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Abstract 27 

CAR-T cell therapies are being intensely investigated as a novel immunotherapy approach for 28 

glioblastoma (GBM), but so far clinical success has been limited. We recently described FAP as 29 

an ideal target antigen for GBM immunotherapy, with expression on tumor cells and tumor 30 

blood vessels occurring frequently in patients’ tumors but with very limited expression in 31 

healthy tissues. Here, we generated a novel FAP-targeting CAR with CD3ζ and CD28 signaling 32 

domains and tested the resulting CAR-T cells for their ability to lyse GBM cells in vitro and in 33 

vivo. FAP-CAR-T cells showed target specificity against model cell lines and exhibited potent 34 

cytotoxicity against patient-derived glioma neural stem (GNS) cells. Remarkably, complete 35 

destruction of tumor cells was observed even where the antigen was expressed by a minor 36 

subpopulation of cells, indicating a bystander killing mechanism. Using co-culture assays, we 37 

confirmed the ability of FAP-CAR-T cells to mediate bystander killing of antigen-negative 38 

tumor cells, but only after activation by antigen-expressing target cells. This bystander killing 39 

effect was at least partially mediated by soluble factors. We also observed that the non-40 

transduced fraction of the CAR-T cell product could be activated via T cell-secreted IL-2 to 41 

mediate antigen-non-specific killing, further amplifying the bystander effect. FAP-CAR-T cells 42 

controlled without overt toxicity the growth of subcutaneous tumors created using a mixture 43 

of antigen-negative and antigen-positive GBM cells. Together, our findings advance FAP as a 44 

leading candidate for clinical CAR-T cell therapy of GBM and highlight under-recognized 45 

antigen non-specific mechanisms that may contribute meaningfully to the antitumor activity 46 

of CAR-T cells.  47 
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Introduction 48 

Glioblastoma multiforme (GBM) is the most lethal form of primary brain tumor and there is an 49 

urgent need for more effective therapies. Despite receiving intensive treatment upon initial 50 

diagnosis with all three classical pillars of cancer therapy (surgery, radiotherapy, and 51 

chemotherapy), patients almost inevitably relapse within a matter of months. There is no 52 

standard treatment for recurrent GBM, and most patients will die within 6 months of 53 

recurrence(1). The recent emergence of a ‘fourth pillar’ of cancer treatment, immunotherapy, 54 

may provide new hope that this dismal picture can be changed. 55 

Chimeric antigen receptor (CAR)-T cells are one of the success stories of cancer 56 

immunotherapy, but so far clinical impacts are limited to B-cell malignancies. There remain 57 

significant hurdles to overcome before this success can be extended to solid tumors(2). One 58 

clear challenge is the lack of ideal target antigens in solid tumors, in contrast to B-cell 59 

malignancies where lineage markers, such as CD19, show near-ubiquitous expression on 60 

cancerous cells and no expression outside the hematologic compartment. Nevertheless, the 61 

possibility of adapting CAR-T cell therapy to the treatment of GBM is under extensive 62 

investigation(3).  Most interest to date for clinical CAR-T targeting of GBM has focused on 63 

targeting the antigens EGFRvIII, HER2 and IL-13R2α(4-9). And although encouraging studies 64 

are in progress, positive outcomes from clinical trials to date have been modest, with only a 65 

single patient reported to undergo complete albeit non-durable tumor regression in response 66 

to a CAR-T cell treatment(6). Given the profound tumor heterogeneity of GBM, identification 67 

of more and better targets is a key focus of research.  68 
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Fibroblast activation protein (FAP) is a surface-expressed proteolytic enzyme that is well 69 

known for its expression in cancer-associated fibroblasts(10). Because of this, FAP has been 70 

identified as a promising immunotherapy target for carcinomas which are typically heavily 71 

infiltrated with fibroblasts, such as those of prostate, breast, lung, and pancreas. In those 72 

studies, FAP has primarily been investigated as the target of tumor supporting stroma(11-14), 73 

but can also serve as a direct tumor target in certain cancers such as mesothelioma(15,16). 74 

We and others found FAP to be consistently over-expressed in GBM compared to normal 75 

brain, although we failed to find fibroblast expression of FAP in GBM(17,18). Rather, our 76 

detailed expression analyses of all cell types in GBM revealed heterogeneous expression of 77 

FAP on the tumor cells, coupled with near-ubiquitous expression around tumor blood vessels, 78 

with expression observed on both endothelial cells and pericytes. These studies suggest FAP is 79 

an ideal immunotherapy target for GBM, as it should allow targeting of not only tumor cells, 80 

but also the tumor’s supporting vascular networks(17).  81 

FAP-specific CARs have been described in the literature. All FAP-CARs have been derived from 82 

one of four mouse monoclonal antibodies (mAbs). A CAR developed from the FAP-5 mAb 83 

cross-reacts with both mouse and human FAP. However, FAP-5-CAR-T cells showed serious 84 

toxicities in mice and this CAR has not been pursued further(19).  A second CAR developed 85 

from the F19 mAb recognizes only human FAP, thus this CAR could not be used to test 86 

potential host FAP-related toxicities in mouse models (15,16,20). A third CAR developed from 87 

mAb 73.3 cross-reacts with both mouse and human FAP and showed limited toxicities in 88 

mice(13,14). CAR-T cells derived from both F19 and 73.3 mAbs showed antitumor effects in 89 

mouse models of multiple types of transplanted tumors(13,16) and have now progressed into 90 

phase 1 clinical trials (ClinicalTrials.gov Identifiers: NCT039325652019 and 91 
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NCT017221492015). However, neither CAR-T has been tested on GBM. F19-CAR-T cells were 92 

well tolerated clinically(21), although no detailed report of either trial has been released yet.  93 

In this study, we generated a FAP-specific CAR derived from the MO36 mAb, which was 94 

selected from phage display and recognizes both murine and human FAP(22). Another CAR 95 

based on MO36 previously showed antitumor effects in a lung cancer mouse model without 96 

toxicity(12). We tested FAP-CAR-T cell function using model cell lines, tumor cells expanded 97 

from patient GBM tissues, and a mouse model designed to recapitulate the natural 98 

heterogeneity of GBM. In addition to confirming the specificity and activity of FAP-CAR-T cells, 99 

we also uncovered a potent bystander killing mechanism that could facilitate more complete 100 

tumor destruction than would be predicted by antigen expression alone. 101 

 102 

  103 
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Materials and methods 104 

Tumor cell lines 105 

All cell lines and GNS cells used in this study are listed in Table S1. U251, U87 and RPMI-7951 106 

cell lines were obtained from ATCC. U251-GFP and U87-RFP were a kind gift from Professor 107 

Stuart Pitson (Centre for Cancer Biology, Adelaide). All cells were maintained in Minimum 108 

Essential Medium Eagle supplemented with 10% fetal bovine serum (FBS), 1% 109 

penicillin/streptomycin, 1% glutamax, 1% sodium pyruvate, and 1% MEM non-essential amino 110 

acid solution (all ThermoFisher Scientific). Short-term cultured GNS cell lines were a kind gift 111 

from Professor Bryan Day (QIMR Berghofer Medical Research Institute, Brisbane) or were 112 

generated in our laboratory as described(17,23). GNS cell lines were cultured in StemPro 113 

Neural Stem Cell medium (StemPro NSC, ThermoFisher Scientific) in flasks, which were pre-114 

coated with Matrigel (Corning) diluted 1/100 in PBS according to the manufacturer’s 115 

recommendations. Cultures were passaged using Accutase (ThermoFisher) when they reached 116 

~70-90% confluence. 117 

CAR transgene design and construction 118 

Anti FAP scfv with Myc tag was obtained by PCR using donated plasmid containing MO36 as a 119 

template.  The primers were F: GCCCGACGTCGCCACCatggactggatctggcgcatc ; R: 120 

TGCGGCCCCATTCAGATCCTCTTCTGAGATGAGTTTTTGTTCTGCGGCCGCCCGTTTTATTTCCAGC. A 121 

human IgG4 hinge/CH2CH3 was chosen as a long spacer to reduce the affinity to human 122 

FcRs(24,25). Aiming to avoid activation-induced cell death by further reducing its affinity to 123 

human and murine FcRs, additional modifications were made to the CH2 region. Three amino 124 

acid (PVA) derived from IgG2 substituted for four amino acids (EFLG) in the corresponding 125 
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region of IgG4, and another glycosylation motif was mutated from N to Q(26,27). The CD3ζ 126 

and CD28 signaling domains were positioned after the spacer. Hinge, spacer and signaling 127 

domains were synthesized by GeneArt. All fragments were assembled on pEntry vector and 128 

subcloned into lenti vector pPHLV-A.  129 

Generation of CAR-T cells 130 

HEK293T cells in a T175 flask were transfected with 46.4µg DNA consisting of equal amounts 131 

of four plasmids using 138µL lipofectamine 2000 (ThermoFisher). The plasmids were: (i) 132 

pHLVA-FAP-CAR, which provides the lentiviral RNA containing the CAR; (ii) pMD2.G, which 133 

provides expression of VSV-G; (iii) pMDLgpRRE, which provides expression of gag pol; and (iv) 134 

pRSV-REV which provides the rev gene for lentiviral packaging. The supernatant was 135 

harvested 48h after transfection, centrifuged at 500 x g for 10min. and filtered through a 136 

0.45µm filter (Nalgene™ Rapid-Flow™), ready for transduction. To produce CAR-T cells, a 24-137 

well plate was pre-coated with anti-CD3 (OKT3) and anti-CD28 antibodies (15E8) (Miltenyi 138 

Biotec) at 1µg/mL on day 0. PBMC were seeded at 1 × 106 cells/well on day 1 in Advanced 139 

RPMI (ThermoFisher) with 10% FBS, with IL-7 and IL-15 (Miltenyi Biotec) added at 10ng/mL 140 

and 5ng/mL, respectively, on day 2. On day 3, the activated T cells were transduced by 141 

spinoculation with lentivirus encoding FAP-CAR. In brief, 0.5mL T cells at 2 × 106 cells/mL were 142 

mixed with 1.5mL lentiviral supernatant and centrifuged in 24-well plates pre-coated with 143 

7µg/mL Retronectin (Takarabio) at 1000 x g for 20min. The transduced T cells were expanded 144 

for another 4 days with IL-7/IL-15 before being cryopreserved in FBS + 10% DMSO and stored 145 

in liquid nitrogen. Before use, the CAR-T cells were thawed and rested overnight in Advanced 146 

RPMI with 10% FBS. CAR expression was detected by FITC-conjugated anti-myc tag antibody 147 
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(Abcam) and analyzed by flow cytometry using an Accuri C6 Plus flow cytometer (BD 148 

Bioscience, Franklin Lakes, NJ, USA).   149 

IL-2 assay 150 

Target cells were seeded in a flat-bottom 96-well plate at 20,000 cells/well on day 0. On day 1, 151 

the plate was topped up with 1×105 CAR-T cells per well. The supernatant was collected on 152 

day 3 and analyzed by human IL-2 ELISA Kit (ThermoFisher) according to the manufacturer’s 153 

protocol. 154 

Flow cytometry analysis of FAP expression 155 

U251, U87 and RPMI-7951 cells were stained by PE-conjugated anti-FAP antibody (clone 156 

427819, R&D Systems) in 5% BSA/PBS staining buffer for 30min. Cells were washed with 157 

staining buffer and 1µL 7AAD (ThermoFisher) was added in a final resuspension volume of 158 

200µL before analysis by flow cytometry (BD Accuri™). For staining of GNS cultures, cells were 159 

harvested using Accutase (ThermoFisher), washed in PBS and resuspended in FACS buffer (PBS 160 

+ 1% bovine serum albumin + 0.04% sodium azide). Cells were then stained as described 161 

above. 162 

Cytotoxicity assay using real-time impedance-based cell analysis  163 

The Axion BioSystems Maestro Z system was used to measure cytotoxicity. After addition of 164 

100µL of culture medium to the plate, a baseline reading was taken and then target cells were 165 

seeded in a volume of 100µL at 15,000 cells/well for U87 and U251 or 10,000 cells/well for 166 

GNS cultures. The wells were pre-coated with Matrigel if GNS cells were used as targets. 167 

Resistance values were monitored every 60sec using AxisZ software during overnight culture 168 
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at 37℃ in the Maestro Z instrument. Once formation of a stable monolayer was confirmed, 169 

100µL of CAR-T cells were added in the same medium as the target cells. Resistance values 170 

were normalized to a time shortly after adding CAR-T cells once readings had re-stabilized. 171 

Cytotoxicity was measured as %lysis based on the impedance ratio of tested cells and 172 

untreated control cells, which was calculated by AxisZ software. 173 

Cytotoxicity assay by flow cytometry  174 

GNS cells (1 x 105) were co-cultured with an equal number of FAP-CAR-T cells or control non-175 

transduced T cells (NT-T) in equivalent culture conditions in StemPro NSC medium in a 24-well 176 

plate. In co-cultures of pairs of GNS cell lines of differing levels of FAP expression, FAP-177 

expressing GNS cells were first pre-labeled with CellTrace™ Far Red (CTFR; ThermoFisher) at 178 

1µM for 20min at 370C, to differentiate the populations, and equal numbers of FAP(+) and 179 

FAP(-) cells were mixed. Cells were harvested after 48h co-culture with T cells and stained in 180 

PBS with Fixable Viability Stain 575V (BD) or Fixable Viability Dye eFluor™ 506 (Invitrogen) 181 

where indicated for 10min at room temperature, before antibody staining. The antibodies 182 

used for staining included: BB515 anti-Fas (clone DX2, BD Biosciences), BV786 anti-CD3 (clone 183 

SK7, BD Biosciences), PE anti-FAP (clone 427819, R&D Systems) and BV480 anti-FasL (clone 184 

NOK-1, BD Biosciences). Samples were acquired on an LSR Fortessa (BD Biosciences) and data 185 

analyzed using FCS Express 7 Cytometry (De Novo software, Pasadena, CA, USA).  186 

Cytotoxicity assay to assess the role of soluble factors 187 

These experiments were conducted in 24-well Transwell plates (Corning) or Nunc Cell Culture 188 

Inserts (ThermoFisher) with a 0.4µm pore size. FAP-expressing cells were plated in the lower 189 

well at 1 x 105 cells/well, and 1 x 104 FAP-negative cells were seeded in the upper inserts. 190 
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When monolayers of target cells had established, FAP-CAR-T cells or non-transduced T cells 191 

were added to the bottom well at a 1:1 E:T ratio. After 48h incubation at 37oC, cells in the 192 

inserts were stained using propidium iodide (PI) (ThermoFisher) at 1µg/mL and Hoechst 33342 193 

(ThermoFisher) at 2µM for 20min at 37oC. Without washing, inserts were imaged using an 194 

IX73 microscope equipped with CoolLED pE-4000 light source and running CellSens software 195 

(Olympus). The cells on each image were counted by QuPath (University of Edinburgh). Cell 196 

viability was calculated as [1 - (PI counts/Hoechst counts)] x 100%. 197 

Cytotoxicity assay using fluorescence imaging of U87-RFP and U251-GFP cells 198 

U87-RFP and U251-GFP were seeded with starting numbers of 5× 104 cells/well. FAP-CAR-T 199 

cells were immediately added at a 1:1 E:T ratio. The cocultured cells were imaged by the 200 

Olympus IX73 microscope 24h later using 100ms exposure for RFP and 3ms exposure for GFP. 201 

Three fields of views were taken from each well and duplicate wells were used for one assay. 202 

The images were analyzed by ImageJ for fluorescence counts using threshold values of 68-255 203 

for RFP and 98-255 for GFP. All images were collected and analyzed using the same 204 

parameters for consistency. 205 

Measurement of secreted cytotoxic factors 206 

Supernatants were collected from the cytotoxicity assays conducted in the Maestro Z 207 

instrument at the end point time and stored at -20oC until use. Levels of soluble factors were 208 

quantified simultaneously using the LEGENDplex Human CD8/NK Panel (BioLegend), according 209 

to the manufacturer’s protocol. Samples were analyzed using a BD LSR Fortessa. 210 

 211 
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Murine subcutaneous tumor xenograft model 212 

Animal experiments were approved by the University of South Australia Animal Ethics 213 

Committee (Ethics number: 45/17). Nonobese diabetic/severe combined 214 

immunodeficiency/IL2Rgamma-null (NSG) mice were purchased at 6 weeks from the Animal 215 

Resource Centre (Perth). To create tumors of mixed cell populations, an admixture of 1 × 106 216 

U251-GFP cells and 2 × 106 U87-RFP cells were injected subcutaneously in both flanks. Tumors 217 

were allowed to establish for 11 days and then 1 × 106 CAR-T cells were administered by tail 218 

vein injection. Mice were monitored daily until tumors became palpable, after which time 219 

tumor growth was measured using an electronic caliper every 2-3 days. The volume of the 220 

tumor was calculated as length × width2 ×1/2. Mice were humanely killed when at least one 221 

tumor volume reached 1000mm3. Tumors were harvested at the experimental end point and 222 

prepared for frozen sections. Tumor samples fixed in 10% buffered formalin overnight were 223 

cryoprotected with 10% sucrose to 30% sucrose in PBS sequentially before embedding in OCT 224 

(Sakura) and freezing on dry ice, with subsequent storage at -80oC. This protocol was selected 225 

and optimized to allow maximum retention of soluble fluorescent proteins (GFP/RFP) during 226 

tissue processing. Cryosections (5µM) were cut using a Leica CM1950 cryostat and mounted 227 

using ProLong Gold with DAPI (ThermoFisher). Slides were imaged using the Olympus IX73 228 

microscope. Tumour tissue was located microscopically by DAPI staining. To minimize bias, 229 

photographs were taken for the GFP or RFP channels and areas of green and red fluorescence, 230 

respectively, were automatically calculated using ImageJ (NIH). Threshold 21-255 was used for 231 

RFP area calculation while threshold 35-255 was used for GFP area calculation. Fluorescence 232 

overlays were created by overlaying black and white images and applying false colors using 233 

ImageJ. 234 
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Statistical analysis 235 

Statistical analyses were performed using GraphPad Prism version 5 and OriginPro 8 236 

(OriginLab). In addition, the TumGrowth web program 237 

(https://kroemerlab.shinyapps.io/TumGrowth/) (cite PMID: 30228932) was used for 238 

comparison of tumor growth curves by Type II ANOVA. For Kaplan-Meier Survival analysis, Log 239 

Rank method was used to test the Equality over Groups. 240 

  241 
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Results 242 

Generation and production of CAR T cells targeting FAP 243 

Based on previous studies(12,22), we designed and constructed a FAP-CAR comprising the 244 

MO36 single chain fragment-variable (scFv), a myc epitope tag, a long spacer, and CD28 and 245 

CD3ζ signaling domains (Figure 1A). This CAR transgene was integrated in CD3/CD28-activated 246 

human T cells via lentiviral transduction. CAR expression on transduced T cells was assessed 247 

by flow cytometry (Figure 1B). Transduction efficiency values sufficient to test CAR-T cell 248 

function (~15-25%) were achieved using unconcentrated viral supernatant. 249 

CAR-T cell responses to FAP stimulation in vitro were initially measured by co-culturing CAR-T 250 

cells with FAP-expressing long-term cancer cell lines. The RPMI-7951 melanoma cell line, 251 

which expresses uniformly high levels of FAP, was used as a FAP-CAR-T (FAP-T) cell quality 252 

control. RPMI-7951 cells were co-cultured with FAP-T cells for 48 hours, and the level of IL-2 in 253 

the culture supernatant was measured by ELISA (Figure 1C). The FAP-negative U251 GBM cell 254 

line was used as a negative control. The data indicate that FAP-T cells responded specifically 255 

to target cells expressing FAP. 256 

 257 

Cytotoxicity of FAP-CAR-T cells against GBM cell lines and patient-derived glioma neural 258 

stem (GNS) cells  259 

We next used impedance-based real-time analysis to assess FAP-T cell cytotoxicity. The FAP-260 

expressing U87 human GBM cell line was used as the target in this assay (Figure 2A) and 261 

compared with the FAP-negative GBM cell line U251. As expected, FAP-T cells were strongly 262 
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cytotoxic against U87 target cells, whereas non-transduced T cells (NT-T) induced only 263 

minimal background lysis. FAP -T cells failed to lyse U251 cells above background levels, 264 

thereby confirming the specificity of the CAR. 265 

Although long-term established cell lines such as U87 provide a suitable model to test a 266 

diverse range of therapeutic approaches, these cells may not adequately represent primary 267 

GBM cells. Therefore, we next selected a panel of patient-derived glioma neural stem (GNS) 268 

cells as a more biologically relevant type of target cell to test the cytotoxic activity of our FAP-269 

T cells. We checked a panel of different GNS cells for FAP expression and chose three cultures 270 

which express different levels of FAP. CCB-G3-C, MN1, and CCB-G6-T are representative of 271 

high, medium, and low level FAP expression, respectively (Figure 2B).  We found substantial 272 

killing of all of three GNS cell lines (Figure 2B). Of note, when cultured with MN1 cells, which 273 

are <50% FAP(+), the FAP-T cells induced near-complete cytotoxicity (> 90% lysis). Even more 274 

remarkably, in the case of CCB-G6-T cells, even a 10% FAP(+) population was sufficient to 275 

induce the lysis of >80% of all target cells. 276 

Hence, our observations in the real-time cytotoxicity assay suggested a potential bystander 277 

killing mechanism in this system (28). We therefore used flow cytometry to further investigate 278 

the effect of FAP-T cells on FAP(+) and FAP(-) subpopulations of the CCB-G6-T cell line. CCB-279 

G6-T target cells were co-cultured with FAP-T cells for 48 hours. After this time, the small 280 

FAP(+) population within CCB-G6-T was depleted from 6.5% to 1.5%, as expected. Notably, 281 

however, the total loss in cell viability was ~70%, far more than the FAP(+) population, further 282 

suggesting a bystander killing effect of FAP-T cells (Figure S1). 283 

 284 
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Confirmation that FAP-CAR-T cells induce antigen-dependent bystander killing of tumor cells  285 

One question is whether the bystander killing was mediated by low-level expression of FAP, 286 

which was not detected by flow cytometry but was still sufficient to trigger CAR-T killing. If 287 

bystander cytotoxicity is genuine, then killing of antigen-negative target cells should be 288 

observed only after the CAR-T cells are activated by antigen-positive target cells. To test this, 289 

we labeled FAP(+) GNS cell lines with a fluorescent dye (CellTrace Far Red; CTFR) and mixed 290 

them with unlabeled GNS cells lacking FAP expression. This target-cell mixture was incubated 291 

with FAP-T cells or NT-T cells for 48 hours and the viability of each target-cell population was 292 

analyzed by flow cytometry (Figure 3A). Two different pairs of FAP(+)/FAP(-) GNS cell lines 293 

were used- Pair 1: FAP(+) MN1 with FAP(-) RKI1, and pair 2: FAP(+) CCB-G3-C with FAP(-) SJH1. 294 

Whereas MN1 and CCB-G3-C cells showed uniform expression of FAP by flow cytometry, RKI1 295 

and SJH1 cells lacked any detectable surface expression (Figure 3B). These FAP-negative GNS 296 

cells also lacked significant gene expression by microarray analysis (data not shown).  297 

As expected, the viability of FAP-negative tumor cells cultured alone was not affected by 298 

incubation with FAP-T cells, thereby ruling out off-target effects. But when FAP(-) target cells 299 

were mixed with FAP(+) target cells and subsequently incubated with FAP-T cells, significant 300 

killing of the FAP(-) tumor cells was observed (Figure 3C-D). Thus, FAP-T cells can exert 301 

substantial bystander killing of tumor cells lacking FAP, but only once they have been 302 

activated by cells expressing their cognate antigen. To determine if the bystander killing effect 303 

is unique to FAP-T cells, we also tested GD2-specific CAR-T cells on GNS cells expressing low 304 

levels of GD2 (16-26% GD2+). Real-time cytotoxicity assays revealed complete lysis of these 305 
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target cells despite heterogeneous antigen expression (Figure S2), thus suggesting that the 306 

bystander killing activity of CAR-T cells is not restricted to a particular CAR.  307 

 308 

Bystander cytotoxicity occurs independently of Fas/FasL but can be mediated by soluble 309 

factors 310 

Bystander killing of antigen-negative targets has recently been reported to occur via Fas-FasL 311 

interactions(28). To determine if this molecular axis was at play in our system, we first 312 

investigated expression of Fas on our GNS cell lines, and expression of FasL on our FAP-T cells. 313 

Although variable levels of Fas were detected on the GNS cell lines (RKI1, SJH1 and CCB-G6-T) 314 

found to be susceptible to bystander killing (Figure S3A), there was almost no expression of 315 

FasL by FAP-T cells, even after co-culture with FAP(+) target cells and with permeabilization to 316 

detect intracellular stores of FasL (Figure S3B). Soluble FasL in culture medium was also low (< 317 

20pg/mL, data not shown). ZB4 was reported as a function-blocking anti-Fas antibody(29). We 318 

confirmed this in our soluble FasL induced cytotoxicity assay (Figure S3C). However, ZB4 failed 319 

to attenuate either direct killing (data not shown) or bystander killing (Figure S3 D-E). We 320 

therefore conclude that bystander killing is unlikely to be mediated by Fas/FasL interactions in 321 

our system.  322 

We next hypothesized that soluble factors such as cytokines could contribute to the bystander 323 

killing effect. This was tested by separating antigen-negative target cells from CAR-T cells 324 

using a semi-permeable membrane. FAP-T or NT-T cells were seeded together with FAP(+) 325 

GNS cells in the lower chambers of Transwell assemblies, while FAP(-) GNS cells were seeded 326 
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in the upper chambers (Figure 4A). After 48 hours, cells in the upper chambers were stained 327 

using propidium iodide (PI) to label dead cells and Hoechst 33342 to visualize total nuclei, and 328 

cell viability calculated by the ratio of PI/Hoechst-stained cells. The same combinations of 329 

FAP(-) SJH-1/FAP(+) CCB-G3C cells and FAP(-) RKI-1/FAP(+) MN-1 cells from Figure 3 were used 330 

in this assay. In keeping with our hypothesis, significant killing of FAP(-) tumor cells in the 331 

upper chamber (SJH-1 or RKI-1) was observed when FAP-T cells were present in the lower 332 

chamber together with FAP(+) tumor cells (Figure 4B-D).  333 

Since the Transwell experiments suggested that bystander killing of antigen-negative cells can 334 

be at least partly mediated by soluble factors, a panel of cytokines and cytotoxic proteins was 335 

measured in co-culture supernatants. Large amounts of TNF-α, IFN-γ, granzyme A, granzyme B 336 

and granulysin were released when FAP-T cells were co-cultured with FAP(+) GNS cells, but 337 

not when cultured alone (Figure 4E). Perforin was also detected in the co-culture 338 

supernatants but was similarly secreted in the absence of target cells, suggesting constitutive 339 

secretion by FAP-T cells. None of these factors was secreted by NT-T cells, even in the 340 

presence of FAP(+) GNS tumor cells. Together, our results indicate that FAP-T cells can be 341 

activated by antigen to secrete a range of cytotoxic cytokines and proteins, which may 342 

contribute to the contact-independent bystander killing observed in the Transwell system. 343 

 344 

FAP-CAR-T cell activation mobilizes the CAR-negative T-cell fraction to enhance cytotoxicity 345 

It has long been recognized that, in addition to antigen-dependent cytotoxicity, T cells can 346 

also undergo cytokine-induced bystander activation (30). Our FAP-T cell products contain 347 
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~75% CAR-negative T cells, leading us to hypothesize that CAR-T cells may secrete cytokines to 348 

mobilize the non-transduced T cells into the antitumor response after activation by FAP-349 

expressing tumor cells (Figure 5A). In this way, the whole population of T cells could be 350 

synchronized to exert cytotoxicity against both antigen-positive and antigen-negative tumor 351 

cells. Cytokines including IL-2, IL-12, IL-15 and IL-21 have been reported to initiate antigen 352 

nonspecific T-cell activation(31-33). And although IL-15 and IL-12 are primarily produced by 353 

antigen presenting cells, IL-2 and IL-21 can be produced by T cells. We showed that IL-2 was 354 

secreted by FAP-T cells after antigen activation (Figure 1D), suggesting that it could be one of 355 

the cytokines to mobilize normal T cells during bystander killing.  356 

We performed additional real-time cytotoxicity assays to explore these concepts further by 357 

recapitulating the bystander activation and killing processes in vitro. The cytotoxicity of FAP-T 358 

cells or NT-T cells was tested against MN1 GNS cells expressing moderate levels of FAP, with 359 

or without the addition of exogenous IL-2 (Figure 5B). FAP-T cells displayed strong cytotoxicity 360 

against MN1 as expected, which was further boosted by the addition of IL-2. This effect was 361 

marginal at high E:T ratios but became more pronounced at lower E:T ratios as CAR-362 

expressing effector cells became limiting. Of note, IL-2 also dramatically increased the 363 

cytotoxicity of control T cells. For example, at a high (5:1) E:T ratio, NT-T cells supplemented 364 

with IL-2 induced as much tumor cell killing as FAP-T cells. 365 

We further analyzed cytokines and cytotoxic proteins in supernatant samples collected from 366 

these assays. In addition to IL-2, we measured another 12 analytes (Figure 5C, Figures S4, 367 

Table 1). The addition of IL-2 to NT-T cells significantly increased the levels of all factors except 368 

IL-10 and IL-17a (see column 3 in Table 1), suggesting that these two cytokines were 369 
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upregulated only by CAR stimulation, not IL-2. Furthermore, by comparing NT-T cells + IL-2 to 370 

CAR-T cells + IL-2, we could show that all factors were further boosted by CAR engagement 371 

except for perforin (see column 4 in Table 1), suggesting that IL-2 alone was sufficient to 372 

induce maximum secretion of soluble perforin. Interestingly, all analytes showed a positive 373 

correlation with the extent of cytotoxicity except soluble Fas and FasL (Table 1, column 2). 374 

These results agree with those from our ZB4 blocking experiment (Figure S3), which did not 375 

support a significant role for the Fas/FasL axis in cytotoxicity in our system.  376 

Besides the soluble cytokines, classic innate-like effector molecules such as NKG2D could also 377 

contribute to bystander killing(34). We assessed expression of NKG2D on T cells in the 378 

coculture assay (FAP-T/ NT-T with GNS MN1) and found upregulated NKG2D on CD8(+) T cells, 379 

both on CAR (+) and CAR (-) populations, but not on the NT-T cells unless IL-2 was added, 380 

which provides further evidence to support our bystander killing model (Figure S5). 381 

In summary, our findings suggest that cytokines, such as IL-2 used here, can stimulate the 382 

non-transduced fraction of a CAR-T cell product also to mediate tumor cell killing. 383 

Furthermore, this amplification of the response may be an important aspect of the bystander 384 

killing mechanism, because IL-2 also upregulated the secretion of factors such as TNFα, IFNγ, 385 

granzyme and granulysin, which are candidate mediators of bystander killing. Other cytokines 386 

upregulated in this system (IL-4, IL-6, IL-10, and IL-17) are not directly involved in cytotoxicity 387 

but can support T- and B-cell function. 388 

 389 
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FAP- T cells control the growth of tumors and increase survival time in a subcutaneous GBM 390 

xenograft model despite heterogeneous antigen expression. 391 

To assess the function of our CAR-T cells in vivo, we tested their ability to control the growth 392 

of subcutaneous human xenograft tumors in immunodeficient (NSG) mice. GBM tumors are 393 

well-known for their cellular heterogeneity, and we have shown that expression of FAP by 394 

GBM tumor cells is also heterogenous(17). Accordingly, we generated a model with mixed 395 

FAP(+) and FAP(-) cells. FAP(+) U87 cells were engineered to express RFP, while FAP(-) U251 396 

cells were engineered to express GFP, to allow monitoring of the mixed tumor cell 397 

populations. In an initial in vitro assay, the single target cell populations or the target cell 398 

mixture were co-cultured with FAP-T cells or NT-T cells and surviving cells were counted using 399 

fluorescence microscopy 24 hours later. Counts of FAP(-) U251 cells were reduced significantly 400 

only in co-cultures of U87 cells and FAP-T cells, suggesting that antigen-negative tumor cells 401 

U251 are also susceptible to bystander killing from FAP-T cells (Figure 6A), like our earlier 402 

observations using GNS cells. 403 

The fluorescently tagged U87 and U251 cell lines were mixed at a 2:1 ratio, respectively, 404 

before subcutaneous implantation in each flank of NSG mice. The 2:1 mixing ratio was 405 

selected after an initial pilot study and resulted in the most evenly balanced tumors at 406 

endpoint (Figure 6B, S6 A-B). Compared to either NT-T cells or no treatment, intravenous 407 

administration of a low dose (1 x 106) of FAP-T cells significantly reduced tumor growth 408 

(adjusted p < 0.0001 by Type II ANOVA for both control comparisons; Figure 6C), and 409 

significantly increased survival time of treated mice (both p < 0.0001 by Log-Rank test; Figure 410 

6D). In mice treated with FAP-T cells, both the GFP and RFP signals in necropsied tumor 411 
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tissues were significantly reduced compared to tumors in either control group (Figure 6E), 412 

suggesting CAR-T cell targeting of both FAP(+) U87-RFP and FAP(-) U251-GFP cells. These 413 

findings support the effectiveness of our FAP-T cells in controlling the growth of GBM cells in 414 

vivo, even in the face of heterogeneous expression of target antigen. 415 

  416 
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Discussion 417 

For many years, FAP has been recognized and tested as a promising immunotherapy target for 418 

carcinomas and mesothelioma(11-16). More recently, we have proposed FAP as a candidate 419 

immunotherapy target antigen for GBM(17). Studies from our group and others have shown 420 

that, in GBM, FAP is heterogeneously expressed on tumor cells themselves, and more 421 

consistently by tumor-supporting stromal populations including endothelial cells (ECs) and 422 

pericytes. This sits in sharp contrast to the limited expression in healthy tissues and 423 

vessels(17,35). Despite all these characteristics, FAP has never been tested as a target antigen 424 

for immunotherapeutic strategies in GBM.  425 

GBM has striking tumor heterogeneity(36). Moreover, GBM tumors, like many other cancers, 426 

are proposed to have a hierarchical organization originating from cancer stem-like cell 427 

proliferation and differentiation(37,38). For initial confirmation of targeting specificity, we 428 

used long-term cell lines including U87 and U251, and these studies successfully 429 

demonstrated that our FAP-CAR-T cells secrete IL-2 and induce cytolysis only when FAP is 430 

expressed. However, these cell lines (which have been cultured for many decades in vitro in 431 

the presence of xenogeneic serum) may lose multipotency, develop pro-survival mechanisms 432 

and fail to model the disease properly(39). For further in vitro testing, we therefore moved to 433 

the use of glioma neural stem (GNS) cell lines, which are patient GBM tissue-derived cells 434 

expanded under serum-free conditions to a limited passage number (generally  < 30) and 435 

maintain a more in vivo-like phenotype(17,38). Our group has developed a panel of GNS cells 436 

from patient samples and characterized them for FAP expression(17) and we used these GNS 437 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted February 22, 2023. ; https://doi.org/10.1101/2023.02.21.529331doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.21.529331


23 
 

cells, together with those from the Q-Cell resource(40) as in vitro models to investigate more 438 

authentically how our CAR-T cells tackle the heterogeneity of GBM. 439 

Our results using GNS cells in a sensitive real-time cytotoxicity assay indicated that the 440 

percentage of cells lysed by FAP-CAR-T cells can greatly exceed the percentage of target cells 441 

expressing the antigen. Further flow cytometry-based analysis of co-cultured GNS cells 442 

confirmed that FAP-CAR-T cells can kill antigen-negative tumor cells, but only in the presence 443 

of antigen-positive tumor cells. These CAR-T cells are therefore capable of ‘bystander’ killing, a 444 

phenomenon long recognized in T-cell immunology but less well understood(41,42). The 445 

significance of bystander killing in CAR-T cell function is also just beginning to be 446 

appreciated(28,43), and many questions remain. For example, it is unclear whether all CAR-T 447 

cell products have bystander killing capacity, or does this depend on factors such as CAR 448 

structure or target cell susceptibility? Based on our observation (Fig. 3, S2), we believe that 449 

this function may be a general feature of CAR-T mediated toxicity and has been generally 450 

underappreciated in the field because it will not have been revealed in such short-term 451 

cytotoxicity assays as the classical chromium release assay. By using the novel Maestro Z 452 

instrument to track target cell destruction over several days, we allow CAR-T cells the time 453 

required to be activated by CAR engagement with antigen-positive tumor cells and then 454 

deploy a range of cytotoxic mechanisms against antigen-negative tumor cells. Therefore, it is 455 

possible that all CAR-T cell populations can perform bystander killing, but an assay with a long 456 

enough observation period is required to record this phenomenon.  457 

Another important question regarding bystander killing is: what are the key effector 458 

molecules that drive this process? The major killing mechanism described for CAR-T cells has 459 
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been direct cytolysis, which is induced by perforin and granzyme and which is delivered via a 460 

CAR-mediated immunologic synapse(44). Recent studies have suggested that the Fas/FasL 461 

signaling axis participates in CAR-T cell cytotoxicity, and in bystander killing (28,43). In 462 

contrast, we did not find evidence that Fas/FasL contributes to bystander killing (or 463 

cytotoxicity in general) by FAP-CAR- T cells. We did, however, observe that the bystander 464 

killing effect was at least partly mediated by soluble factors, as significant cytotoxicity was 465 

observed even when the CAR-T cells and tumor cells were not in direct contact. Determining 466 

exactly which secreted factor or factors drive bystander killing by FAP-T cells is beyond the 467 

scope of the present study. However, we did detect secretion of a range of cytokines and 468 

cytotoxic granule components upon antigen engagement of FAP-T cells. Two cytokines of 469 

particular interest are TNFα and IFNγ, both of which have a direct antitumor effect(45,46). 470 

Moreover, TNF has previously been shown to play a critical role in CAR-T cell antitumor 471 

activity(47). We also detected secretion of surprisingly high levels of molecules such as 472 

granzyme B and perforin, which are normally involved in cytotoxicity mediated by 473 

immunologic synapse formation. Whether these molecules mediate cytotoxicity when 474 

secreted into the surrounding environment is unclear. Recombinant granzyme B has been 475 

reported to mediate apoptosis through Hsp70 internalization(48) and further study is 476 

warranted to determine whether natural granzyme B can mediate cytotoxicity through the 477 

Hsp70 pathway in our system. Granzyme A has far weaker apoptotic activity than Granzyme 478 

B(49). The role of perforin in antigen nonspecific killing is unclear, with contradictory results 479 

reported(32,50,51). It is unlikely for freely diffusing perforin to mediate cytotoxicity here 480 

because direct contact is probably essential. Granulysin is an antimicrobial peptide, but recent 481 

evidence suggests it has antitumor effects(52). One potential mechanism is mediated by 482 
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extracellular vesicles(53) and, hence, we cannot rule out a role for granulysin in the bystander 483 

killing effect. Also, it should be noted that multiple proinflammatory cytokines can exert 484 

synergistic cytotoxicity(54).  485 

Other than direct cytotoxicity by CAR-T cells, we postulate that the non-transduced fraction of 486 

a CAR-T cell product significantly contributes to killing of both antigen-positive and antigen-487 

negative tumor cells. Bystander activation of T cells has been observed during viral or 488 

bacterial infection and involves activation of T cells in a T-cell receptor-independent and 489 

cytokine-dependent manner. IL-18 and IL-15 are important factors that induce bystander 490 

activation of T cells(55). In tumor immunology, antigen nonspecific T-cell activation plays an 491 

important role in tumor control(30). IL-2 and IL-15 can convert T cells to lymphokine-activated 492 

killer (LAK) cells and exert cytotoxicity through antigen-independent mechanisms(32,33).  493 

Of particular interest is IL-2, which was the first chemokine approved for human cancer 494 

therapy(56). IL-2 is a master cytokine, which shapes the proliferation, differentiation and 495 

function of T cells and which can regulate the cytolytic machinery of T cells, including 496 

upregulation of perforin, Granzyme A/B and other proteins required for cytolytic granule 497 

fusion(57). In this study, we hypothesize that when stimulated by antigen, CAR-T cells can 498 

produce cytokines such as IL-2, which will induce the non-transduced T cells to exert 499 

cytotoxicity via antigen-independent mechanisms. We recapitulated this effect through an in 500 

vitro cytotoxicity assay, in which the cytotoxicity of normal T cells was promoted with IL-2 (Fig. 501 

5). This IL-2-dependent function may serve to further broaden the antitumor effect of CAR-T 502 

products. Besides soluble cytokines, classic innate-like effector molecules such as NKG2D may 503 

also contribute to bystander killing(32,34) (Fig. S5). Accordingly, the observed bystander 504 
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activation and bystander cytotoxicity may represent a mechanism that bridges innate and 505 

adaptive antitumor immunity. 506 

To mimic the heterogeneity of GBM in vivo, we developed a mixed tumor model in which 507 

fluorescently tagged U87 and U251 cells were combined in an optimized ratio to produce 508 

tumors that had both cell types still present at endpoint. Using this model, we have shown 509 

that FAP-CAR-T cells, administered in a single intravenous dose, can significantly delay tumor 510 

growth despite antigen heterogeneity. Analysis of tumor tissues at endpoint revealed that 511 

both U87 FAP(+) and U251 FAP(-) cells were reduced following FAP-T cell treatment, 512 

suggesting that the CAR-T cells exert longitudinal control over both U251 and U87 cells. In 513 

these tumors, there were large areas of non-fluorescent tissue, which may come from two 514 

sources: nonfluorescent tumor cells that finally escape immune control or infiltrating mouse-515 

derived stromal tissue(58).  516 

Our observations suggest that bystander killing mechanisms may enable CAR-T cells to target 517 

more tumor cells than would be predicted from the target antigen expression pattern, and 518 

thus may contribute to tumor destruction even in the presence of tumor heterogeneity. 519 

Similar or more potent bystander killing effects may be observed by arming CAR-T cells with 520 

cytokines such as IL-15(59,60) or IL-2(61), which may be safer than systematically 521 

administered cytokine therapy. It was estimated, for example, that under physiologic 522 

conditions in dense tissues such as lymph nodes, the cytokine IL-2, interacts over a 523 

characteristic length scale of 8-14 cell diameters (80-140 µm), which is determined by a 524 

balance between diffusion and consumption of cytokine(62). Therefore, we might expect that 525 
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bystander killing effects, which are mediated by soluble factors, may be limited to the tumor 526 

microenvironment where CAR-T cells engage with antigen.  527 

In this study, we have developed a novel FAP-targeting CAR and shown, for the first time, that 528 

FAP-T cells effectively destroy GBM cells in vitro and in vivo. In addition, we highlight two 529 

mechanisms that broaden the anti-tumor effect of our CAR-T cell product: bystander killing of 530 

antigen-negative tumor cells, and cytokine-mediated bystander T-cell activation. Future work 531 

to better understand these mechanisms may reveal opportunities to enhance CAR-T cell 532 

function and promote more effective clearance of heterogenous solid tumors, a strategy that 533 

may be further augmented by multi-antigen targeting.  534 
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Figure 1. Structure and expression of FAP CARs. (A) Schematic representation of the 
FAP CAR construct. The CAR consisted of anti-FAP scFv linked to a CD28 costimulatory 
domain and CD3ζ. FAP CAR contains the myc tag at the end of the scFv and a spacer 
from human IgG4 CH2CH3 fragment with modifications. (B) CAR expression on CAR-T 
cells was detected by flow cytometry. The CAR-T cells were stained by FITC 
conjugated anti-myc tag antibody. (C) FAP expression on target cell lines was 
confirmed by flow cytometry. (D) CAR-transduced or non-transduced T cells were co-
cultured with target cells and the IL-2 concentration in supernatants determined 48 
hours later. Data represent mean +/- SD from triplicate wells. 
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Figure 2. FAP-T display cytotoxic activity against glioblastoma cell lines and GNS 
cells expressing varying levels of FAP. Left panels: FAP expression on target cells was 
examined by flow cytometry; red dotted lines indicate isotype control while black 
solid lines indicate anti-FAP antibody. Centre and right panels: Target cells were 
established in a CytoView-Z plate and placed in the Maestro Z system for up to 24 
hours, followed by addition of FAP-T as effectors or non transduced T cells (NT-T) as 
control. Cytotoxicity was monitored over time and represented as percentage of 
target lysis averaged across duplicate wells. Representative examples shown in centre 
panels and % cytolysis at 48 hours after effector cell addition is plotted on the right 
panels (mean and SEM from 3-4 experiments). The effector:target (E:T) ratio is 
indicated. (A) FAP(+) U87 and FAP(-) U251 cells were used as target cells. (B) GNS cells 
expressing varying levels of FAP were used as target cells.
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Figure 3: FAP-T cells exert a bystander killing effect on FAP(-) tumor cells after CAR
engagement. (A) Schema illustrates the workflow of co-culture assay: FAP(+) and
FAP(-) tumor cells were mixed at 1:1 ratio and treated with either FAP-T cells or non
transduced T cells (NT-T) at 1:1 E:T ratio. Single cultured target cells were treated in
the same way as control (not illustrated). The viability of target cells was analyzed 48
hours later by flow cytometry. (B) Surface expression of FAP on two pairs of target cell
lines: FAP(+) MN-1 and FAP(-) RKI-1 on the left, and FAP(+) CCB-G3C and FAP(-) SJH-1
on the right. (C) Gating strategy of representative examples from left to right: FAP(-)
single tumor plus NT-T cells; FAP(+/-) mixed cells plus NT-T cells; FAP(-) single tumor
plus FAP-T cells; FAP(+/-) mixed cells plus FAP-T cells. FAP(+) tumor cells were stained
with cell trace far red (CTFR) for discrimination. Fixable viability dye (FVD) was used
for viability assay. (D) The percentage of cell death of FAP(-) GNS after 48h co-culture
from all tests was plotted. Data was pooled from three independent experiments. t
test; *p<0.05, **p<0.005 (n=6).
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Figure 4: Bystander killing by FAP-T cells can be mediated by soluble factors. (A) 
Schematic of assay set-up. (B) Representative fluorescent images of Hoechst 33258 
(left) and PI (right) staining on FAP(-) tumor cells cultured in upper chambers for 48 
hours. Effector cells (NT-T cells or FAP-T cells) added to lower chambers are 
indicated. Images were collected using a 10X objective. (C-D) Quantification of 
percent of FAP(-) target cell death in upper chamber. Shown in C is RKI-1 from Pair 1, 
n = 6, pooled from 3 experiments. Shown in D is SJH-1 from Pair 2, n = 4 pooled from 
2 experiments. Each dot represents the mean percentage of cell death from 3 fields 
of view of each well. (E) Concentrations of secreted factors in supernatants of Pair 1 
cocultures were determined by Legendplex kit.  FAP-T stimulated by the FAP(+) GNS 
cell line CCB-G6T was used as positive control. Supernatants were collected after 48 
hours. Data are pooled from 3 experiments.
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Figure 5. IL-2 induces T cells to exert antigen nonspecific cytotoxicity against GNS 
cells. (A) A conceptual diagram of the theory. After antigen-specific activation, FAP-T 
cells secrete IL-2 which mobilizes NT-T cells to exert further cytotoxicity against tumor 
cells. (B) Cytotoxicity assay of FAP-T or NT-T cells against MN1 GNS cells, with or 
without exogenous IL-2. FAP(+) MN1 cells were established in a CytoView-Z plate for 
24 hours prior to addition of effector cells. Target cell growth was monitored by 
impedance values in real time by the Maestro Z system. Time-course graphs for 
varying E:T ratios, as indicated, show target lysis as % cytotoxicity. A summary of % 
cytolysis at 36 hours after effector cell addition is shown bottom right. Data points 
represent mean +/- SEM for 6 readings from 3 independent experiments. (C) Secreted 
factors were measured in supernatants 50 hours after addition of effector cells using 
Legendplex assay. A total of 13 analytes were measured in 3 experiments (or 2 
experiments for MN-1 and MN-1/IL-2 controls). Results of 6 key cytotoxic factors are 
shown, with the other 7 being depicted in Figure S4.
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Figure 6
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Figure 6. FAP-T cells control tumor growth in a mouse model with heterogeneous 
antigen expression. (A) In vitro bystander killing assay of FAP(-) U251-GFP and FAP(+) 
U87-RFP. Cells were cultured individually or together and were treated with FAP-T or 
NT-T cells. Fluorescent images were taken 24 hours later and GFP and RFP positive 
cells were counted using ImageJ. Data are from duplicate samples, with 3 fields of 
view imaged and counted per sample. Graphs show mean and SD from 6 counts. (B-
E) Subcutaneous tumours were created on both flanks of NSG mice using a mixture of 
U251-GFP and U87-GFP cells (as illustrated in the inset to C). Tumors were allowed to 
establish for 21 days and then mice were treated with a single intravenous injection 
of 1 x 106 FAP-T cells (blue) or NT-T cells (grey) or left untreated (black). FAP-T group 
n=11, NT-T group n=9, untreated group n=14. (B) Representative tumor tissue section 
showing the balance of U251 (green) and U87 (red) cells, with DAPI staining to 
visualize nuclei. (C) Tumor growth curves for each mouse. The volume of tumors on 
each flank was measured every 2-3 days and summed to calculate total tumor load 
per mouse. (D) Animals were humanely killed once at least one tumor reached 1000 
mm3 and survival analysis performed using a Kaplan–Meier plot. (E) GFP and RFP area 
of endpoint tumour sections were calculated. Data are pooled from a total of 28 
sections from 13 tumours of FAP-T treated group, 27 sections from 13 tumors of NT-T 
treated group and 20 sections from 9 tumors of untreated group.  
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Table 1

Cytokines

Correlation with cytotoxicity
IL-2/N-T vs N-T 

(Significant or not)
IL-2/N-T vs IL-2/FAP-T 

(Significant or not)Adj-R2 P value
Granzyme B 0.47994 8.66E-07 Yes Yes
IL-4 0.43468 4.06E-06 Yes Yes
IFN γ 0.43145 4.51E-06 Yes Yes
Perforin 0.29523 2.52E-04 Yes No
Granzyme A 0.27994 3.78E-04 Yes Yes
IL-6 0.26234 5.99E-04 Yes Yes
TNFα 0.25307 7.60E-04 Yes Yes
IL-10 0.22098 0.00171 No Yes
IL-17a 0.20964 0.00226 No Yes
Granulysin 0.14905 0.00962 Yes Yes
sFas -0.02626 0.81865 Yes Yes
sFas L -0.02713 0.88065 Yes Yes

Table 1. Linear fitting regression was performed using cytolysis%36h vs cytokine 
concentration(pg/ml). The cytokines were ranked by their adjusted R2 value from high 
to low in the table. P value was calculated by ANOVA. The significance of differences 
between NT-T +/-IL2 or between NT-T and FAP-T was determined by paired t test. 
P<0.05 was considered significant. 
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