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            Abstract
The ability to safely control transgene expression with simple synthetic gene switches is critical for effective gene- and cell-based therapies. In the present study, the signaling pathway controlled by human transient receptor potential (TRP) melastatin 8 (hTRPM8), a TRP channel family member1, is harnessed to control transgene expression. Human TRPM8 signaling is stimulated by menthol, an innocuous, natural, cooling compound, or by exposure to a cool environment (15â€“18â€‰Â°C). By functionally linking hTRPM8-induced signaling to a synthetic promoter containing elements that bind nuclear factor of activated T cells, a synthetic gene circuit was designed that can be adjusted by exposure to either a cool environment or menthol. It was shown that this gene switch is functional in various cell types and human primary cells, as well as in mice implanted with engineered cells. In response to transdermal delivery of menthol, microencapsulated cell implants harboring this gene circuit, coupled to expression of either of two therapeutic proteins, insulin or a modified, activin type IIB, receptor ligand trap protein (mActRIIBECD-hFc), could alleviate hyperglycemia in alloxan-treated mice (a model of type 1 diabetes) or reverse muscle atrophy in dexamethasone-treated mice (a model of muscle wasting), respectively. This fully human-derived orthogonal transgene switch should be amenable to a wide range of clinical applications.
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                    Fig. 1: Design of a cooling sensation-regulated transgene switch.[image: ]


Fig. 2: Characterization of the CoolSens gene switch in cells.[image: ]


Fig. 3: Using insulin production from CoolINS-transgenic HEK-293 cells to control blood glucose homeostasis in a T1D mice model.[image: ]


Fig. 4: Therapeutic efficacy of an ActRIIB trap protein produced from CoolActRII-transgenic HEK-293 cells in mice with dexamethasone-induced muscle atrophy.[image: ]
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Extended data

Extended Data Fig. 1 Functional characterization of CoolSens gene switch in vitro
a, Menthol-inducible NFAT translocation on hTRPM8 activation demonstrated with micrographs of both HEK-293 cells cotransfected with HA-NFAT1(4-460)-GFP (PhCMV-NFAT1(4-460)-GFP-pA) and pPB112 (PhEF1Î±-hTRPM8-pA), and cultivated for 1â€‰h in the absence or presence of 100â€‰ÂµM menthol. Differences between the images are highlighted by arrows. From left to right: phase contrast, fluorescence and overlaid microscope images. The experiments were repeated independently at least three times with similar results. b, Ciclosporin-mediated inhibition of menthol-induced transgene expression demonstrated with SEAP levels in culture supernatants of pPB112/pPB111-transgenic HEK-293 cells induced by menthol (50â€‰ÂµM) and cultivated for 24â€‰h in the presence or absence of ciclosporin. Data presented are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 biologically independent samples. c, SEAP levels in culture supernatants of pPB112/pPB111-transgenic HEK-293 cells cultivated for 24â€‰h in medium containing menthol esters (i), menthol derivatives (ii) or monoterpenes (iii) with a mint-like flavor and capsaicin. Data presented are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 biologically independent samples. d, SEAP levels in culture supernatants of pPB112/pPB111-transgenic HEK-293 cells cultivated for 24â€‰h in medium containing testosterone or menthol. Data presented are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 biologically independent samples. e, SEAP levels in culture supernatants of HEK-293 cells cotransfected with pMX57 (PNFAT3-SEAP-pA) and a plasmid encoding a constitutive expression unit for TRPM8 of human, rat or murine origin, cultivated for 24â€‰h in the presence of 100â€‰ÂµM menthol. Data presented are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 biologically independent samples. f, SEAP levels in culture supernatants of a mixed population between phTRPM8/pMX57-transgenic HEK-293 cells and pPB108/pMX57-transgenic HEK-293 cells cultivated for 24â€‰h at 37â€‰Â°C following a 1-h stimulation time at 18â€‰Â°C or 42â€‰Â°C. Control cells were kept constantly at 37â€‰Â°C. Data presented are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 biologically independent samples. g, SEAP levels in culture supernatants of pPB112/pPB111-transgenic HEK-293 cells cultivated for 24â€‰h in menthol-free medium after a pre-stimulation with 50â€‰ÂµM menthol for different time periods and subsequent medium exchange. Data presented are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 biologically independent samples.


Extended Data Fig. 2 Orthogonality of CoolSens in vitro.
a, SEAP levels in culture supernatants of HEK-293 cells transfected with plasmids encoding hGPR40 (PhCMV-hGPR40-FLAG-pA), human phTRPM8 (PhCMV-hTRPM8-pA) and pMX57 (PNFAT3-SEAP-pA), and cultivated for 24â€‰h with the respective agonist of each receptor (oleic acid 10â€‰ÂµM, 50â€‰ÂµM; menthol, 50â€‰ÂµM). Data presented are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 biologically independent samples. b, SEAP levels in culture supernatants of HEK-293 cells transfected with plasmids encoding human GPR40 (PhCMV-hGPR40-FLAG-pA), human phTRPM8 (PhCMV-hTRPM8-pA) and pYL1 (PCRE-SRE-NFAT-SEAP-pA), and cultivated for 24â€‰h with the respective agonist of each receptor (oleic acid 10â€‰ÂµM; menthol, 50â€‰ÂµM). Data presented are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 biologically independent samples. c, Insensitivity of CoolSens to endogenous NFAT agonists demonstrated with SEAP levels in culture supernatants of pPB112/pPB111-transgenic HEK-293 cells cultivated for 48â€‰h in medium supplemented with different NFAT agonists at bioactive concentrations (VEGF165 (40â€‰ngâ€‰mlâ€“1), insulin (100â€‰ngâ€‰mlâ€“1), angiotensin II (1â€‰ÂµM), l-norepinephrine (100â€‰ÂµM), acetylcholine (2â€‰mM) and IL-6 (1â€‰ngâ€‰mlâ€“1). KCl, 20â€‰mM, was used as a positive control. Data presented are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 biologically independent samples. d, Relative expression levels of representative NFAT-target genes (see Supplementary Table 2) in CoolSens cells after menthol-triggered activation determined with RTâ€“qPCR. HEK-293 cells, CoolSens cells stimulated by menthol for 1â€‰week or CoolSens cells stimulated by menthol for 5â€‰weeks were harvested for RNA extraction. Data presented are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 biologically independent samples.


Extended Data Fig. 3 Functionality of the CoolSens gene switch in encapsulated cells.
a, Stable HEK-293-derived CoolSens cells were encapsulated into alginate-poly(l-lysine)-alginate microcapsules and cultivated in six-well plates (~5â€‰Ã—â€‰105 cells per well). SEAP expression in the culture supernatants was profiled at 24â€‰h after the addition of menthol (50â€‰ÂµM). All the data are shown as meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 independent experiments. b, Stable HEK-293-derived CoolSens cells were encapsulated into hollow-fiber macrocapsules and cultivated in six-well plates (~1â€‰Ã—â€‰105 cells per well). SEAP expression in the culture supernatants was profiled at 24â€‰h after coculturing with menthol (50â€‰ÂµM). All data are shown as meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰4 biologically independent samples. c, Stable HEK-293-derived CoolSens cells were encapsulated into cellulose microcapsules and cultivated in six-well plates (~5â€‰Ã—â€‰105 cells per well). SEAP expression in the culture supernatants was profiled after 24â€‰h in the presence of menthol (50â€‰ÂµM). All data are shown as meanâ€‰Â±â€‰s.d.â€‰; nâ€‰=â€‰3 independent experiments. P values were determined using a two-tailed, Studentâ€™s t-test.


Extended Data Fig. 4 Orthogonality of CoolSens in vivo.
a, Effect of typical menthol-containing foods on transgene expression in mice demonstrated with 24-h SEAP levels in the bloodstream of mice harboring intraperitoneal CoolSens implants (2â€‰Ã—â€‰106 cells per mouse) and receiving oral administrations of freshly prepared peppermint tea (100â€‰Âµl of 10â€‰ml water containing 1â€‰g dry peppermint leaves), peppermint essential oil (100â€‰Âµl of 1:10 dilution in olive oil) or menthol (0.3â€‰M in olive oil) (positive control). Data are shown as meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰5, each dot representing an individual mouse. Statistics by one-way ANOVA test. b, Effect of cold exposure on transgene expression in mice demonstrated with 24-h SEAP levels in the bloodstream of mice harboring subcutaneous CoolSens implants (2â€‰Ã—â€‰106 cells per mouse) and either (i) kept at room temperature (room temperature, nâ€‰=â€‰6), in a room with constant temperature control at 15â€‰Â°C (15â€‰Â°C environment, nâ€‰=â€‰6), subjected to ice-pack application on the skin for 1â€‰h (local ice bag, nâ€‰=â€‰5) or given transdermal application of menthol (0.6â€‰M menthol in olive oil/Vaseline) (positive control, nâ€‰=â€‰6), or (ii) placed in a cold room (4â€‰Â°C, nâ€‰=â€‰6) for 3â€‰h. Data are shown as meanâ€‰Â±â€‰s.e.m., each dot representing an individual mouse. P values were determined using a two-tailed, Studentâ€™s t-test. For the purpose of comparison, the SEAP levels from wild-type mice kept at room temperature (control, Fig. 3a) were replicated. Statistics for (i) were performed by a one-way ANOVA test. c, The 24-h SEAP levels in the bloodstream of mice harboring intraperitoneal CoolSens implants and exposed to menthol vapor for 8â€‰h. Data are shown as meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰6, each dot representing an individual mouse. P values were determined using a two-tailed, Studentâ€™s t-test between indicated datasets.


Extended Data Fig. 5 Kinetics of CoolINS-mediated protein secretion in vivo.
SEAP levels in the bloodstream sampled at different time points from mice harboring intraperitoneal CoolSens implants and receiving oral administrations of olive oil (âˆ’ menthol) or menthol (0.15â€‰M in olive oil). Data are shown as meanâ€‰Â±â€‰s.e.m., each dot representing an individual mouse (nâ€‰=â€‰6 mice per group). P values were determined using a two-tailed, Studentâ€™s t-test between indicated datasets.


Extended Data Fig. 6 Long-term functionality of CoolINS cells in vivo.
a,b, T1D C57BL/6 mice (nâ€‰=â€‰7) were implanted with 2â€‰Ã—â€‰106 CoolINS cells intraperitoneally and given oral administration of menthol solution (0.3â€‰M in olive oil) at the indicated time points for 4â€‰weeks. The placebo group received menthol without CoolINS cell implants (nâ€‰=â€‰5). Statistics were using a two-tailed, Studentâ€™s t-test. a, Fasting blood glucose levels were measured at the indicated time points. b, Intraperitoneal glucose tolerance test was performed on day 28. Healthy mice (nâ€‰=â€‰5) received no treatment. c, Impact of menthol on fasting glycemia in mice. T1D CD-1 mice (nâ€‰=â€‰6) were treated with topical menthol ointment (0.6â€‰M menthol in olive oil/Vaseline) for 4â€‰d and fasting blood glucose levels were assayed at indicated time points. Statistics were by one-way ANOVA test. Data are shown as meanâ€‰Â±â€‰s.e.m.


Extended Data Fig. 7 Long-term functionality of CoolSens cells in vivo.
a, Reversible transgene induction demonstrated with SEAP levels in the bloodstream of C57BL/6 mice harboring peritoneal CoolSens cell capsules and receiving repeated oral administrations of menthol (0.3â€‰M in olive oil) for 5â€‰weeks. Each dot represents an individual mouse (nâ€‰=â€‰8 mice, day 2 to day 16; nâ€‰=â€‰6 mice, day 19 to day 30). Data are shown as meanâ€‰Â±â€‰s.e.m.; P values were determined using a two-tailed, Studentâ€™s t-test between indicated datasets. b, Macrophage depletion enhances transgene expression. One day before implantation of CoolSens cell capsules, C57BL/6 mice were treated with or without clodronate liposomes (single dose of 200â€‰Âµl intraperitoneally nâ€‰=â€‰6 mice). Menthol (0.3â€‰M in olive oil) was orally administered to mice once a week before serum SEAP levels were assayed. For the purpose of comparison, the SEAP levels (weeks 1 and 2) from wild-type mice (nâ€‰=â€‰8 mice) (a) were replicated in b . Data are shown as meanâ€‰Â±â€‰s.e.m., each dot representing an individual mouse. P values were determined using a two-tailed, Studentâ€™s t-test between indicated datasets. c, Micrographs of cell capsules explanted from mice treated as described in b using peritoneal lavage. Experiments were repeated independently three times with similar results.


Extended Data Fig. 8 Host immune response to designer cell implants.
aâ€“d, Wild-type C57BL/6 mice were implanted intraperitoneally with empty capsules, capsules containing mouse-derived C2C12 cells or capsules containing human-derived HEK-293 CoolSens cells for 3â€‰weeks. a, Micrographs of cell capsules explanted by peritoneal lavage. Red fluorescence indicates CoolSens cells. b, Retrieval efficacy of different cell capsules calculated by the percentage of retrievable microcapsules at week 3 post-transplantation in respect to the initial number of implanted cell capsules (nâ€‰=â€‰5 mice). Data are shown as meanâ€‰Â±â€‰s.e.m., P values were determined using a two-tailed, Studentâ€™s t-test between indicated datasets. c, Total count of cells retrieved by peritoneal lavage at week 3 post-implantation (nâ€‰=â€‰5 mice), Data are shown as meanâ€‰Â±â€‰s.e.m. d, FACS analysis of the retrieved peritoneal cells described in c for different cell-surface markers (nâ€‰=â€‰4 mice). Data are shown as meanâ€‰Â±â€‰s.e.m. eâ€“i, Wild-type C57BL/6 mice were implanted intraperitoneally with capsules containing human-derived HEK-293 CoolSens cells for 5â€‰weeks while receiving oral menthol administration (0.3â€‰M in olive oil) once a week (same experimental group as in Extended Data Fig. 7a). Control groups received either no capsules or capsules containing HEK-293 cells lacking the CoolSens circuit. e, Immunological characterization of spleen cell population in mice (nâ€‰=â€‰4 mice Data are shown as meanâ€‰Â±â€‰s.e.m. f, Total count of white blood cells, blood monocytes and blood lymphocytes in mice. White blood cell count (WBC) (nâ€‰=â€‰6 mice). Data are shown as meanâ€‰Â±â€‰s.e.m. g, Serum TNF-Î± levels in mice. Statistics by one-way ANOVA test. NS (nâ€‰=â€‰6 mice). Data are shown as meanâ€‰Â±â€‰s.e.m. Statistics by one-way ANOVA test. h, Serum IFN-Î³ levels in mice. Statistics by one-way ANOVA test (nâ€‰=â€‰6 mice Data are shown as meanâ€‰Â±â€‰s.e.m. i, Serum IL-6 levels in mice (nâ€‰=â€‰6 mice). Data are shown as meanâ€‰Â±â€‰s.e.m. Each dot represents an individual mouse.


Extended Data Fig. 9 Characterization of CoolINS-mediated insulin expression in vitro.
a, Insulin expression kinetics determined with ELISA of cell culture medium of 1â€‰Ã—â€‰106 CoolINS cells cultivated in 2â€‰ml menthol-containing medium. Data presented are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 biologically independent samples. b, Functional assessment of insulin activity. Analogous to the assay described in Fig. 4b, phIR/MKp37/pLeo665-transfected HEK-293 cells were cultivated with conditional medium from HEK-293 cells (control) or CoolINS cells with 50â€‰Î¼M menthol (conditional medium) for 24â€‰h, and then NanoLuc production in the supernatant was quantified. Data presented are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 biologically independent samples.
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