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 34 

ABSTRACT 35 

 36 

The application of current channelrhodopsin-based optogenetic tools is limited by the lack of strict ion 37 

selectivity and the inability to extend the spectra sensitivity into the near-infrared (NIR) tissue 38 

transmissible range. Here we present an NIR-stimulable optogenetic platform (termed “Opto-CRAC”) 39 

that selectively and remotely controls Ca2+ oscillations and Ca2+-responsive gene expression to regulate 40 

the function of non-excitable cells, including T lymphocytes, macrophages and dendritic cells. When 41 

coupled to upconversion nanoparticles, the optogenetic operation window is shifted from the visible 42 

range to NIR wavelengths to enable wireless photoactivation of Ca2+-dependent signaling and 43 

optogenetic modulation of immunoinflammatory responses. In a mouse model of melanoma by using 44 

ovalbumin as surrogate tumor antigen, Opto-CRAC has been shown to act as a genetically-encoded 45 

“photoactivatable adjuvant” to improve antigen-specific immune responses to specifically destruct tumor 46 

cells. Our study represents a solid step forward towards the goal of achieving remote control of 47 

Ca2+-modulated activities with tailored function. 48 

 49 
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 62 

INTRODUCTION 63 

 64 

Microbial opsin-based optogenetic technologies have been widely adopted to modulate neural activity1, 65 

but similar tools tailored for utilization in non-excitable tissues (e.g., the immune and hematopoietic 66 

system) are still limited. The application of channelrhodopsin (ChR)-based optogenetic tools is limited by 67 

the lack of ion selectivity and the inability to extend the spectral sensitivity into the near-infrared (NIR) 68 

range1. Here we present a tissue penetrable near infrared-stimulable optogenetic platform (termed 69 

“Opto-CRAC”) that can be used to reversibly photo-manipulate Ca2+ influx through one of the most 70 

Ca2+-selective ion channels, the Ca2+ release-activated Ca2+ (CRAC) channel, which is abundantly 71 

present in most non-excitable cells2,3. Our tool is based on the engineering of light sensitivity into the 72 

CRAC channel and its subsequent coupling to lanthanide-doped upconversion nanoparticles (UCNP), 73 

the latter of which act as nanotransducers to convert tissue penetrable NIR light into visible light 74 

emission4,5. We demonstrate that Opto-CRAC tools can be applied to remotely control Ca2+ influx and 75 

generate repetitive Ca2+ oscillations, photo-tune Ca2+-dependent gene expression, and modulate a 76 

myriad of Ca2+-dependent activities in cells of the immune system, including effector T cell activation, 77 

macrophage-mediated inflammasome activation, dendritic cells (DC) maturation and antigen 78 

presentation. Our study set the stage for achieving the goal of remote optogenetic immunomodulation in 79 

a wireless manner.    80 

 81 

RESULTS 82 

 83 

Following antigen presentation, T cell receptor (TCR) engagement triggers a cascade of signaling 84 

events in T lymphocytes that elicit the influx of extracellular Ca2+ through the CRAC channel, a classic 85 

example of store operated Ca2+ entry (SOCE)2,3. The molecular choreography of SOCE is mainly 86 

coordinated by two proteins that are located in distinct cellular compartments: (i) ORAI1, a four-pass 87 

transmembrane protein that constitutes the CRAC channel pore-forming subunit in the plasma 88 

membrane (PM); and (ii) the stromal interaction molecule 1 (STIM1), an ER-resident Ca2+ sensor protein 89 
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that is responsible for sensing ER Ca2+ depletion and directly gating ORAI1 channels through its 90 

cytosolic domain (STIM1-CT). Store depletion induced Ca2+ influx through CRAC channels further 91 

activates calcineurin, a downstream Ca2+-dependent phosphatase that dephosphorylates the master 92 

transcriptional regulator NFAT (nuclear factor of activated T cells) and subsequently causes NFAT 93 

nuclear translocation6. In the presence of the co-stimulatory pathway, which activates the activator 94 

protein 1 (AP-1), NFAT cooperates with AP-1 to turn on genes (e.g., IL-2 and IFN-γ) that are 95 

characteristic of a productive immune response6. To enable light control over the Ca2+/NFAT pathway, 96 

we set out to install light sensitivity into STIM1 by fusing a handful of STIM1-CT fragments with the 97 

genetically-encoded photoswitch LOV2 (light, oxygen, voltage) domain (residues 404-546) of Avena 98 

sativa phototropin 1 (refs. 7-10) (Figure 1a and Figure 1-figure supplement 1). When expressed 99 

alone, these STIM1-CT fragments are capable of eliciting varying degrees of constitutive activation of 100 

ORAI1 channels to mediate Ca2+ entry from the extracellular space to the cytosol11-14. In the dark, the 101 

C-terminal Jα helix docks to the LOV2 domain8-10 and keeps the ORAI1-activating STIM1-CT fragments 102 

quiescent. Upon blue light illumination, photoexcitation generates a covalent adduct between LOV2 103 

residue C450 and the cofactor FMN (Figure 1-figure supplement 1d), thereby promoting the 104 

undocking and unwinding of the Jα helix to expose the STIM1-CT fragments. Unleashed STIM1-CT 105 

fragments further move toward the plasma membrane to directly engage and activate ORAI1 Ca2+ 106 

channels (Figure 1a-b).  107 

 108 

We first created a series of Opto-CRAC constructs by varying the length of STIM1-CT fragments, 109 

introducing mutations into the LOV2 domain and optimizing the linker between these two moieties 110 

(Figure 1-figure supplement 1a). After an initial screen of approximately 100 constructs using NFAT 111 

nuclear translocation and Ca2+ influx as readouts, we decided to use the LOV2-STIM1336-486 chimera 112 

(designated as “LOVSoc”) in our following experiments because it showed no discernible dark activity 113 

and exhibited the highest dynamic range in terms of evoking light-inducible Ca2+ influx (Figure 1-figure 114 

supplement 1a-b). When expressed as an mCherry-tagged fusion protein in HEK293-ORAI1 stable 115 

cells, LOVSoc underwent rapid translocation between the cytosol and the PM in response to blue light 116 

illumination (t1/2,on = 6.8 ± 2.3 s; t1/2,off = 28.7 ± 6.5 s; Figure 1b and Video 1). This process could be 117 

readily reversed by switching the light off, and could be repeated multiple times without significant loss in 118 

the magnitude of response. The light-dependent association between LOVSoc and ORAI1 or ORAI1 119 

C-terminus (ORAI1-CT) was further confirmed by a pulldown assay using purified recombinant proteins 120 
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and by coimmunoprecipitation assays (Figure 1-figure supplement 2). In mammalian cells expressing 121 

LOVSoc, the degree of Ca2+ influx could be tuned by varying the light power densities (Figure 1-figure 122 

supplement 3a). After photostimulation for 1 min with a power density of 40 μW/mm2 at 470 nm, 123 

LOVSoc triggered significant yet varied elevation of cytosolic Ca2+ concentrations to approximately 124 

500-800 nM in a dozen of mammalian cell types derived from various non-excitable tissues (Fig. 125 

1-figure supplement 3b), likely owing to the varied endogenous levels of ORAI proteins among the 126 

tested cells. A Light-triggered global Ca2+ influx and oscillations in HeLa or HEK293T cells expressing 127 

mCherry-LOVSoc could be monitored in real-time by either Fura-2 (Figure 1-figure supplement 3c) or 128 

genetically-encoded Ca2+ indicators (GECIs), including GCaMP6 (Figure 1c and Videos 2 & 3)15, 129 

R-CaMP2 (Figure 1-figure supplement 3d)16, and R-GECO1.2 (Figure 1d and Figure 1-figure 130 

supplement 3e)17. Notably, localized light stimulation can be applied to achieve local activation of Ca2+ 131 

influx at a defined spatial resolution (Figure 1-figure supplement 4 and Video 4), thereby providing a 132 

new approach to dissect the effect of Ca2+ microdomains in various biological processes18. Depending 133 

on the kinetic properties of the Ca2+ indicators used, the half-life time of the cytosolic Ca2+ rise in 134 

response to light stimulation ranged from 23 s to 36 s. After switching off the light, the cytosolic Ca2+ 135 

signal decayed with a half-life time of approximately 25-35 s (Figure 1-figure supplement 3f). These 136 

values are largely in agreement with the time scale of SOCE under physiological stimulation2,3,14. We 137 

further measured the photo-activated currents by whole-cell recording in HEK293 cells stably expressing 138 

ORAI1 (Figure 1e). Following light stimulation, HEK293 cell transfected with LOVSoc developed a 139 

typical inward rectifying current, which is characteristic of the CRAC channel and distinct from the 140 

greater outward currents of non-selective cation channels such as TRPC3. Substitution of the most 141 

abundant extracellular cation Na+ by a non-permeant ion NMDG+ did not alter the amplitude or overall 142 

shape of the CRAC current, implying that Na+ has negligible contribution to LOVSoc- mediated 143 

photoactivatable Ca2+-selective CRAC currents.  144 

 145 

To confer more flexibility to the Opto-CRAC system with varied optical sensitivity, we explored the use of 146 

co-expression, membrane tethering or fusion strategies to generate five more variants of Opto-CRAC 147 

(Figure 1- figure supplement 5). We used either an internal ribosome entry site (IRES)-based 148 

bicistronic vector or a self-cleaving 2A peptide strategy19 to enable the coexpression of ORAI1 and 149 

LOVSoc in the same cell with a single vector. Compared to LOVSoc alone, both co-expression systems 150 

resulted in ~1.4-fold increase in Ca2+ response (Figure 1- figure supplement 5a). Tethering LOVSoc to 151 
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the plasma membrane (PM) with an N-terminal PM-targeting sequence derived from the Src kinase 152 

Lyn20 (Lyn11-LOVSoc) expedited the photoactivation process by 3.5-fold (Figure 1- figure supplement 153 

5b), presumably owing to its increased local concentration and much closer proximity to the ORAI1 154 

channels. By contrast, a concatemeric form of LOVSoc with two copies covalently connected in a single 155 

polypeptide or its fusion to ORAI1 substantially slowed down photoactivatable Ca2+ influx (Figure 1- 156 

figure supplement 5c). Collectively, we have created a set of Opto-CRAC constructs that meet the 157 

varying needs on sensitivity and photoactivation kinetics (Figure 1- figure supplement 5d-e). 158 

 159 

We next asked if we could manipulate the light pulse to generate diverse temporal patterns of Ca2+ 160 

signals to tune the degree of NFAT activation, which would be reflected in the efficiency of NFAT nuclear 161 

translocation and NFAT-dependent luciferase expression. We applied a fixed light pulse of 30 s while 162 

varying the interpulse intervals from 0.5 to 4 min to generate Ca2+ oscillation patterns with defined 163 

temporal resolution (Figure 1d and Figure 1-figure supplement 6) and compared the levels of NFAT 164 

activation in HeLa cells. As shown in Figure 1f, a prolonged interpulse interval was largely accompanied 165 

by a decrease in the nuclear accumulation of NFAT. This observation agrees well with previous reports 166 

showing that higher Ca2+ oscillation frequencies, or faster repetitive Ca2+ pulses, tend to increase the 167 

ability to activate NFAT21. Thus, we have demonstrated that the engineered Opto-CRAC tools are able 168 

to achieve remote and photo-tunable activation of NFAT in mammalian cells (Figure 1f and Video 5). 169 

We further confirmed the NFAT-dependent gene expression in HeLa cells transfected with an 170 

NFAT-driven luciferase (NFAT-Luc) reporter construct. In the presence of the co-stimulatory pathway 171 

(mimicked by the addition of the pleiotropic PKC activator PMA), light illumination led to a robust 172 

increase in luciferase gene expression (Figure 2a). A decrease in the light pulse frequency also caused 173 

a reduction in the efficiency of Ca2+/NFAT-driven luciferase expression (Figure 1f). To obviate the use of 174 

carcinogenic PMA to photo-trigger gene expression, we also introduced a synthetic 5’ transcription 175 

regulatory region upstream of gene Ins122, which contains a furin cleavage site that allows insulin 176 

processing in non-beta cells such as HEK293 cells23. The 5’ region is composed of three 177 

Ca2+-responsive elements in cis, including 2-3 copies of serum response elements (SRE), cAMP 178 

response elements (CRE) and NFAT response elements with a minimal promoter. Upon light 179 

stimulation, we observed a robust production of insulin in cells transfected with LOVSoc, but not in those 180 

without LOVSoc expression (Figure 2a).               181 
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 182 

In order to confirm light-inducible gene expression in a more physiologically relevant system, we 183 

retrovirally transduced the mCherry-tagged LOVSoc construct into naïve CD4+ T cells isolated from mice 184 

(Figure 2b and Figure 2-figure supplement 1). We then compared the expression levels of two 185 

signature genes that are characteristic of activated CD4+ T cells (IL-2 and IFN-γ), in the presence or 186 

absence of light illumination, using qRT-PCR and ELISA (Figure 2b). Again, in the presence of PMA, 187 

light stimulation faithfully mimicked ionomycin-induced effects on the Ca2+/NFAT pathway and 188 

remarkably boosted the cytokine production by over 15-30 fold in CD4+ T cells transduced with 189 

mCh-LOVSoc. By contrast, control cells transduced with the mock retrovirus failed to exhibit 190 

light-dependent production of cytokines (Figure 2-figure supplement 1). In addition to its 191 

well-established role in driving effector T cell activation, intracellular Ca2+ immobilization in macrophage 192 

is critical for the activation of the NLRP3 (nucleotide-binding domain, leucine-rich-repeat-containing 193 

family, pyrin domain-containing 3) inflammasome24-26, which is accompanied by the release of 194 

processed caspase-1 (p20 subunit) and the proinflammatory cytokine IL-1β into culture supernatants 195 

(Figure 2c). Following photostimulation at 5 or 50 μW/mm2, we observed a notable light 196 

intensity-dependent boost in the production of IL-1β and processed caspase -1 (p20 subunit) in 197 

lipopolysaccharide (LPS)-primed THP1-derived macrophages in the presence of a commonly used 198 

inflammasome inducer nigericin (Figure 2c), thus confirming the feasibility of harnessing the power of 199 

light to amplify macrophage-mediated inflammatory responses ex vivo. In aggregate, light-induced 200 

activation of the Opto-CRAC channel can generate both global and local Ca2+ signals and subsequently 201 

cause hallmark physiological responses in both model cellular systems (e.g., HeLa or HEK293 cells) 202 

and rodent or human cells of the immune system.   203 

 204 

One fundamental roadblock that hampers the application of optogenetic tools in vivo is their inability to 205 

stimulate deep within tissues without the use of invasive indwelling fiber optic probes. In order to seek 206 

the possibility of controlling the Ca2+/NFAT pathway using light in the deep tissue penetrating 207 

near-infrared range, we explored the use of lanthanide-doped upconversion nanoparticles (UCNPs) as 208 

the NIR light transducer27-29. Our UCNPs proved to be highly photostable, and their unique upconversion 209 

(NIR excitation and emission at visible light range) properties make them an ideal for the remote 210 

photoactivation of Opto-CRAC channel activities30,31. In order to match the absorption window of LOV2, 211 
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we chose mono-dispersed 40-nm β-NaYF4: Yb, Tm@β-NaYF4 UCNPs (Figure 3-figure supplement 1) 212 

that exhibit bright blue emission upon 980 nm CW laser irradiation. When excited at 980 nm, the 213 

synthesized UCNPs displayed a sharp emission peak centered around 470 nm (Figure 3a). Like direct 214 

blue light illumination, UCNPs were able to cause photoactivation of recombinant LOV2 proteins, as 215 

reflected by the absorbance changes following NIR light stimulation and the subsequent recovery to the 216 

dark state (Figure 3b). This finding clearly validates the feasibility of shifting the spectral sensitivity 217 

toward the NIR window to activate LOV2-based optogenetic tools.  218 

 219 

In order to effectively and specifically illuminate the LOV2-based optogenetic construct in a cellular 220 

context, we first developed streptavidin-conjugated UCNPs, then engineered a genetically-encoded 221 

streptavidin-binding tag (StrepTag) into the second extracellular loop of the ORAI1 Ca2+ channel 222 

(mCh-ORAI1StrepTag, Figure 3c) and assessed its capability to recruit streptavidin-conjugated UCNPs 223 

(UCNPs-Stv, Figure 3-figure supplement 1). In HeLa cells expressing mCh-ORAI1-StrepTag, we 224 

detected remarkable local accumulation of UCNPs-Stv on the plasma membrane (Figure 3c), 225 

confirming the cell-specific targeting of functionalized nanoparticles. To examine whether 226 

UCNPs-transduced blue light is sufficient to trigger the opening of Opto-CRAC channels, we monitored 227 

cytosolic Ca2+ changes using GCaMP6s in HeLa cells co-expressing LOVSoc, mCh-ORAI1-StrepTag 228 

and GCaMP6s following NIR light stimulation (980 nm). Within 20 s, transfected HeLa cells exhibited a 229 

significant increase in GCaMP6s fluorescence, indicating a rapid rise in the intracellular Ca2+ 230 

concentration that was evoked by NIR light (Figure 3d). This was further confirmed by using a 231 

red-emitting Ca2+ indicator R-GECO1.2, which enabled recording of reversible Ca2+ fluctuation cycles 232 

and circumvented the complications associated with potential direct activation of LOVSoc by the green 233 

light source used to excite GCaMP6 signals (Figure 3e). This increase was found to be caused by Ca2+ 234 

influx through NIR-to-blue activated Opto-CRAC channels because cells incubated with the control 235 

NIR-to-green UCNPs (β-NaYF4: Yb, 2% Er @ β-NaYF4; emission maxima at 510 nm) did not show 236 

discernible changes in the GCaMP6s signal upon stimulation with the same NIR light (Figure 3-figure 237 

supplement 2). We then employed NIR light to remotely activate the downstream effector NFAT at the 238 

cellular level, and observed NFAT nuclear translocation (Figure 3d), as well as NFAT-dependent IFN-γ 239 

production in CD4+ T lymphocytes (Figure 3f). Next, we sought to demonstrate the potential application 240 

of NIR-triggered activation of the Opto-CRAC system in vivo. We performed a proof-of-principle 241 

experiment by implanting NFAT-Luc/LOVSoc expressing HeLa cells pre-incubated with UCNPs-Stv 242 
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subcutaneously in the flanks of mice. The implanted site was irradiated by a 980-nm CW laser outside 243 

the body (Figure 3e) without noticeable heat production (Figure 3-figure supplement 3a-b) or severe 244 

damage to local tissues (Figure 3-figure supplement 3c). Luciferase-catalyzed bioluminescence was 245 

readily detected after NIR irradiation, whereas no discernible background activation was observed in the 246 

negative controls where LOVSoc expression and/or NIR light were absent (Figure 3g).  247 

 248 

To explore the application of the NIR Opto-CRAC system in a more disease-relevant context, we set out 249 

to combine the use of our optogenetic system with DC-mediated immunotherapy in the B16-OVA mouse 250 

model of melanoma32,33, in which ovalbumin (OVA)34,35 is used as a surrogate tumor antigen (Figure 4a). 251 

Dendritic cells, which provide the essential link between the innate and adaptive immune responses, are 252 

adept at capturing tumor antigens and cross-presenting these antigens to T cells in tumor draining 253 

lymph nodes (dLNs), thereby sensitizing and generating tumor-specific cytotoxic lymphocytes (CTLs) to 254 

cause tumor regression or rejection36. One of the major challenges of DC vaccination-based 255 

immunotherapy is how to efficiently maintain the maturational status of DCs. Pharmacological agents 256 

(e.g., ionomycin) or signaling pathways controlling intracellular Ca2+ mobilization have been reported to 257 

facilitate immature dendritic cell maturation through up-regulation of co-stimulatory molecules CD80 or 258 

CD86, major histocompatibility complex (MHC) class I and class II, as well as the chemokine receptor 259 

CCR7 (refs. 37-41). We hypothesize that photoactivatable Ca2+ influx in DCs will lead to similar 260 

phenotypic changes to expedite and sustain DC maturation and promote antigen presentation, thereby 261 

maximally sensitizing T lymphocytes toward tumor antigens to boost anti-tumor immune response. To 262 

quickly test this in vitro, we transduced bone marrow-derived DCs (BMDCs) with retroviruses encoding 263 

both LOVSoc and ORAI1StrepTag (termed “Opto-CRAC DCs”), pulsed cells with a mixture of OVAp 264 

(257SIINFEKL264) and UCNPs-Stv nanoparticles. NIR light stimulation resulted in approximately 2-8 fold 265 

increase in the surface expression of MHC-I/II, CD86, and CCR7 (Figure 4b), which are characteristic of 266 

matured DCs that are capable of homing to dLNs to interact with T cells to modulate adaptive immune 267 

response36. We next used ex vivo cross-presentation assay to examine how CD8 T cells from OT-1 268 

Rag1-/- mice respond to the OVA antigen presented by DCs. The isolated OT-1 CD8 T cells, bearing 269 

transgenic T cell receptors that specifically recognize processed OVA peptides42,43, were co-cultured 270 

with Opto-CRAC DCs in the presence of OVAp and UCNPs-Stv. After NIR stimulation, co-cultured OT-1 271 

CD8 T cells exhibited over 2-fold increase in both proliferation (Figure 4c) and IFN-γ release (Figure 272 
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4d), clearly attesting to the feasibility of using the NIR-stimulable Opto-CRAC system to expand and 273 

photo-prime antigen-specific T cells.  274 

 275 

To further validate the immunomodulatory function in vivo, we injected UCNPs-Stv/OVA loaded 276 

Opto-CRAC DCs to the B16-OVA murine model of melanoma34,35, in which the B16 tumor cells bearing 277 

the OVA antigen could be readily recognized by OT-1 CD8 T cells to elicit anti-tumor immune 278 

responses38,39. We next adoptively transferred CFSE-abled, OVA-specific OT-I CD8 T cells into the 279 

B16-OVA mice and examined their in vivo activation and phenotypic profiles following photoactivatable 280 

DC maturation. Compared to the control group shielded from NIR, the proliferation of CD8 T cells was 281 

substantially up-regulated after light stimulation, by judging from decreased CFSE staining due to 282 

proliferative dilution and increased population of OT-1 CD8 T cells in tumor draining LNs and spleens 283 

(Figure 4e). To assess the functional consequence of immunosensitization of tumor cells toward 284 

Opto-CRAC DC-activated immune response, we monitored the tumor growth in mouse melanoma 285 

models generated by either subcutaneous or i.v. injection of B16-OVA melanoma cells (Figure 4a). NIR 286 

light stimulation significantly suppressed the tumor growth with diminished tumor volume (Figure 4f) or 287 

reduced numbers of tumor foci in the lungs (Figure 4g). Both our ex vivo and in vivo data converge to 288 

support the conclusion that NIR-stimulable Opto-CRAC DC can robustly enhance tumor cell 289 

susceptibility to CTL-mediated killing, thereby improving antigen-specific immune responses to 290 

selectively destruct tumor cells. By acting as a genetically-encoded “photoactivatable adjuvant”, the 291 

Opto-CRAC system may hold high potential for its future use in cancer immunotherapy.  292 

 293 

 294 

Discussion 295 

 296 

In the present study, we described an NIR-stimulable optogenetic platform based on engineered CRAC 297 

channels and lanthanide-doped upconversion nanoparticles. Depending on the pulse and intensity of 298 

light input, the photosensitive module, LOVSoc, can reversibly generate both sustained and oscillatory 299 

Ca2+ signals. The magnitude and kinetics of photo-activated Ca2+ influx largely mimic the physiological 300 

responses following engagement of immunoreceptors or ligand binding to its cognate membrane 301 

receptors that leads to store depletion3. Ectopic expression of a single component of LOVSoc at 302 
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endogenous levels of ORAI is sufficient to elicit strong intracellular Ca2+ elevation in a dozen of cell types 303 

derived from a wide range of human or rodent tissues. Most critically, light-generated Ca2+ signals can 304 

further lead to hallmark physiological responses in cells of the immune system. The sensitivity and 305 

photoactivation kinetics of this system can be further tuned by tethering LOVSoc to PM or through 306 

co-expression and fusion with ORAI1. When paired with deep tissue-penetrant and NIR-stimulable 307 

UCNPs, we have successfully demonstrated the potential application of our Opto-CRAC system to drive 308 

Ca2+-dependent gene expression and to photo-modulate immune response both in vivo and ex vivo. 309 

Compared to other existing optical tools, our Opto-CRAC system that has several distinctive features: 310 

First, complementary to the existing ChR-based tools that exhibit less stringent ion selectivity and tend 311 

to perturb intracellular pH due to high proton permeability, our Opto-CRAC system is engineered from a 312 

bona fide Ca2+ channel that is regarded as one of the most Ca2+-selective ion channels. Although the 313 

unitary conductance of CRAC channel is estimated to be low (<10 fS in 2 mM extracellular Ca2+ in T 314 

cells; compared to 4-10 pS for voltage-gated Ca2+ channels)3,44, sustained Ca2+ influx (up to minutes) 315 

through native ORAI1 channels is sufficient to activate downstream effectors. The high Ca2+ selectivity 316 

(PCa/PNa: >1000) and its small unitary conductance is speculated to reduce the energy requirement of 317 

pumping out Na+ during sustained Ca2+ entry, thereby enhancing the specificity of downstream effector 318 

function3. Second, the Opto-CRAC tool has a relatively small size (<900 bp, compared to >2.2 kb of 319 

ChR) and is thus compatible with almost all existing viral vectors used for in vivo gene delivery. Indeed, 320 

we have successfully used retroviral and lentiviral expression systems to deliver Opto-CRAC into 321 

primary T cells, macrophages and dendritic cells. Its potential delivery into excitable tissues (e.g., 322 

muscle, heart and brain) using adeno-associated viruses remains to be tested in follow-on studies. 323 

Third, the tunable and relatively slow kinetics make it most suitable for interrogating Ca2+-modulated 324 

functions in non-excitable cell types, such as cells in the endocrine, immune and hematopoietic system. 325 

We find that our system may find broad use in adoptive cell transfer experiments or adoptive 326 

immunotherapies, which are widely used in both basic research and the clinic settings36,45. Fourth, in 327 

conjunction with upconversion nano-transducers, the light harvesting window can be shifted to the NIR 328 

region where deep tissue penetration and remote stimulation are feasible. Results from our in vivo 329 

studies clearly indicate that the Opto-CRAC channel and its downstream effectors can be remotely 330 

activated using NIR light, thereby paving the way for its future applications in more 331 

(patho)physiologically-relevant mouse models, or ultimately, in cancer immunotherapies with improved 332 

spatiotemporal control over engineered therapeutic T cells or DCs to reduce off-tumor cross-reaction 333 
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and mitigate toxicity46. Given the spatial and temporal accuracy of NIR light, it is also possible to use 334 

guided NIR light to confine localized blue light generation, thus avoiding the photoctivation of off-target 335 

regions. Lastly, but critically, the lanthanide-doped UCNPs can be applied to activate other optogenetic 336 

tools that are dependent on blue light-absorbing cofactors (e.g., ChR2 and CRY2). We anticipate that 337 

the flexible adaptability of our novel approach will lead to new opportunities to fine-tune Ca2+-dependent 338 

immune responses and interrogate other light-controllable cellular processes while minimally interfering 339 

with the host’s physiology.      340 

 341 

 342 

 343 

 344 

 345 

 346 

MATERIALS AND METHODS 347 

 348 

Chemicals and antibodies  349 

Fura-2 AM calcium indicator was purchased form Life Technologies (Carlsbad, CA, USA). Phorbol 350 

12-myristate 12-acetate (PMA), ionomycin, thapsigargin (TG) and isopropyl-ginethiogalactopyranoside 351 

(IPTG) were purchased from Sigma Aldrich (St Louis, MO, USA). Tri(2-carboxyethyl)phosphine (TCEP) 352 

was obtained from Pierce (Life Technologies). Amylose resin used for MBP pulldown was purchased 353 

from New England Biolabs (Ipswich, MA, USA). Ni-NTA resin used for purification of GB1-ORAI1-CT 354 

was purchased from Qiagen (Valencia, CA, USA). The mouse monoclonal anti-Flag M2-HRP (A859, 355 

Sigma-Aldrich, St. Louis, MO, USA) antibody, the rabbit anti-mCherry polyclonal antibody (NBP2-25157, 356 

Novus Biologicals, Littleton, CO, USA), the rabbit anti-Caspase-1 antibody (D7F10, Cell signaling, 357 

Danvers, MA, USA) and the rabbit anti-IL-1β antibody (sc-7884, Santa Cruz Biotechnology, Dallas, TX, 358 

USA) were used at a 1:1000 dilution. For flow cytometry (FACS) analysis, anti-mouse MHC Class II 359 

(I-A/I-E) APC (17-5321), anti-mouse IFN gamma PE (12-7311), anti-mouse CD86 (B7-2) PE(12-0862), 360 

anti-mouse CD197 (CCR7) PE (12-1971), anti-mouse MHC Class I PE (12-5958), anti-mouse CD11c 361 

FITC (11-0114), anti-mouse CD4 PerCP-Cyanine5.5 (45-0042), and anti-mouse CD8a APC (17-0081) 362 
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were purchased from eBioscience. All other reagents were form Sigma-Aldrich unless otherwise 363 

indicated. 364 

 365 

Plasmids 366 

Constructs for fluorescence imaging and luciferase assays  367 

The pTriEX-mcherry-PA-Rac1 plasmid was purchased from Addgene (#22027). STIM1-CT fragments 368 

(residues 336-450, 336-460, 336-473, 336-486, 342-486, 344-486) were amplified using the KOD hot 369 

start DNA polymerase (EMD Millipore, Billerica, MA, USA) and inserted downstream of LOV2404-546 370 

between HindIII-XhoI restriction sites to replace Rac1. The LOV2 fused STIM1233-450 construct 371 

(LOVS1K)47 was purchased from Addgene (#31981). The short linker (KL) between LOV2 and 372 

STIM1-CT fragments was made by replacing Rac1 with STIM1336-486 in the vector 373 

pTriEx-mcherry-PA-Rac1 using HindIII-XhoI sites; whilst the NotI-XhoI sites were used for producing a 374 

long linker (KLAAA). Mutations in the LOV2 domain were introduced by using the QuikChange Lightning 375 

Multi Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) by following the 376 

manufacture’s protocol. pcDNA3.1-mCherry-ORAI1 were generated by sequential insertion of mCherry 377 

in the BamHI-EcoRI sites and human ORAI1 gene between EcoRI and XhoI sites of the vector 378 

pCDNA3.1(+) (Life Technologies). Next, oligos encoding the StrepTag (WSHPQFEK)48 were inserted 379 

into the second extracellular loop of ORAI1 after residue 208 through a standard PCR method to 380 

construct pcDNA3.1-mCherry-ORAI1-StrepTag. pGP-CMV-GCaMP6s-CAAX (#52228), 381 

pGP-CMV-GCaMP6m (#40754) and CMV-R-GECO1.2 (#45494) were obtained from Addgene. The 382 

firefly luciferase reporter vector pGL4.30[luc2P/NFAT-RE/Hygro] (abbreviated as NFAT-Luc) and the 383 

control Renilla luciferase reporter plasmid pRL-TK were purchased from Promega (Madison, WI, USA). 384 

The red calcium sensor pN1-R-CaMP2 was a gift from Dr. Haruhiko Bito at University of Tokyo, Japan.  385 

 386 

Constructs for co-expression of LOVSoc with ORAI1  387 

A murine stem cell virus (MSCV)-based vector pMIG was obtained from addgene (#9044). This 388 

bicistronic IRES-GFP containing retroviral was used for insertion of cDNA sequences encoding 389 

mCherry-LOV2-STIM1336-486 between the XhoI and EcoRI restriction sites. The pMIG-mCh-LOVSoc 390 

plasmid, along with the empty vector as control, was used for retroviral transduction of isolated mouse 391 

CD4+ T or dendritic cells. In a further modified version, GFP was replaced by cDNAs encoding WT or 392 
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engineered ORAI1 that contain a StrepTag in its second extracellular loop to recruit UCNPs-Stv, thus 393 

allowing bicistronic expression of both LOVSoc and ORAI1 in the same construct. To enable 394 

co-expression at ~1:1 ratio, cDNAs encoding mCh-LOVSOC and ORAI1StrepTag were connected by a 395 

self-cleaving 2A peptide sequence19 and inserted into the pTriEx vector for transient expression or into a 396 

LeGO lentiviral vector for transduction of human or rodent primary cells.   397 

 398 

Constructs for recombinant protein expression in E.Coli 399 

The DNA sequences encoding LOVSoc described above were amplified and inserted into the vector 400 

pMCSG9 between the BamHI and XhoI sites for expression as MBP-LOVSoc protein. To construct a 401 

bacterial expression plasmid of ORAI1-CT (residues 259-301) fused with the B1 domain of streptococcal 402 

protein G (GB1), the GB1 gene was inserted between NcoI-BamHI sites and ORAI1-CT was 403 

subsequenlty inserted between the BamHI and XhoI sites of the host vector pProEx-HTb (Life 404 

Technologies). The GB1 tag was used as a small tag to enhance the protein solubility and aid affinity 405 

purification.  406 

 407 

Fluorescence Imaging and total internal reflection fluorescence (TIRF) microscopy 408 

HeLa, HEK293/HEK293T and other indicated immortalized cell lines from the American Type Culture 409 

Collection (ATCC) were cultured in Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich) 410 

supplemented with 10 mM HEPES and 10% heat-inactivated fetal bovine serum. All the cells were 411 

grown at 37 °C in a 5% CO2 atmosphere. Cultured cells were seeded on 35-mm glass bottom dishes 412 

and an inverted Nikon Eclipse Ti-E microscope customized with Nikon A1R+ confocal laser sources 413 

(405/488/561/640 nm) was used for confocal imaging. The same microscope body connected to a 414 

Ti-TIRF E motorized illuminator unit (488 nm/20 mW and 561 nm/20 mW lasers) with a 60×, NA 1.49 415 

oil-immersion TIRF objective was used for TIRF imaging. 100-nm fluorescent beads (TetraSpeck 416 

microspheres, Life Technologies) were deposited onto a coverslip and imaged as markers for later 417 

alignment.  418 

 419 

To monitor mCh-LOVSoc translocation from the cytosol to PM, 50-100 ng pTriEx-mCherry-LOVSoc was 420 

transfected to HEK293-ORAI1 stable cells using Lipofectamine 3000 (Life Technologies). Cells were 421 
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imaged 24 h after transfection. Photostimulation was provided by an external blue light (470 nm, tunable 422 

intensity of 0-50 μW/mm2, ThorLabs Inc., Newton, NJ, USA). Light power density was measured by 423 

using an optical power meter from ThorLabs. Light cycles were applied either manually or programmed 424 

by connecting to a DC2100 LED Driver with pulse modulation (ThorLabs). Time-lapse imaging of 425 

mCherry signal was carried out in the dark by turning on only the 561-nm laser channel.  426 

 427 

For measurements of Ca2+ influx using the green color calcium indicator GCaMP6s, 50-100 ng 428 

mCh-LOVSoc and 100 ng cytosolic GCaMP6s or membrane-tethered GCaMP6s-CAAX were 429 

cotransfected into HeLa or HEK293T or other indicated cells using Lipofectamine 3000. Twenty-four 430 

hours after transfection, a 488-nm laser was used to excite GFP, and a 561-nm laser to excite mCherry 431 

at intervals of 1-5 s. The mCherry-positive cells were selected for statistical analysis. Since the 432 

excitation wavelength used to acquire the GCaMP6s signals (488 nm) partially overlaps with the 433 

photo-activating wavelength of LOVSoc, Ca2+ influx was elicited when the 488-nm laser source was 434 

turned on, and thus GCaMP6s could only be used to monitor the ON phase of Ca2+ flux. For localized 435 

photostimulation, we took advantage of the NIKON component designed for fluorescence recovery after 436 

photobleaching (FRAP) to stimulate selected areas (designated as pre-activated areas as exemplified in 437 

Figure 1-figure supplement 4 and Video 3) but only used 1-5% input of the 488-nm laser for 5-10 s. 438 

Next, we recorded the GCaMP6s-CAAX signals in the whole field.  439 

 440 

For measurements of Ca2+ influx using the red-emitting Ca2+ sensor (R-GECO1.2 or R-CaMP2), a total 441 

of 300 ng DNA (100 ng mCh-LOVSoc and 200 ng Ca2+ sensor) was transfected into HeLa or HEK293 T 442 

cells. The 561-nm laser source as used to excite red emission with blue light stimulation imposed as 443 

described above. Because the 561-nm laser cannot activate LOVSoc, both the ON and OFF phases of 444 

Ca2+ fluctuation can be monitored by applying multiple dark-light cycles with an external pulsed LED light 445 

(470 nm at power intensity of 40 μW/mm2) or using the 488-nm laser source from the Nikon A1R+ 446 

confocal microscope.  447 

 448 

To monitor light-inducible NFAT nuclear translocation, we used a HeLa cell line stably expressing 449 

NFAT11-460-GFP. mCh-LOVSoc was transfected into this stable HeLa cell line and cells were imaged 24 450 

h posttransfection. A fixed blue light pulse of 30 s (40 μW/mm2) was applied to the transfected cells with 451 
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the interpulse interval varying from 0.5, 1, 4, to 8 min. A total of 24 min time-lapse images were recorded 452 

and the GFP signal ratio (nuclear vs total GFP) was used to report the efficiency of NFAT activation. At 453 

least 15 cells were analyzed for each condition in three independent experiments.  454 

 455 

Intracellular Ca2+ measurements with Fura-2 were performed using our previous protocols13,49-51. Briefly, 456 

one day before imaging, HEK293 cells transiently expressing mCh-LOVSoc were seeded and cultured 457 

on cover slips. To load Fura-2 AM, cells were kept in the imaging solution with 0 mM CaCl2 and 2 μM 458 

Fura-2 AM for one hour. The imaging solution consists of (mM) 107 NaCl, 7.2 KCl, 1.2 MgCl2, 11.5 459 

glucose, 20 HEPES-NaOH (pH 7.2), and 0 or 1 mM CaCl2. Fura-2 signals were then obtained using a 460 

ZEISS oberserver-A1 microscope equipped with a Lambda DG4 light source (Sutter Instruments), 461 

Brightline FURA2-C-000 filter set (Semrock Inc.). Fura-2 fluorescence at 509 nm generated by 340nm 462 

excitation light (F340) and 380nm light (F380) was collected every two seconds, and intracellular Ca2+ 463 

levels are indicated by F340/F380 ratio. To excite LOVSoc during light-on period, cells were continuously 464 

exposed to a 482 ± 9 nm light throughout each two-second interval immediately following the collection 465 

of every single F380 and F340. After 1 min photostimulation (470 nm, 40 μW/mm2), Ca2+ concentrations in 466 

cells were determined by using a Fura 2 calcium imaging calibration kit (ThermoFisher Scientific) as we 467 

routinely did in earlier studies13,49-51. The resulting data collected with MetaFluor software (Molecular 468 

Devices) were then exported as txt file, analyzed with Matlab, and plotted using the Prism 5 software.  469 

 470 

NFAT-dependent luciferase reporter assay 471 

HeLa cells were seeded in 24-well plates and transfected after reaching 40-50% confluence. 472 

mCh-LOVSoc, the firefly luciferase reporter gene (NFAT-Luc) and Renilla luciferase gene (pRL-TK) 473 

were co-transfected using Lipofectamine 3000. 24 h posttransfection, cells were treated with PMA (1 474 

μM) and/ or blue light (pulse of 30 s for every 1 min, 40 μW/mm2). Three duplicates were used for each 475 

treatment. After 8 hours, cells were harvested and luciferase activity was assayed by using the Dual 476 

Luciferase Reporter Assay System (Promega) on a Synergy luminescence microplate reader (BioTek, 477 

Winooski, VT, USA). Renilla luciferase is used as control reporter for counting transfected cells and 478 

normalizing the luminescence signals. The ratio of firefly to renilla luciferase activity was calculated and 479 

normalized to un-treated control group.  480 

 481 



 
 
 

17

Electrophysiological measurements  482 

HEK EPC10 USB double patch amplifier controlled by Patchmaster software (HEKA Elektronik) was 483 

used for data collection. Conventional whole cell recordings were used to measure current in 484 

HEK293-ORAI1 stable cells transiently expressing mCh-LOVSoc as previously described52. After the 485 

establishment of the whole-cell configuration, a holding potential of 0 mV were applied. A 50 ms step to 486 

−100 mV followed by a 50 ms ramp from −100 to +100 mV was delivered every 2 seconds. The 487 

intracellular solution contained (mM): 135 Cs aspartate, 6 MgCl2, 10 EGTA, 3.3 CaCl2, 2 Mg-ATP, and 488 

10 HEPES (pH 7.2 by CsOH). The free Ca2+ concentration in this pipette solution is estimated to be 100 489 

nM based on calculations from http://www.stanford.edu/~cpatton/webmaxcS.htm. The extracellular 490 

solutions contained (mM): 130 NaCl (or N-methyl-D-glucamine, NMDG+), 4.5 KCl, 20 CaCl2, 10 TEA-Cl, 491 

10 D-glucose, and 5 Na-HEPES (pH 7.4). A 10 mV junction potential compensation was applied to 492 

correct the liquid junction potential between the pipette solution relative to extracellular solution. 493 

Currents from at least 6 cells for each condition were collected. HEKA Fitmaster and Matlab 2014a 494 

software were used for data analysis.  495 

 496 

Isolation, culture, and retroviral transduction of mouse primary T cells  497 

Platinum-E (Plat-E) retroviral packaging cell Line (Cell Biolabs, Inc, San Diego, CA) was maintained in 498 

Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS), 1% 499 

penicillin/streptomycin, and 1% glutamine. Plat-E cells were transiently transfected using Lipofectamine 500 

3000 (Life Technologies) and retroviral stocks were collected twice at 24-hour intervals beginning 48 501 

hours after transfection. Retrovirus-containing medium was centrifuged at 20 000 rpm for 2 h at 4°C in a 502 

Beckman SW28 swinging bucket rotor lined with an Open-Top polyclear centrifuge tube (Seton, 503 

Petaluma, CA). The retroviral pellet was resuspended in DMEM and retrovirus was titered by 504 

transduction of mouse T cells with serial dilutions of retrovirus in the presence of 8 μg/ml polybrene 505 

(EMD Millipore, Merck KGaA, Darmstadt, Germany). 48 h posttransduction, percentage of infected cells 506 

was determined by flow cytometric analysis of EGFP expression. The titer was calculated by 507 

multiplication of the total number of EGFP-positive cells with the dilution factor of the retroviral 508 

supernatant. 509 

 510 
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Naive CD4+ T cells were purified (>95% purity) by negative selection (Invitrogen) with Mouse Depletion 511 

Dynabeads (Life Technologies, Grand Island, NY) from RBC-lysed single-cell suspensions of pooled 512 

spleen and lymph nodes isolated from 6-week-old female C57BL/6 mice. For stimulation, purified CD4+ 513 

T cells were cultured in DMEM supplemented with 10% heat-inactivated fetal bovine serum, 2 mM 514 

L-glutamine, penicillin-streptomycin, non-essential amino acids, sodium pyruvate, vitamins, 10 mM 515 

HEPES, and 50 µM 2-mercaptoethanol. Cells were plated at ~106 cells per ml in 6-well plates coated 516 

with anti-CD3 (clone 2C11, BioLegend, San Diego, CA, USA) and anti-CD28 (clone 37.51, BioLegend) 517 

(1 µg/ml each) by pre-coating with 100 µg/ml goat anti-hamster IgG (MP Biomedicals, Santa Ana, CA, 518 

USA). After 48 h, cells were removed from the TCR signal and re-cultured at a concentration of 5x105 519 

cells/ in T cell media supplemented with 20 U/ml recombinant human IL-2 (rhIL-2). For retroviral 520 

transduction, CD4+ T cells were re-suspended in concentrated viral supernatant containing 8 µg/ml 521 

polybrene and rhIL-2 and centrifuged at 2,000 x g for 90 min at 32 °C then put back to the incubator. On 522 

day 5-6, GFP+ cells were either left untreated (resting), or re-stimulated with PMA (15 nM) and 523 

ionomycin (0.5 µM), or subjected to blue light pulse for 6-8 h (30 s pulse for every 1 min, 10-40 524 

μW/mm2), or treated with both PMA and blue-light pulse for 6-8 h. Expression of cytokine production was 525 

assessed by real-time PCR and ELISA as described below.  526 

 527 

Real-time PCR analyses.  528 

Total RNA was isolated from transduced CD4+ T cells and first-strand cDNA synthesis was performed 529 

using total RNA, oligo-dT primers and reverse transcriptase II according to manufacturer’s instructions 530 

(Invitrogen). Real-time PCR was performed using the SYBR Green ER qPCR Super Mix Universal 531 

(Invitrogen) kit with specific primers using the ABI Prism 7000 analyzer (Applied Biosystems). The 532 

sequences of the primers are as follows, 533 

Primers for mouse Gapdh: 534 

Forward: 5’-TTGTCTCCTGCGACTTCAACAG-3’  535 

Reverse: 5’-GGTCTGGGATGGAAATTGTGAG-3’ 536 

 537 

Primers for mouse interleukin 2 (Il-2): 538 

Forward: 5’-TGAGCAGGATGGAGAATTACAGG-3’ 539 
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Reverse: 5’-GTCCAAGTTCATCTTCTAGGCAC-3’ 540 

 541 

Primers for mouse interferon gamma (Ifn-γf: 542 

Forward: 5’-ATGAACGCTACACACTGCATC-3’ 543 

Reverse: 5’-CCATCCTTTTGCCAGTTCCTC-3’ 544 

 545 

Quantification of cytokines and insulin production by enzyme-linked immunoassay (ELISA) 546 

Supernatants of transduced CD4+ T cells were collected at indicated time after stimulation. Cytokine 547 

concentrations were measured by using the mouse IL-2 (OptEIA #555148, BD Biosciences Inc., San 548 

Jose, CA, USA) and IFN-γ ELISA kits (#88-7314, eBiosciences Inc., San Diego, CA, USA). ELISA 549 

assays were performed according to the manufacturer's instructions. In brief, 96-well plate was 550 

pre-coated with the capture antibody (1:500 in coating buffer) at 4 °C overnight. On the next day, the 551 

plate was washed with PBS/0.1%Tween 20 and blocked with 1%BSA/PBS or ELISA/ELISPOT diluent 552 

buffer for 2 h at room temperature (RT). Diluted supernatants and cytokine standards were then applied 553 

to the plate and incubated for 2 h at RT. The plate was then washed and incubated with 554 

biotin-conjugated detection antibody (1:1000 in 1%BSA/PBS or ELISA/ELISPOT diluent buffer) for 1 h at 555 

RT. Next, the plate was washed and incubated with poly-HRP streptavidin (1:5000 in diluent buffer, 556 

Thermo Scientific) for 30 min. The plate was finally washed and incubated with the tetramethylbenzidine  557 

substrate solution (Sigma-Aldrich) and the reaction was stopped with 2 M H2SO4. For insulin reporter 558 

assay, 3x105 transfected HEK293T cells were cultivated in poly-L-lysine coated 24-well pates and 559 

starved in serum-free culture medium for 24 h to ensure minimal activation of Ca2+ dependent pathways. 560 

On the day of experiment, cells were washed with PBS and maintained in serum-/glucose-starved Krebs 561 

buffer (118 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 4.2 mM NaHCO3, 2 mM CaCl2, 10 562 

mM HEPES and 0.1 mg/ml BSA, pH7.4) with or without light stimulation. Supernatants were collected for 563 

insulin ELISA detection using a human insulin ELISA kit (KAQ1251, Life Technologies) according to the 564 

manufacture’s instructions. Absorbance of each well was recorded at 450nm. The absorbance of the 565 

standard sample was used to construct the standard curve.  566 

 567 

Detection of activated caspase-1 and mature IL-1β 568 
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THP-1 cells from ATCC were maintained in RPMI-1640 medium containing 10% FBS and 0.05 mM 569 

2-mercaptoethanol. Differentiated THP-1 cells were transduced with lentiviruses encoding 570 

LeGO-mCh-LOVSoc. THP-1 cells (5 × 105) were seeded in 24-well plates and cultured overnight, 571 

followed by priming with 100 ng/ml LPS for 3 h and stimulating with Nigericin (10 μM) for 6 h with or 572 

without blue light stimulation. Medium from each well was mixed with 500 μl methanol and 125 μl 573 

chloroform, vortexed, and centrifuged for 5 min at 16,000 × g. The supernant of each sample was 574 

removed and 500 μl methanol was added. Samples were centrifuged again for 5 min at 16,000 × g. Next, 575 

supernatants were removed and pellets were dried for 5 min at 50 °C. 80 μl loading buffer was added to 576 

each sample, followed by boiling for 10 min prior to SDS-PAGE and immunoblot analysis with antibodies 577 

for the detection of activated caspase-1 (D7F10; Cell Signaling). The amounts of processed IL-1β were 578 

measured using a human IL-1β ELISA kits (R&D Systems) according to the manufacturer’s instructions. 579 

Adherent cells in each well were lysed with the RIPA lysis buffer (50 mM Tris-HCl, pH 8.0, with 150 mM 580 

sodium chloride, 1.0% Igepal CA-630 (NP-40), 0.5% sodium deoxycholate, and 0.1% sodium dodecyl 581 

sulfate) with a protease inhibitors cocktail tablet (Roche), followed by immunoblot analysis to determine 582 

the cellular content of various proteins. 583 

 584 

Recombinant protein expression and purification  585 

BL21 (DE3) E.coli cells (EMD Millipore) were transformed with plasmids encoding MBP-LOVSoc or 586 

GB1-ORAI1-CT, and grown at 37 ºC in LB medium with 100 mg/L of ampicillin. Protein expression was 587 

induced by the addition of 500 μM IPTG when OD600 of the culture reached between 0.6 and 0.8. After 588 

IPTG induction, MBP-LOVSoc was incubated at 16 ºC for additional 6-8 hours, whilst GB1-ORAI1 CT 589 

incubated at 37 ºC for 3-4 hours. Harvested cells were resuspended in 1X Phosphate Buffered Saline 590 

(PBS) and sonicated. The cellular debris was clarified by centrifugation. For His6-tagged GB1-ORAI1-CT, 591 

the cell lysates were applied to Ni2+-nitrilotriacetic acid (Ni-NTA)-agarose resin (Qiagen). Bound 592 

recombinant proteins were eluted in PBS containing 250 mM imidazole and 1 mM TCEP. MBP and 593 

MBP-LOVSoc were purified through affinity purification with amylose resin (New England Biolabs) and 594 

finally eluted by PBS buffer containing 25 mM maltose and 1mM TCEP. The proteins were further 595 

purified by gel filtration on Superose 6 10/300 GL or Superdex 200 10/300 GL columns (GE Healthcare).  596 

 597 

Pulldown and coimmunoprecipitation (CoIP) experiments  598 
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For MBP pulldown assay, 400 μl 1 mg/ml of MBP (used as negative control) or MBP-LOVSoc was 599 

immobilized on 400 μl slurry of the amylose resin (New England Biolabs), and incubated with each 800 600 

μg recombinant GB1-ORAI1-CT proteins in 1 ml PBS buffer containing 1 mM TCEP. The mixtures were 601 

divided into two groups: one group is constantly exposed to an external blue LED (470 nm, 40 μW/mm2) 602 

for 4 hour at 4 °C, and then followed by ten-time washing with PBS to minimize nonspecific binding; 603 

whereas the other group was similarly treated except that all steps were performed in the dark. After 604 

extensive wash, the resin was finally mixed with 100 μl PBS and 4x SDS gel loading buffer, heated at 605 

100 °C for 10 min, and briefly centrifuged prior to gel electrophoresis. Samples were separated on 15% 606 

SDS-PAGE or 4-12% gradient NuPAGE. Bound proteins were visualized on SDS-PAGE after 607 

Coomassie Brilliant Blue R-250 staining.   608 

 609 

For immunoprecipitation, HEK293 cells co-transfected with FLAG-ORAI1 and mCh-LOVSoc were lysed 610 

with 1x RIPA buffer containing protease inhibitor cocktails. Extracts were incubated for 1 h with 611 

anti-FLAG M2 affinity resin (A2220, Sigma) and the mixture was thoroughly washed with 1x RIPA buffer, 612 

denatured and eluted with 1x SDS sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% (v/v) 613 

glycerol, and 0.002% bromphenol blue). For light-stimulated groups, all steps were performed by 614 

exposing to an external blue LED (470 nm, 40 μW/mm2).  615 

 616 

The UCNPs synthesis and modifications 617 

All starting materials were obtained from commercial supplies and used as received. Rare earth oxides 618 

Y2O3 (99.9%), Yb2O3 (99.9%), Tm2O3 (99.9%), trifluoroacetic acid (99%), 1-octadecene (ODE) (>90%), 619 

oleic acid (90%), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC⋅HCl), 620 

N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) and poly(acrylic acid) (PAA, Mw 1,800) were 621 

purchased from Sigma-Aldrich. All other chemical reagents with analytical grade were used directly 622 

without further purification.  623 

 624 

The size and morphology of UCNPs were determined at 200 kV at a JEM-2010 low to high- resolution 625 

transmission electron mircroscope (JEOL Inc., Peabody, MA, USA). The UCNP samples were dispersed 626 

in hexane and dropped on the surface of a copper grid for TEM test. The upconversion luminescence 627 

emission spectra were recorded on a Fluoromax-3 spectrofluorometer (Horiba Scientific, Irvine, CA, 628 
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USA) that was equipped with a power adjustable collimated CW 980 nm laser. All the 629 

photoluminescence studies were carried out at room temperature.  630 

 631 

The β-NaYF4:Yb,Tm core UCNPs were prepared using a modified two-step thermolysis method53. In the 632 

first step, the CF3COONa (2 mmol) and required Ln(CF3COO)3 (0.5 mmol in total) precursors were 633 

mixed with oleic acid (5 mmol), oleyl amine (5 mmol) and 1-octadecene (10 mmol) in a two-neck 634 

reaction flask. The mol-percentage of Tm(CF3COO)3 was fixed at 0.5%, Yb(CF3COO)3 was employed in 635 

80%, and Y(CF3COO)3 was used of 19.5%. The slurry mixture was heated to 110 °C in order to form a 636 

transparent solution. This was followed by 10 minutes of degassing to remove the oxygen and water. 637 

The flask was then heated to 300 °C at a rate of 15 °C per min under dry argon flow, and remained at 638 

300 °C for 30 minutes. The α-NaLnF4 intermediate UCNPs were acquired by cooling down the reaction 639 

solution to room temperature, followed by centrifugation with excessive ethanol. In the second step, the 640 

α-NaYF4:Yb, Tm UCNPs were re-dispersed in oleic acid (10 mmol) and 1-octadecene (10 mmol) along 641 

with CF3COONa in a two-neck flask. After degassing at 110 °C for 10 minutes, the flask was heated to 642 

325 °C at a rate of 15 °C per min under dry argon flow, and remained at 325 °C for 30 minutes. The 643 

β-NaYF4:Yb,Tm UCNPs were then centrifugally separated from the cooled reaction media and 644 

suspended in 10 ml of hexane as the stock solution for further use. 645 

 646 

In the thermolysis reaction, as-synthesized β-NaYF4:Yb, Tm UCNPs served as crystallization seeds for 647 

the epitaxial growth of undoped β-NaYF4 shell. Typically, a stock solution of β-NaYF4:Yb, Tm UCNPs (5 648 

ml, ca. 0.26 μmol/L core UCNPs) was transferred into a two-neck flask and hexane was sequentially 649 

removed by heating. Then CF3COONa and Y(CF3COO)3 (0.5 mmol) were introduced as UCNP shell 650 

precursors with oleic acid (10 mmol) and 1-octadecene (10 mmol). After 10 minutes of degassing at 110 651 

°C, the flask was heated to 325 °C at a rate of 15 °C/min under dry argon flow and was kept at 325 °C for 652 

30 minutes. The products were precipitated by adding ethanol to the cooled reaction flask. After 653 

centrifugal washing with hexane/ethanol, the core/shell UCNPs were re-dispersed in 10 ml of hexane for 654 

further use. 655 

 656 

The synthesis of UCNPs-Stv  657 
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The hydrophobic UCNPs were first treated by surface ligand exchange using a modified literature 658 

method54. Briefly, nitrosonium tetrafluoroborate (NOBF4, 0.20 g) was dissolved in dimethylformamide 659 

(DMF, 5 ml), and β-core/shell UCNPs in hexane stock solution (1 ml) was added, followed by 4 ml 660 

hexane and 2 h of stirring at room temperature. Then BF4
- capped UCNPs were precipitated by adding 661 

isopropanol (5 ml), and purified by 2 cycles of centrifugal wash with DMF. Subsequently, all UCNPs 662 

precipitates were dispersed in poly(acrylic acid)/DMF (PAA, Mw 1800, 10 mg/ml, 5 ml) solution to replace 663 

surface BF4
- by PAA. After overnight incubation, the PAA coated β-NaYF4:Yb,Tm/NaYF4 UCNPs were 664 

purified by centrifugal wash with deionized (DI) water.  665 

 666 

The streptavidin and zwitterion ligands55 were conjugated to UCNPs-PAA surface by EDC 667 

(1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide) coupling approach. Generally, 50 mg hydrophilic 668 

PAA-coated UCNPs in 5 ml DI water were activated by EDC (50 mg) and NHS (10 mg) to form 669 

succinimidyl ester. After stirring at room temperature for 2 hours, the nanoparticles were collected by 670 

centrifugation followed by washing with DI water. The generated nanoparticles were then re-dispersed 671 

into 5 ml DI water, followed by adding 150 µg streptavidin and the mixture was further stirred at room 672 

temperature for 4 hours. Next, 100 mg zwitterion ligand was introduced to the solution. After overnight 673 

stirring at room temperature, the UCNPs-Stv were purified by washing with DI water, centrifugation and 674 

dispersion in DI-water for further use.     675 

 676 

In vitro LOV2 domain activation mediated by UCNPs-Stv following NIR light stimulation  677 

5 ml LOV2 or MBP-LOVSoc proteins were concentrated to 0.5 ml at a concentration of 50-100 μM using 678 

centrifugal filter devices with a cutoff of 10 kDa. The UV-Vis spectra were recorded with a Shimadzu or 679 

Nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). The absorbance was 680 

recorded before and after the introduction of UCNPs-Stv. 10 mg of UCNPs-Stv was added to make a 681 

final concentration of 20 μg/μl. The mixed solution was then transferred to a thin glass tube (with a 682 

diameter comparable to the CW laser spot) and subjected to 980 nm CW laser excitation (15 mW/mm2) 683 

for 1 min. The control sample was exposed to blue light (470 nm, 40 μW/mm2) for 1 min. After light 684 

stimulation, the absorbance was monitored every 30-300 sec till the LOV2 domain fully returned to its 685 

dark state.  686 

 687 
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Fourier transform infrared spectroscopy (FT-IR)  688 

20 mg of UCNPs with different surface modifications were mixed with 100 mg KBr, and then grounded 689 

into fine powder in a mortar. A piece of pre-cut cardboard was placed on top of a stainless steel disk and 690 

the cutout hole was filled with the finely ground mixture. A second stainless steel disk was put on top and 691 

the sandwich disks were transferred onto the pistil in the hydraulic press to obtain a homogenous and 692 

transparent film. The samples were then inserted into the IR sample holder for analysis. Black 693 

background (KBr film only) was subtracted from the corresponding spectrum.  694 

 695 

Quantification of upconversion quantum efficiency  696 

The upconversion quantum efficiency (QE) is used to precisely measure the upconversion ability of the 697 

characterized materials, which is defined as the fraction of the absorbed photons that successfully 698 

employed to generate upconversion emission. The upconversion QE was calculated based on the 699 

following equation: QE=i*QY; where QY represents the quantum yield and i equals to 3 as Tm3+ excited 700 

state produces three-photon luminescence at 480 nm (from 1D2 state to 3H6 state). The upconversion QY 701 

was first measured on a relative basis, using a known QY (3.2%) sample of α-NaYF4:Yb,Er @CaF2 as a 702 

standard56. The following equation was used to calculate the QY: 703 

QYSample=QYref(
Esample

Eref
)( Aref

Asamples
),  704 

where (E) is the integrated emission intensity at 480nm, (A) is the absorption at 980nm. The 705 

upconversion QE of the 40-nm β-NaYF4:Yb,Tm@β-NaYF4 UCNPs in the blue region was determined to 706 

be 2.7 % at the power density of 10 W/cm2.  707 

 708 

Fluorescence imaging with UCNPs 709 

Imaging of UCNPs-Stv targeted to HeLa cells transfected with mCh-ORAI1StrepTag 710 

Transfection reagent (100 ng of pcDNA-mCh-ORAI1StrepTag in 50 µL opti-MEM) was mixed with 711 

lipofectamine solution (2 µL of lipofectamine in 50 µL opti-MEM). 5 min later, the plasmid mixture was 712 

added into petri dish with 0.1 million HeLa cells. The cells were incubated with transfection reagent in 713 

opti-MEM for 4 hours, returned to DMEM and allowed for further growth of 16 hours. 100 µL of 714 

UCNPs-Stv PBS solution was introduced into the cell culture media and incubated for 2 hours, followed 715 

by washing and re-addition of opti-MEM for imaging. For imaging, Images were recorded on a LSM7 MP 716 
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microscope (Zeiss) equipped wavelength adjustable coherent lasers with 60× water immersion objective 717 

lens. mCherry was excited at 740 nm and emission was detected from 610 to 650 nm. While UCNPs 718 

was excited at 980 nm and emission was detected from 450 to 500 nm. 719 

 720 

Imaging of transfected HeLa cells in the presence of UCNPs-Stv 721 

HeLa cells were cotransfected with a total of 500 ng DNA (200 ng of pTriEX-mCh-LOVSoc, 200 ng of 722 

pcDNA3.1-mCh-ORAI1-StrepTag, 100 ng of pGP-CMV-GCaMP6S-CAAX or 100 ng NFAT11-460-GFP in 723 

opti-MEM) as described above. 16 h posttransfection and 2 h prior to imaging, 20 mg of UCNPs-Stv 724 

PBS solution was introduced into the cell culture media. For imaging, Petri dish was mounted on a Leica 725 

TCS SP 2 confocal microscope equipped with a 63×oil objective. mCherry was excited at 590 nm and 726 

emission was detected from 610 to 670 nm. A 488-nm laser with minimum power was used to acquire 727 

GFP signals whilst a 590-nm laser was applied to acquire mCherry signals. All images were collected at 728 

a scanning rate of 400 Hz. 980 CW laser was introduced into the system with a power density of 15 729 

mW/mm2, and each irradiation takes 5-10 seconds. The relatively slow onset of Ca2+ influx and NFAT 730 

nuclear translocation provided us a time window to quickly capture the green signals without noticeably 731 

activating LOVSoc during image acquisition. This allows us to confidently apply NIR light to monitor Ca2+ 732 

influx and NFAT nuclear translocation.  733 

 734 

Bioluminescence and thermal imaging  735 

HeLa cells were transfected with NFAT-Luc with and without the Opto-CRAC construct LOVSoc, as 736 

indicated. 48 hours after transfection, 5 × 105 cells suspended in 200 µL DMEM with 1 μM PMA were 737 

mixed with 10 mg UCNPs-Stv, then implanted i.v. into BALB/c mice (female; 4-8 weeks; injected 738 

position: upper thigh, as indicated in red circle; from Jackson Laboratory). The hairs on the back of the 739 

mice were shaved, whilst the hairs on the belly remained unshaved. The implanted regions were subject 740 

to 980 nm CW laser irradiation (50 mW/mm2, 30 sec every 1 minute for a total of 25 minutes), during 741 

anesthesia using ketamine/xylazine (100 mg/kg, 10 mg/kg, i.v.). Five hours later, the cells implanted 742 

area was injected with D-luciferin (i.v., 100 µL, 15 mg/ml in PBS) and imaged 20 min later with an 743 

IVIS-100 in vivo imaging system (2-min exposure; binning = 8). Luciferase luminescence was plotted as 744 

false color with rainbow-scale bar set as the same for all acquired images. For thermal imaging, BALB/c 745 

mice were immobilized and exposed to 50 mW/mm2 980 nm CW laser under the same condition as we 746 
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carried out for the in vivo luciferase experiment. Images at two-minute intervals were taken by a thermal 747 

imaging camera (FLIR Instruments). 748 

 749 

Ex vivo cross-presentation assay and OT-I T-cell activation 750 

To obtain murine bone marrow-derived dendritic cells (DCs), bone marrow cells were washed out of the 751 

femurs of adult mice in RPMI-1640 using a syringe and a 25-gauge needle and depleted of red blood 752 

cells. Bone marrow cells (5x105 cells/well) in 6-well plate were cultured in RPMI-1640 containing 2 753 

mM-L-glutamine,100 IU/ml penicillin,100 mg/ml streptomycin, 10% FCS,50 μM β-ME，20 ng/ml GM-CSF 754 

and 200 IU/ml IL-4 for dendritic cell differentiation. Bone marrow cells were transduced with MSCV 755 

expressing viral vector pMIG-mCh-LOVSoc-IRES-ORAI1StrepTag on day 3 at MOI of 20 for 6 h. Next, 75% 756 

of the media and non-adherent cells were removed and replaced with fresh culture medium. On day 5, 757 

transduced DCs were gently dislodged and pulsed for 3 h at 37 °C with 2 μg/ml OVA257–264 peptide 758 

(GenScript) and 1 mg/ml UCNP-Stv nanoparticles. Cells were then washed to remove unattached 759 

peptide and nanoparticles. To generate OT-I CD8 T cells, spleens and lymph nodes (LN) of OT-1 Rag1-/- 760 

mice (purchased from the Jackson Laboratory) were pressed through a 70 μm cell strainer (BD Falcon). 761 

Untouched CD8 T cells were sorted by using mouse CD8 T Cell Isolation Kit (Miltenyi Biotec). 2x104 762 

irradiated peptide loaded UCNPs-Stv/OVAp Opto-CRAC DCs were seeded in triplicates in 96-well 763 

U-bottom plates containing 5x104 purified OT-I CD8 T cells in a total volume of 200 μl and co-cultured for 764 

5 days with or without NIR light stimulation for 16h (1 min pulse, 15 mW/mm2). T cell proliferation was 765 

determined by labeling cultured cells with [3H] thymidine at a concentration of 1 μCi/μL for 16 h and the 766 

radioactivity was measured using a liquid scintillation counter (PerkinElmer). To detect DCs maturation 767 

and migration, NIR-stimulated or unstimulated UCNPs-Stv Opto-CRAC DCs were stained with 768 

FITC-CD11c, PE-MHC-I, APC-MHC-II, PE-CD86 and PE-CCR7 and then subjected to flow cytometry 769 

analysis 3 days post-transduction. For intracellular IFN-γ staining, OT-I CD8 T cells were incubated with 770 

UCNPs-Stv/OVAp Opto-CRAC DCs for 6 h at 37 °C in the presence of GolgiStop (monensin) (BD 771 

Pharmingen). Cells were then stained with surface marker using APC-CD8a antibody for 15 min on ice 772 

and permeabilized using cytofix/cytoperm (BD Biosciences) for 30 min on ice. Permeabilized cells were 773 

resuspended in BD Perm/Wash buffer (BD Biosciences) and stained with PE-anti-IFN-γ antibody for 20 774 

min. Samples were run on a BD LSRII Flow Cytometer and analyzed by BD FACSDiva software. 775 

 776 
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Adoptive cell transfer in murine B16-OVA melanoma models  777 

B16-OVA is an OVA-transfected clone derived from the murine melanoma cell line B16 (ref. 35). 778 

B16-OVA cells were cultured and maintained in Dulbecco's modified Eagle medium (HyClone) 779 

supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 IU/ml penicillin, 100 mg/ml 780 

streptomycin under 37 °C in 5% CO2. B16-OVA cells (1x106) were injected s.c. into the flank region or i.v. 781 

via tail vein of Rag1-/- mice (purchased from the Jackson Laboratory)57. 3 days later, mice were injected 782 

i.v. with 2×105 Opto-CRAC DCs treated with UCNPs-Stv and the surrogate tumor antigen OVA257-264. 783 

1.5×106 OT-I T cells labeled with CellTrace far red CFSE were i.v. injected into tumor-bearing mice. 784 

Briefly, cells were incubated at 1x106 cells/ml in CFSE at a final concentration of 1 μM for 20 min at room 785 

temperature. The labeling reaction was stopped by adding the same volume of FBS. Recipient Rag1-/- 786 

mice were subjected to the excitation of NIR laser (8 h per day, 0.5-1 min ON/OFF pulse, 30 mW/mm2) 787 

or shielded from NIR (control group) for 6 days to stimulate Opto-CRAC DC maturation, with the initial 788 

two days concentrating more on areas nearby the draining lymph nodes of restricted mice. For in vivo T 789 

cell proliferation, spleen and draining popliteal and inguinal LNs were harvested and injected with 790 

collagenase D (1 mg/ml; Boehringer-Mannheim, Mannheim, Germany) in RPMI and 10% FBS for 20 791 

minutes at 37 °C. Digested LN or spleen were filtered through a stainless-steel sieve, and the cell 792 

suspension was washed twice in PBS and 5% FBS. CFSE-labeled OT-I CD8 T cells were analyzed by 793 

flow cytometry as described above. Tumor growth was measured at indicated time points using calipers 794 

shown in growth curve using the equation of V = Lx W2/2. Lungs were isolated and tumor foci of lung 795 

melanomas were counted from tumor-bearing mice shielded or exposed to NIR pulse from day 3-9 after 796 

B16-OVA tumor cell injection.  797 

 798 

Histology analyses 799 

Hela cells and UCNPs were subcutaneously implanted into upper thigh of BALB/c mice, followed by 980 800 

nm CW laser irradiation (50 mW/mm2, 30 sec every 1 minute for a total of 25 minutes), during 801 

anesthesia using ketamine/xylazine (100 mg/kg, 10 mg/kg, i.v.). Two weeks after subcutaneous 802 

implantation, mice were sacrificed and tissue samples under skin at the injection position were collected. 803 

Routine Hematoxylin and Eosin staining (H&E) was performed by University of Massachusetts Medical 804 

School morphology core. 805 

 806 
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Data analyses 807 

The fluorescence images were analyzed with the NIS-Elements imaging software (Nikon) or the Image J 808 

package (NIH) with the intensities plotted using the GraphPad Prism 5 graphing and statistical software. 809 

The mean lifetime of fluorescence signal change was calculated with a single exponential decay 810 

equation F(t)=F(0)*e^(-t/τ). Quantitative data are expressed as the mean and standard deviation of the 811 

mean (s.e.m.) unless otherwise noted. Paired Student’s t-test was used throughout to determine 812 

statistical significance. *P<0.05; **P<0.01; ***P<0.001, when compared to control or WT. 813 

 814 
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FIGURE LEGENDS 848 

 849 

Figure 1. LOVSoc-mediated photoactivatable Ca2+ entry and nuclear translocation of NFAT in 850 

mammalian cells.  851 

a, Schematic of light-operated Ca2+ entry though engineered Opto-CRAC channels. Fusion with the 852 

lightswitch LOV2 domain confers photosensitivity to the ORAI1-activating STIM1-CT fragments. In the 853 

dark, STIM1-CT fragments are kept inactive presumably by docking toward the LOV2 domain. Upon 854 

blue light illumination, the undocking and unfolding of the LOV2 C-terminal Jα helix lead to the exposure 855 

of the STIM1-CT fragments, enabling their interaction with ORAI1 Ca2+ channels to trigger Ca2+ influx 856 

across the plasma membrane. See Figure 1-figure supplement 1 for the detailed design and 857 

comparison among the designed Opto-CRAC constructs.         858 

b, Light-inducible translocation of mCherry-LOV2404-546-STIM1336-486 (designated as mCh-LOVSoc) from 859 

the cytosol to the plasma membrane in HEK293T-ORAI1 stable cells.  860 

Upper panel, the images represent the same cells in the dark (black bar) or exposed to blue light at 470 861 

nm (40 μW/mm2; blue bar). Scale bar, 10 μm.  862 

Lower panel, Kymograph of mCh-LOVSoc corresponding to the circled area (top) and quantification of 863 

mCherry signals over three repeated light-dark cycles (bottom). n = 12 cells from three independent 864 

experiments. Error bars denote s.e.m.       865 
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c, Light-induced Ca2+ influx reported by the green genetically-encoded Ca2+ indicator (GECI) GCaMP6s. 866 

The global cytosolic Ca2+ change was monitored after cotransfection of mCh-LOVSoc and GCaMP6s in 867 

HeLa cells; whereas the local Ca2+ change near the PM was reported by the PM-tethered 868 

GCaMP6s-CAAX construct. Shown were representative confocal or TIRF images following blue light 869 

stimulation (30 s, 40 μW/mm2). The photo-activated Ca2+ response reflected in the fluorescence change 870 

was plotted on the right. n = 15 cells from three independent experiments. Error bars denote s.e.m. 871 

Scale bar, 10 μm.         872 

d, A representative example of light-inducible Ca2+ oscillation pattern generated by LOVSoc-expressing 873 

HeLa cells when exposed to repeated light-dark cycles (30 s ON and 120 s OFF). The red Ca2+ sensor, 874 

R-GECO1.2, enabled recording of the whole course of intracellular Ca2+ fluctuation. n = 8 cells from 875 

three independent experiments. Blue bar indicates light stimulation at 470 nm with a power density of 40 876 

μW/mm2. Error bars denote s.e.m.  877 

e, Photo-triggered current-voltage relationships of CRAC currents in HEK293-ORAI1 cells transfected 878 

with mCh-LOVSoc. mCherry positive cells were subjected to whole-cell patch-clamp by a ramp protocol 879 

ranging from -100 mV to 100 mV in the presence (blue) or absence (gray) of light illumination. For the 880 

red curve, extracellular Na+ was replaced with a non-permeant ion NMDG+ to assess ion selectivity by 881 

examining the contribution of Na+.         882 

f, Light-tunable nuclear translocation of GFP-NFAT1 and NFAT-dependent luciferase (NFAT-Luc) gene 883 

expression in HeLa cells transfected with mCh-LOVSoc. The HeLa-GFP-NFAT1 stable cells were 884 

subjected to light pulse stimulation for 30 s whilst the interpulse intervals were varied from 0.5 to 4 min. 885 

Representative snapshots of cells during GFP-NFAT1 nuclear translocation were shown in the middle 886 

panel. The corresponding time courses and dependence of NFAT nuclear translocation or NFAT-Luc 887 

activity on the interpulse interval were plotted on the right. n = 15-20 cells from three independent 888 

experiments. Error bars denote s.e.m. Scale bar, 10 μm.   889 

 890 

Figure 2. Photo-manipulation of Ca2+-dependent gene expression and immune response. All data 891 

were shown as mean ± s.d. from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 892 

(paired Student’s t-test).    893 

a, Light-triggered Ca2+-dependent gene expression. Cells were either kept in the dark or exposed to 894 

pulsed blue light (30 s on with 30 s interval; 40 μW/mm2) for 6 hours prior to cell lysis to quantify 895 
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luciferase activity (middle) or insulin production (right). Iono, ionomycin. PMA, phorbol 12-myristate 896 

13-acetate.  897 

Left panel, Schematic of experimental design. Three upstream Ca2+-responsive elements in the 5’ 898 

transcription regulatory region enable efficient initiation of gene expression of the downstream Ins1 gene 899 

encoding insulin following LOVSoc-mediated photoactivatable Ca2+ entry and NFAT nuclear 900 

translocation. SRE, serum-response element; CRE, cyclic adenosine monophosphate response 901 

element; NFAT RE, nuclear factor of activated T cells response element.  902 

Middle panel, Ca2+/NFAT-dependent luciferase activity in HeLa cells transfected with LOVSoc and an 903 

NFAT-dependent firefly luciferase reporter vector. A third plasmid encoding the Renilla luciferase gene 904 

was cotransfected as a reference gene for normalization of gene expression. 905 

Right panel, Photo-inducible insulin production driven by Ca2+-responsive elements in HEK293T cells.   906 

b, Photo-inducible expression of IL-2 and IFN-γ genes in mouse CD4+ T cells expressing the LOVSoc 907 

construct. Mouse CD4+ T cells were enriched and purified using an immunomagnetic negative selection 908 

kit and transduced with a retrovirus encoding mCh-LOVSoc. On day 5 after transduction and expansion 909 

in the presence of IL-2, cells were treated with or without PMA, shielded from light or illuminated with 910 

blue light for 8 hours, and then lysed for qPCR (upper panels) or ELISA analyses (lower panels). The 911 

schematic of the experiment was shown on the left.  912 

Upper panel, Optogenetic stimulation of cytokine production in mouse CD4+ effector T cells transduced 913 

with a retrovirus encoding mCh-LOVSoc.  914 

Right panel, Cytokine production (IL-2 and IFN-γ that are characteristic of activated CD4+ T cells) was 915 

determined by ELISA.  916 

c, Photo-tunable amplification of inflammasome activation in macrophages. Human THP-1-derived 917 

macrophages were transduced with lentiviruses expressing mCh-LOVSoc, primed with LPS (100 ng/ml) 918 

and incubated with inflammasome inducer nigericin (10 μM) for 6 h. Cells were either shielded from light 919 

or illuminated with pulsed blue light for 8 hours at power densities of 5 or 40 μW/mm2. The cell lysates 920 

were collected for ELISA analysis (left) and WB (right). The schematic of the experiment was shown on 921 

the left.  922 

Left panel, the amount of secreted IL-1β in the culture supernatant quantified by ELISA.  923 
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Right panel, NLRP3 inflammasome activation assessed by Western blotting of lysates and supernatants 924 

harvested from cells treated with indicated conditions. Arrowhead, processed caspase 1 (Casp-1) 925 

subunit p20.   926 

 927 

Figure 3. NIR light control of Opto-CRAC by lanthanide-doped upconversion nanoparticles. 928 

a, Physiochemical properties of the synthesized upconversion nanoparticles.  929 

Upper panel, schematic illustration of the core/shell structure and energy transfer (ET) among 930 

lanthanide ions in the NaYF4: Yb, Tm@NaYF4 upconversion nanoparticles (UCNPs). 931 

Lower panel, the emission spectrum of NaYF4: Yb, Tm@NaYF4 (solid red line) upon 980 nm CW laser 932 

irradiation (15 mW/mm2) superimposed by the absorbance spectrum of recombinant LOV2 protein 933 

(dashed blue line). Inset: the bright blue emission could efficiently lighten the background upon NIR light 934 

illumination at 980 nm. 935 

b, NIR light-induced changes in the absorption spectra of purified MBP-LOVSoc at different time interval 936 

after mixing with UCNPs-Stv and irradiation with a 980 nm laser (1 min at a power density of 30 937 

mW/mm2). After blue (excited at 470 nm as control, blue circle) or NIR (red triangle) light stimulation, the 938 

recovery time course of LOV2 absorbance at 450 nm was plotted in the lower panel.    939 

c, Specific targeting of streptavidin-conjugated UCNPs to engineered ORAI1 channels in the plasma 940 

membrane of HeLa cells.   941 

Left panel, Schematic showing the interaction between streptavidin-coated upconversion nanoparticles 942 

(UCNPs-Stv) and the engineered ORAI1 Ca2+ channel that harbors a streptavidin-binding tag (StrepTag) 943 

in the second extracellular loop. The mCh-ORAI1StrepTag protein was able to efficiently recruit and anchor 944 

UCNPs-Stv to the plasma membrane of transfected HeLa cells.  945 

Right panel, Florescence microscopy imaging showing the accumulation of UCNPs-Stv (green, λex: 980 946 

nm, λem: 450-500 nm) on the plasma membrane of cells transfected with mCh-ORAI1-StrepTag. Scale 947 

bar, 10 μm.   948 

d, NIR light-triggered Ca2+ influx and NFAT nuclear translocation in HeLa cells coexpressing 949 

mCh-ORAI1StrepTag and LOVSoc. Ca2+ influx was monitored by GCaMP6s fluorescence whilst 950 

GFP-NFAT translocation was reported by GFP signals. Transfected cells were mixed with UCNPs-Stv 951 

(20 μg/μl) and illuminated by a 980-nm CW laser to trigger the Ca2+ influx. The relatively slow onset of 952 
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Ca2+ influx and NFAT nuclear translocation provided us a time window to quickly capture the green 953 

signals without noticeably activating LOVSoc during image acquisition at low excitation energy (<1 954 

μW/mm2). Scale bar, 10 μm.  955 

e, NIR light-induced reversible Ca2+ influx reported by R-GECO1.2. HeLa cells were transfected with an 956 

IRES bicistronic pMIG retroviral construct that enabled coexpression of ORAI1StrepTag and mCh-LOVSoc. 957 

Transfected cells were mixed with 5 mg UCNPs-Stv and illuminated by a 980-nm laser at 30 mW/mm2 to 958 

trigger the Ca2+ influx. Data were shown as mean ± s.e.m. from 12 cells in two independent experiments. 959 

f, Flow cytometry analysis of IFN-γ production in mouse CD4+ T lymphocytes transduced with 960 

retroviruses co-expressing mCh-LOVSoc and ORAI1StrepTag. Freshly isolated CD4+ T cells were 961 

subjected to in vitro differentiation as described in Figure 2b, incubated with 20 μg/μl UCNPs-Stv and 1 962 

μM PMA, and exposed to overnight NIR light pulse (ON/OFF interval of 30 s, 980 nm, 30 mW/mm2) prior 963 

to analysis.  964 

g, NFAT-dependent luciferase expression in vivo triggered by NIR light stimulation.  965 

Left, Schematic of experimental setup. HeLa cells were transfected with NFAT-Luc and constructs 966 

encoding LOVSoc/ORAI1StrepTag. 48 h post-transfection, cells were treated with 1 μM PMA, incubated 967 

with 10 mg UCNPs-Stv (blue sphere) and implanted to the flanks of mice subcutaneously. The 968 

implanted areas were then subjected to NIR light irradiation (red) with a 980 nm CW laser (50 mW/mm2, 969 

30 sec ON, 30 sec OFF for a total of 25 minutes). 970 

Right, Shown were bioluminescence imaging of three representative BALB/c mice, one implanted with 971 

HeLa cells expressing NFAT-Luc only (left) and the other two with cells expressing LOVSoc and 972 

NFAT-Luc (middle and right). Mice were subjected to NIR light irradiation (left and right) with a 980 nm 973 

CW laser. The images were acquired 20 minutes after receiving a single dose of luciferin (100 μL, 15 974 

mg/ml, i.v.). Luciferase-catalyzed bioluminescence was visualized as false color with the same rainbow 975 

scale bar for all acquired images. Red circle, implanted area.  976 

 977 

Figure 4. NIR light control of Opto-CRAC DC-mediated antigen cross-presentation to OT-I CD8 T 978 

cells and B16-OVA melanoma killing. Data were shown as mean ± s.e.m. from at least three 979 

independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 (paired Student’s t-test).    980 
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a, Scheme showing the experimental design. NIR-stimulated Ca2+ influx in Opto-CRAC DCs prompts 981 

immature DC maturation and OVA antigen cross-presentation to activate and boost anti-tumor immune 982 

responses mediated by OT-1 CD8 T cells (cytotoxic T lymphocytes, CTLs), thereby sensitizing tumor 983 

cells to OVA-specific, CTL-mediated killing in the B16-OVA melanoma model. OVA peptide (OVAp, 984 

257SIINFEKL264) is used here as a surrogate tumor antigen. Rag1-/- mice were subcutaneously (s.c.) 985 

implanted in the flank or intravenously (i.v.) injected with 2 x 106 B16-OVA tumor cells per mice to induce 986 

melanoma and lung metastasis. Bone marrow-derived dendritic cells (BMDCs) expressing the 987 

Opto-CRAC system (Opto-CRAC DCs) were pulsed with UCNPs-Stv and OVA257-264 peptides and 988 

injected into Rag1-/- mice 3 days after tumor cell injection. Sorted OT-I CD8 cells from OT-I Rag1-/- mice, 989 

which are labeled by CSFE for monitoring DC antigen cross-presentation and T cell proliferation in vivo, 990 

were transferred into B16 tumor-bearing mice one day after Opto-CRAC DC infusion. Mice were kept in 991 

dark or exposed to NIR for 1 week (8 h per day, 1 min ON/OFF pulse, 30 mW/mm2) after DC injection to 992 

stimulate Opto-CRAC DC maturation in vivo and photo-boost tumor antigen cross-presentation. 5 days 993 

after adoptive transfer, tumor draining lymph nodes (dLNs) and spleen were harvest for FACS (panel e) 994 

analysis on CFSE-labeled CD8 T cells. Tumor growth was measured by caliper (panel f) and mice were 995 

sacrificed on day 18 for lung metastasis analysis (panel g).     996 

b, Flow cytometric analysis on the expression levels of MHC, co-stimulatory and chemokine receptor 997 

molecules in BMDCs. Cells were double-immunolabeled with CD11c-FITC vs MHC class I-PE, 998 

CD86-PE, MHC class II-APC or CCR7-PE and analyzed three days after viral transduction of 999 

Opto-CRAC. UCNPs-Stv/ OVA loaded Opto-CRAC DCs were exposed or shielded from NIR illumination 1000 

for 48 h (30 mW/mm2 with 1 min pulse interval) prior to analysis. 1001 

c, Proliferation of sorted naïve OT-I CD8 T cells co-cultured with UCNPs-Stv/OVA loaded Opto-CRAC 1002 

DCs, with or without NIR illumination, was measured by the [3H] thymidine incorporation assay. 1003 

d, Flow cytometric analysis of IFN-γ production in sorted naïve OT-I CD8 T cells co-cultured with 1004 

UCNPs-Stv/OVA loaded Opto-CRAC DCs with or without NIR stimulation. 1005 

e, Flow cytometric analysis of in vivo proliferation of CFSE-APC labeled OT-I CD8 T cells in dLNs and 1006 

spleen 6 days after injection of UCNPs-Stv/OVA loaded Opto-CRAC DCs with or without NIR pulse 1007 

excitation (30 mW/mm2) as indicated in panel a.  1008 
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f, Tumor-inoculated sites (left) were isolated from tumor-bearing mice (n = 5) shielded or exposed to NIR 1009 

and the tumor sizes (mm3) were measured at indicated time points shown in the growth curve (right) 1010 

after tumor implantation.  1011 

g, Representative lungs with melanoma metastases (left) were isolated from tumor-bearing mice 1012 

shielded or exposed to NIR. The histogram represents counted numbers of visible pigmented tumor foci 1013 

(as exemplified by the arrows) with pulmonary melanoma metastases on the surface of lungs (right 1014 

panel; n = 5 mice). 1015 

 1016 

 1017 

SUPPLEMENTARY FIGURES 1018 

 1019 

Figure 1 - Figure Supplement 1. Design and characterization of engineered Opto-CRAC 1020 

constructs (related to Figure 1a). 1021 

a, Fragments derived the cytoplasmic domain of STIM1 (STIM1-CT) that are capable of constitutively 1022 

activating ORAI1 channels (with the inclusion of the SOAR/CAD region) were fused to the photoswitch 1023 

moiety LOV2. Residues KL or KLAAA was added between LOV2 and STIM1-CT fragments as linker. 1024 

Five mutations were individually introduced into LOV2 domain. The chimera LOV2404-546-KL-STIM1336-486 1025 

(designated as LOVSoc) exhibited the highest dynamic range without showing significant dark activity 1026 

(judging from constitutive NFAT translocation in the dark). C450A traps the LOV2 domain in the dark 1027 

state to acts as a negative control whilst I539E is known to keep LOV2 in its lit state10. G528A, I532E 1028 

and N538E have been reported to increase the dynamic range of LOV2 domain58. However, those 1029 

mutations did not seem to improve the overall performance of Opto-CRAC constructs in our hands. The 1030 

previously reported LOVS1K (LOV2-STIM1233-450)47, which is approximately 8 kDa larger than LOVSoc in 1031 

size because of the inclusion of CC1 region, had a much narrower dynamic range with noticeable dark 1032 

activity. The dark activity is gauged by the percentage of nuclear/total GFP-NFAT in the dark and 1033 

defined as follows: “−“, no discernible activation; “+”, less than 10% activation; “++”, ≥ 10%. The dynamic 1034 

range, reported by the averaged fluorescence changes (ΔF/F0) of the Ca2+ sensor GCaMP6s, is 1035 

categorized as: “−”, <0.2; “+”, 0.2-1.0; “++”, 1.0-2.5; “+++”, >2.5. The domain architecture of STIM1 was 1036 

shown on the top: SP, signal peptide; EF-SAM, EF-hand motif and sterile-alpha motif; TM, 1037 
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transmembrane domain; CC1, predicted coiled-coil region 1; SOAR/CAD, the minimal ORAI-activating 1038 

region in STIM1 or the CRAC activating domain; PS, proline/serine-rich region; K, poly-basic C-tail.  1039 

b-d, Normalized fluorescence changes in HeLa cells co-transfected with genetically-encoded Ca2+ 1040 

sensors (GCaMP6s or R-GECO1.2) and indicated opto-CRAC constructs (b, various STIM1-CT 1041 

fragments; c, optimization of the linker; d, LOV2 mutations). The LOV2 structure (PDB entry: 2V0W), 1042 

along with its co-factor FMN (yellow sticks) and mutated positions (highlighted in red colors), was shown 1043 

to the right of panel d. Data were shown as mean ± s.e.m. from 10-20 cells.    1044 

 1045 

Figure 1 - Figure Supplement 2. Light-dependent interaction between LOVSoc and ORAI1 1046 

(related to Figure 1b).    1047 

a, Schematic of the MBP- or mCherry (mCh)-tagged LOVSoc constructs used in the pulldown or CoIP 1048 

assays. MBP fusion protein was expressed in bacteria and purified to probe its interaction with 1049 

GB1-tagged ORAI1 C-terminus (GB1-ORAI1-CT, residues 259-301) in vitro; whereas mCherry-tagged 1050 

protein was used in the CoIP experiment to demonstrate its light-inducible interaction with FLAG-tagged 1051 

ORAI1 (FLAG-ORAI1).  1052 

b, Size-exclusion chromatography elution profile of purified MBP-LOVSoC. Inset, SDS-PAGE image of 1053 

purified recombinant protein.  1054 

c, UV-Vis spectra absorbance changes of LOV2 domain upon photoexcitation. The recovery of LOV2 to 1055 

dark state was monitored every 25 s.   1056 

d, In vitro light-inducible binding of recombinant GB1-ORAI1-CT (MWtheoretic = 13 kDa; indicated by 1057 

arrowhead) to recombinant MBP-LOVSoc (MWtheoretic = 76 kDa) immobilized on the amylose resin. MBP 1058 

(MWtheoretic = 43 kDa) was used as negative control and did not exhibit light-dependent association with 1059 

GB1-ORAI1-CT. For the light stimulation groups, samples were constantly exposed to an external blue 1060 

LED (470 nm, 40 μW/mm2)  1061 

e, FLAG-ORAI1 coimmunoprecipitated with mCh-LOVSoc in a light-dependent manner. Samples in the 1062 

light-simulated groups were constantly exposed to an external blue LED (470 nm, 40 μW/mm2).  1063 

 1064 

Figure 1 - Figure Supplement 3. Characterization of photoactivatable Ca2+ entry into mammalian 1065 

cells. (related to Figure 1c-d). Data were shown as mean ± s.e.m. from 10-20 cells.  1066 



 
 
 

37

a, Light-tunable Ca2+ entry reported by GCaMP6s in HEK293T cells transfected with mCh-LOVSoc. The  1067 

response curves (n= 10 cells) were plotted as fold-changes of GCaMP6s signals following light 1068 

stimulation at time 0 with indicated power densities at 470 nm. The bar graph on the right showed the 1069 

maximal fold-changes of GCaMP6 at varying light power densities.  1070 

b, Maximal Ca2+ response induced by light stimulation (470 nm for 1 min at 40 μW/mm2) in various cell 1071 

types. The cells were derived from a wide range of mammalian tissues, including kidney (HEK293T and 1072 

Cos-7), cervix (HeLa), mammary gland (MCF7), prostate (LNCaP), sternum (WM793), brain (U87), 1073 

peripheral blood (Jurkat), lymph nodes (T cells), bone marrow (macrophage) and embryo (MEF). 1074 

Cultured cells were transiently transfected by 100 ng pTriEx-mCh-LOVSoc or transduced by retroviruses 1075 

encoding mCh-LOVSoc. The cytosolic Ca2+ concentrations were calculated by using calibration 1076 

protocols as described in our earlier studies13,49-51.  1077 

c-f, Light-inducible Ca2+ flux reported by Ca2+ indicators. HeLa cells were transfected with mCh-LOVSoc 1078 

(c, n = 12), mCh-LOVSoc + R-CaMP2 (d, n = 15) or mCh-LOVSoc + R-GECO1.2 (e, n= 20). 1079 

Two-to-three dark-light cycles were applied to demonstrate the reversibility of photo-activated Ca2+ 1080 

influx. Note that the acquisition of Fura-2 signals might induce the drift of the baseline, possibly due to 1081 

residual preactivation of LOVSoc when excited at 380 nm in our imaging system. The half-life times of 1082 

light-triggered cytosolic Ca2+ rise (t1/2,on) and Ca2+ decay (t1/2,off) after switching off the light stimulation 1083 

were listed in panel f.  1084 

 1085 

Figure 1 - Figure Supplement 4. Global and local Ca2+ influx generated by photo-activation of 1086 

LOVSoc at defined spatial resolution (related to Figure 1c). 1087 

a, Confocal images of HEK293T cells transfected with GCaMP6s-CAAX and mCh-LOVSoc. The 488-nm 1088 

confocal laser was able to globally activate mCh-LOVSoc to cause GCaMP6s signal increase within the 1089 

whole illuminated field. Images were acquired within 1-2 s. The time course curve was plotted on the 1090 

right. Data were collected from 10 cells from three independent experiments. Error bars denote s.e.m.  1091 

b, Spatially-defined photoexcitation led to local Ca2+ influx at desired areas in HeLa cells coexpressing 1092 

GCaMP6s-CAAX and mCh-LOVSoc. Shown were representative confocal images of cells with the 1093 

framed areas (box or circle) photostimulated by a 488-nm laser (10 s at a power density of 40 μW/mm2) 1094 

prior to the acquisition of GCaMP6s signals in the whole field. The pre-photostimulated areas showed 1095 

constant high levels of fluorescence intensities, indicating the preactivation of Ca2+ influx at those 1096 
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defined regions before image acquisition. By contrast, the non-prestimulated area showed a time course 1097 

that was comparable to panel a. See Vedio 4 for the dynamic changes of GCaMP6s intensities.  1098 

 1099 

Figure 1 - Figure Supplement 5. Schematic representation and light-induced response curves of 1100 

Opto-CRAC variants reported by GCaMP6s.  1101 

a-c, Photoactivated Ca2+ response curves for HeLa-GCaMP6s cells transfected with 100 ng of a) 1102 

coexpression vectors pMIG-mCh-LOVSoc-IRES-ORAI (IRES) or pTriEx-ORAI1-T2A-mCh-LOVSoc 1103 

(T2A); b) a PM-tethering construct pTriEx-Lyn11-mCh-LOVSoc; c) pTriEx-mCh-(LOVSoc)2 or 1104 

pTriEx-ORAI1-(LOVSoc)2 constructs that harbor two covalently-linked copies of LOVSoc. Transfected 1105 

cells were subjected to light stimulation at 470 nm with a power density of 40 μW/mm2. Schematics of 1106 

the design strategies were shown on the left.  1107 

d-e, Comparison of maximal fold-changes of GCaMP6s signals (d) and the time (e) required to reach 1108 

half maximal GCaMP6s fluorescence during photoactivatable Ca2+ influx. Data were shown as mean ± 1109 

s.e.m from 10-15 cells in two independent experiments.  1110 

 1111 

Figure 1 - Figure Supplement 6. Examples of light-tunable Ca2+ oscillation patterns generated in 1112 

HeLa cells (related to Figure 1d). To generate and monitor calcium oscillation patterns, HeLa cells 1113 

were transfected with mCh-LOVSoc and the red GECI R-GECO1.2. Blue light pulses were applied for 1114 

0.5 or 1 min with indicated intervals ranging from 0.5 min to 4 min. Data were shown as mean ± s.e.m 1115 

from 6-8 cells.   1116 

 1117 

Figure 2 - Figure Supplement 1. Retroviral transduction of CD4+ T cells and control experiments 1118 

(related to Figure 2b). 1119 

a, Schematic illustration of the experimental protocol and NFAT-responsive cytokine expression in 1120 

retrovirally transduced mouse CD4+ T cells. RV, retroviruses packaged from Platinum-E cells 1121 

transfected with pMIG constructs; PMA, phorbol myristate acetate used to activate protein kinase C 1122 

(PKC); Iono, the Ca2+ ionophore ionomycin used to elicit Ca2+ influx; AP-1, the activator protein complex 1123 

1 that cooperates with NFAT to drive gene expression.  1124 
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b, Western blot analysis of cell lysates from mouse CD4+ T cells transduced with retroviruses encoding 1125 

the empty vector (lane 1) or mCh-LOVSoc (lane 2).  1126 

c-d, IL-2 and IFN-γ expression quantified by qPCR (c) and ELISA (d) in mouse CD4+ T cells transduced 1127 

with the mock retrovirus under indicated stimulation conditions. Light illumination in the presence or 1128 

absence of PMA failed to cause productive cytokine expression. Data were shown as mean ± s.e.m from 1129 

12 wells in three independent experiments.  1130 

 1131 

Figure 3 - Figure Supplement 1. Synthesis scheme and in vitro characterization of UCNPs 1132 

a, TEM images of as-synthesized β-NaYF4: Yb,Tm core/shell UCNPs (UCNPs-OA), after PAA surface 1133 

coating (UCNPs-PAA) and further modifications with streptavidin (UCNPs -Stv). Scale bar, 100 nm.  1134 

b, Schematic illustration of the surface modification procedures for water-soluble and streptavidin 1135 

functionalized β-NaYF4: Yb, Tm/NaYF4 UCNPs. 1136 

c, FT-IR spectra of UCNPs with different surface modifications. In the spectrum representative of 1137 

UCNPs-PAA, the peaks at 2898 and 2982 cm-1 were attributed to the resonance of COO-H. This 1138 

PAA-specific peak disappeared after its amidation with zwitterion and streptavidin conjugation, but new 1139 

peaks at 1554, 1182 and 1042 cm-1 emerged. These new peaks were attributed to the C(O)-N, R-SO3
- 1140 

and C-N vibrations, respectively.     1141 

 1142 

Figure 3 - Figure Supplement 2. Green-emitting UCNPs did not activate Opto-CRAC channels 1143 

upon NIR light stimulation (related to Figure 3d). 1144 

a, Overlaid spectra of NaYF4: Yb, 2%Er@NaYF4 with green emission under 980 nm CW laser (green 1145 

line), NaYF4: Yb, Tm@NaYF4 with blue emission upon 980 nm irradiation (blue line) and the absorbance 1146 

of LOV2 domain.  1147 

b, Time-lapse images of GCaMP6s-CAAX in the illuminated region. Hela cells coexpressing 1148 

mCh-ORAI1-StrepTag and LOVSoc were mixed with either blue-emitting (used in Fig. 3d) or 1149 

green-emitting UCNPs-Stv and then irradiated by a 980 nm CW laser (30 mW/mm2). Blue-emitting 1150 

UCNPs generated a steady increase in fluorescence whilst green-emitting UCNPs caused no significant 1151 

change in the fluorescence intensity.  1152 

 1153 
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Figure 3 - Figure Supplement 3. No noticeable heat generation during the in vivo experiment 1154 

a, Thermal imaging at two minute intervals.  1155 

b, Temperature change over time plot (right) of a Balb/c mouse exposed to 50 mW/mm2 980nm laser 1156 

irradiation for 30 minutes. 1157 

c, Histological sections of implantation positions 14 days after ectopic injection and NIR treatment in 1158 

mice. Fixed tissues isolated around the injection sites were subjected to hematoxylin/eosin staining. The 1159 

sections represent HeLa cells without (upper) or with UCNPs (lower) loaded during the injection. Scale 1160 

bar, 200 μm.  1161 

 1162 

 1163 

VIDEO 1164 

 1165 

Video 1. Light-triggered reversible cytosol-to-PM translocation of mCh-LOVSoc.  1166 

Three dark-light cycles were applied to HEK293-ORAI1 stable cells transfected with the Opto-CRAC 1167 

construct mCh-LOVSoc.  1168 

 1169 

Video 2. Time-lapse imaging of light-triggered Ca2+ influx reported by cytosolic (left) or 1170 

PM-tethered GCaMP6s.  1171 

HeLa cells expressing mCh-LOVSoc was exposed to a 488-nm confocal laser.  1172 

 1173 

Video 3. Light-inducible Ca2+ influx monitored with TIRF microscopy in HeLa cells coexpressing 1174 

GCaMP6s-CAAX and mCh-LOVSoc. 1175 

 1176 

Video 4. Sequential and localized activation of Ca2+ influx with defined spatial resolution. Imaging 1177 

was performed on HeLa cells cotranfected with mCh-LOVSoc and GCaMP6s-CAAX. The boxed area 1178 

was subjected to a brief photostimulation with the 488-nm laser for 10 seconds, followed by 1179 

photoexcitation of the whole field at 488 nm to acquire GCaMP6s-CAAX signals. The boxed area 1180 
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showed preactivation of Ca2+ influx as reflected by the strong fluorescence signal at time point 0 s; whilst 1181 

the other areas exhibited a gradual increase in fluorescence intensity following 488-nm light illumination.    1182 

 1183 

Video 5. Light-inducible nuclear translocation of NFAT in HeLa cells. The HeLa GFP-NFAT stable 1184 

cell line was transiently transfected with mCh-LOVSoc and exposed to pulsed light stimulation at 470 nm 1185 

(30 sec for every 1 min). Shown were fluorescence signals from the green (GFP-NFAT, left panel) and 1186 

red (mCh-LOVSoc, right panel) channels in the same field. Only cells expressing the Opto-CRAC 1187 

construct (mCherry-positive, lower right corner) showed light-dependent NFAT nuclear translocation. 1188 

Note that the cytosol-to-PM translocation of mCh-LOVSoc is not evident as in Video 1 due to the low 1189 

expression level of endogenous ORAI1 in HeLa cells and much more abundant expression of 1190 

mCh-LOVSoc. Nonetheless, the light-triggered activation of endogenous ORAI1 channel was sufficient 1191 

to activate the downstream GFP-NFAT nuclear translocation.  1192 

 1193 
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