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Materials and Methods 
Viral DNA constructs 
Primary human T cells were engineered with constructs cloned into a second generation 5’ self-
inactivating lentiviral backbone (pHR). All lentiviral constructs and sequences are detailed in 
Tables S1 and S2. Lentiviral synthetic cytokine circuits cells were made by transducing human T 
cells with a synNotch component and a response element component. SynNotch genes were 
expressed constitutively from mouse PGK promoters whereas response elements were controlled 
by a 5xGAL4 repeat with a minimal CMV promoter. The payloads controlled by synNotch were 
either expressed as “cytokine IRES mCherry” or “BFP P2A cytokine,” where the cytokine was 
super-2 (sIL-2), human IL-2, IL-7, or IL-15. For in vitro experiments, bystander T cells were 
transduced with an SFFV eGFP vector. For in vivo experiments, the autocrine circuit was 
generated by placing the synNotch and response element in one lentiviral vector and either a 
SFFV effluc P2A mCherry or PGK BFP P2A anti-NY-ESO-1 TCR in the other vector.  
Paracrine circuits were created by placing the synNotch and response element in one cell and the 
effluc or NY-ESO-1 TCR in the other cell. Primary mouse T cells were engineered with 
constructs cloned into pMIG2 alternatively known as pMSCV or the self-inactivating pRetroX 
plasmid (Takara Bio). All retroviral constructs and sequences are detailed in Tables S3 – S6. 
 
Primary immune cell culture 
Primary human CD8+ and CD4+ T cells and NK cells were isolated from leukapheresis packs 
using EasySep kits (Stemcell Technologies), following which they were frozen in RPMI with 
20% human AB serum and 10% DMSO. For assays, frozen T cells were thawed in human T cell 
media (hTCM; X-VIVO media [Lonza], 5% human AB serum, 10 mM n-acetyl cysteine, 55 µM 
β mercaptoethanol) with IL-2 (always 30 U/mL unless otherwise specified) and resuspended at 
1e6 cells/mL. One day after thawing T cells were activated with 25 μL anti-CD3/anti-CD28 
coated beads (Dynabeads Human T-Activator CD3/CD28 [Gibco]) per 1e6 T cells. 24 hours 
after activation T cells were infected by incubating 1e6 activated T cells with 1 to 1.5 mL of 
lentivirus for 24 hours.  Following infection viral supernatant was removed from cells which 
were resuspended in media with IL-2.  Cells were sorted for positive transduction on a 
FACSAria Fusion 5 days after activation based on expression of a fluorescent protein marker or 
for positive staining of a Myc-tag (anti-Myc-tag antibody, 9B11, Alexa Fluor 647 conjugate, Cell 
Signaling Technology, Cat# 2233) on synNotch, or both.  Cells were then expanded by counting 
daily and diluting with hTCM with IL-2 to a cell concentration of 5e5 cells/mL for an additional 
week to allow cells to rest from initial activation prior to in vitro analysis or in vivo use.  Frozen 
NK cells were thawed and resuspended in hTCM 24 hours prior to use.   
 
Mouse T cells were isolated from spleens and lymph nodes of female C57/Bl6 or OT-1 mice, 
which were mechanically dissociated over a 40 micron filter. RBCs were lysed using RBC lysis 
buffer (Biolegend) prior to negative selection for CD3+ or CD8+ T cells (StemCell) with purity 
confirmed post-sort by surface staining. Mouse T cells were grown in RPMI supplemented with 
10% fetal bovine serum, 2 mM Glutamax, 20 mM HEPES, 1% pen/strep, 1 mM sodium 
pyruvate, 0.05 mM beta-mercaptoethanol, and 50 IU/mL human IL-2. Mouse T cells were 
activated on day of isolation with either anti-mouse CD3/CD28 dynabeads (ThermoFisher) or 
OVA peptide (GenScript). 24 hours after activation 1e6 mouse T cells were spinfected at 2000g 
for 2 hours at 32C on retronectin coated (15 ug/mL, Takara Bio) non-TC coated 24 well plates 
with 1 to 1.5 mL of retrovirus and 4 ng/mL polybrene (Sigma-Aldrich). Retrovirus was removed 
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after 4 hours and mouse T cells expanded until 3 days after activation when they were sorted on 
a FACSaria as above. Mouse T cells were then expanded daily by counting and diluting with 
mTCM + IL-2 to maintain a concentration of 1e6 cells/mL for 9 days after activation prior to use 
with in vitro or in vivo assays. 
 
Virus Production 
Lentivirus was produced using Lx293t lentiviral packaging cells (Takara bio, Cat# 632180) that 
were seeded in 6-well plates at 7e5 cells/well and 24 hours later transfected with pHR constructs 
and pCMV and pMD2.g packaging plasmids using FuGene HD (Promega) following 
manufacturer’s protocol. 48 hours after transfection viral supernatant was collected and filtered 
prior to use with human T cell cultures. Retrovirus was producing using Plat-E retroviral 
packaging cells (Cell Biolabs, Cat# RV-101) that were seeded in 6 well plates at 9e5 cells/well 
and 24 hours later transfected with pMIG2 or pRetroX constructs using FuGene HD (Promega) 
following manufacturer’s protocol. 48 hours after transfection viral supernatant was collected 
and filtered prior to use with mouse T cell cultures. 
 
Tumor Cell Culture 
Human K562 cells were purchased from the ATCC (CCL-243) and were cultured in Iscove 
Modified Dulbecco’s Modified Eagle Medium with 10% FBS and split to 2.5e5 cells/mL every 3 
days or 3.5e5 cells/mL every 2 days. Human A375 cells were purchased from the ATCC (CRL-
1619) and cultured in DMEM with 10% FBS and split 1:6 every 2 days or 1:10 every 3 days. 
K562 lines were transduced to constitutively expressed mCherry and/or CD19 ligand 
(membrane-tethered CD19 extracellular domain). A375 lines endogenously present NY-ESO-1 
antigen and were transduced to express GFP ligand (membrane-tethered GFP), or not. Murine 
C57/Bl6 KPC (KrasLSL.G12D/+; p53R172H/+; PdxCretg/+)  cells were a kind gift of the 
Stanger Lab (25) and were cultured in Dulbecco’s Modified Eagle Medium with 10% FBS and 
split 1:5 every 2 days or 1:10 every 3 days. Murine C57/Bl6 B16F10 OVA cells were a kind gift 
of the Krummel Lab and were cultured in Dulbecco’s Modified Eagle Medium with 10% FBS 
and split 1:5 every 2 days or 1:10 every 3 days. 
 
In-Vitro Assays  
T cells and target cells were washed of residual media and cytokines by two rounds of 
centrifugations at 400xg for 4 minutes followed by resuspension in hTCM without IL-2. In some 
cases, T cells were stained with 1:5000 CellTrace CFSE proliferation stain (Molecular Probes) 
following manufacturer’s protocol. Magnetic anti-HA or anti-Myc-tag antibody-coated beads 
(Pierce) were washed 3 times with hTCM using a magnet before using. Immune cells were 
seeded at 2.5e5 cells/mL and K562 cells at 1.25e5 cells/ml. IL-2 was added as indicated. For 
beads, 2.5 μL (in terms of original suspension before washing) per well was used. Every 2 days, 
wells were triturated and 50 μL cell suspension was taken to analyze by flow cytometry. A 96-
well magnet array was used to retain magnetic beads. The media was then replenished: cells 
were pelleted, 100 μL of old media was removed, then 150 μL fresh hTCM was added to restore 
the volume to 200 μL. 
 
Mouse Experiments 
Prior to injection into mice, T cells were washed in PBS, resuspended at 10 times the injection 
amount per mL, and 100 μL was injected via the tail vein on day 0. Mouse T cells were 
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administered to female 6 to 12 week old C57/Bl6 mice (Jackson Labs Strain #000664) and 
human T cells were administered to female 6 to 12 week old NSG (NOD-scid IL2Rgammanull) 
mice. Heterotopic K562, A375 and KPC tumors were prepared by washing cells in PBS three 
times, resuspending at 10 times the injection amount per mL, and injecting 100 μL 
subcutaneously in each flank on day 0 (K562 tumors), day –4 (A375 tumors) or day -7 to -9 
(KPC tumors). Orthotopic B16-F10 tumors were prepared as before but resuspended at 25 times 
the injection amount per mL, and 25 uL was injected intradermally on day -7 to -9. Orthotopic 
KPC tumors were prepared as before with 125,000 cells implanted into the tail of the pancreas in 
25 uL in a 1:1 mix with Matrigel (Fisher Scientific). Sub-cutaneous and intra-dermal tumor size 
was measured by caliper while orthotopic tumor size was measured by luciferase signal. 
Bioluminescence imaging was performed using an IVIS Spectrum (Perkin Elmer). Mice were 
injected intraperitoneally with 200 μL of 15 mg/mL d-luciferin (Goldbio) and imaged 15 minutes 
later. Typical sample size per group was 5 mice with randomization at time of tumor 
implantation. Tumor measurements were performed by staff blinded to treatment groups, only 
mice that were engrafted tumors were included in analysis.  All animal studies were performed 
under the UCSF Office of Research Institutional Animal Care and Use Program approval 
number AN183960-02N. 
 
In-Vitro Immune Cell Assays 
Flow cytometry was performed either on a BD LSRii or BD Fortessa X-20 with high-throughput 
system. Analysis of flow data was performed in FlowJo (FlowJo, LLC). For counting, constant 
volumes were taken from each well and all events were counted within those volumes. IL-2 
production in primary human T cells was measured in 96 well flat bottom plates with A375 cells 
in co-culture with T cells. After 24 hours T cells were exposed to golgi-plug/stop (BD 
Biosciences) for four hours and then fixed and stained with PE-Texas Red anti-CD4 
(Biolegened, Cat# 317448, AB_2565847) and BUV-737 conjugated anti-human IL-2 (BD 
Bioscience, Cat# 564446) before flowing. ELISA measurements of IL-2 production from mouse 
T cells were performed using a human or mouse IL-2 quantikine ELISA kit (R&D systems, Cat# 
M2000). Absolute T Cell proliferation was measured by adding 2 uL of anti-myc Tag beads to T 
cells in a 200 uL volume on Day 0 and sampling 50 uL of cells with replacement of media every 
2 days.  Viable T Cell counts were quantified using 1:500 Sytox (Molecular Probes) in PBS and 
accounting for dilution of wells. T cell proliferation was also analyzed by dilution of CFSE cell 
trace dye (Thermo Fisher). NK cell expansion was measured in co-culture of T cells, NK cells 
and K562 cells. Cells were stained with 1:100 anti-CD3 and 1:100 anti-CD8 fluorescent 
conjugated antibodies in flow buffer (PBS, 5% FBS) for 30 minutes at 4°C followed by 1:500 
DRAQ7 (Molecular Probes) in flow buffer. Mouse T cell cytotoxicity was tested against GFP 
labeled target cells that were plated at indicated count in 100 uL in 96 well flat bottom plates and 
placed in an Incucyte Live-Cell Imaging System (Sartorius). T cells were added at indicated 
count in 100 uL of mTCM without IL2 and survival of GFP labeled target cells was recorded by 
imaging. Mouse T cell differentiation measured with BV605 anti-PD-1 (Biolegend, Cat# 
135220, AB_2562616) and PE Lag3 (Biolegend, Cat #125208, AB_2133343). Human T cell 
differentiation measured with FITC anti-CD450RO (Biolegend, Cat #304242, AB_314420) and 
AF647 anti-CCR7 (Biolegend, Cat #353217, AB_10913812). Cytokine receptor expression 
measured with BV-421 anti-IL7R (Biolegend, Cat# 351309, AB_10898326), APC anti-IL15Ra 
(Biolegend, Cat #330209, AB_2561439), PE-TR anti-CD25 (Biolegend, Cat # 302645, 
AB_2734259). 



 
 

 
 

5 

 
Analysis of tumor specimens: IHC 
Tumors samples were collected for IHC and fixed in 10% formalin for 24 to 48 hours prior to 
preservation in 70% ETOH. Tissue was embedded in paraffin, sectioned and mounted for 
staining with single chromogenic anti-CD3 (clone SP7) antibody at the UCSF Biorepository core 
facility.   
 
Analysis of tumor specimens: Flow cytometry 
Tumor samples for flow cytometry were collected and immediately processed.  Tumors were 
finely minced, digested in a mixture of 1 mg/mL collagenase IV, 20 U/mL DNAse IV, and 0.1 
mg/mL hyaluronidase V for 30 min at 37°C with shaking, passed through 70 µm cell strainers, 
washed twice with PBS + 0.04% EDTA, and aliquoted in 96 well plates for high-throughput 
flow cytometry. Cells were stained with 1:500 Live/Dead (Molecular Probes) in flow buffer for 
15 minutes, followed by additional surface staining. Antibodies used to profile murine tumors 
included an AF700 anti-CD45 (Biolegend, Cat# 103127, AB_493714), PE-594 anti-CD3 
(Biolegend, Cat# 100245, AB_2565882), APC anti-CD4 (Biolegend, Cat# 100411, 
AB_312696), BV711 anti-CD8 (Biolegend, Cat# 100747,  AB_11219594), and APC-Cy7 anti-
Thy1.1 (Biolegend, Cat# 202519, AB_2201418).  Flow cytometry was performed on a BD 
Fortessa X-20 with high-throughput system and analysis of flow data was performed in FlowJo 
(FlowJo, LLC), compensation was performed with Ultracomp eBeads (ThermoFisher). 
 
Analysis of tumor specimens: CyTOF (Cytometry by time of flight) 
Tumor samples for CyTOF were processed immediately after collection. Tumor samples were 
minced and digested in RPMI 1640 with 1 mg/ml collagenase IV and 0.1 mg/ml DNase I for 30 
min at 37°C with shaking. Digested tumor samples were filtered with a 70 µm cell strainer and 
washed with PBS + 5mM EDTA at 4°C. Cells were resuspended 1:1 with PBS + 5mM EDTA + 
50μM Cisplatin (Sigma) for exactly 60s prior to quenching 1:1 with PBS + 5mM EDTA + 0.5% 
BSA to determine viability. Tumor sample was fixed for 10 min at room temperature using 1.6% 
PFA and frozen at -80°C. Mass-tag cellular barcoding and antibody staining of samples for 
CyTOF were performed as previously described (1). A summary of all antibodies used for 
CyTOF are detailed in Tables S7. All antibodies were conjugated at the UCSF Parnassus Flow 
Cytometry Core. Each antibody clone and lot was titrated to optimal staining concentration using 
primary murine samples. CyTOF was performed on a Helios mass cytometer (Fluidigm) with 
data analysis performed in CellEngine and R.  
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SUPPLEMENTAL FIGURES
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Table S1. 
Name (all in pHR backbone) Order of Elements (:: indicates same transcript) 

anti-CD19 synNotch pGK promoter, Kozak sequence, CD8 signal 
sequence::Myc-tag::anti-CD19-scFv::synNotch 
GAL4VP64 

GAL4UAS hIL-2 IRES mCherry GAL4UAS, human IL-2, IRES, mCherry 

GAL4UAS hIL-7 IRES mCherry GAL4UAS, human IL-7, IRES, mCherry 

GAL4UAS hIL-15 IRES mCherry GAL4UAS, human IL-15, IRES, mCherry 

GAL4UAS super-2 IRES mCherry GAL4UAS, super-2, IRES, mCherry 

GAL4UAS tagBFP P2A super-2 pGK 
anti-CD19 synNotch 

GAL4UAS, Kozak sequence, tagBFP::P2A-
Furin::super-2, pGK promoter, Kozak sequence, CD8 
signal sequence::Myc-tag::anti-CD19-scFv::synNotch 
GAL4VP64 

GAL4UAS mCherry P2A super-2 pGK 
anti-GFP synNotch 

GAL4UAS, Kozak sequence, mCherry::P2A-
Furin::super-2, pGK promoter, Kozak sequence, CD8 
signal sequence::Myc-tag::LaG16-LaG2::synNotch 
GAL4VP64 

SFFV affinity-matured anti-NY-ESO 
TCR 

SFFV promoter, tagBFP::P2A-Furin::affinity-matured 
anti-NY-ESO-1 TCR beta chain::T2A-V5-tag-
Furin::affinity-matured anti-NY-ESO-1 TCR alpha 
chain 

SFFV eff-luc P2A mCherry SFFV promoter, Kozak sequence, enhanced fire-fly 
luciferase::P2A-Furin::mCherry 

SFFV eGFP SFFV promoter, Kozak sequence, eGFP 
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SFFV CD19-ligand SFFV promoter, Kozak sequence, IgKappa signal 
sequence::CD19 ECD::PDGFRb TMD 

SFFV GFP-ligand SFFV promoter, Kozak sequence, IgKappa signal 
sequence::eGFP::PDGFRb TMD 

Constituent components of pHR lentiviral vectors 
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Table S2. 
Sequences of components referenced in Supplementary Table 1. 
 

Element name sequence 

Anti-CD19-scFv DIQMTQTTSSLSASLGDRVTISCRASQDISKYLNWYQQKPDGTV 
KLLIYHTSRLHSGVPSRFSGSGSGTDYSLTISNLEQEDIATYFCQQ 
GNTLPYTFGGGTKLEITGGGGSGGGGSGGGGSEVKLQESGPGLV 
APSQSLSVTCTVSGVSLPDYGVSWIRQPPRKGLEWLGVIWGSETT 
YYNSALKSRLTIIKDNSKSQVFLKMNSLQTDDTAIYYCAKHYYYG 
GSYAMDYWGQGTSVTVSS 

LaG16-LaG2 (tandem nanobody) MAQVQLVESGGRLVQAGDSLRLSCAASGRTFSTSAMAWFRQAP 
GREREFVAAITWTVGNTILGDSVKGRFTISRDRAKNTVDLQMDN 
LEPEDTAVYYCSARSRGYVLSVLRSVDSYDYWGQGTQVTVSGG 
GGSGGGGSGGGGSMAQVQLVESGGGLVQAGGSLRLSCAASGRT 
FSNYAMGWFRQAPGKEREFVAAISWTGVSTYYADSVKGRFTISR 
DNDKNTVYVQMNSLIPEDTAIYYCAAVRARSFSDTYSRVNEYDY 
WGQGTQVTV 

CD8 signal sequence MALPVTALLLPLALLLHAARP 

synNotch GAL4VP64 ILDYSFTGGAGRDIPPPQIEEACELPECQVDAGNKVCNLQCNNHA 
CGWDGGDCSLNFNDPWKNCTQSLQCWKYFSDGHCDSQCNSAG 
CLFDGFDCQLTEGQCNPLYDQYCKDHFSDGHCDQGCNSAECEW 
DGLDCAEHVPERLAAGTLVLVVLLPPDQLRNNSFHFLRELSHVL 
HTNVVFKRDAQGQQMIFPYYGHEEELRKHPIKRSTVGWATSSLL 
PGTSGGRQRRELDPMDIRGSIVYLEIDNRQCVQSSSQCFQSATDV 
AAFLGALASLGSLNIPYKIEAVKSEPVEPPLPSQLHLMYVAAAAF 
VLLFFVGCGVLLSRKRRRMKLLSSIEQACDICRLKKLKCSKEKPK 
CAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLERLEQLFLLIF 
PREDLDMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVET 
DMPLTLRQHRISATSSSEESSNKGQRQLTVSAAAGGSGGSGGSDA 
LDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLGSDALDDF 
DLDMLGS 

GAL4UAS (5x Gal4 response 
elements with mCMV promoter) 

GGAGCACTGTCCTCCGAACGTCGGAGCACTGTCCTCCGAACGT 
CGGAGCACTGTCCTCCGAACGTCGGAGCACTGTCCTCCGAACG 
GAGCATGTCCTCCGAACGTCGGAGCACTGTCCTCCGAACGACT 
AGTTAGGCGTGTACGGTGGGAGGCCTATATAAGCAGAGCTCGT 
TTAGTGAACCGTCAGATCGCCTGGAGACGCCATCCACGCTGTTT 
TGACCTCCATAGAAGACACCGGGACCGATCCAGC 

SFFV promoter (constitutive) CCGATAAAATAAAAGATTTTATTTAGTCTCCAGAAAAAGGGG 
GGAATGAAAGACCCCACCTGTAGGTTTGGCAAGCTAGCTGCA 
GTAACGCCATTTTGCAAGGCATGGAAAAATACCAAACCAAGA 
ATAGAGAAGTTCAGATCAAGGGCGGGTACATGAAAATAGCTA 
ACGTTGGGCCAAACAGGATATCTGCGGTGAGCAGTTTCGGCCC 
CGGCCCGGGGCCAAGAACAGATGGTCACCGCAGTTTCGGCCCC 
GGCCCGAGGCCAAGAACAGATGGTCCCCAGATATGGCCCAACC 
CTCAGCAGTTTCTTAAGACCCATCAGATGTTTCCAGGCTCCCCC 
AAGGACCTGAAATGACCCTGCGCCTTATTTGAATTAACCAATC 
AGCCTGCTTCTCGCTTCTGTTCGCGCGCTTCTGCTTCCCGAGCT 
CTATAAAAGAGCTCACAACCCCTCACTCGGCGCGCCAGTCCTC 
CGACAGACTGAGTCGCCCGGG 
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pGK promoter (constitutive) GGGTAGGGGAGGCGCTTTTCCCAAGGCAGTCTGGAGCATGC 
GCTTTAGCAGCCCCGCTGGGCACTTGGCGCTACACAAGTGG 
CCTCTGGCCTCGCACACATTCCACATCCACCGGTAGGCGCC 
AACCGGCTCCGTTCTTTGGTGGCCCCTTCGCGCCACCTTCTA 
CTCCTCCCCTAGTCAGGAAGTTCCCCCCCGCCCCGCAGCTCG 
CGTCGTGCAGGACGTGACAAATGGAAGTAGCACGTCTCACT 
AGTCTCGTGCAGATGGACAGCACCGCTGAGCAATGGAAGCG 
GGTAGGCCTTTGGGGCAGCGGCCAATAGCAGCTTTGCTCCTT 
CGCTTTCTGGGCTCAGAGGCTGGGAAGGGGTGGGTCCGGGG 
GCGGGCTCAGGGGCGGGCTCAGGGGCGGGGCGGGCGCCCG 
AAGGTCCTCCGGAGGCCCGGCATTCTGCACGCTTCAAAAGC 
GCACGTCTGCCGCGCTGTTCTCCTCTTCCTCATCTCCGGGCC 
TTTCG 

Kozak sequence gccgccacc 

Myc-tag EQKLISEEDL 

Human IL-2 MYRMQLLSCIALSLALVTNSAPTSSSTKKTQLQLEHLLLDLQ 
MILNGINNYKNPKLTRMLTFKFYMPKKATELKHLQCLEEEL 
KPLEEVLNLAQSKNFHLRPRDLISNINVIVLELKGSETTFMCE 
YADETATIVEFLNRWITFCQSIISTLT 

Human IL-7  

Human IL-15 MRISKPHLRSISIQCYLCLLLNSHFLTEAGIHVFILGCFSAGLP 
KTEANWVNVISDLKKIEDLIQSMHIDATLYTESDVHPSCKVT 
AMKCFLLELQVISLESGDASIHDTVENLIILANNSLSSNGNVT 
ESGCKECEELEEKNIKEFLQSFVHIVQMFINTS 

Super-2 MYRMQLLSCIALSLALVTNSAPTSSSTKKTQLQLEHLLLDLQ 
MILNGINNYKNPKLTRMLTFKFYMPKKATELKHLQCLEEELK 
PLEEVLNLAQSKNFHFDPRDVVSNINVFVLELKGSETTFMCE 
YADETATIVEFLNRWITFCQSIISTLT 

IRES CCCCTCTCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCG 
CTTGGAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTC 
CACCATATTGCCGTCTTTTGGCAATGTGAGGGCCCGGAAAC 
CTGGCCCTGTCTTCTTGACGAGCATTCCTAGGGGTCTTTCCC 
CTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGAAG 
GAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTC 
TGTAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCG 
ACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAAGATACA 
CCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTGAGTTG 
GATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCGTAT 
TCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGT 
ATGGGATCTGATCTGGGGCCTCGGTGCACATGCTTTACATGT 
GTTTAGTCGAGGTTAAAAAAACGTCTAGGCCCCCCGAACCA 
CGGGGACGTGGTTTTCCTTTGAAAAACACGATGATAA 

P2A-Furin RKRRSGSGATNFSLLKQAGDVEENPGP 

T2A-V5-tag-Furin RKRRGKPIPNPLLGLDSTSGSGEGRGSLLTCGDVEENPGP 

tagBFP MSELIKENMHMKLYMEGTVDNHHFKCTSEGEGKPYEGTQTMRI 
KVVEGGPLPFAFDILATSFLYGSKTFINHTQGIPDFFKQSFPEGFT 
WERVTTYEDGGVLTATQDTSLQDGCLIYNVKIRGVNFTSNGPV 
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MQKKTLGWEAFTETLYPADGGLEGRNDMALKLVGGSHLIANI 
KTTYRSKKPAKNLKMPGVYYVDYRLERIKEANNETYVEQHEV 
AVARYCDLPSKLGHKLN 

mCherry MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYE 
GTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYL 
KLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGT 
NFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKDG 
GHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQY 
ERAEGRHSTGGMDELYK 

eGFP MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLT 
LKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSA 
MPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFK 
EDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGS 
VQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHM 
VLLEFVTAAGITLGMDELYK 

Enhanced fire-fly luciferase MEDAKNIKKGPAPFYPLEDGTAGEQLHKAMKRYALVPGTIAFTD 
AHIEVDITYAEYFEMSVRLAEAMKRYGLNTNHRIVVCSENSLQFF 
MPVLGALFIGVAVAPANDIYNERELLNSMGISQPTVVFVSKKGLQ 
KILNVQKKLPIIQKIIIMDSKTDYQGFQSMYTFVTSHLPPGFNEYDF 
VPESFDRDKTIALIMNSSGSTGLPKGVALPHRTACVRFSHARDPIF 
GNQIIPDTAILSVVPFHHGFGMFTTLGYLICGFRVVLMYRFEEELF 
LRSLQDYKIQSALLVPTLFSFFAKSTLIDKYDLSNLHEIASGGAPLS 
KEVGEAVAKRFHLPGIRQGYGLTETTSAILITPEGDDKPGAVGKV 
VPFFEAKVVDLDTGKTLGVNQRGELCVRGPMIMSGYVNNPEAT 
NALIDKDGWLHSGDIAYWDEDEHFFIVDRLKSLIKYKGYQVAPA 
ELESILLQHPNIFDAGVAGLPDDDAGELPAAVVVLEHGKTMTEK 
EIVDYVASQVTTAKKLRGGVVFVDEVPKGLTGKLDARKIREILIK 
AKKGGK 

affinity-matured anti-NY-ESO-1 TCR 
beta chain 

MSIGLLCCAALSLLWAGPVNAGVTQTPKFQVLKTGQSMTLQCA 
QDMNHEYMSWYRQDPGMGLRLIHYSVGAGITDQGEVPNGYNV 
SRSTTEDFPLRLLSAAPSQTSVYFCASSYVGNTGELFFGEGSRLTV 
LEDLNKVFPPEVAVFEPSEAEISHTQKATLVCLATGFFPDHVELSW 
WVNGKEVHSGVSTDPQPLKEQPALNDSRYCLSSRLRVSATFWQN 
PRNHFRCQVQFYGLSENDEWTQDRAKPVTQIVSAEAWGRADCGF 
TSVSYQQGVLSATILYEILLGKATLYAVLVSALVLMAMVKRKDF 

affinity-matured anti-NY-ESO-1 TCR 
alpha chain 

METLLGLLILWLQLQWVSSKQEVTQIPAALSVPEGENLVLNCSFT 
DSAIYNLQWFRQDPGKGLTSLLLIQSSQREQTSGRLNASLDKSSG 
RSTLYIAASQPGDSATYLCAVRPLYGGSYIPTFGRGTSLIVHPPNI 
QNPDPAVYQLRDSKSSDKSVCLFTDFDSQTNVSQSKDSDVYITD 
KTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPEDTFFPS 
PESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMT 
LRLWSS 

IgKappa signal sequence METDTLLLWVLLLWVPGSTGD 

CD19 ECD RPEEPLVVKVEEGDNAVLQCLKGTSDGPTQQLTWSRESPLKP 
FLKLSLGLPGLGIHMRPLAIWLFIFNVSQQMGGFYLCQPGPPS 
EKAWQPGWTVNVEGSGELFRWNVSDLGGLGCGLKNRSSEG 
PSSPSGKLMSPKLYVWAKDRPEIWEGEPPCLPPRDSLNQSLSQ 
DLTMAPGSTLWLSCGVPPDSVSRGPLSWTHVHPKGPKSLLSL 
ELKDDRPARDMWVMETGLLLPRATAQDAGKYYCHRGNLTM 
SFHLEITARPVLWHWLLRTGGWK 
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PDGFRb TMD NAVGQDTQEVIVVPHSLPFKVVVISAILALVVLTIISLIILIMLW 
QKKPR 

 

 

Table S3. 
Name (all in pMIG2 backbone) Order of Elements (:: indicates same transcript) 

anti-Meso CAR huPGK promoter, Kozak sequence, CD8 signal 
sequence::V5-tag::anti-mesothelin-
nanobody::cd8hinge:cd8transmembrane::41bb::cd3zeta 

BFP-p2a-mIL2 huPGK promoter, Kozak sequence, BFP::p2a::mIL2 

 
Constituent components of pMIG2 lentiviral vectors 
 

 

Table S4. 
Sequences of components referenced in Supplementary Table 3. 
 

Element name sequence 

huPGK promoter ggggttggggttgcgccttttccaaggcagccctgggtttgcgcagggacgcggctgctctg
ggcgtggttccgggaaacgcagcggcgccgaccctgggtctcgcacattcttcacgtccgtt
cgcagcgtcacccggatcttcgccgctacccttgtgggccccccggcgacgcttcctgctccg
cccctaagtcgggaaggttccttgcggttcgcggcgtgccggacgtgacaaacggaagccg
cacgtctcactagtaccctcgcagacggacagcgccagggagcaatggcagcgcgccgac
cgcgatgggctgtggccaatagcggctgctcagcagggcgcgccgagagcagcggccggg
aaggggcggtgcgggaggcggggtgtggggcggtagtgtgggccctgttcctgcccgcgcg
gtgttccgcattctgcaagcctccggagcgcacgtcggcagtcggctccctcgttgaccgaat
caccgacctctctccccag 
 

Kozak sequence gccgcc 

CD8 signal sequence MALPVTALLLPLALLLHAARP 

V5-tag GKPIPNPLLGLDST 

Anti-Mesothelin-nanobody QVQLVQSGGGLVHPGGSLRLSCAASGIDLSLYRMRWYRQAPGKERDLV
ALITDDGTSYYEDSVKGRFTITRDNPSNKVFLQMNSLKPEDTAVYYCNAE
TPLSPVNYWGQGTQVTVS 

Mouse CD8 Hinge + 
Transmembrane 

TTTKPVLRTPSPVHPTGTSQPQRPEDCRPRGSVKGTGLDFACDIYIWAPL
AGICVALLLSLIITLICYHRSR 
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Mouse 41bb costimulatory 
domain 

SVLKWIRKKFPHIFKQPFKKTTGAAQEEDACSCRCPQEEEGGGGGYEL 

Mouse CD3z domain RAKFSRSAETAANLQDPNQLYNELNLGRREEYDVLEKKRARDPEMGGK
QQRRRNPQEGVYNALQKDKMAEAYSEIGTKGERRRGKGHDGLYQGLST
ATKDTYDALHMQTLAPR 

BFP  MSELIKENMHMKLYMEGTVDNHHFKCTSEGEGKPYEGTQTMRIKVVE
GGPLPFAFDILATSFLYGSKTFINHTQGIPDFFKQSFPEGFTWERVTTYED
GGVLTATQDTSLQDGCLIYNVKIRGVNFTSNGPVMQKKTLGWEAFTETL
YPADGGLEGRNDMALKLVGGSHLIANIKTTYRSKKPAKNLKMPGVYYVD
YRLERIKEANNETYVEQHEVAVARYCDLPSKLGHKLN 

p2a RKRRSGSGATNFSLLKQAGDVEENPGP 

mIL2 MYSMQLASCVTLTLVLLVNSAPTSSSTSSSTAEAQQQQQQQQQQQQH
LEQLLMDLQELLSRMENYRNLKLPRMLTFKFYLPKQATELKDLQCLEDEL
GPLRHVLDLTQSKSFQLEDAENFISNIRVTVVKLKGSDNTFECQFDDESAT
VVDFLRRWIAFCQSIISTSPQ 

 
 
 

Table S5. 
Name (all in pRetroX backbone) Order of Elements (:: indicates same transcript) 

GAL4UAS BFP huPGK anti-CD19 
synNotch 

5xGAL4UAS-mCMV, Kozak sequence, BFP, mPGK 
promoter, Kozak sequence, CD8 signal sequence::Myc-
tag::CD19scffv::synNotch GAL4VP64 

GAL4UAS mIL-2 huPGK anti-CD19 
synNotch 

5xGAL4UAS-mCMV, Kozak sequence, mIL2, mPGK 
promoter, Kozak sequence, CD8 signal sequence::Myc-
tag::CD19scfv::synNotch::GAL4VP64 

NFAT mIL-2 mPGK GFP 4xNFAT/AP1-mCMV, Kozak sequence, mIL2, mPGK 
promoter, Kozak sequence, GFP 

 
Constituent components of pRetroX lentiviral vectors 
 
 

Table S6. 
Sequences of components referenced in Supplementary Table 5. 
 

Element name sequence 

GAL4UAS-mCMV ggagcactgtcctccgaacgtcggagcactgtcctccgaacgtcggagcactgtcctccgaacgtc
ggagcactgtcctccgaacgGAGCATGTCCTCCGAACGTCGGAGCACTGTCCTCC
GAACGactagttaggcgtgtacggtgggaggcctatataagcagagctcgtttagtgaaccgtc
agatcgcctggagacgccatccacgctgttttgacctccatagaagacaccgggaccgatccagc 
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4xNFAT/AP1-mCMV AAGAGGAAAATTTGTTTCATACAGAAGGCGTTAAGAGGAAAATTTGTTTCA
TACAGAAGGCGTTCTAGTAAGAGGAAAATTTGTTTCATACAGAAGGCGTTA
AGAGGAAAATTTGTTTCATACAGAAGGCGTTaattctAtaggcgtgtacggtggga
ggcctatataagcagagctcgtttagtgaaccgtcagatcgcctggagacgccatccacgctgtttt
gacctccatagaagacaccgggaccgatccagc 

Kozak sequence gccgccacc 

BFP MSELIKENMHMKLYMEGTVDNHHFKCTSEGEGKPYEGTQTMRIKVVEGGPL
PFAFDILATSFLYGSKTFINHTQGIPDFFKQSFPEGFTWERVTTYEDGGVLTATQ
DTSLQDGCLIYNVKIRGVNFTSNGPVMQKKTLGWEAFTETLYPADGGLEGRN
DMALKLVGGSHLIANIKTTYRSKKPAKNLKMPGVYYVDYRLERIKEANNETYVE
QHEVAVARYCDLPSKLGHKLN 

mIL2 MYSMQLASCVTLTLVLLVNSAPTSSSTSSSTAEAQQQQQQQQQQQQHLEQL
LMDLQELLSRMENYRNLKLPRMLTFKFYLPKQATELKDLQCLEDELGPLRHVL
DLTQSKSFQLEDAENFISNIRVTVVKLKGSDNTFECQFDDESATVVDFLRRWIA
FCQSIISTSPQ 

mPGK promoter GGGTAGGGGAGGCGCTTTTCCCAAGGCAGTCTGGAGCATGCGCTTTAGCA
GCCCCGCTGGGCACTTGGCGCTACACAAGTGGCCTCTGGCCTCGCACACAT
TCCACATCCACCGGTAGGCGCCAACCGGCTCCGTTCTTTGGTGGCCCCTTC
GCGCCACCTTCTACTCCTCCCCTAGTCAGGAAGTTCCCCCCCGCCCCGCAGC
TCGCGTCGTGCAGGACGTGACAAATGGAAGTAGCACGTCTCACTAGTCTC
GTGCAGATGGACAGCACCGCTGAGCAATGGAAGCGGGTAGGCCTTTGGG
GCAGCGGCCAATAGCAGCTTTGCTCCTTCGCTTTCTGGGCTCAGAGGCTGG
GAAGGGGTGGGTCCGGGGGCGGGCTCAGGGGCGGGCTCAGGGGCGGGG
CGGGCGCCCGAAGGTCCTCCGGAGGCCCGGCATTCTGCACGCTTCAAAAG
CGCACGTCTGCCGCGCTGTTCTCCTCTTCCTCATCTCCGGGCCTTTCG 

CD8 signal sequence MALPVTALLLPLALLLHAARP 

Myc tag EQKLISEEDL 

Anti-CD19scfv DIQMTQTTSSLSASLGDRVTISCRASQDISKYLNWYQQKPDGTVKLLIYHTSRL
HSGVPSRFSGSGSGTDYSLTISNLEQEDIATYFCQQGNTLPYTFGGGTKLEITGG
GGSGGGGSGGGGSEVKLQESGPGLVAPSQSLSVTCTVSGVSLPDYGVSWIRQ
PPRKGLEWLGVIWGSETTYYNSALKSRLTIIKDNSKSQVFLKMNSLQTDDTAIY
YCAKHYYYGGSYAMDYWGQGTSVTVSS 

synNotch ILDYSFTGGAGRDIPPPQIEEACELPECQVDAGNKVCNLQCNNHACGWDGG
DCSLNFNDPWKNCTQSLQCWKYFSDGHCDSQCNSAGCLFDGFDCQLTEGQ
CNPLYDQYCKDHFSDGHCDQGCNSAECEWDGLDCAEHVPERLAAGTLVLVV
LLPPDQLRNNSFHFLRELSHVLHTNVVFKRDAQGQQMIFPYYGHEEELRKHPI
KRSTVGWATSSLLPGTSGGRQRRELDPMDIRGSIVYLEIDNRQCVQSSSQCFQ
SATDVAAFLGALASLGSLNIPYKIEAVKSEPVEPPLPSQLHLMYVAAAAFVLLFF
VGCGVLLSRKRRR 

GAL4VP64 MKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLT
EVESRLERLEQLFLLIFPREDLDMILKMDSLQDIKALLTGLFVQDNVNKDAVTD
RLASVETDMPLTLRQHRISATSSSEESSNKGQRQLTVSAAAGGSGGSGGSDAL
DDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLGS 

GFP MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKL
PVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDG
NYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQ
KNGIKANFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKD
PNEKRDHMVLLEFVTAAGITLGMDELYK 
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WPRE taatcaacctctggattacaaaatttgtgaaagattgactggtattcttaactatgttgctccttttac
gctatgtggatacgctgctttaatgcctttgtatcatgctattgcttcccgtatggctttcattttctcct
ccttgtataaatcctggttgctgtctctttatgaggagttgtggcccgttgtcaggcaacgtggcgtg
gtgtgcactgtgtttgctgacgcaacccccactggttggggcattgccaccacctgtcagctcctttc
cgggactttcgctttccccctccctattgccacggcggaactcatcgccgcctgccttgcccgctgct
ggacaggggctcggctgttgggcactgacaattccgtggtgttgtcggggaaatcatcgtcctttcc
ttggctgctcgcctgtgttgccacctggattctgcgcgggacgtccttctgctacgtcccttcggccct
caatccagcggaccttccttcccgcggcctgctgccggctctgcggcctcttccgcgtcttcgccttc
gccctcagacgagtcggatctccctttgggccgcctccccgcat 

 
 
Table S7. 
Antibodies for mass cytometry analysis of KPC tumors. 
 

Antigen Clone Supplier Elemental 

Ter119 TER119 Biolegend Y89 

CD3 17A2 Biolegend Cd111 

CD64 X54-5/7.1 Biolegend Cd112 

CD45.2 104 Biolegend In113 

CD8 53-6.7 Biolegend Cd114 

CD45.1 A20 Biolegend In115 

CD4 RM4-5 Biolegend Cd116 

Ly6G 1A8 Biolegend La139 

KLRG1 2F1 BD Ce140 

Granzyme B QA16A02 Biolegend Pr141 

CD49b HMa2 Biolegend Nd142 

CD11c N418 Biolegend Nd143 

CD206 C068C2 Biolegend Nd144 

CD27 LG.3A10 Biolegend Nd145 

CD138 281-2 Biolegend Nd146 

PD-1 29F.1A12 Biolegend Sm147 

ICOS C398.4A Biolegend Nd148 

SiglecF E50-2440 BD Sm149 

Ly6C HK1.4 Biolegend Eu151 

Ki67 SolA15 BD Sm152 

CD11b M1/70 Biolegend Eu153 

cKit 2B8 Biolegend Sm154 

CD103 2E7 Biolegend Gd155 

B220 RA3-6B2 Biolegend Gd158 

NK1.1 PK136 Biolegend Gd160 

T-bet O4-46 BD Dy161 

TCRgd GL3 Biolegend Dy162 
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CD62L 95218 R&D Dy163 

TCF1 C63D9 Cell Signal Dy164 

CD69 Polyclonal R&D Ho165 

CD127 A7R34 Biolegend Er166 

Foxp3 NRRF-30 eBioscience Er167 

CD25 PC61 Biolegend Er168 

F4/80 BM8 Biolegend Tm169 

LAG3 C9B7W Biolegend Er170 

CD38 90 Biolegend Yb171 

TIM3 RMT3-23 Biolegend Yb172 

CD19 6D5 Biolegend Yb173 

iNOS CXNFT eBioscience Yb174 

CD44 IM7 Biolegend Lu175 

CD39 24DMS1 eBioscience Yb176 

MHC II M5/114.15.2 Biolegend Bi209 

IgD 11-26c.2a Biolegend Ce140 

CD80 16-10A1 Biolegend Gd156 

CD86 GL-1 Biolegend Gd157 

pSTAT5 47 Fluidigm Nd150 
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