CH2-CH3 sequence either with or without the L235E and N297Q double muta-
tion (EQ) to prevent FcR binding and thus improve persistence in NSG mice [20], the trans-
membrane and cytoplasmic signaling domains of the costimulatory molecule CD28 that
contains gg mutations to enhance CAR expression and function [21], and the cytoplasmic
domain of the CD3z chain [22]; b) the ribosomal skip T2A sequence [23]; and c) the truncated
human CD19 (CD19t) transduction selection marker sequence which lacks the cytoplasmic
signaling tail (truncated at amino acid 323), in some cases directly followed by the double
mutated human dihydrofolate reductase gene (L22F, F31S; DHFRFS), which confers resistance
to immunosuppressive drugs of methotrexate (MTX) [24]. The GM-CSF receptor alpha chain
signal sequence was used for both a) and c) to drive cell surface expression of the CAR and
selection genes. The CD19R(EQ)28Z-T2A-EGFRt-T2A-DHFRFS_epHIV7 lentiviral construct
used to generate CD19-specific CAR (CD19R+) TCM contained the same indicated compo-
nents as described above for the CE7R-containing constructs, with the exceptions of the CAR,
which has the VH and VL gene segments of the CD19-specific FMC63 mAb [25], and the use of
a truncated human EGFR (EGFRt) as transduction selection marker [26]. All construct and
construction associated polymerase chain reaction primer sequences are available upon
request.

Activation, lentiviral transduction, and expansion of TCM

Human peripheral blood mononuclear cells (PBMCs) were isolated as described [18] from
heparinized peripheral blood obtained from healthy donor leukapheresis products or discard
kits containing residual blood components of healthy donors that had undergone apheresis at
the COHNMC with the approval of the COHNMC IRB and Office of Human Subjects Protec-
tion. Blood samples from healthy donor leukapheresis products were obtained with written
informed consent. The COHNMC IRB waived the need for written informed consent of blood
samples from healthy donor leukapheresis discard kits as these were de-identified and obtained
from discard material. TCM isolation (using CD14- and CD45RA-depletion followed by
CD62L-selection), anti-CD3/CD28 bead stimulation, and lentiviral-mediated transduction
were then done as previously described [27] using MOIs ranging from 1 to 3. The Dynabeads
Human T Expander CD3/CD28 (Invitrogen) were removed between days 10 and 14, and bead-
free T cells were expanded at a cell density of 0.5–1 x106 cells/mL with cytokines [27]. In some
cases the cells transduced with CE7R28Z-T2A-CD19tDHFRFS_epHIV7 underwent further
expansion (Rapid expansion method; REM) as previously described [18] with or without
DHFRFS-mediated selection using 0.1 μMmethotrexate (MTX) [24].
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Flow cytometry
Cell-surface L1-CAM was evaluated with purified CE7 mAb [12] followed by phycoerythrin
(PE)-conjugated goat anti-mouse IgG (BD Biosciences). CAR (CE7R or CD19R) expression
was evaluated with biotinylated Donkey anti-human Fcγ (Jackson ImmunoResearch Laborato-
ries) followed by PE-conjugated streptavidin (SA-PE, BD Biosciences). Alternatively, transgene
expression was evaluated by detecting the CD19t or EGFRt markers with either PE-conjugated
anti-CD19 (Beckman Coulter) or biotinylated-cetuximab [26] followed by SA-PE, respectively.
CD4 and CD8 expression was detected using fluorochrome-conjugated anti-CD4 and anti-
CD8 (BD Biosciences). Flourochrome-conjugated isotype-matched mAbs served as controls
(BD Biosciences). Data acquisition was performed on a FACScalibur (BD Biosciences) and per-
centages of immunoreactive cells were calculated using FCS Express version 3 software (De
Novo Software).

Immunohistochemical staining
Immunohistochemical evaluation of L1-CAM expression via CE7 mAb was performed as pre-
viously described [12].

Immunofluorescence confocal microscopy
Freshly obtained ascites cells were directly deposited onto slides using a Shandon Cytospin 4
cytocentrifuge, fixed in 4% paraformaldehyde, permeabilized in 0.1% Triton X-100, and stored
in PBS at 4°C until stained overnight with either CE7 mAb [12] or keratin 18 mAb (Cell Signal-
ing) at 4°C, followed by Alexa Fluor 488–conjugated goat-anti-mouse IgG staining at room
temperature for one hour. Nuclei were counter-stained with DAPI. Negative controls were
stained in parallel by using secondary antibody only. Cells were examined on a Zeiss upright
LSM 510 2-photon microscope. Images were acquired with a Zeiss plan-neofluar 20/0.5air lens
or plan neofluar 40/1.3 numerical aperture oil immersion lens, and fields of view were then
analyzed using the Zeiss LSM Image Browser.

Western Analysis
Western blotting analysis for CE7R expression was performed using an anti-human CD3z
chain (cytoplasmic tail)-specific monoclonal antibody 8D3 (BD Pharmingen), followed by goat
anti-mouse IgM (mu chain) IRDye1 800CW conjugated secondary antibody (Rockland
Immunochemicals Inc), and imaging with the Odyssey Infrared Imaging System (LI-COR).

Cytotoxicity and cytokine production assays
4-hour 51Cr release and inflammatory cytokine release assays were performed as previously
described [12].

Xenograft ovarian tumor model and xenogen imaging
Eight week-old female NOD/scid-IL2Rγnull (NSG) mice were inoculated i.p. with 3x104 ffLuc+

SK-OV-3 cells at day 0. Tumor engraftment was evaluated by Xenogen non-invasive optical
imaging as previously described [28], and mice with progressively growing tumors were segre-
gated into different groups to receive two i.p. injections of either 5 x 106 CE7R+ TCM (14.7 x
106 total cells), 14.7 x 106 mock-transduced T cells, or PBS on days 5 and 12. Optical imaging
was continued after adoptive T cell therapy to monitor tumor growth. Humane endpoints were
used during the animal survival study, with mice euthanized by CO2 inhalation upon signs of
distress such as distended belly due to tumor ascites formation, seizures, tremors, labored or
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difficulty breathing, weight loss (>20% body weight), signs of emaciation (i.e., prominent skel-
etal structures), impaired ambulation, inability to remain upright, or evidence of being mori-
bund. Mice were monitored up to once a day as the survival study progressed, with no
unexpected deaths. All mouse experiments were reviewed and approved by the COHNMC
Institute Animal Care and Use Committee.

Fluorescence in situ hybridization (FISH)
Cells were exposed to 0.075M KCl at 37°C for 20 minutes, fixed with Carnoy’s fixative, and
dropped on slides. Slides were then incubated in 2XSSC at 37°C for 30 minutes, dehydrated
through ethanol series, air dried and the following probes were applied: LSID13S319/LSI
13q34, CEP4, CEP10, and CEP 17 (Abbott Molecular), and homebrew probes for chromosome
5 and 9. BAC 53k22 (5p15) and P1-1069 (CDKN2A) were labeled in Spectrum Orange (Abbott
Molecular). BAC 98O22 (5q31) and PACS 835j22 and 1132h12 (ABL) were labeled in Spec-
trum Green (Abbott Molecular). After overnight hybridization at 37°C, slides were washed in
0.4XSSC/0.1% Igepal at 72°C for 2 minutes, followed by 2XSSC/0.3% Igepal at room tempera-
ture for 2 minutes, counterstained with DAPI (Vector Laboratories) and imaged on the Bio-
view Duet Image Analyzer. A minimum of 200 cells was scored per sample.

Statistical analysis
Unpaired Student's t-test was used to evaluate differences in flux values via Xenogen Living
Image (photons/sec). Kaplan—Meier survival curves were compared using the log-rank test.
GraphPad Prism 6.0 (GraphPad Software) was used for these statistical calculations. Values of
P< 0.05 were considered significant.

Results

L1-CAM is a clinically relevant ovarian cancer associated antigen
To further evaluate L1-CAM as a target antigen on ovarian cancer cells, we first screened cell-
surface expression of the CE7 epitope of L1-CAM on five ovarian cancer cell lines by flow cyto-
metric analysis. The CE7 epitope of L1-CAM has been suggested to have tumor-restricted
expression, as it has been detected on various tumor tissues and malignant cell lines, while
many normal tissues do not express this antigen, and some non-malignant cells, like mono-
cytes, express L1-CAM, but not its CE7 epitope [12]. Out of the five ovarian cancer lines inves-
tigated here, four of them, OVCAR-3, SK-OV-3, MADH2744 and CAOV-3, expressed high
levels of L1-CAM/CE7 whereas A2780 cells exhibited little to no L1-CAM/CE7 expression (Fig
1A), expanding on our previous findings [12].

L1-CAM/CE7 expression was next evaluated on different histological subtypes of primary
patient-derived ovarian tumor specimens by immunohistochemical staining of 40 cases of
ovarian tumor tissue microarray [12]. Positive immunoreactivity of L1-CAM/CE7 was detected
in 39 cases [12], and spanned all four histological subtypes investigated including serous, clear
cell, endometrioid, and mucinous (Fig 1B). There was considerable heterogeneity in L1-CAM/
CE7 expression between tumor samples, including the proportion of tumor cells expressing
L1-CAM/CE7, and the intensity of the L1-CAM staining. Of note, L1-CAM/CE7 was not
detected on all samples of normal ovary, but found at varying extents on most subgroups of
ovarian adenocarcinomas (Fig 1B).

L1-CAM/CE7 expression on fresh ovarian cancer cells directly derived from ascites fluid of
patients who underwent therapeutic paracentesis was also examined. To distinguish from pos-
sible contaminating non-tumor cells that might also present in ascites fluid, such as stromal
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Fig 1. The CE7 Epitope of L1-CAM is a Clinically Relevant Ovarian Cancer Associated Antigen. A, Cell-
surface expression of L1-CAM in various ovarian tumor lines including CAOV-3, OVCAR-3, SK-OV-3,
MADH2744, and A2780 were examined by flow cytometry via CE7 mAb. Mean fluorescent intensity (MFI)
and percentages of cells with positive staining (%, red histograms) over secondary reagent alone (black
histograms) are indicated.B, Human ovarian cancer tissue microarray of primary and metastatic tumors was

CE7-Specific CAR T Cells Target Ovarian Cancer

PLOS ONE | DOI:10.1371/journal.pone.0146885 January 13, 2016 6 / 18



fibroblasts, red blood cells, leukocytes, etc, staining for the epithelia-specific cytokeratin (kera-
tin 18) was also performed since ovarian cancer is generally thought to be epithelial in nature.
Both immunofluorescent (Fig 1C Left) and immunohistochemical (Fig 1C Right) staining
demonstrated that the cells from ascites fluid expressed keratin 18, which suggested they were
exfoliated cancer cells, and many were also highly positive for L1-CAM/CE7. Further,
L1-CAM expression was confirmed on positive and negative cells and tissues using the pan-
specific L1-CAM antibody clone UJ127.11, and no significant differences in the expression
between the CE7 epitope and total L1-CAM were observed, confirming the presence of the
CE7 epitope for L1-CAM-expressing ovarian cancers (data not shown and [12]). Taken
together, these findings along with others using L1-CAM detecting reagents that were not spe-
cific for the CE7 epitope [29, 30], validate the potential for L1-CAM, including its CE7 epitope,
as an immunotherapeutic target for ovarian cancer.

CE7R+ TCM exhibit in vitro effector activity against L1-CAM+ ovarian
cancer cell lines
Building on our prior experience with first-generation CE7-specific CAR T cells that specifi-
cally target L1-CAM [12, 17, 19], we developed a second-generation CAR that contains the pre-
viously reported L1-CAM/CE7-binding scFv [19] in conjunction with a CD28 costimulatory
domain in series with the signaling domain of CD3z to increase potency [22, 31, 32] (Fig 2A).
The CAR lentiviral cassette also included a T2A ribosomal skip sequence [23] followed by a
truncated CD19 selection/tracking marker (CD19t) to facilitate identification of successful
CAR-expressing T cells (Fig 2A). In some cases, a mutant dihidrofolate reductase (DHFRFS)
sequence was included in conjunction with the CD19t (Fig 2A) to confer methotrexate (MTX)
resistance and thus allow for in vitro selection of transductants. For these studies, we utilized
enriched central memory T cells (TCM) (CD45RA-, CD62L+) [27], as our group has developed
a clinical manufacturing platform for this memory subset that has been previously shown to
have favorable properties for therapeutic application, including long-term persistence upon
adoptive transfer in vivo [18, 33, 34]. Primary human TCM enriched from healthy donors that
were lentivirally transduced to express the L1-CAM-specific CAR (CE7R) and expanded with
one cycle of REM, were examined for CAR protein expression by Western blotting (Fig 2B).
The endogenous CD3z chain of 16KDa was detected in both transduced and mock-transduced
T cells, while the approximate 66 kDa band indicative of the CAR was only present in CE7R-
transduced T cells (Fig 2B). Stable cell surface expression of the CE7R (as detected by anti-Fc
antibody) and CD19t immunologic marker on transduced TCM-derived cells that had been
expanded in the presence of MTX was confirmed via flow cytometric analysis (Fig 2C). Trans-
duction and selection of CAR-expressing cells did not significantly alter the CD4/8 ratios as
compared to mock-transduced controls (Fig 2C).

Next, the CE7R+ T cells were assessed for their effector function upon tumor antigenic stim-
ulation. The CE7R+ T cells exhibited robust re-directed cytolytic activity against all tested
L1-CAM+ ovarian cancer cell lines (i.e., CAOV-3, OVCAR-3, SK-OV-3, and MADH2744), but
did not target the L1-CAM negative ovarian cancer cell line, A2780, in standard 4-hour 51Cr

immunohistochemically stained with CE7 mAb. Representative images from each histological subtype are
depicted. Photomicrographs are shown at 400x magnification (ocular 10x; objective 40x). C, Fresh ascites
cells derived from ovarian cancer patients were immunofluorescently stained (Left) using anti-keratin 18
mouse or CE7 mAb followed by Alexa Fluor 488–conjugated goat-anti-mouse IgG. Nuclei were counter-
stained with DAPI (blue). Ascites cells were also immunohistochemically stained (Right) with the same
primary antibodies. In each case, staining with goat-anti-mouse secondary antibody alone (2° Ab) served as
negative controls.

doi:10.1371/journal.pone.0146885.g001
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release assays (Fig 2D). Interestingly, this cytolytic activity did not appear to correlate with
L1-CAM/CE7 expression level, as the ‘low expressor’MADH2784 (Fig 1A) was killed with
similar efficiency as the other three L1-CAM+ ovarian tumor lines. In contrast, mock-trans-
duced parental T cells did not lyse any of the targets except the human lymphoblastoid cell line

Fig 2. CE7R+ TCM Cells Specifically Target L1-CAM Positive Tumor Cells in Vitro. A, Schematic representation of the second generation CE7-specific
CAR (top) and a representative lentiviral CE7R cassette (bottom) which contains sequences coding an immunoglobulin single chain variable fragment (scFv)
derived from the L1-CAM-specific murine CE7 monoclonal antibody linked through a human immunoglobulin (huγ4 Fc) hinge region to the human CD28
transmembrane and cytoplasmic signaling domains (huCD28 tm/cyt), and the human CD3 ζcytoplasmic (huCD3ζ cyt) domain followed by the ribosomal skip
T2A sequence, and selection markers CD19t and double mutant DHFR (DHFRFS). Construct expression is driven by an EF-1α promoter. B, Western blots
revealing both the endogenous CD3ζ (internal loading control) and the CE7R bands detected with anti-human CD3 ζ cytoplasmic tail-specific antibody. Lane
1: a known CAR-positive T cell line (positive control), Lane2: CE7R-transduced TCM cells, Lane3: mock-transduced TCM cells.C, Flow cytometric analysis of
surface expressed Fc-containing CE7R, CD19t, CD4, or CD8 (grey histogram) compared to staining with either isotype controls or SA-PE alone (open
histograms). D, Cytolytic activity of CE7R+ TCM cells against the indicated ovarian cancer cell line targets was determined by 4-hr 51Cr-release assay.
LCL-OKT3 was used as positive control target. Mean% chromium release ± S.D. of triplicate wells are depicted. E, CE7R+ TCM cells were co-cultured with
the indicated tumor lines at a 10:1 ratio for 21 hrs and supernatants were analyzed for IFN-γ and TNF-α levels by cytometric bead array. Means + S.E.M. of
triplicate wells are depicted.

doi:10.1371/journal.pone.0146885.g002
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that expresses membrane bound CD3-agonistic antibody OKT3 (LCL-OKT3), which was used
as a positive control target to depict the maximal cytolytic potential of the T cells. In vitro stim-
ulation assays similarly revealed that the CE7R+ T cells produced significant amounts of pro-
inflammatory cytokines such as IFN-γ and TNF-α upon co-culture with all L1-CAM+ ovarian
tumor cell lines, but not upon stimulation with the L1-CAM-negative A2780 cells (Fig 2E).
The cytokine response, in contrast to the killing assays, demonstrated some relationship to
L1-CAM expression intensity, where CAOV-3 cells induced the highest and SK-OV-3 and
MADH2744 induced the lowest cytokine levels. Together these data demonstrated that CE7R-
expressing T cells can be triggered to exert L1-CAM-specific effector activity in vitro against
target ovarian cancer lines.

Adoptively transferred CE7R+ TCM exhibit potent in vivo anti-tumor
activity
To examine the anti-tumor activity of CE7R-expressing TCM in preclinical mouse models, we
developed a human xenograft model of intraperitoneal ovarian tumor using an SK-OV-3 cell
line that was engineered to express firefly luciferase (ffLuc+ SK-OV-3) to allow for monitoring
of tumor growth in mice with bioluminescence imaging. Given the fact that even advanced
ovarian tumors remain largely confined within the peritoneal cavity and rarely disseminate via
the vascular system in patients, we chose to administer tumor cells directly into the peritoneal
cavity to model such clinically relevant intraperitoneal (i.p.)-disseminated ovarian cancer.
Inoculation of NSG mice with ffLuc+ SK-OV-3 cells i.p. led to development of one large pri-
mary tumor nodule and dissemination of multiple smaller nodular tumors to the organs within
in the peritoneal cavity, omentum and mesentery, and/or the animals presented with distended
abdomens filled with bloody ascites (up to 3mL per mouse) within 1.5 to 2 months. Develop-
ment of peritoneal carcinomatosis, dissemination of the tumor cells throughout the abdomen,
and massive ascites in this xenograft model closely mimics clinical situations in ovarian cancer
patients.

Primary human TCM cells that were bead stimulated and then mock-transduced, or lentivi-
rally transduced to express either the CE7R or an unrelated control, CD19-specific CAR
(CD19R), were characterized for their phenotype prior to their use in mice (Fig 3A). Of note,
both CAR sequences in these studies contained the L235E/N297Q dual mutation within their
Fc spacer that we have shown to reduce binding to soluble FcγRs and increase in vivo persis-
tence without altering the ability of the CAR to mediate target antigen-specific lysis [20]. Over-
all, the mock-, CD19R-, and CE7R-transduced T cells were similar in terms of their
percentages of CD4+ (82–87%) and CD8+ (10–13%) populations. T cell doses given to mice
were then normalized based on CAR positivity, so that any tumor response differences would
not be attributed to differences in transduction efficiency between the T cell lines. Thus, after
confirming ffLuc+ SK-OV-3 tumor establishment by bioluminescence imaging, mice received
two i.p. doses of either 5 x 106 CAR+ T cells, mock-transduced T cells, or PBS, at day 5 and at
day 12 after tumor cell administration. Control mice (PBS, mock, or CD19R treated) all exhib-
ited progression of i.p. ovarian tumor growth, became moribund and had to be euthanized
within 2 months. In contrast, treatment with the CE7R+ T cells significantly inhibited tumor
growth (Fig 3B and 3C). Six months after treatment with CE7R+ T cells, 50% (3 of 6) mice
remained alive without signs of distress, and imaging at day 119 post-tumor cell injection
showed that two mice still had only minimum tumor signal (Fig 3B).

Interestingly, levels of human T cells (huCD45+) in the peripheral blood 8 days after the last
T cell administration (day 20 post tumor cell injection) were low but consistently detectable in
the mock, CD19R+ and CE7R+ T cell-treated groups (Fig 3D), with the least amount of
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Fig 3. CE7R+ TCM Cells Inhibit Intraperitoneal Ovarian Tumor Growth and Ascites Formation in Vivo. A, Flow cytometric analysis of mock-, CE7R- and
CD19R-transduced TCM cells prior to use in vivo. Percentages of positive cells in each quadrant are indicated. B, NSGmice received i.p. injection of ffLuc
+ SK-OV-3 tumor cells on day 0, and were randomized into 4 groups (n = 6 mice per group) for treatment with two doses of either PBS or mock-, CE7R- or
CD19R-transduced T cells i.p. (i.e, days 5 and 12). Results are representative of three independent experiments. C, Quantitative bioluminescence imaging of
for each group over the time. Mean ± S.E. of total flux levels of luciferase activity were measured. Dashed lines represent days of T cell treatment. *, p < 0.05
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huCD45+ cells in the CE7R+ T cell treated group. We hypothesize that the majority of i.p.
administered L1-CAM-specific CAR T cells may have remained in the peritoneal cavity—
which is in line with our observations in other experiments where CE7R+ T cells were most eas-
ily detected in peritoneal washes (and not in peripheral blood) of OVCAR-3 tumor bearing
mice up to three weeks post i.p. administration (S1 Fig). Regardless of T cell peripheral persis-
tence and/or localization, the CE7R+ T cell-treated, mice exhibited significantly improved sur-
vival (median survival of 104.5 days) in comparison to PBS (median survival of 60 days,
p = 0.0012), mock (median survival of 50 days, P = 0.001), and CD19R (median survival of
56.5 days, p = 0.0009) treated controls (Fig 3E).

Residual tumors post CE7R+ T cell therapy exhibit decreased ascites
and reduced L1-CAM expression
Upon autopsy of euthanized mice in each group, it was found that 60% of the mice in the con-
trol groups (Table 1) had distended abdomens and various amounts of bloody ascites (as much
as 3mL per mouse). In striking contrast, mice which developed recurrent tumors post CE7R+ T
cell treatment, evaluated once they became symptomatic, did not exhibit prominent distension
of the abdomen, nor did they have any bloody ascites detectable upon autopsy (Fig 4A). Fur-
thermore, when collected tumor nodules were subjected to immuohistochemical staining with
CE7 antibody, tumors from the control mice (PBS, Mock and CD19R treated) displayed strong,
albeit heterogenous, L1-CAM/CE7 staining (Fig 4B). Residual tumor collected from CE7R+ T
cell-treated mice, however, displayed substantially decreased L1-CAM/CE7 expression in
terms of both percentages of positive cells and overall intensity of staining. This data suggests
that CE7R+ T cells may have specifically eliminated the SK-OV-3 tumor cells expressing higher
levels of L1-CAM antigen, while allowing residual L1-CAM low/negative subpopulations to
remain. Further, this experiment also suggests that lower L1-CAM expression correlates with
decreased ascites production by the i.p. engrafted tumors.

CE7R+ T cells exhibit in vitro effector activity against primary ovarian
cancer cells
After demonstrating proof-of-principle therapy with long-term established, commercially
available ovarian cancer cell lines, we next sought to investigate whether genetically redirected
CE7R+ T cells have the ability to target and kill primary human ovarian tumor cells derived
from patients. Such primary ovarian cancer cells are thought to be a more clinically relevant
for characterizing the potential efficacy of novel therapeutic strategies. As a result, we

when comparing flux values at the indicated timepoints using the unpaired Student’s t-test. D, Flow cytometric detection of T cells in peripheral blood 8 days
after the second dose of T cells were administered. Representative histograms and percentages of human CD45+ cells (mean + S.D.) are depicted for each
group of mice. *, p < 0.003 when the CE7R+ T cell group was compared to either the Mock or CD19R+ T cell treated groups. E, Kaplan-Meier analysis of
survival for each group. *, p� 0.001 when the CE7R+ T cell treated group was compared to any other group using the Log-rang (Mantel-Cox) test.

doi:10.1371/journal.pone.0146885.g003

Table 1. Ascites Formation in Each Group of Mice.

# mice with ascites/# total mice

PBS 3/6

Mock 4/6

CD19R 4/6

CE7R 0/6

doi:10.1371/journal.pone.0146885.t001
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developed a protocol to establish primary cultures of ovarian cancer cells from the fresh ascites
fluid of ovarian cancer patients. In ascites, there are some potential contaminating non-malig-
nant cells present in addition to cancer cells, such as stromal fibroblasts and endothelial cells.
Indeed, in our hands, fibroblast contamination of primary cultures isolated directly from
patient ascites fluid was often observed, and these cells quickly outgrew the ovarian cancer
cells. Therefore once primary lines were established, we confirmed the malignant nature of
these cells in culture. Several evaluation criteria were utilized. First, cells growing in tissue cul-
ture were examined by phase contrast microscopy and only cultured cells that exhibited as a
monolayer cobblestone-like appearance ascribed to epithelium in vitro were used for all subse-
quent studies (Fig 5A). Cultures with significant portions of fibroblast-like morphology, which
suggested the outgrowth of contaminating stromal fibroblasts, were not used for further experi-
mentation. Second, conventional cytogenetic analysis was performed to determine aberrations
in both chromosomal number and structure in cultured primary cells, which would confirm
that these cells were indeed transformed. For example, a representative karyotype (Fig 5B)
showed that eighteen pairs of chromosomes had numerical and/or structural abnormalities.
The hypodiploid stemline was characterized by structural rearrangements involving chromo-
somes 2, 5, 6, 8, 10, 11, 12, 13, 15, and 22, as well as clonal losses of chromosomes X, 4, 6, 9, 13,

Fig 4. Treatment with CE7R+ T Cells Results in Less Ascites Rormation and Reduced L1-CAM
Expression on Residual Tumors. A, Representative images of ascites formation in control mice (PBS,
mock or CD19R+ T cell treated groups) versus CE7R+ T cell treated mice. B, Tumor nodules were resected
from each mouse upon euthanasia when mice becamemoribund and subjected to immunohistochemical
staining via CE7 monoclonal antibody. Images of representative tumors from PBS, mock-transduced T cell
(Mock), CD19R+ T cell (CD19R) or CE7R+ T cell (mouse#1, #2, #3) treated mice are depicted.
Photomicrographs are shown at magnification of x200 (ocular 10x; objective 20x).

doi:10.1371/journal.pone.0146885.g004
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Fig 5. CE7R+ T Cells Specifically Recognized and Killed L1-CAM-Expressing Primary Ovarian Cancer Cells Derived fromMalignant Ascites. A,
Representative primary culture of ovarian cancer cells derived from patient ascites depicting typical epithelial cobblestone morphology.B, Representative
cytogenetic analysis of primary culture of ovarian cancer cells derived from patient ascites. Stemline: 37, X, -X, der(2)t(2;6)(q35;p11), -4, del(5)(q13q33), -6,
del(8)(p21p23), 9, del(10) (q24q26), der(11)t(11;?15) (p15;q15), der(12)t(12;?13) (q24.3;q22), -13, -16, -17, -18, 19, der(22)t(12;22)(q11;p13). C,
Representative images of fluorescence in situ hybridization for cultured primary ovarian cancer cells in comparison to original ascites cells using probes for
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16, 17, 18, and 19. Although the karyotype is hypodiploid, two structural rearrangements result
in trisomy for the long arm of chromosome 12 and partial trisomy for the long arm of chrom-
some 15. Furthermore, a hypotetraploid side-line contained duplicate copies of the stemline
abnormalities, and small second sideline of two cells contained an interstitial deletion of the
long arm of chromosome 2, as well as the stemline aberrations. Third, to confirm that the
genetic aberrations observed in cultured primary cells were truly representative of the original
cancer cells in ascites, and not an artifact acquired during extended periods of ex vivo culture,
we closely compared the chromosomal abnormalities in our cultured primary cells with the
original ascitic cells by FISH. The results showed excellent correlation of signal patterns at all
nine interrogated loci providing strong evidence that the cultured cells were derived from the
original tumor and maintained the cytogenetic abnormalities of the original tumor (Fig 5C).

Importantly, the primary ascetic cells that were positive for L1-CAM (Fig 1C) remained
L1-CAM positive after ex vivo culture (Fig 5D), and CE7R+ T cells efficiently lysed the
L1-CAM/CE7-positive, primary cultured ovarian cancer cells (Fig 5E). Furthermore, co-cul-
ture of these cells with CE7R+ T cells resulted in the T cells secreting considerable amounts of
pro-inflammatory cytokines such as IFN-γ and TNF-α (Fig 5F) in an antigen dependent man-
ner. These data suggest that primary ovarian cancer cells are amenable to targeting by CAR-
redirected T cells.

Discussion
To date, CAR-based T cell therapy using genetically re-directed primary human lymphocytes
to target tumor-associated antigens has shown promising responses in clinical trials, particu-
larly in the setting of CD19-positive B-cell lineage malignancies (reviewed in [4, 5]). CAR-
modified T cells not only exert immediate effector functions but also have the potential to act
as “living drugs” to establish long-term immunity. However, CAR-expressing T cells have addi-
tional hurdles in the solid tumor setting, most notably due to the general lack of tumor antigen
specificity [35]. L1-CAM has been previously documented to be over-expressed in many solid
tumors including ovarian cancer [12, 36–39]. We report here that the CE7-epitope of L1-CAM
is a clinically relevant ovarian cancer-associated antigen as it is absent on normal ovaries, but
highly expressed on established ovarian cancer cell lines, primary ovarian cancer tissues
regardless of histological subtypes, and ovarian cancer cells derived from patient ascites.

L1-CAM exhibits various properties that provide rationale for targeting it in cancer thera-
pies. For example, L1-CAM has been shown in pancreatic and ovarian carcinoma cells to aug-
ment protection from apoptosis and to contribute to chemoresistance [40, 41]. L1-CAM has
also been implicated in promoting tumor cell proliferation, as well as migration, invasion and
metastasis [16, 42]. Furthermore, the presence of L1-CAM in cancer tissue has been found to
correlate with more advanced stages of disease and poor prognosis [11, 13, 43, 44]. Taken
together, these findings have stimulated interest in targeting L1-CAM in cancer using either
antibody-based or radioimmunotherapy-based therapeutic approaches [16, 45]. We have also
examined the utility of genetically engineered primary human T cells with a CAR directed
against the CE7 epitope of L1-CAM for the treatment of neuroblastoma [17, 19]. Here we
extend this work to ovarian cancer, using a second generation CD28-containing CAR and a

13q14.3 (red) and 13q34 (green), 5p15 (red) and 5q31 (green), or P16 (red) and ABL (green).D, Flow cytometric examination of cell-surface L1-CAM
expression on the primary cultured, ascites-derived cancer cells compared to the BE2 neuroblastoma, OVCAR-3 ovarian cancer, and D283
medulloblastoma cell lines. Mean fluorescent intensity (MFI) and percentages of cells with positive staining (%) over secondary reagent alone are indicated.
E, CE7R+ T cells were co-cultured overnight with the indicated tumor lines at a 10:1 ratio and supernatants were analyzed for IFN-γ and TNF-α levels by
cytometric bead array. Means + S.E.M. of triplicate wells are depicted. F, CE7R+ T cells against the indicated cancer cell lines targets was determined by 4-hr
51Cr-release assay. Mean% chromium release ± SD of triplicate wells are depicted.

doi:10.1371/journal.pone.0146885.g005
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clinically translatable manufacturing platform using enriched central memory T cells (TCM)
for genetic modification. Importantly, these CE7R+ TCM cells were capable of secreting high
levels of IFN-γ and TNF-α, and exhibited robust and specific in vitro lytic activity against
L1-CAM/CE7+ ovarian tumor cells—both established lines and primary tumor cells derived
from the malignant ascites of ovarian cancer patients.

Interestingly, our data suggest that relatively low tumor antigen density (e.g., as seen on
MADH2744 cells) can be sufficient to trigger the effector activity of CE7R+ T cells. This may be
particularly relevant to targeting L1-CAM in ovarian cancer, which, like most solid tumors,
appears to exhibit heterogenous antigen expression both within and between patient tumors.
Additional studies evaluating CAR design, including varying linker length, intracellular costi-
matory domains (i.e. CD28, 4-1BB), and even alternative scFv to target L1-CAMmay be
important in optimizing the CAR for targeting higher antigen density. Indeed, the choice of
extracellular spacer in combination with cytoplasmic signaling modules has recently been
found to be critical in ‘fine tuning’ the in vivo anti-tumor potency of CE7-specific CARs [46].
As L1-CAM is known to be expressed on several normal tissues including the stomach, kidney,
adrenal glands, and in certain regions of the nervous system [12], these future studies are also
warranted to address potential on-target off-tumor toxicity of L1-CAM-specific CAR T cells.
Alternatively, there are additional strategies to obviate the possible toxicities associated with
the presence of L1-CAM in normal tissues when using CAR-based T cell therapy in treating
cancer, including the use of mRNA transfection-based gene transfer approaches rather than a
lentiviral delivery method for CAR introduction in T cells [47], as well as incorporation of a
suicide gene strategy such as EGFRt [26] or inducible caspase-9 [48], to selectively eliminate
CAR T cells in patients should adverse events occur.

We have shown here that L1-CAM-specific CAR T cells provide significant growth control
of solid tumors in an in vivo ovarian cancer xenograft model that exhibited the clinically rele-
vant features of widespread cancerous matastases in the peritoneal cavity and massive ascites.
Ovarian tumor growth in this model was significantly delayed and mouse survival was
extended by administration of two doses of CE7R+ TCM. Notably, the anti-tumor effect was
antigen-specific, as adoptive transfer of CD19-specific CAR-expressing TCM had no impact on
tumor progression and survival. Ascites formation was also dramatically inhibited in CE7R+

TCM-treated mice, while over half of the control mice (11/18) developed massive bloody ascites.
Of note, while the CE7R+ T cells did not completely eradicate SK-OV-3 tumor growth in our
in vivo study, the recurrent/residual tumors had greatly reduced L1-CAM/CE7 antigen expres-
sion, suggesting antigen ‘loss’ as a potential tumor escape mechanism. This has led us to con-
sider future examination of combinatorial strategies, such as a multiple-targeting CAR
approach (i.e., to target more than one tumor associated antigen) [49].

Currently, combination chemotherapies have not substantially decreased the mortality rate
in ovarian cancer [50]. Unlike conventional chemotherapeutics and antibody-based therapies,
CAR-redirected T lymphocytes have the potential to proliferate and persist in humans, and
establish long-term anti-tumor immunity. This, together with the pre-clinical data presented
here, supports the further development of an L1-CAM-specific, CAR-based adoptive therapy
approach for the treatment of ovarian cancer.

Supporting Information
S1 Fig. CE7R+ T Cells are Detected in the Peritoneal Wash of Intraperitoneal L1-CAM
+ Tumor Bearing Mice.NSG mice recived i.p. injection of 10e5 ffLuc+ OVCAR-3 tumor cells
on day 0, and were treated with asingle dose of 2.5 x 10e7 CE7R-transduced T cells i.p. (day 7).
Flow cytometric detection of human T cells in the peripheral blood at day 22 (A) and in the

CE7-Specific CAR T Cells Target Ovarian Cancer

PLOS ONE | DOI:10.1371/journal.pone.0146885 January 13, 2016 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146885.s001


peritoneal wash upon euthanasia (B) of representative mice (Mouse 1 and Mouse 2) at either
day 22 or day 30 as indicated. Percentages of human CD45+ cells (A, B), or human CD45-gated
cells that were stained with biotinylated anti-Fcγ followed by SA-PE to detect the CAR (B), are
indicated in each histogram. C, Quantitative bioluminescence imaging of tumor growth in
Mouse 1 (top) and Mouse 2 (bottom) over time. Mean flux levels of luciferase activity were
measured. Dashed lines represent day of T cell treatment.
(PDF)
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