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SUPPLEMENTARY FIGURE LEGENDS  

Figure S1. Correlated scFv and GFP transgene expression following F-28 CAR 

transduction. T cells were lentivirally transduced to express the costimulatory F-28 CAR and 5 

days later were stained for surface scFv using biotinylated protein-L followed by SA-APC. 

Transduction efficiency was also monitored using GFP transgene expression. Transduction 

efficiencies are indicated with the percentage of CAR expression of the transduced populations. 

Coordinate expression of surface scFv and GFP was observed in all experiments.  

Figure S2. Absence of degranulation by CD19-28z CART cells in response to tumor cells 

expressing mesothelin or FRa or both. CD19-28z CART cells were cultured with the indicated 

antigen-negative tumor cells or tumor cells expressing FRa or mesothelin, or both antigens for 5 

h while being stained by an anti-CD107a,b antibody conjugated with FITC. After incubation, T 

cells were stained for CD8 and CD69 and analyzed by flow cytometry. 

Figure S3. shRNA based silencing of FRa in A1847 ovarian cancer cells.  The parental 

human ovarian cancer cell line A1847 which expresses surface mesothelin and FRa protein was 

transduced with lentiviral particles encoding for an shRNA specific for silencing FRa gene 

expression (A1847 sh4 M+/F-). To determine surface antigen expression, cells were stained with 

an anti-mesothelin biobody reagent (P4 Bb) and anti-FRa antibody or proper isotype antibody 

controls. FRa expression was unaltered after engineering cells with control shRNA (A1847 csh 

M+/F+).  

Figure S4. A1847 (M+/F+) and A1847 (M+/F-) cells exhibit similar in vitro growth rate.              

1 x 106 A1847 (M+/F+) and A1847 (M+/F-) cells were seeded on day 0 and their in vitro growth 

kinetics were monitored by determining viable cells using the trypan blue exclusion method. 
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Figure S5. F-28z CART cells produce dramatically less IFN-γ in response to stimulation 

with A1847 (M+/F-) cells compared to A1847 (M+/F+) cells.  A. F-28z CAR expression on 

human CD3+ T cells upon transduction with lentivirus compared to untransduced T cells. F-28z 

CART transduced T cells were detected using biotinylated-protein L followed by SA-PE. B. 

Transduced T cells (1 x 105 T cells) were cultured alone (none) or stimulated overnight with an 

equal number of either FRa-negative PEO-1 cells or A1847 (M+/F-) cells, or FRa-positive A1847 

(M+/F+) cancer cells. Cell-free supernatant was harvested after ~20 hours of incubation and the 

IFN-γ levels were measured with ELISA. Mean IFN-γ concentration ± SEM (pg/ml) from 

triplicate cultures is shown. ***P < 0.001 comparing  the IFN-γ secretion produced by M-z/F-28 

CART cells against A1847M+/F+ versus A1847M+/F- or PEO cells. 

Figure S6. Trans-, but not cis-, signaling CART cells exhibit more limited in vitro activity 

against cells bearing single antigen. IFN-γ secretion by trans M-z/F-28 CART cells was 

significantly reduced in response to A1847M+/F- cells compared with parental A1847M+/F+. M-

z, M-z/F-28, or M-28z transduced T cells (1 x 105 T cells) were cultured alone (none) or 

stimulated overnight with an equal number of C30, A1847M+/F+ or A1847M+/F- cells. Cell-free 

supernatant was harvested after ~20 hours of incubation and the IFN- γ levels were measure with 

ELISA. Mean IFN- γ concentration ± SEM (pg/ml) from triplicate cultures is shown. *P < 0.05 

comparing the IFN- γ secretion produced by M-z/F-28 CART cells against A1847M+/F+ versus 

A1847M+/F- cells. 

 

SUPPLEMENTARY MATERIALS AND METHODS 

CAR construction. First and second generation P4 scFv-based anti-mesothelin CAR constructs 

designated M-z and M-28z have been previously described (13).  The anti-FRa CAR construct 
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designated as F-28 is a derivative of a previously characterized CAR (20) that encompasses the 

MOV-19 scFv driven by the EF1a promoter and fused only to the CD28 intracellular 

costimulatory domain via CD8a hinge and CD28 transmembrane domain. To generate the F-28 

CAR construct a 350-bp fragment containing the CD8a hinge-CD28TM (transmembrane 

domain)-CD28ICD (intracellular domain) was PCR amplification using the M-28z CAR 

construct (13) as template and the following primers: 5’-ACGC 

GCTAGCACCACGACGCCAGCGC-3’ (NheI is underlined) and 5’-ACGCGTCGAC 

TTAGGAGCGATAGGCTGCGAAGTCGC -3’ (SalI is underlined). The resulting PCR product 

containing a 5’ NheI site and a 3’ SalI site was digested with the relevant enzymes. Then the F-

28z CAR construct (pELNS MOV19-28z) previously described (20) was digested with NheI and 

SalI restriction enzymes to excise the CD8a hinge-CD28TM-CD28ICD-CD3ζ and create 

compatible cohesive ends in the vector backbone followed by gel purified. The digested CD8a 

hinge-CD28TM-CD28ICD PCR product was then ligated into the Nhe1/Sal1 digested F-28z 

vector. The resulting product containing the anti-FRa (F) MOV19 scFv followed by CD8a hinge-

CD28TM-CD28ICD was designated F-28. 

 

Cell lines. Lentivirus packaging was performed in the immortalized normal fetal renal 293T cell 

line purchased from ATCC. Human cell lines used in immune based assays include the 

established human ovarian cancer cell lines A1847 and C30. For bioluminescence assays, target 

cancer cell lines were transfected to express firefly luciferase (fLuc), enriched by antibiotic 

selection positive expression by bioluminescence imaging. The human tumor cell line, C30, was 

transduced with lentivirus to express human mesothelin (C30-M) or human FRa (C30-F) or both 

(C30M/F). 293T cells and tumor cell lines were maintained in RPMI-1640 (Invitrogen) 
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supplemented with 10% (v/v) heat-inactivated FBS, 2 mM L-glutamine, and 100μg/mL 

penicillin and 100U/mL streptomycin. All cell lines were routinely tested for mycoplasma 

contamination. 

 

Flow cytometric analysis. The following MAbs were used for phenotypic analysis: PE mouse 

anti-Human CD3; FITC anti-human CD4; APC anti-human CD8; PE-anti-human CD45, APC-

Cy7 anti-human CD69, Alexa 647 anti-human CD107a and Alexa 647 anti-human CD107b. 7-

AAD was used for viability staining. All mAbs were purchased from BD Biosciences. In T cell 

transfer experiments, peripheral blood was obtained via retro-orbital bleeding and stained for the 

presence of human CD45, CD4, and CD8 T cells. After gating on the human CD45+ population, 

the CD4+ and CD8+ subsets were quantified using TruCount tubes (BD Biosciences)with known 

numbers of fluorescent beads as described in the manufacturer’s instructions. Tumor cell surface 

expression of mesothelin was performed using soluble P4 anti-mesothelin scFv followed by PE-

labeled streptavidin. T cell surface expression of the M-CAR was evaluated using V5-tagged 

recombinant mesothelin followed by Alexa-647 conjugated anti-V5 tag or biotinylated 

streptavidin. F-CAR expression was evaluated using GFP as a reporter gene. Acquisition and 

analysis was performed using a BD FACS CANTO II with DIVA software. 

 

Human T cell transduction. T cells were cultured in complete media (RPMI 1640 

supplemented with 10% heat inactivated fetal bovine serum (FBS), 100 U/ml penicillin, 100 

ug/ml streptomycin sulfate, 10-mM HEPES), and stimulated with anti-CD3 and anti-CD28 

mAbs coated beads (Invitrogen) as described (50). 12-24hr after activation, T cells were 

transduced with lentiviral vectors at MOI of ~5-10. CD4+ and CD8+ T cells used for in vivo 
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experiments were mixed at 1:1 ratio, activated, and transduced. Human recombinant interleukin-

2 (Novartis) was added every other day to a 50 IU/ml final concentration. Cell density of 0.5-

1x106 cells/ml was maintained. Rested engineered T cells were adjusted for identical transgene 

expression prior to functional assays. For the transduction of the cancer cell line A1847 with 

pGIPZ-FRa-shRNA lentiviral particles or pGIPZ-control shRNA lentiviral particles, 1x105 tumor 

cells were seeded in a six- well plate one day prior their transduction. Next day, the medium was 

replaced with 1ml of lentivirus when the cells reached a confluence of about 30%. Polybrene was 

added to the medium at a concentration of 8 ug/ml and the plates was centrifuged for 90 minutes 

at 2500 rpm. The medium was replaced twenty four hours after transduction with fresh RPMI-10 

% FBS medium. Assessment of FRa gene knockdown was continually assessed by flow 

cytometry beginning at day 5 post transduction. 

 

Cytokine release assays. Cytokine release assays were performed by co-culture of 1x105 T cells 

with 1x105 target cells per well in triplicate in 96-well round bottom plates in a final volume of 

200ul of T cell media. After 20~24 hr, co-culture supernatants were assayed for presence of IFN-

γ using an ELISA Kit, according to manufacturer’s instructions (Biolegend). Values represent 

the mean of triplicate wells. IL-2 cytokine were measured by flow cytometry using Cytokine 

Bead Array, according to manufacturer’s instructions (BD Biosciences). 

 

Apoptosis Assay. CAR T cells (3x105) were co-cultured with equal number of tumor cells 

(3x105) for three days. After the co-culture period the cells were stained with CD3 Ab and 

recombinant mesothelin for CAR expression. Then the cells were washed with phosphate-

buffered saline, and labeled with annexin V-FITC and 7AAD using an Apoptosis Detection Kit 
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(BD Pharmingen) according to instructions from the manufacturer. Acquisition and analysis was 

performed using a BD FACS CANTO II with DIVA software. 

 

Cytotoxicity Assays. 51Cr release assays were performed as described (13). Target cells were 

labeled with 100uCi 51Cr at 37°C for 1.5 hours. Target cells were washed three times in PBS, 

resuspended in CM at 1x105 viable cells/mL and 100uL added per well of a 96-well V-bottom 

plate. Effector cells were washed twice in CM and added to wells at the given ratios. Plates were 

quickly centrifuged to settle cells, and incubated at 37°C in a 5% CO2 incubator for 4 or 18 hours 

after which time the supernatants were harvested, transferred to a lumar-plate (Packard) and 

counted using a 1450 Microbeta Liquid Scintillation Counter (Perkin-Elmer). For the bystander 

cytotoxicity assays, 51Cr labeled mesothelin-negative target cells were mixed with unlabelled 

mesothelin-positive targets cells at a ratio 1:1 for a final concentration of 1x105 viable cells/ml 

before being incubated with the effector T cells at the given ratios. Spontaneous 51Cr release was 

evaluated in target cells incubated with medium alone. Maximal 51Cr release was measured in 

target cells incubated with SDS at a final concentration of 2% (v/v). Percent specific lysis was 

calculated as (experimental - spontaneous lysis / maximal - spontaneous lysis) times 100. 

 

Degranulation Assay. The degranulation assay was performed as earlier described (49) with 

minor modifications. Target cells (1x105) were co-cultured with an equal number of effector 

cells in 0.1 mL per well in a 96-well plate in triplicate. Control wells contained either T cells 

alone.  Anti-CD107a and Ab Anti-CD107b (10ul per well) or IgG1 conjugated to FITC (BD 

Biosciences) were added in addition to 1ul/sample of monensin (BD Biosciences) and incubated 
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for 4-5 h at 37 °C. Cells were washed 2 times with PBS, stained for expression of the P4 CAR, 

CD8 and CD69 and analyzed on a FACS DIVA II. 

 

Immunohistochemistry. Mice were euthanized by CO2 inhalation and tumors were collected in 

Tissue-Tek O.C.T. Compound, and frozen at -80ºC. A standard streptavidin horseradish 

immunoperoxidase method was used for human CD3 staining. Primary and secondary antibodies 

were diluted in buffer containing 10% normal goat serum. 7μm cryosections were fixed in cold 

acetone for 5 min at 4 oC and blocked with Dako’s (Carpentaria, CA) peroxidase blocking 

system for 10 minutes. Sequential incubations included the following: 10% normal goat serum 

(30 minutes at RT); primary rabbit anti-human CD3 monoclonal antibody (Thermo Scientific 

RM-9107) at1:100 dilution (45 min. at RT); secondary biotinylated goat anti-rabbit antibody at 

1:200 dilution (30 min at RT); streptavidin-biotinylated horseradish peroxidase complex reagent 

(Dako) (30min at RT); and three 5 minute washes in buffer after each incubations. Sections were 

then exposed to the chromagen DAB plus from Dako for 5 min at RT and counterstained with 

hematoxylin, dehydrated, cleared and mounted. For the quantification of CD3+ T cells within the 

tumors, T cells were counted in 10 randomly selected intratumoral fields of each slide at high 

magnification (20X). 

 

Xenograft model of ovarian cancer. All animals were obtained from the Stem Cell and 

Xenograft Core of the Abramson Cancer Center, University of Pennsylvania. Six to 12-week-old 

NOD/SCID/γ-chain-/- (NSG) mice were bred, treated and maintained under pathogen-free 

conditions in-house under University of Pennsylvania IACUC approved protocols. For an 

established ovarian cancer model, 6 to 12-week-old female NSG mice were inoculated s.c. with 
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5x106 A1847 fLuc+ cells on the flank on day 0. For the bilateral mouse model 5x106 of 

A1847M+/F+ and A1847M+/F- cells were inoculated s.c. separately in the same NSG mice on 

opposite hind flanks. After tumors were established at about 7 weeks, human primary T cells 

were activated, and transduced as described above. After 2 weeks T cell expansion, when the 

tumor burden was 250-350 mm3, mice were i.v injected with T cells. Tumor dimensions were 

measured with calipers, and tumor volumes calculated using the formula V = 1/2(length × 

width2), where length is greatest longitudinal diameter and width is greatest transverse diameter. 

Animals were imaged prior to T cell transfer and about every week thereafter to evaluate tumor 

growth. Photon emission from fLuc+ cells was quantified using the “Living Image” software 

(Xenogen) for all in vivo experiments. 

 

Bioluminescence imaging. Tumor growth was also monitored by Bioluminescent imaging 

(BLI). BLI was performed using Xenogen IVIS imaging system and the photons emitted from 

fLuc-expressing cells within the animal body were quantified using Living Image software 

(Xenogen). Briefly, mice bearing A1847 fLuc+ tumor cells were injected intraperitoneally with 

D-luciferin (150 mg/kg stock, 100 µL of D-luciferin per 10 grams of mouse body weight) 

suspended in PBS and imaged under isoflurane anesthesia after 5~10 minutes. A pseudocolor 

image representing light intensity (blue, least intense; red, most intense) was generated using 

Living Image. BLI findings were confirmed at necropsy.  

 

 

 
 
 


