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hinge (DARPin trCAR), matching that in the 4D5 CAR, partially restored 
efficacy (Extended Data Fig. 5d,e). Notably, we also found that this 
truncation reduced the in vivo toxicity of the constitutive CAR T cells, 
necessitating the installation of the CD28 costimulatory domain and 
injection of a higher dose to recapitulate weight loss (Extended Data 
Fig. 5f). We then evaluated the performance of the SNIPR→trCARs in 
the A375 xenograft model, increasing the tumour dosage proportion-
ally to the T cells. The TGFβ and VEGF SNIPR→trCAR circuits were well 
tolerated and highly efficacious, whereas constitutive DARPin trCAR 
T cells rapidly induced weight loss within several days of infusion, 
albeit not to the euthanasia threshold, and then were unable to control 
tumour outgrowth (Fig. 5c). To test an orthogonal toxicity model, we 

also evaluated our constructs using a cross-reactive anti-mesothelin 
nanobody-based CAR payload36, with A375 tumour cells ectopically 
expressing mesothelin. Similarly to the cross-reactive HER2 CARs, the 
SNIPRs significantly increased the therapeutic window of this potent 
and highly toxic CAR (Extended Data Fig. 5g).

Discussion
The SNIPR architecture satisfies the demands of high-performance sol-
uble factor sensing. SNIPRs bearing ligand-binding domains that tar-
get cancer-associated factors show robust activation after the titration 
of recombinant ligands, and are capable of driving potent therapeutic 
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Fig. 5 | In vivo anti-tumour efficacy of soluble SNIPR→CAR T cells.  
a, Schematic of in vivo CAR efficacy and toxicity study. The cross-reactive CAR 
has previously been shown to induce toxicity, most prominently displayed as a 
weight-loss phenotype, owing to on-target and off-tumour activity targeting 
mainly lung tissue. NSG mice were implanted subcutaneously with A549  
lung carcinoma or A375 melanoma cells. After 7 days, mice were adoptively 
transferred (i.v.; intravenously) with primary human CD3+ T cells bearing 
soluble SNIPRs driving a mouse–human cross-reactive HER2 CAR, constitutively 
expressed HER2 CAR or untransduced T cells. Stim., stimulated. b, Tumour 
volume (top), weight change (bottom), and survival (right) of A549 xenografted 
mice. Tumour volume statistics analysed using one-way ANOVA with Dunnett’s 
correction comparing the area under the curve versus the untransduced 
control group over the course of the experiment. Weight loss statistics 
computed by one-way ANOVA with Dunnett’s correction comparing mouse 

weights versus constitutive CAR on the day of peak weight loss (indicated by an 
arrow). Survival statistics calculated using pairwise log-rank test with Bonferroni 
correction factor comparing SNIPR→CAR T cells with constitutive CAR and 
untransduced control groups. ACT, adoptive cell transfer. c, Activity of SNIPR 
circuits driving the trDARPin HER2 CAR in A375 melanoma xenografted mice. 
Data presented analogously to b. Tumour volume statistics analysed using 
one-way ANOVA with Dunnett’s correction comparing the area under the curve 
versus the untransduced control group over the course of the experiment. 
Weight loss statistics computed by one-way ANOVA with Dunnett’s correction 
comparing mouse weights versus constitutive CAR on the day of peak weight 
loss (indicated by an arrow). Survival statistics calculated using pairwise 
log-rank test with Bonferroni correction factor comparing SNIPR→CAR T cells 
with constitutive CAR and untransduced control groups. NS, not significant.
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responses at the site of disease, mitigating the toxicity potential of cell 
therapies. The ability of SNIPRs to recognize engineered orthogonal 
ligands expands their potential capabilities beyond natural cues and 
unidirectional signalling. Immune cells bearing orthoSNIPRs could 
coordinate to establish signalling feedback loops to more precisely 
pinpoint tumour coordinates in the body, and different immune cell 
types bearing their own receptors and payloads could interact to 
activate specific programs at the optimal times during treatment 
stages. Customizing orthoSNIPR signalling using privileged or pro-
miscuous signalling channels enables the fine-tuning of engineered 
cell behaviour, and the capability to sense and secrete endogenous 
signalling factors provides an interface with the local host immune  
environment.

Some aspects of soluble SNIPR biology remain open to further inves-
tigation. The ability to increase soluble SNIPR activity with a cysteine 
substitution in the hinge domain suggests that additional mechanisms 
are available to fine-tune the response profile of these receptors. In 
addition, the high response of the VEGF SNIPR T cells to A549 cells, 
which seem to secrete relatively little VEGF, suggests that the receptor 
may be triggered in response to a combination of ligand states consist-
ing of both fully soluble and membrane-bound ligand. Unravelling 
this behaviour might provide further avenues to shape SNIPR T cell 
responses to the surrounding microenvironment.

Overall, soluble SNIPRs provide a versatile tool for therapeutic bioen-
gineering and other disciplines in biology. The customizability of these 
receptors could enable them to sense morphogen gradients estab-
lished by proteins such as NGF and the BMP family during embryonic 
development, or to report on the local immune state in the context of 
cancer, autoimmunity and infectious disease. These receptors are also 
suitable for use in developing complex high-order biocomputational 
circuits, owing to their programmability through synthetic ligands 
and their compatibility with modular payloads. Their compact genetic 
footprint might permit the development of multi-receptor circuits that 
integrate various soluble or cell-surface inputs for precise localization 
of biological activity37. Soluble SNIPRs expand our ability to precisely 
control cells for therapeutic purposes and basic biology applications 
to study cellular interactions.
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Methods

Plasmid assembly
Plasmids were derived from previously reported constructs, with recep-
tor vectors originating in pHR_PGK (Addgene 79120) and reporter con-
structs cloned into pHR_Gal4UAS_PGK_mCherry (Addgene 79124). All 
constructs reported in this work were generated using NEBuilder HiFi 
DNA Assembly (NEB E2621). A mapping of which constructs correspond 
to which figures is shown in Supplementary Table 1. Sequences are listed 
in Supplementary Table 2. The origins of new components described 
in this manuscript are listed in Supplementary Table 3.

Cell culture and lentiviral production
Lenti-X 293T cells (Clontech 632180) were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% FBS (Mil-
lipore Sigma), 1× sodium pyruvate (Millipore Sigma) and 50 U ml−1 
penicillin–streptomycin (MP Biochemicals). A375 cells expressing 
nuclear-localized RFP were a gift from the A. Marson laboratory at 
UCSF. A549 cells (CCLZR013) were obtained from the UCSF Cell and 
Genome Engineering Core. A375 and A549 cell lines were grown in 
293T medium. Caco-2 cells were obtained from ATCC (HTB-37) and 
grown in DMEM (Gibco 11965092) supplemented with 20% FBS and 
50 U ml−1 penicillin–streptomycin. M28 cells were obtained from the 
B. Gerwin laboratory at the National Cancer Institute and grown in 
RPMI 1640 (Gibco) with 10% FBS, 50 U ml−1 penicillin–streptomycin 
and 1× GlutaMAX (Gibco). Cells obtained from ATCC or from the 
UCSF Cell and Genome Engineering Core were authenticated by the 
supplier. All cell lines were tested for mycoplasma (ATCC 30-1012K). 
For viral production, 1E6 Lenti-X 293T cells were seeded in a six-well 
vessel at 1 × 106 per well in 2.5 ml of 293T medium. One day after 
seeding, cells were transfected with a packaging mix consisting of 
1.5 μg transgene expression vector, 1.34 μg pCMVdR8.91 and 0.17 μg 
pMD2.G, using TransIT-Lenti Transfection Reagent (Mirus) (3 μl of the 
reagent per 1 μg of total DNA). Two days after transfection, viral super-
natants were collected by centrifugation and used immediately for  
transduction.

For Jurkat experiments, HEK293T cells were first cultured in 
DMEM (Gibco) supplemented with 10% FCII (Gibco) and 50 U ml−1 
penicillin–streptomycin (Gibco), then with ‘induction’ DMEM medium 
supplemented with 10% FCII, 10 mM sodium butyrate and 50 U ml−1 
penicillin–streptomycin, and later with ‘viral’ DMEM medium sup-
plemented with 10% FCII, 0.1 mM HEPES, 1× GlutaMAX, 1× MEM 
non-essential amino acids and 50 U ml−1 penicillin–streptomycin. 
Jurkat T cells were cultured in RPMI 1640 supplemented with 1× Glu-
taMAX (Gibco), 10% FCII and 50 U ml−1 penicillin–streptomycin. For 
lentivirus production, 293T cells were seeded at 400,000 cells per 
ml in either a 12-well vessel or a T75 plate and grown to 90% conflu-
ency. Then, 22 μg expression vector was mixed with 22 μg pCMV and 
4.5 μg pVSV-G (for 12-well transfections, these microgram quanti-
ties of DNA were divided by 4). This DNA mixture was then packaged 
using PEImax (Thermo Fisher Scientific) and 1× Opti-MEM (Gibco) and 
added to the medium of the 293T cells. Then, 12–17 h later the medium 
was removed from these cells and replaced with ‘induction’ DMEM 
medium containing 10 mM sodium pyruvate. After incubating for 
6–8 h, the ‘induction’ medium was replaced with ‘viral’ medium. Two 
days later, viral supernatants were collected using Lenti-X Concentra-
tor (Takara), concentrated by centrifugation and used immediately 
for transduction.

Primary human T cell culture
T cells were isolated from anonymized donor blood after apheresis 
(Vitalant) in bulk CD3+ format through positive selection (Stem Cell 
17851). For Incucyte experiments, CD8+ populations were isolated 
(Stem Cell 15063). Use of donor material was approved by the UCSF 
Institutional Review Board. After isolation, T cells were frozen in liquid 

nitrogen in RPMI 1640 (Thermo Fisher Scientific 11875093) supple-
mented with 20% human AB serum (Valley Biomedical HP1022) and 10% 
DMSO. For experiments, T cells were thawed at 37 °C, washed and cul-
tured in human T cell medium consisting of X-VIVO15 (Lonza 04-418Q) 
with 5% human AB serum, 10 mM N-acetyl l-cysteine (Sigma-Aldrich 
A9165) neutralized with 1 M NaOH (Sigma-Aldrich S2770) and sup-
plemented with 30 units per ml IL-2 (NCI BRB Preclinical Repository). 
One day after thaw, T cells were stimulated with washed Dynabeads 
(Thermo Fisher Scientific 11132D) using a 1:3 cell:bead ratio. On the 
following day, untitred lentiviral supernatant was added at a 1:1 total 
volume ratio. After 24 h of infection, cells were gently pelleted (400g 
for 5 min) and depleted medium was exchanged for fresh complete 
medium. After three days of subsequent expansion, Dynabeads were 
removed by magnetic separation and cells were sorted (Beckton Dick-
inson FACSAria II) for populations expressing both epitope-tagged 
receptors and constitutive fluorophore-expressing reporter cir-
cuits (where applicable). Experiments typically commenced 4 to 7 
days after sort. All experiments were performed in complete human 
T cell medium other than Incucyte assays, which were performed in  
RPMI–10% FBS.

Flow cytometry and sorting
For sorting, T cells were pelleted and resuspended in 100 μl PBS with 
2% FBS and antibody at a 1:100 ratio. After 20–30 min of staining at 
room temperature, cells were pelleted and resuspended in PBS with 
2% FBS and kept on ice until sorting. For flow cytometry measuring 
a fluorescent reporter gene, cells were directly analysed and gated 
on scatter (FSC-A versus SSC-A), single cells (FSC-H versus FSC-A) 
and the constitutive co-fluorophore expressed by the reporter con-
struct (Supplementary Fig. 1a). For cytometry experiments involving 
immunohistochemistry, cells were washed once in PBS before staining 
for 20–30 min at room temperature, and then washed three times 
before analysis. The antibodies used are listed in Supplementary  
Table 4.

In vitro SNIPR activation
Recombinant soluble factors were gently resuspended in their respec-
tive manufacturer-recommended reconstitution buffers and frozen 
at −80 °C as single-use aliquots. After thawing at room temperature, 
proteins were diluted in T cell medium to the appropriate concen-
tration and either added directly to the T cells in 96-well plates at a 
1:100 dilution, or pre-diluted in medium to 2× final concentration 
and added in a 1:1 ratio. Cells were mixed briefly and incubated at 
37 °C until reporter expression was assayed by flow cytometry (BD 
FACSymphony X50 SORP or LSR II SORP). The data shown represent 
72 h of ligand exposure unless otherwise indicated. Representative 
gating is shown in Supplementary Fig. 1b. The recombinant soluble 
factors used in experiments are listed in Supplementary Table 5, and 
inhibitors are shown in Supplementary Table 6. Where unspecified, 
TGFβ refers to human TGFβ1 and VEGF refers to human VEGFα. Acti-
vation of latent human TGFβ1 was performed by incubation at 80 °C 
for 5 min as described previously38. For the TRE3G promoter, doxy-
cycline hyclate (Abcam ab141091) was added as the ligand analogue 
reagent. For chemical inhibitor experiments, DAPT, GI254023X and 
chloroquine were used at a working concentration of 10 μM, 10 μM 
and 25–100 μM, respectively. The blocking antibodies, pan-TGFβ 
blocker (R&D MAB1835) and bevacizumab (Selleck, A2006) were 
used at a concentration of 0.17 μg ml−1 and 1.4 μg ml−1, respectively. 
Chemical inhibitors and blocking antibodies were added immediately 
before ligands.

For Jurkat experiments, Jurkat T cells were collected and resuspended 
at 400,000 cells per ml in fresh RPMI medium. De-novo-designed ortho-
Ligands were diluted to the appropriate concentrations in 1× PBS and 
were added to freshly washed cells at a 1:10 dilution (20 μl into 200 μl) 
in 96-well plates. Assay plates were incubated at 37 °C for 17–24 h and 



then analysed using flow cytometry. The orthoLigands and inhibitors 
used in these experiments are also listed in Supplementary Table 5 and 
Supplementary Table 6, respectively.

Microwell fabrication
Microwells were prepared as previously described39. In brief, a mas-
ter SU8 mould with periodic arrays of microwells (24 µm × 40 µm 
diameter × depth, 10 µm well-to-well spacing) was fabricated on a 
silicon wafer by photolithography. The master mould was then pas-
sivated by O2-plasma treatment followed by trichloro(1H,1H,2H,2H- 
perfluorooctyl)silane (Sigma-Aldrich) vapour deposition under  
vacuum. Polydimethylsiloxane (PDMS) was cast onto the wafer and 
cured to create a negative of the master mould. After carefully removing 
PDMS blocks from the wafer, a circular PDMS stamp (4 mm in diameter) 
was cut and placed on the coverslip (no. 1.5) of a glass-bottomed dish 
(MatTek). A drop of pre-polymer solution (BIO133, My Polymers) was 
added to one side of the PDMS stamp, facilitating gap-filling between 
the substrate and the stamp by capillarity. After curing with UV expo-
sure, the PDMS stamp was removed carefully. The final microwell 
array pattern was treated with pluronic acid F127 (Sigma-Aldrich) 
overnight to block nonspecific binding of soluble ligands to the  
microwells.

Protein expression and purification
orthoSNIPR ligands were expressed in Escherichia coli BL21 (NEB). 
In brief, the DNA fragments encoding the design sequences were 
assembled into pET-29 vectors by Gibson assembly and further trans-
formed into the BL21 strain with heat shock. Protein expression was 
induced by the autoinduction system and proteins were purified with 
immobilized metal affinity chromatography (IMAC). The elutions were 
further purified by FPLC SEC using Superdex 75 10/300 GL or Superdex 
10/300 200 columns (GE Healthcare). Protein concentrations were 
determined by NanoDrop (Thermo Fisher Scientific) and normalized 
by extinction coefficients. Proteins were diluted to the appropriate 
concentrations in 1× PBS and applied to cell culture medium using  
1:100 dilutions.

Confocal microscopy
HeLa cells were engineered to express the SNIPR receptor with a cleav-
able GFP domain in place of a transcription factor. These cells were 
seeded in 18-well glass-bottomed µ-Slides (Ibidi 81817) at a density 
of 15,000 per well. mCherry-fused SNIPR ligands were incubated 
with the cultured cells for 15 min, 3 h, 6 h or 24 h, and LysoTracker 
(Thermo Fisher Scientific L7526) was added 30 min before imaging. 
Cells were washed three times in PBS and imaging was performed 
immediately. Confocal laser scanning microscopy was performed 
on a Nikon A1R HD25 system equipped with a LU-N4 laser unit 
(Lasers used: 488 nm, 561 nm and 640 nm). Data were acquired 
using a 20×, NA 0.75, WD 1.00 mm air objective (Plan Apochromat 
Lambda) in combination with one multialkaline (EM 650 LP) and 
two GaAsP detectors (DM 560 LP EM 524/42 (503-545) and DM 652 
EM 600/45 (578-623)). Acquisition was controlled with NIS Ele-
ments software and data were analysed with Fiji and custom-written  
Python scripts.

Jurkat T cells expressing mCherry-fused TGFβ SNIPRs were seeded 
into microwells. Fluorescence labelling of recombinant TGFβ1 was per-
formed by the following procedures. Recombinant TGFβ1 (10 µg) was 
dissolved in HEPES buffer (pH8, 100 mM) and then mixed with 5 equiva-
lent of Alexa Fluor 647 NHS ester (Thermo Fisher Scientific A37573) 
(20 mg ml−1 in DMSO). After a one-hour reaction, excess dyes were 
removed by passing the solution through a spin desalting column (Zeba 
Micro Spin, Thermo Fisher Scientific). To induce SNIPR activation, Alexa 
Fluor 647-labelled TGFβ1 was added to the cells entrapped in micro-
wells to a final concentration of 100 ng ml−1. Cells were stained with 
LysoTracker (Thermo Fisher Scientific L7526) for 30 min immediately 

before each imaging session at 6 h and 24 h. Live-cell imaging was per-
formed using a 60× Plan-Apo oil objective (NA 1.42) on an Olympus 
Fluoview 3000 laser scanning confocal microscope. Z-stack images 
were acquired and data were analysed in Fiji.

In vitro cell–cell communication assays
For in vitro detection of cell-produced TGFβ and VEGF, target cells were 
seeded in a flat-bottomed 96-well culture vessel at 20,000 per well in 
each cell type’s native medium. After 24 h of adherence and growth, the 
growth medium was aspirated and replaced with 40,000 T cells per well 
in human T cell medium. BFP reporter activation was determined by 
flow cytometry after 48 h of coculture. Similarly, the in vitro coculture 
in transwell cell system required 50,000 target cells per well in the 
transwell membrane (Corning 3388). After 24 h of incubation, T cells 
were seeded at 100,000 per well at the bottom of the well, and cells 
were incubated for 72 h before BFP reporter activation was determined 
by flow cytometry. For the production of TGFβ1 and VEGF by ELISA, 
target cells were seeded at 100,000 per well in a flat-bottomed 96-well 
culture vessel and incubated for 72 h. After incubation, a hTGFβ1 ELISA 
(Thermo Fisher Scientific BMS249-4) and hVEGF ELISA kit (Thermo 
Fisher Scientific KHG0111) were used following the manufacturer’s pro-
tocol. Following this same methodology, target cells were seeded and 
supernatant was collected for a Luminex TGFβ 3-plex Discovery Assay 
Multi Species Array (TGFβ1–TGFβ3) and a VEGF-A, VEGF-B and VEGF-C 
assay was performed by Eve Technologies. To generate orthoLigand 
sender cells, HeLa cells were transiently transfected by electropora-
tion with a plasmid encoding an orthoLigand that was preceded by a 
modified serum albumin secretion tag. The cells were then grown for 
48 h to allow for protein expression before collecting the medium. 
To eliminate any potential cell contamination, the medium was cen-
trifuged at 500g. To assess the functionality of the orthoLigand, the 
conditioned medium from the sender cells was added to Jurkat cells, 
which served as the receiver cells. The cells were incubated for 24 h 
before being analysed for BFP expression. BFP signal was indicative 
of successful orthoLigand-mediated signalling between the sender 
and the receiver cells.

Incucyte imaging
For in vitro live-cell imaging and killing assays, A375, A549 or M28 target 
cells bearing nuclear-localized mKate2 were seeded in flat-bottomed 
96-well plates in their native medium. After 24 h, the medium was 
aspirated and immediately replaced with CD8+ T cells in RPMI 1640 
(Gibco), 10% FBS, 50 U ml−1 penicillin–streptomycin and 30 U mll−1 IL-2 
so as to maintain an expected 2:1 effector:target ratio at the start of the 
experiment. Plates were imaged using the Incucyte S3 Live-Cell Analysis 
System (Essen Bioscience) with three or four images collected per well 
and an imaging period of 4–6 h for at least 7 days of coculture. Cells 
were counted through automated segmentation of the fluorescent 
target cell nuclei using the Incucyte software.

In vivo xenograft models
All animal work was performed under approval from the UCSF Institu-
tional Animal Care and Use Committee (protocol AN177022-03C). All 
experiments used NOD.Cg- PrkdcscidIl2rgtm1Wjl/SzJ (NSG) (RRID:IMSR_
JAX:005557) mice of the same sex, aged 8–12 weeks at the onset of the 
experiments. For all tumour models, dissociated cancer cells in 0.1 ml 
serum-free DMEM were implanted subcutaneously in the flank. T cells 
were administered retroorbitally in 0.1 ml PBS 7 days after tumour injec-
tion (5 days after sort). Experiments were performed with 1 × 106 tumour 
cells and 6 × 106 T cells per mouse, except for Fig. 5c, in which 1.5 × 106 
tumour cells and 9 × 106 T cells were used. Tumour size was monitored 
by caliper, and for experiments using mouse–human cross-reactive 
CARs, mice were weighed to a precision of 0.1 g daily for one week after 
T cell injection and then at all subsequent tumour measurement time 
points. Mice were euthanized on tumour measurement along any axis 



Article
of more than 20 mm, or on reaching a tumour volume of more than 
2,000 mm3, where volume = ½ × largest axis × (smallest axis)2, or on 
weight loss of 15% below initial weight at tumour injection as specified 
in our IACUC-approved protocol, or when meeting humane euthanasia 
criteria for other reasons including impaired mobility, observable 
behavioural distress (laboured respiration, hunched appearance), 
or tumour ulceration covering more than 50% of the tumour surface 
area. Sample size was not pre-determined with statistical methods. 
Randomization and blinding were not performed.

Statistics and reproducibility
Data points represent individual technical replicates unless otherwise 
stated. Technical replicates were performed as distinct samples. No 
statistical methods were used to predetermine sample size. For tumour 
curve comparison, area under curve measurements were compared; 
for mice that were euthanized before the end of the study, the final 
tumour volume measurement was prorated through the final time 
point. Comparison of mouse weight loss was performed on the day 
of peak weight loss for each individual experiment. The individual 
biological donors used are shown in Supplementary Table 1.

Software and code availability
Chart plotting and statistical analysis were performed in GraphPad 
Prism 10. Flow cytometry and sorting were performed using BD 
FACSDiva, and post-hoc gating and analysis were conducted using 
FlowJo 10.8.0. Imaging colocalization analysis was performed with 
a custom-written Python script reporting the Pearson’s correlation 
coefficient (provided in Supplementary Data 1).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper.

Code availability
The analysis code used for imaging colocalization analysis, along with 
an example image, is provided with this paper as Supplementary Data 1.
 
38.	 Brown, P. D., Wakefield, L. M., Levinson, A. D. & Sporn, M. B. Physicochemical activation of 

recombinant latent transforming growth factor-beta’s 1, 2, and 3. Growth Factors 3, 35–43 
(1990).

39.	 Engl, W., Arasi, B., Yap, L. L., Thiery, J. P. & Viasnoff, V. Actin dynamics modulate 
mechanosensitive immobilization of E-cadherin at adherens junctions. Nat. Cell Biol. 16, 
584–591 (2014).

Acknowledgements K.T.R. was supported by the Parker Institute for Cancer Immunotherapy,  
the CRI Lloyd J. Old STAR Award and the NIH Director’s New Innovator Award (DP2 CA239143). 
D.B. acknowledges funding from the Howard Hughes Medical Institute. D.I.P. is the recipient of a 
Cancer Research Institute Irvington Postdoctoral Fellowship. M.H.A. is a Fellow of the Jane Coffin 
Childs Fund for Medical Research. A.C.-G. was supported by the Defense Threat Reduction 
Agency award HR0011-21-2-0012. T.S. was supported by the European Molecular Biology 
Organization through ALTF191-2021. A.L. and Y.-w.J. were supported by R35GM134948 from  
the National Institute of Health and the National Institute of General Medical Science (NIGMS).

Author contributions D.I.P. and M.H.A. conceived and designed the initial project, performed 
experiments, interpreted data and wrote the manuscript. M.J.D.G. designed and performed 
experiments, interpreted data and wrote the manuscript. A.C.-G. performed experiments and 
interpreted data. A.L. performed experiments and interpreted data related to microwell cell 
activation and imaging. I.Z. designed and performed experiments related to the IFNγ SNIPR. 
P.T.R. designed, performed and interpreted initial experiments. T.S. performed experiments 
and interpreted data relating to cell imaging. B.H. assisted with EndoTag ligand design and 
generation. T.H.B. constructed the samples used for microwell activation and imaging. D.L. 
performed experiments relating to orthogonal ligand secretion. S.W. interpreted data. Y.-w.J. 
supervised experiments. K.T.R. and D.B. conceived and designed the project, supervised 
experiments and reviewed and edited the manuscript.

Competing interests D.I.P., I.Z. and K.T.R. have patents for SNIPR receptors or variants. D.I.P. is 
an employee of Dispatch Biotherapeutics. K.T.R. is a co-founder of and stockholder in Arsenal 
Bio, Dispatch Biotherapeutics and Moonlight Bio. M.H.A., B.H. and D.B. are co-inventors on a 
provisional patent application that incorporates discoveries described in this manuscript.

Additional information
Supplementary information The online version contains supplementary material available at 
https://doi.org/10.1038/s41586-024-08366-0.
Correspondence and requests for materials should be addressed to David Baker or  
Kole T. Roybal.
Peer review information Nature thanks the anonymous reviewers for their contribution to the 
peer review of this work.
Reprints and permissions information is available at http://www.nature.com/reprints.

https://doi.org/10.1038/s41586-024-08366-0
http://www.nature.com/reprints


Extended Data Fig. 1 | Soluble SNIPR tunability and specificity. a, BFP 
reporter induction in a panel of SNIPR variants bearing scFvs targeted against 
TGFβ (left) or VEGF (right) in VHVL or VLVH orientation in primary human 
T cells. n = 3 (left) and 2 (right) technical replicates. b, BFP reporter gene 
induction of primary human T cells expressing SNIPRs containing a set of 
unique Transcription Activation Domains (TADs) (n = 2 technical replicates).  
c, BFP reporter induction by conventional or hinge-mutant (hm) TGFβ and 
VEGF SNIPR or untransduced T cells (n = 3 technical replicates). Statistics 
represent difference between SNIPR and hmSNIPR variants computed via 
two-way ANOVA with Šídák’s multiple comparisons test. d, BFP reporter 

activation by TGFβ (left) and VEGF (right) SNIPRs in primary T cells from  
three different donors (n = 3 technical replicates per donor). e, Activation of 
TGFβ SNIPR and VEGF SNIPR T cells by their matched or mismatched ligands, 
respectively (n = 3 technical replicates). Statistics calculated using unpaired 
two-tailed Welch’s t-test. f, TGFβ SNIPR activation in primary human T cells 
using recombinant active TGFβ, recombinant latent TGFβ, or recombinant 
latent TGFβ re-activated via heat exposure (n = 3 technical replicates). g, TGFβ 
SNIPR activation in primary human T cells using recombinantly expressed 
human TGFβ1, β2, or β3 protein isoforms (n = 3 technical replicates).
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Extended Data Fig. 2 | Investigation of soluble SNIPR activation mechanism. 
a, Left, Schematic of a potential model of mechanosensitive soluble SNIPR 
activation wherein the mechanical force is applied via the simultaneous 
binding of a dimeric ligand by two SNIPR-expressing cells in trans. Centre: BFP 
reporter expression histograms depicting a T cell titration assay wherein the 
TGFβ ligand concentration remains constant while the primary T cells are 
diluted within the same volume. Measurement obtained 48 h after ligand 
addition. Right, Activation of an orthoLigand-responsive SNIPR driving a BFP 
reporter circuit in Jurkat T cells via introduction of orthoLigand C1-active at 
500 nM while titrating down the number of receiver cells (n = 3 technical 
replicates). b, Bright-field (top) and fluorescence (bottom) imaging of primary 
TGFβ SNIPR → NLS-mCitrine circuit human T cells in the presence or absence of 
recombinant TGFβ1 24 h after ligand exposure. c, Confocal maximum intensity 
projection images of Jurkat T cells containing a TGFβ SNIPR → BFP circuit 
entrapped in microwells after 24 h of exposure to recombinant TGFβ1. d, Left, 
Schematic of an alternative force-mediated soluble SNIPR activation mechanism 

wherein mechanical stress is applied via T cell motion while the receptor binds 
to a putatively soluble ligand which has been immobilized on the cell culture 
vessel via adsorption. Right, Representative histograms showing TGF SNIPR 
T cell activation in the presence or absence of 50 ng/mL TGFβ1 in a conventional 
polystyrene vs. low-binding culture vessel after 24 h of ligand exposure. e, BFP 
reporter expression of TGF SNIPR T cells after addition of 100 ng ml−1 TGFβ and 
the indicated concentration of chloroquine or vehicle control for 24 h (n = 2 
technical replicates). Statistics were computed via two-way ANOVA with Šídák’s 
multiple comparisons test. f, BFP reporter expression of TGF SNIPR T cells in 
the presence of 100 ng ml−1 TGFβ and the indicated concentration of DMSO 
after 24 h of incubation (n = 2 technical replicates). Vertical dashed lines 
indicate the final DMSO vehicle concentrations for DAPT, GI254023X, and 
Chloroquine in Fig. 2b (left). The chloroquine and vehicle concentrations used 
to assay the synthetic receptors were 4-fold lower than that in the endogenous 
receptor panel.



Extended Data Fig. 3 | OrthoSNIPR activation and tuning. a, Individual 
activation analysis of the 5 × 5 receptor ligand screen shown in Fig. 3c. n = 3 
technical replicates. Error bars represent SEM. b, Activation of Jurkat T cells 
expressing orthoSNIPR and a corresponding variant bearing the hmSNIPR 

hinge cysteine substitution using orthoLigand C1-active at 200 nM (n = 3 
technical replicates; error bars represent SEM). Statistics were computed  
using Welch’s unpaired t-test.



Article

Extended Data Fig. 4 | Soluble antigen sensors can improve CAR-T therapy. 
a, Quantification of TGFβ and VEGF isoform secretion from cancer cell lines 
using Multiplexing Laser Bead assay. b, Schematic of Incucyte cytotoxicity 
assay; RFP-labelled tumour cell lines induce CAR expression in soluble SNIPR → 
CAR T cells by secreting the cognate SNIPR ligand. c, Induction of a Flag-tagged 
Her2 CAR by TGF or VEGF SNIPR T cells using titrated recombinant ligand (n = 3 
technical replicates). d, Incucyte imaging of CD8+ T cells bearing a panel of TGF 
SNIPR→CAR circuits cocultured with A375RFP-NLS cells. e, Quantification of Her2 

expression on A375RFP-NLS and early passage A375 cells sourced from ATCC.  
f, Incucyte cytotoxicity analysis of TGFβ SNIPR → Her2 CAR circuit variants, 
constitutive Her2 CAR, and untransduced T cells. g, Incucyte cytotoxicity  
assay of VEGF SNIPR → Her2 CAR, constitutive CAR, and untransduced T cells. 
h, Comparison of engineered CD19 expression on A549 and M28 target cells.  
i, Incucyte viability analysis of A549 (left) and M28 (right) cells ectopically 
expressing CD19 in coculture with TGFβ or VEGF SNIPR→CD19 CAR, constitutive 
CD19 CAR or untransduced T cells.



Extended Data Fig. 5 | In vivo performance of SNIPR–CAR circuits. a, Tumour 
volume (left) and Kaplan-Meyer survival plots (right) of TGFβ SNIPR, hinge- 
mutant SNIPR, or constitutive 4D5 anti-Her2 CAR T cells versus untransduced 
control T cells. Tumour volume statistics compare cumulative area under curve 
versus untransduced control using one-way ANOVA with Dunnett’s correction. 
Survival statistics versus untransduced control were calculated using pairwise 
Log-Rank test with Bonferroni correction factor. b, Activation of TGFβ (left) 
and VEGF (right) SNIPR → BFP T cells using recombinant human and mouse 
ligands (n = 3 technical replicates). c, Tumour growth (top), weight change 
(bottom), and survival (right) of NSG mice bearing A375 xenografts treated 
with untransduced, constitutive, or SNIPR → Her2 DARPin CAR T cells. Statistics 

are presented analogously to those shown in Fig. 5c,d). d, Schematic of CD8 
hinge sequence variation in the original 4D5 CAR, original DARPin CAR, and 
matched truncated DARPin CAR. e, Incucyte comparison of cytotoxic potential 
of Her2 DARPin CARs in original or truncated CD8 Hinge architectures and 
bearing CD28 vs. 4-1BB costimulatory domains. f, Weight loss phenotype of 
tumour-free NSG mice injected with constitutive trDARPin Her2 CAR T cells 
bearing 4-1BB (top) or CD28 (bottom) costimulatory domains. g, In vivo 
evaluation of a constitutive or SNIPR-gated mouse/human cross-reactive 
Mesothelin CAR in an NSG xenograft model. Tumour volume (top), weight 
change (bottom), and overall mouse survival (right) are shown. Statistics are 
presented analogously to those shown in Fig. 5c.












