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Synthetic receptors that mediate antigen-dependent cell responses are transforming
therapeutics, drug discovery and basic research'?. However, established technologies
such as chimeric antigen receptors® can only detectimmobilized antigens, have
limited output scope and lack built-in drug control*”. Here we engineer synthetic
G-protein-coupled receptors (GPCRs) that are capable of driving a wide range of
native or non-native cellular processes in response to a user-defined antigen.

We achieve modular antigen gating by engineering and fusing a conditional auto-
inhibitory domain onto GPCR scaffolds. Antigen binding to a fused nanobody
relieves auto-inhibition and enables receptor activation by drug, thus generating
programmable antigen-gated G-protein-coupled engineered receptors (PAGERS).
We create PAGERs that are responsive to more than adozen biologically and
therapeuticallyimportant soluble and cell-surface antigens in a single step from
corresponding nanobody binders. Different PAGER scaffolds allow antigen binding
to drive transgene expression, real-time fluorescence or endogenous G-protein
activation, enabling control of diverse cellular functions. We demonstrate multiple
applications of PAGER, including induction of T cell migration along a soluble antigen
gradient, control of macrophage differentiation, secretion of therapeutic antibodies
and inhibition of neuronal activity in mouse brain slices. Owing to its modular design
and generalizability, we expect PAGERs to have broad utility in discovery and
translational science.

Cell-surface receptors sense specific extracellular cues, transmit those
signals across the cellmembrane and convert theminto defined cellular
responses. Engineering modular synthetic receptors that can recapitu-
late this transmembrane signalling is a key challenge for reprogram-
ming cell behaviour. Synthetic receptors derived from T cell receptors
(chimeric antigen receptors?) and the Notch receptor* have enabled
diverse applications in medicine' and basic research®. However, these
platforms are limited by their inherent mechanisms of activation
(antigen-induced clustering and force, respectively), which restrict
both antigen and output scope. GPCRs, the largest and most diverse
family of cell-surface receptors, could offer amore flexible scaffold for
programming cellular responses with synthetic receptors. GPCRs are
seven-transmembrane cell-surface receptors that mediate responses to
diverse extracellular signals, including hormones, neurotransmitters,
peptides, light, force and odorants. Ligand binding induces a confor-
mational change in the GPCR that, in turn, activates heterotrimeric
G proteins and downstream intracellular signalling cascades.

The challenge in harnessing GPCRs for synthetic receptor tech-
nology is that they are not structurally modular proteins. Previous
efforts to alter their ligand specificity have required labour-intensive
structure-guided mutagenesis®® and directed evolution'®", To enable

straightforward and modular antigen gating, we engineered a con-
ditional auto-inhibitory domain for GPCR scaffolds. We fused a
nanobody and areceptor auto-inhibitory domain to the extracellular
N terminus of the GPCR such that binding of the auto-inhibitory domain
to the GPCR and binding of the nanobody to an antigen are mutually
exclusive. Thus, antigen binding relieves auto-inhibition and enables
receptor activation by an agonist (Fig. 1a). Once activated, PAGER can
drive diverse native or synthetic outputs, including transgene expres-
sion (PAGER;), endogenous G-protein activation (PAGER,) or real-time
fluorescence (PAGERy,).

When selecting the optimal GPCR for the PAGER scaffold, we consid-
eredtwo requirements: (1) it should be activatable by abioorthogonal
small-molecule agonist; and (2) it should be sensitive to the activity of
agenetically encodable antagonist that can be fused to the GPCR. We
focused on DREADDs"* (designer receptors exclusively activated by
designer drugs), GPCRs that have been engineered to be insensitive
to native ligands but activatable by highly selective drug-like small
molecules with minimal activity on endogenous receptors.

We started from the k-opioid receptor DREADD (kORD), owing to
the established activity of peptide antagonists for its parent k-opioid
receptor®® (kOR). Toread out PAGER activation using a transcriptional
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Fig.1|Design and optimization of PAGER. a, PAGER overview. Auto-inhibition
by fused peptide antagonistis relieved by antigen binding and allows drug
activation of the GPCR. PAGER activation can drive transgene expression
(PAGERy;), G-proteinactivation (PAGER,) or real-time fluorescence (PAGERy,).
TF, transcription factor. b, Schematic of PAGER;, PAGER-driven transgene
expression based on SPARK™* (specific protein association tool giving
transcriptional readout with rapid kinetics). PAGER; activation resultsin
proteolyticrelease of atethered transcription factor. LOV, light-, oxygen-and
voltage-sensitive domain. ¢, Summary of SalB EC;, values for candidate antagonist
peptidesscreened in PAGER;. n =3 independent experiments, 3replicates per
condition.ND, not defined. d-f, Schematics for PAGER activation by extracellular
TEVp (d), surface-expressed GFP (e) or soluble GFP (f). g-i, PAGER; activity in
responseto SalBand TEV treatment (g), co-plating with HEK cells presenting
surface GFP (h) or soluble GFP (i). n=3,5 or 4independent experiments,
respectively, 3replicates per condition. Dataare mean +s.d. Two-way ANOVA
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reporter, we fused a transcription factor to kORD via a light-gated
protease-sensitive linker, and co-expressed an arrestin-TEV protease
(TEVp) fusion™* (PAGER,;) (Extended Data Fig. 1a). PAGER,; activa-
tiontriggers arrestin-TEVp recruitment, and if light or furimazine are
alsopresent, thenthetethered transcription factor will be released by
proteolysis, translocate to the nucleus and drive reporter gene expres-
sion (Fig. 1b and Extended Data Fig. 1b,c). kORD-based PAGER; was
optimized to produce robust expression of afirefly luciferase reporter
inresponsetoits small-molecule agonist salvinorin B (SalB) (Extended
DataFig.1d-f).

We then screened a library of antagonist peptides to auto-inhibit
PAGER;:. The natural agonist of kOR, dynorphin, is a 17-amino-acid
peptide that binds withits N-terminal end buried in the orthosteric site
of KOR™ (Extended DataFig. 1g). We selected 24 candidate antagonists
based on mutated or truncated variants of dynorphin (sequencesin
Extended DataFig. 1h) and fused them to the extracellular N-terminal
end of KORD, separated by a GFP-specific nanobody (LaG17) and a
TEVp cleavage site (TEVcs) (Extended Data Fig. 1i). To ensure efficient
cell-surface targeting, all constructs were cloned after an IL-2 signal
peptide, which leaves no N-terminal ‘scar’ that could interfere with
antagonist function. Sixteen out of 24 peptides displayed antagonism
in the context of PAGER+; by shifting the half-maximal effective con-
centration (EC,,) of the SalB response more than tenfold (Fig. 1c; full
dose-response curves in Supplementary Fig. 1).

Additionally, for PAGER to function as designed, the peptide antago-
nism must be reversible. To screen the 16 antagonized constructs for
this property, we used extracellular recombinant TEVp to cleave offthe
antagonist and relieve antagonism (Fig. 1d). We found that all 16 con-
structs werereversibly antagonized—protease treatment re-sensitized
PAGER;; to SalB (Extended Data Fig.2). We selected four constructs that
use the dynorphin analogue arodyn' for auto-inhibition, owing to their
highsignal-to-noise ratioin PAGER;; (Fig.1g,j and Supplementary Fig.2).

With these activatable PAGER; constructs, we next tested for the
ability of GFP antigen to relieve auto-inhibition and provide robust
SalB activation. We performed this testin two separate assays: (1) with
surface-expressed GFP introduced via co-culture (Fig. 1e,h,k and
Extended DataFigs. 2a); and (2) with soluble recombinant GFP (Fig. 1f,i,l
and Extended Data Fig. 2b). All anti-GFP PAGER constructs responded
in varying degrees to both surface-expressed and soluble GFP. We
observed that longer arodyn peptides were better antagonists but
were also more difficult to remove with GFP antigen, probably owing
to higher affinity for the receptor. For this reason, we selected the
shorter arodyn (1-6) peptide, which displayed sufficient antagonism
and the greatest response to GFP, for all PAGER; constructs going
forward.

PAGER was designed so that antigen binding sterically occludes
the peptide antagonist, preventing it from occupying the orthosteric
site; un-inhibited receptor can then be activated by drug (Fig.1m). We
hypothesized that this mechanismis enabled by the proximity between
the antigen-binding loops (complementarity-determining regions
(CDRs) 1-3) and N-terminal end of the nanobody, where the peptide
antagonist is fused (Fig. 1n). This steric activation mechanism should
operate for both cell-surface and soluble antigens. With cell-surface
antigens however, tensile force between PAGER and the target anti-
gen due to cell-cell contact and endocytosis could also displace the
auto-inhibitory domain. To probe the mechanism of PAGER, we varied
thelinkerlengthbetween the N terminus of the nanobody and the fused
peptide antagonist by inserting one or two copies of a flexible GGGS
linker. We hypothesized that flexible linkers might relieve steric occlu-
sion of the antagonist by bound antigen and render PAGER insensitive
to soluble antigens. Surface antigens, however, should still be able to
activate PAGER using tensile force. Indeed, when including GS linkers
between the nanobody and peptide antagonist, anti-GFP PAGER; could
still be activated by surface GFP antigen (Fig. 10), but its response to
soluble GFP antigen was largely abrogated (Fig. 1p).

PAGER cansense and respond to diverse antigens

IfPAGER is modular as designed, simply swapping the antigen-binding
nanobody for ananobody that binds a different antigen should produce
afunctional receptor that cansense and respond to the new antigen. To
testthe modularity of PAGER, we first replaced the nanobody in anti-GFP
PAGER; with ten other GFP nanobodies and sixmCherry nanobodies.
These nanobodies bind to diverse epitopes on the surface of GFP and
mCherry and should produce different spatial relationships between
bound antigen and fused antagonist peptide. We first screened the
constructs for expression, auto-inhibition and relief of auto-inhibition
by TEVp treatment (Supplementary Fig. 3). All but two anti-GFP PAGER;
constructs passed this initial screen. The remaining nine anti-GFP
PAGER;; and all six anti-mCherry PAGER; constructs showed strong
activation in response to soluble recombinant GFP and mCherry,
respectively (Extended Data Fig. 3a and Supplementary Fig. 4).
The best anti-GFP PAGER;; (containing LaG2 nanobody) could detect
soluble GFP downto 1.5 nM, consistent with the published dissociation
constant (K,) of LaG2" (16-19 nM), whereas the best anti-mCherry
PAGER;; (containing LaM8 nanobody) could detect 100 nM mCherry
protein (Extended Data Fig. 3b). Neither PAGER was responsive
to the other fluorescent protein, illustrating the high specificity
of these synthetic receptors.

We used our panel of anti-GFP and anti-mCherry PAGER; constructs
to examine the relationship between nanobody affinity and PAGER
reversibility—thatis, the time it takes after antigen washout for PAGER ¢
to become non-responsive to agonist. PAGER;; containing high-affinity
nanobodies such as LaG2" (K;=16-19 nM) or LaMé6" (K, = 0.26 nM)
continued tobe activated by SalB, even 30 min after antigen washout.
PAGER;; containing the lower-affinity nanobodies LaG17" (K; = 50 nM)
and LaM8" (K, = 63 nM) were unresponsive to SalBimmediately follow-
ing antigen washout (Extended Data Fig. 3¢,d). Thus the reversibility
and ability of PAGER; to function as a coincidence detector are largely
controlled by the affinity of the nanobody.

We next attempted to generate PAGER;; constructs for different
antigens of various types, sizes and folds—including growth factors,
cytokines, chemokines, receptor tyrosine kinases, other cancer-
expressed surface receptors, aviral proteinand a protease—by replac-
ing the nanobody in PAGER; with nanobodies to each new antigen
of interest. In this way, we created PAGER;; for VEGF, HGF, TNF, IL-17,
IL-23, soluble IL-6 receptor (sIL-6R), CCL2, EGFR, HER2, CD38, PD-L1,
SARS-CoV-2 spike protein and urokinase-type plasminogen activator
(uPA) (Fig. 2a, Extended Data Fig. 4 and Supplementary Fig. 5). Each
PAGER was responsive to its cognate antigen, but non-responsive to
mismatched antigens (Extended Data Fig. 5a).

Many nanobodies have been engineered against the receptor-binding
domain (RBD) of SARS-CoV-2 spike protein in order to block binding
to the ACE2 receptor and viral entry into cells’®. We made PAGER;;
constructs using five different nanobodies that bind to RBD epitopes
that are accessible in trimeric spike protein. All but one produced
spike-responsive PAGER;; (Extended DataFig. 5b,c), furtherillustrating
the modularity and generalizability of PAGER.

To apply PAGER+;, we used it to build sense-and-respond synthetic
circuits specifically for coupling antigen detection to the secretion
of bioactive molecules. In one circuit (Fig. 2b), PAGER; expressed in
HEK 293T cells was used to detect antigens associated with M2-type
anti-inflammatory macrophages: VEGF, which caninduce M2 polariza-
tion",and CCL2* and PD-L1*, which are present in tumours associated
with M2 macrophages. Upon detection of these antigens, activated
PAGER; induced the production and secretion of IFNy, which acted
on co-cultured RAW 264.7 macrophages to convert them to an M1
pro-inflammatory state. Upregulation of the M1 markers CD86 and
NOS2 was observed in antigen and SalB-treated samples, but notin
negative controls (Fig. 2c). In addition, M1 conversion was evident in
images of macrophage morphology (Fig.2d and Extended Data Fig. 6).
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Fig.2|PAGER; candetect awide variety ofantigens. a, Top, ribbonstructures
of proteins sensed by PAGER;. Bottom, bar graphs of PAGER; activity inresponse
to cognate antigen. Antigen and SalB concentrations are reported in Methods.
For anti-VEGF, anti-TNF, anti-IL-17 and anti-uPA PAGERs, n = 3 independent
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Student’s t-test. b, Schematic of PAGER;-driven macrophage differentiationin
co-culture. PAGER; activationin HEK293T cellsinduces the secretion of mouse
IFNy which passes through a porous membrane and stimulates M1 macrophage
differentiation. ¢, Relative expression of M1 macrophage markers CD86 and
NOS2in co-cultured RAW 264.7 macrophages, determined by quantitative PCR
(qPCR).n=3experiments, 2 replicates per condition. Dataare mean +s.d.

These results show the potential of PAGER for shifting cell identities
in heterogeneous populations.

In a second synthetic circuit (Fig. 2e), we used PAGER; in HEK 293T
cells to drive the secretion of a therapeutic antibody in response to
tumour antigens. Bispecific T cell engagers (BiTEs) are bispecific anti-
bodies that recruit T cells to tumour cells to drive tumour cell killing®.
We used PAGER; to sense the tumour antigens CCL2% or PD-L1* (or GFP
asa control) and respond by secreting an anti-CD3/CD19 BiTE, which
increased thekilling of co-cultured CD19-expressing Nalmé tumour cells
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Two-tailed Student’s t-test. d, Representative images of RAW 264.7 macrophages
after 48 h of co-culture with anti-CCL2 PAGER-IFNy expressing HEK293T cells.
Images arerepresentative of n = 3 experiments. Representative macrophage
images for the other PAGER; constructsinccanbe foundin Extended Data
Fig.6.Scalebars,20 pm. e, Schematic of PAGER-driven BiTE-mediated T cell
killingin co-culture. PAGER; activationin HEK293T cellsinduces the secretion
of ananti-CD3/CD19 BiTE, which stimulates T cell recognition and killing of
Nalmé tumour cells. Firefly luciferase stably expressed in the Nalmé cells is
used to quantify live Nalmé tumour cells. f, Time course of Nalm6 tumour cell
survivalinresponse to PAGER ¢ activationby GFP, CCL2 or PD-L1.n=2experiments,
3replicates per condition. Dataare mean +s.d. Two-tailed Student’s t-test.

by primary T cells (Fig. 2f). Collectively, these data demonstrate that
PAGER;; candrive biologically diverse and important cellular responses.

Antigen-dependent G-protein activation via PAGER

In PAGER;, antigen recognition drives transgene expression. For other
applications, it may be desirable for antigen recognition to instead
modulate endogenous signalling pathways. Because PAGER is based
on GPCRs, we explored whether this platform could convert antigen



recognition into rapid activation of endogenous G-protein pathways
and thereby drive diverse alterations in cell behaviour.

To explore this concept, we returned to the palette of DREADDs?,
whichinclude engineered muscarinic acetylcholine receptors (M1-M5)
that activate Ga, (M1, M3 and M5) or Ga; (M2 and M4)". In addition,
chimeric DREADDs that activate Gas or Gal2 have been developed
from M3 DREADD*?, These receptors no longer bind to acetylcholine
(their endogenous ligand), but are activated by the orthogonal drugs
clozapine N-oxide™ (CNO) and deschloroclozapine” (DCZ). Although
muscarinic GPCRs do not have known peptide antagonists, muscarinic
toxin (MT) proteins from Dendroaspis snakes (Extended Data Fig. 7a)
can antagonize specific muscarinic receptor subtypes®?°, Thus, we
exploredthe use of MT proteins for auto-inhibition of PAGER constructs.

Starting from M1(G,) and M4(G;) DREADDs, we fused a GFP-specific
nanobody and one of six possible MTs to their N-terminal ends. ATEVcs
wasinserted between the nanobody and DREADD to enable testing for
reversible auto-inhibition. To measure PAGER-driven G, or G; activation,
we used the bioluminescence resonance energy transfer (BRET)-based
TRUPATH assay*° (Extended Data Fig. 7b). We found that MT1on M1
DREADD produced the greatest fold change in G, recruitment with TEVp
treatment, indicating strong and reversible inhibition, whereas MT3
was the best toxin for gating M4 DREADD (Extended Data Fig. 7c and
Supplementary Fig. 6). We recapitulated these findings in a different
assay using luciferase gene expression as readout; the combinations of
MT1-hM1Dqand MT3-hM4Di againyielded the greatest differencein
luminescence with or without GFP (Extended Data Fig. 7d,e).

None of the MT proteins that we screened auto-inhibited the M3
DREADD (Extended DataFig. 7c and Supplementary Fig. 6), preventing
us frombuilding PAGER, or PAGER, from the chimeric M3-based G,
and G122 DREADDs. However, owing to the high sequence and struc-
tural homology between M1 and M3, we could build similar chimeras
using Mlinstead of M3 to create PAGER,and PAGER;,, (Extended Data
Figs.7cand 8aand Supplementary Fig. 6). All PAGER; constructs were
well-localized to the plasma membrane (Extended Data Fig. 8b).

Withour panel of optimized PAGER,, PAGER,, PAGER;; and PAGER;,
constructs, we performed a series of assays to test their coupling to
endogenous G-protein pathways (Fig. 3a-d). First, we used western
blotting to show antigen and CNO-dependent stimulation of ERK phos-
phorylation, aconserved downstream response to G-proteinactivation
(Fig. 3e-h). Second, we used the TRUPATH assay to confirm antigen
and DCZ-dependent activation of the corresponding G-protein part-
ner for each PAGER; (Fig. 3i-1and Extended Data Fig. 8c-e). Third, we
used fluorescent reporters to image second messengers specific to
each G-protein pathway. For anti-GFP PAGER,, we detected relocali-
zation of a fluorescent diacylglycerol (DAG) lipid-binding protein® to
the plasma membrane 30-60 s after PAGER activation by antigen and
DCZ (Extended Data Fig. 9a-c). These kinetics are consistent with the
known timescale of phospholipase C-mediated DAG production at
the plasma membrane, downstream of G, activation®. We also used
the Ca?" indicator GCaMP6s* to image mCherry and DCZ-dependent
increases in cytosolic Ca** driven by anti-mCherry PAGER, (Fig.3m
and Extended Data Fig. 9d-e,j).

For PAGER, and PAGER;, we used a fluorescent indicator of CAMP
(G-Flamp2*), which increases in response to stimulatory G, and
decreasesinresponsetoinhibitory G;.In HEK cells expressing G-Flamp2®
and either anti-mCherry PAGER, or anti-mCherry PAGER;, we could
observe mCherry-dependent increases (Fig. 3n and Extended Data
Fig.9f,g k) or decreases (Fig. 30 and Extended Data Fig. 9h,i,I) in cAMP.

To test the antigen modularity of PAGER, we replaced the mCherry
nanobody in PAGER,, witha TNF nanobody (ozoralizumab®; Ky =20.2 pM)
or VEGF scFv (brolucizumab®; K, =28.4 pM). The resulting constructs
elicited G, activation in the presence of cognate antigens as measured
by phospho-ERK and TRUPATH assays (Fig. 3p—s). TNF is an important
pro-inflammatory cytokine that is released by macrophages during
host defence’. Our dose titration showed that anti-TNF PAGER, could

respond to TNF concentrations aslow as2 nM. VEGF is released by tumour
cells,macrophages and platelets duringangiogenesis and inflammation®.
Anti-VEGF PAGER, could detect 0.2 nM VEGF, alower concentration than
is released during idiopathic myelofibrosis, for example (1-85 nM).

Finally, we studied the mechanism of PAGER; activation. For both
anti-GFP PAGER, and anti-GFP PAGER;, reducing the affinity of MT to
thereceptorresultedinincreased binding of GFP to PAGER, indicating
that MT intramolecular binding to receptor competes sterically with
antigen binding to nanobody (Fig. 3t and Extended Data Fig. 10a,b).
Moreover, GFP nanobodies with higher reported affinity were better
overall at competing with MTs (Extended Data Fig.10c) and they elicited
better GFP-dependent activation of PAGER, (Extended Data Fig.10d).
Notably, truncation of MT or extending the linker between MT and
nanobody by even a few amino acids resulted in lack of antagonism
or loss of antigen-dependent activation, respectively (Extended Data
Fig.10e). As with PAGER, the reversibility and ability of PAGER to
functionasacoincidence detector are largely controlled by the nano-
body affinity (Extended Data Fig.10f,g). Our observations suggest that
PAGER_ operates by a similar steric occlusion mechanism to PAGER;;
and highlight the importance of balancing strong antagonism with
facile displacement by antigens.

Customized cell behaviours driven by PAGER,

We explored the ability of PAGER to produce customized cellular
responses to antigens specified by the nanobody component of PAGER.
In neurons, G, and G; signalling can produce activation or silencing
of neuronal activity, respectively, and this has led to the widespread
use of G- and G;-coupled DREADDs for drug-dependent modulation
of neuronal function'. PAGER; applications go beyond DREADDs by
conferring antigen dependence, enabling activation or inhibition
of neuronal activity only when both drug and soluble or cell-surface
antigen are present.

To test PAGER; in this context, we transduced cultured rat cortical
neurons with anti-mCherry PAGER, and fluorescent DAG-binding
probe. Stimulation of neurons with recombinant mCherry and CNO,
butnot CNO alone, produced DAG synthesis at the plasma membrane
(Extended Data Fig. 11a,b). We also plated mCherry-expressing HEK
cells on top of cultured neurons expressing anti-mCherry PAGER,
(Fig.4a). When CNO was added, the DAG probe accumulated at HEK-
neuron contactsites, consistent with local G, activationand DAG lipid
synthesis (Extended Data Fig. 11c).

Next, to test the ability of PAGER; to confer antigen-dependent neu-
ronal inhibition, we transduced cultured neurons with anti-mCherry
PAGER; and the calcium indicator GCaMPé6s for real-time imaging of
neuronal activity. Untreated neurons and CNO or DCZ-only treated
neurons exhibited transient fluctuations in basal calcium (Fig. 4b,
Extended Data Fig. 11d and Supplementary Video 1). However, addi-
tion of soluble mCherry along with CNO or DCZ strongly suppressed
calciumactivity within seconds, as did co-culturing with HEK cells that
express cell-surface mCherry (Fig. 4c,d, Extended Data Fig. 11e,f and
Supplementary Videos 2 and 3). These examples show that PAGER;
has the potential to be used for spatially specific control of neuronal
activity with genetically targetable antigens.

Wethentested PAGER; inthe more complex setting of intact mamma-
lian brain tissue. Adult mice were injected with adeno-associated virus
(AAV) encoding anti-mCherry PAGER; (LaM6-PAGER-G;-P2A-mEGFP)
under a pan-neuronal synapsin promoter. Acute slices were prepared
fromthe hippocampus and whole-cell patch clamp was used to record
from CAlneurons displaying GFP expression (Fig. 4e,f). Cell-intrinsic
properties were evaluated before, during and after a2-min bath appli-
cation of 100 nM DCZ, either alone or paired with soluble mCherry to
activate PAGER. Samples in the mCherry group were preincubated
in1pM mCherry for more than 30 min to ensure sufficient time for
antigen penetrationinto brainslices.
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Fig.3 | PAGER; couples antigenrecognition to activation ofendogenous
G-proteinsignalling.a-d, Schematics for PAGER, (a), PAGER;, (b), PAGER; (c)
and PAGER,, (d), showing designs and downstream signalling induced by their
activation. B2AR, B,-adrenergic receptor. e-h, Western blots showing
phosphorylation of ERK (p-ERK) inresponse to activation of PAGER, (e),
PAGER;, (f), PAGER; (g) and PAGER;, (h). Gand Mindicate GFP and mCherry,
respectively. HEK cells were stimulated with 100 nM CNO and 1 pM GFP for
Sminbeforeanalysis.n=3independentexperiments.i-1, DCZ dose-response
curves for PAGER,-mediated (i), PAGER-mediated (j), PAGER-mediated (k)
and PAGER,,-mediated (I) G-protein activation using TRUPATH BRET assay.
HEK cells were stimulated with1uM mCherry.n = 4 independent experiments,
3replicates per condition. Dataare mean +s.d. m-o, Representative kinetic
measurements of second messenger levels in HEK cells expressing anti-mCherry
PAGER, (m), PAGER, (n) or PAGER; (0). The calcium indicator GCaMP6s

(for PAGER,) or the cAMP indicator G-Flamp2 (for PAGER;and PAGER;;) were
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monitored by microscopy during the addition of 3nM DCZ in the presence or
absence of 1pM mCherry. For PAGERg;, 2 pM forskolin (Fsk) was firstadded to
increase cCAMP levels prior to DCZ addition. n =50 cells from 3 independent
experiments. Dataare mean + s.d. For kinetic measurements across arange of
DCZ concentrations, see Extended DataFig. 9. p-s, PAGER, canbe programmed
torespond to differentantigens. p,r, Western blots showing phosphorylation
of ERK after 5-min stimulation with100 nM CNO and 100 nM antigen for
anti-TNF (p) and anti-VEGF (r) PAGER,. n =3 independent experiments.

q,s, Antigen dose-response curves for anti-TNF (q) and anti-VEGF (s) PAGER -
mediated G, proteinactivation using TRUPATH BRET assay.n =2 independent
experiments, 3replicates per condition. Dataaremean £ s.d. t, AlphaFold2-
predicted structure of PAGER, showing auto-inhibition by muscarinic toxin
(MT1,red) andrelease of auto-inhibition upon nanobody (blue) binding to
antigen (GFP, green).
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Fig.4|PAGER controls diverse cellbehavioursinacutebrainslices and
primary T cells. a, Schematic of co-culture experiment for PAGER; control of
neuronalactivity. b-d, Calcium traces inrat cortical neurons co-expressing
anti-mCherry PAGER; and GCaMPé6s with or without soluble (1 M) or surface
mCherry. DCZwasadded att=10 stoafinal concentration of 2nM. Dataare
mean +s.d.forn =50 cellsfrom3independent experiments. e, Schematic for
PAGER;;-mediated neuronalinhibitionin acute brainslices. f, Maximumintensity
projection showing mEGFP labelling in PAGER-expressing neuronsin CAl
(representative of n =14 assessed cells). Biocytin labelling shows arecorded
neuron (arrow). Scale bar:left, 100 pm; right, 30 pm. g, Current clamp protocol
for monitoringintrinsic electrical property dynamics of PAGER-expressing
neurons. h, Representative traces of evoked action potential alterations
following DCZ (100 nM) with or without mCherry (1 M) application. Neurons
displayed greaterintrinsic property shifts associated with reduced excitability
when presented with DCZ plus mCherry rather than DCZ alone. i,j, Changesin

We used astepwise currentinjection followed by a continuous ramp
protocol to monitor resting membrane potential (RMP), input resist-
ance and rheobase values throughout each recording®*° (Fig. 4g,h).
Neurons displayed a greater hyperpolarizing shift in RMP when pre-
sented with DCZ plus mCherry than with DCZ alone (Fig. 4i). Similarly,
the rheobase current needed to evoke action potentials increased in
DCZ plus mCherry neurons, compared with DCZ-only samples (Fig. 4;j).
Wealso observed asimilar time course trend for decreasing input resist-
ancein DCZ plusmCherry neurons, consistent with hM4Di-mediated

RMP (i) and rheobase currents required to evoke action potentials (j), upon
2-min DCZ addition.n =15 cells, 7mice (DCZ); n=26 cells, 6 mice (DCZ plus
mCherry). Dataare mean + s.e.m. Mixed linear model regression analysis;
Z=3.17,P=0.0015(i); Z=2.60,P=0.0093 (j). k, Schematic for PAGER;-mediated
chemotaxisin Boyden chamber. T cells expressing anti-mCherry PAGER; in the
top chamber migrate through a porous membrane towards soluble mCherry
inthe bottom chamber. 1, Bar graph representing the number of T cellsin the
bottom chamber after 2 hexposure to10 uM mCherryin the bottom chamber.
n=4independentexperimentsfrom2independentT cell donors, 4 replicates
per condition. Dataare mean +s.d. m, Time-course measurement of anti-
mCherry PAGER; T cell migration. n=2independent experiments, 4 replicates
per condition. Dataare mean +s.d.n, mCherry dose-response of anti-mCherry
PAGERg; T cellmigration. n=1independent experiment, 4 replicates. Dataare
mean +s.d.

inhibition*, and no correlation between PAGER expression and base-
line electrophysiology responses in neurons (Extended Data Fig. 12).
Our results are consistent with PAGER; providing antigen-dependent
control of neuronal activity when expressed in the mouse brain.

We thenexplored the utility of PAGER; for controlling the behaviour of
Tcells. The migration of T cellsinto solid tumours is alimiting factor for
overallsurvivalin patients with cancer, and therefore strategies tomodu-
late the homing of T cells are of therapeutic interest*2. Chemokine recep-
torsarenatural G;-coupled GPCRs that stimulate the directed migration
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of many cell types along a chemical gradient*. We hypothesized that
PAGERg; could potentially recapitulate the G;signalling downstream of
chemokinereceptorsandtherebydrive T cell chemotaxis toward an arbi-
trary antigen*%. To test this, we transduced human primary T cells with
anti-mCherry PAGER; and used a transwell chemotaxis assay to assess
migration alonganmCherry gradient (Fig. 41). We observed that T cells
expressing anti-mCherry PAGER; (Extended Data Fig. 12h) migrate
towards mCherryinthe presence of DCZ, but not towards anon-cognate
antigen (GFP) (Fig.4m). Inhibition of G;activation using pertussis toxin
blocked PAGER-mediated migration, suggesting that PAGER mediates
chemotaxis througha similar pathway to native chemokine receptors.
Inatime-course experiment, we could detect PAGER-mediated migra-
tion within minutes of antigen exposure (Fig. 4n), and aslittleas100 nM
mCherrywas needed to stimulate migration (Fig. 40). Collectively, our
data suggest that PAGER; can be used to reprogram complex cellular
behavioursinresponse tosolubleor cell-attached antigens of interest.

Real-time fluorescent sensors based on PAGER

Asathird readout, we explored the use of PAGER for real-time fluores-
cence detection of antigen binding to cells. GPCR activation-based sen-
sors (GRABs) are aclass of sensors that are widely used in neuroscience
forreal-time fluorescence detection of neurotransmitters, neuromodu-
lators and neuropeptides***¢. GRABs are designed from GPCRs and
installaconformation-sensitive circularly permuted fluorescent protein
between transmembrane segments 5and 6 to respond to binding of the
receptorstotheir cognateligands. Many antigens of interest, however,
do not have natural GPCRs that can be exploited for development of
GRAB-type sensors. In these cases, we explored whether PAGER fused
to conformation-sensitive circularly permuted GFP (cpEGFP) could be
used for real-time detection of diverse antigens (PAGER;, ).

First, we attempted to develop a GRAB-type sensor from M4 DREADD
(Extended DataFig.13a,b), from which PAGER;; was made. Starting from
wild-type human M4, we inserted cpEGFP between transmembrane
segments 5 and 6, screened many linkers on either side of cpEGFP,
optimized the cpEGFP sequence, and obtained an acetylcholine (ACh)
sensor, hM4-1.0, with good membrane trafficking, amaximal response
of around twofold, and an apparent affinity of approximately 225 nM
(Extended DataFig.13c-e). We then introduced the DREADD binding
pocket mutations into hM4-1.0 (Extended Data Fig. 13f), producing
DCZ1.0, whichresulted in 1.7-fold fluorescence turn-on in response
tothe DREADD ligand DCZ and other designed drugs (Extended Data
Fig.13g-j). We confirmed that this sensor does not couple with down-
stream G, protein, unlike hM4Di (Extended Data Fig. 13k), thus mini-
mizing its potential to perturb native biology.

From DCZ1.0, we produced our first PAGER;, that was responsive to
mCherry antigen (anti-mCherry PAGER;,) by appending the mCherry
nanobody LaMé6 fused to the inhibitory toxin MT3 (Fig. 5a,b). Fluo-
rescence measurements showed 300-fold sensitization to DCZ in the
presence of mCherry but not non-cognate antigen (BFP) (Fig. 5c-e).
Anti-BFP PAGER,, generated by replacing LaM6 with the GFP-and BFP-
binding LaG2 nanobody, showed 130-fold sensitization to DCZ in the
presence of BFP but not mCherry (Fig. 5f-h). We then performed time-
lapse imaging in HEK cells with sequential addition of DCZ and antigen
(Fig. 5i-1). Whereas binding of mCherry to anti-mCherry PAGER;, was
rapid (time constant (¢5,) =24 s), the green fluorescence response of
PAGER;, was slower, with a t;,0f 3.1 min. This lag time may reflect the
mechanism of PAGER;,, in which the EGFP-enhancing conformational
change occurs only after toxin unbinding, mCherry binding and DCZ-
mediated activation. Nonetheless, PAGER;, gives much faster readout
than PAGER;; (translational readout occurs 4-24 h after antigen expo-
sure; Extended Data Fig. 3e) and should enable applications that are
not accessible to PAGER;.

Totestthe modularity of PAGER;,, we replaced the GFP-binding nano-
body with nanobodies against TNF (ozoralizumab) or VEGF (Nb35).
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Anti-TNF PAGER, localized well to the plasma membrane of HEK293T
cells, and the application of 1 uM TNF elicited fluorescenceincreasein
the presence of DCZ (Fig. 5m,n). The response magnitude (AF/F,) and
kinetics of anti-TNF PAGER;, and anti-VEGF PAGER, were similar to
those of anti-mCherry PAGER;, (Fig.50,p and Extended Data Fig.131,m).
Collectively, our results show that PAGER can be successfully merged
withthe GRAB sensor scaffold to enable real-time detection of antigens.

Discussion

PAGER is a versatile platform for the detection of diverse extracellu-
lar signals and conversion into a range of user-specified intracellular
responses. The high modularity of PAGER, its ability to respond toboth
surface and soluble antigens, the built-in drug gating, and its ability to
drive antigen-dependent transgene expression, G-protein activation
or real-time fluorescence distinguish this platform from other techno-
logies and suggest broad applicability in cell biology and neuroscience.

Early strategies to develop synthetic receptors focused on muta-
tion of natural receptors via site-directed mutagenesis®® or directed
evolution'" to alter ligand specificity. This approach is generally
time-, labour- and resource-intensive and needs to be repeated for
every new synthetic receptor. An alternative approach alters ligand
specificity by replacing the sensing domains of native receptors with
other ligand-binding domains such as single-chain antibody variable
fragments (scFvs) or nanobodies. This more modular approach has
produced chimeric antigen receptors®, synthetic Notch receptor* (syn-
Notch), synthetic intramembrane proteolysis receptors® (SNIPRs),
modular extracellular sensor architecture (MESA) receptors® and
generalized extracellular molecule sensor (GEMS) receptors’.

Despite their considerable contributions to advancing mammalian
cellengineering, particularly with regards to therapeutics, these tech-
nologies still have important limitations. One prevailing constraint is
the generallack of ability to respondto soluble antigens. A few examples
have addressed this by using two non-overlapping binders against
asingle antigen to drive receptor dimerization®’. However, suitable
pairs of antigen recognition domains are rarely available, limiting the
generalizability of this approach. Other platforms* have been shown
towork with dimeric antigens that drive receptor clustering and endo-
cytosis; since many antigens of interest are not dimeric, however, the
scope of such methods is limited.

By contrast, PAGER requires a single antigen-binding domain and
convertsitintoasynthetic receptor for detection of tethered or soluble
antigensinasingle cloning step. PAGER works on amultitude of antigen
types, including monomeric and multimeric antigens. PAGER is also dif-
ferentiated from other technologies by its built-in drug control, which
provides temporal specificity and increases signal-to-background ratio.
Moreover, PAGER offers a diverse array of outputs, including transgene
expression, fluorescence and control of endogenous G-protein pathways.

Inthe field of GPCR engineering, many powerful technologies have
been developed to convert GPCR activation into a range of intracel-
lular readouts, including BRET and Forster resonance energy transfer
signals®, fluorescence intensity changes**, RNA editing* and gene
expression driven by transcription factors™*"*°, CRISPR-Cas9* or
response elements*2. By providing new programmability on the input
side of GPCRs—where much less progress has been made than on the
output side—PAGER not only provides a new technology but can be
merged with existing GPCR technologies to make them more useful. We
demonstrate this here by creating PAGER; from SPARK components,
and PAGER;, from GRAB components, but many more fusions of PAGER
with existing technologies are possible.

PAGER does haveimportant limitations, which are explained in detail
inSupplementary Information. We have also provided ‘General guide-
lines for designing and validating PAGERs’ in Methods, which provides
detailed step-by-step instructions on how to design, validate, and use
novel PAGERs.
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Fig. 5| PAGER, forreal-time fluorescence detection of extracellular
antigens. a, Schematic of PAGER;,, based on GRABs"?. PAGER;, activation
results in GPCR conformational changes, causingincreased fluorescence of
aninserted cpEGFP.b, Schematic and model structure of cpEGFP insertion
betweenhelices 5and 6 in PAGERy,. ¢, Representative images of expressionand
response of anti-mCherry PAGER, after 30 min treatment with 100 nMDCZ
and1pM mCherry or EBFP (control). Scale bar,10 pm.d, DCZ dose-response
curvesforanti-mCherry PAGER;, + 1uM mCherry or EBFP.n=300 cells from
3independentexperiments. Dataare mean ts.e.m.e, Antigen dose-response
of anti-mCherry PAGER;, withmCherry or EBFPand100 nMDCZ.n =300 cells
from3independent experiments. Dataare mean +s.e.m.f-h,Asc-e, but with
anti-EBFP PAGER;, . Scale bar,10 um. Dataare mean = s.e.m. i, Representative
images of anti-mCherry PAGER;, at various timepoints after1 pM mCherry
addition.n=3independent experiments. Scale bar, 50 um.j, Time traces of

mCherry and cpEGFP fluorescence fromi. k, Summary data for peak response
of mCherry and cpEGFP fluorescencein anti-mCherry PAGER,. n =96 cells
from3independentexperiments. Dataare mean +s.e.m.l, Summary data
showing the ¢;,of mCherry and cpEGFP fluorescencein anti-mCherry PAGER;, .
n=144cellsfrom4independent experiments. Dataare mean +s.e.m.

m, Representative images of anti-TNF PAGER;, before versus after 1uM TNF
additioninthe presence of 100 nM DCZ.n =3 independent experiments.
Scalebar,20 pum.n, DCZ dose-response curves for anti-TNF PAGER;, with or
without 300 nM TNF.n=300 cells from 3 independent experiments. Dataare
mean +s.e.m.o, TNF dose-response curve for anti-TNF PAGER;, with100 nM
DCZ.n=300cellsfrom3independent experiments. Dataare mean +s.e.m.

p, Time traces (left) and summary data (right) of cpEGFP fluorescence response
foranti-TNF PAGER;,.n =137 cellsfrom3independent experiments. Dataare
meants.e.m.
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Infuture work, the PAGER platform could beimproved and extended
in anumber of ways. Instead of requiring three separate transgenes,
the design of PAGER;; could be simplified to require only two, simi-
lar to how we simplified our calcium integrator FLARE® to produce
single-chain FLARE** (scFLARE). For in vivo applications, it would be
beneficial to remove the requirement for light or furimazine®, which
are currently needed to uncage the LOV domain of PAGER;. Toimprove
the orthogonality of PAGER;;, we could mutate its intracellular loops
to abolish recognition of G,, drawing inspiration from a DREADD that
recruits arrestin without coupling to any of the G proteins®. Finally,
we note that PAGER’s antigen-gated, auto-inhibited design could be
extended to other classes of proteins beyond GPCRs—for example, to
produce antigen-gated enzymes or ion channels.
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Methods

Plasmid constructs and cloning

Constructs used for transient expression in HEK293T cells were cloned
into the pAAV viral vector. For stable expression, the constructs were
clonedinto the pCDH viral vector. For all constructs, standard cloning
procedures were used. PCR fragments were amplified using QS poly-
merase (NEB). Vectors were digested with NEB restriction enzymes
and ligated to gel-purified PCR products using T4 ligation, Gibson,
NEB HiFi, or Golden Gate assembly. Ligated plasmids were introduced
into competent XL1-Blue, NEB5-alpha, or NEB Stable bacteria via heat
shock transformation.

Celllines

HEK293T and RAW 264.7 cells were obtained from ATCC (tested
negative for mycoplasma) and cultured as monolayers in complete
growth medium: Dulbecco’s Modified Eagle Medium (DMEM, Corn-
ing) containing 4.5 g 1™ glucose and supplemented with 10% Fetal
Bovine Serum (FBS, VWR), 1% (v/v) GlutaMAX (Gibco), and 1% (v/v)
Penicillin-Streptomycin (Corning, 5,000 units ml™ of penicillin and
5,000 pg ml™streptomycin). Nalmé B-ALL cells stably expressing GFP
and firefly luciferase (Nalmé-GL) cells were provided by Crystal Mackall
and cultured between 0.25-1.5 x 10 cells per mlin complete growth
medium: RPMI-1640 Medium (Corning) supplemented with 10% Fetal
Bovine Serum (FBS, VWR), 1% (v/v) GlutaMAX (Gibco), and 1% (v/v)
Penicillin-Streptomycin (Corning, 5,000 units ml™ of penicillin and
5,000 pg ml™streptomycin). All cell lines were cultured at 37 °Cunder
5% CO,. For experimental assays, HEK293T cells were grown in 6-well,
12-well, 24-well, or 96-well plates pretreated with 20 ug ml™ human
fibronectin (Millipore) for at least 10 min at 37 °C.

Source of primary human T cells

Buffy coats from healthy donors were purchased from the Stanford
Blood Center under an IRB-exempt-protocol. Primary human T cells
were purified by negative selection using the RosetteSep Human
T cell Enrichment kit (StemCell Technologies) and SepMate-50
tubes. T cells were cryopreserved at 4 x 10° cells per mlin CryoStor
CS10 cryopreservation medium (StemCell Technologies) until use.
Tcellswere cultured in complete growth medium: RPMI-1640 Medium
(Corning) supplemented with10% Fetal Bovine Serum (FBS, VWR), 1%
(v/v) GlutaMAX (Gibco), 40 units ml™ rhIL-2 (PeptoTech), and 1% (v/v)
Penicillin-Streptomycin (Corning, 5,000 units ml™” of penicillin and
5,000 pg ml™ streptomycin).

Expression and purification of recombinant GFP and mCherry
Recombinant His-tagged GFP and mCherry were expressed in E. col
BL21(DE3). In brief, a5 ml starter culture in 2x YT supplemented with
antibiotic was grown overnightat 37 °C. The starter culture was diluted
into1lofthe same mediumand grownat37 °Cto an OD,,,0of ~0.8.and
induced with1mM IPTG at 22 °C for 18 h. Cells were collected by cen-
trifugation and lysed with Bacterial Protein Extraction Reagent (BPER,
Thermo Scientific) supplemented with protease inhibitor cocktail
per the manufacturer’s instructions. Lysate was filtered using a 5-pum
syringe filter and purified by FPLC ona Ni-NTA column. Eluted protein
was dialysed overnight at 4 °C into 20 mM Tris pH 7.5,150 mM NacCl.
GFP storage buffer included 1 mM TCEP. Protein concentration was
determined with spectrophotometry and diluted to 500 pM. Protein
was aliquoted and frozen at —80 °C for long term storage.

HEK293T cell transient transfection

A1mg ml™solution of PEIMax (Polysciences, 24765) was prepared for
transient transfection as follows. Polyethylenimine (PEI, 500 mg) was
added to 450 ml of Milli-Q H,0 in a 500 ml glass beaker while stirring
with astir bar. Concentrated HCL was added dropwise to the solution
until the pH was less than 2.0. The PEl solution was stirred until PElwas

dissolved (-2-3 h). Concentrated NaOH was then added dropwise to
the solution until the pH was 7.0. The volume of the solution was then
adjusted to 500 ml, filter-sterilized through a 0.22-pm membrane,
and frozen in aliquots at —20 °C. Working stocks were kept at 4 °C for
no more than1month.

For transient transfection, HEK293T cells were grown in 6-well,
12-well, or 24-well plates pretreated with 20 pg mI™ human fibronectin
(Millipore) for atleast 10 min at 37 °C. Cells were grown to a confluency
of ~70-90% prior to transfection. DNA transfection complexes were
made by mixing DNA and 1 mg ml™ PEI solution in serum-free DMEM
atalpgDNA:S pl PEI (1 mg mI™):100 pl serum-free DMEM. Complexes
were allowed to form for 20 min at room temperature. After 20 min,
complexes were diluted in complete DMEM up to the growth volume
per well size (2.5 ml for 6-well, 1 ml for 12-well, and 500 pl for 24-well).
The entire well volume of the HEK293T cells was replaced with the
diluted complexes and allowed to transfect cells at 37 °C for 5-24 h.
Complete transfection protocolsincluding amounts of DNA and length
of transfection are described for each experiment below.

Firefly luciferase reporter PAGER,; experiments

HEK293T cells were plated in human fibronectin-coated 6-well
dishes at a density of 750,000 cells per well and allowed to grow
overnight (-18 h) at 37 °C until they reached ~70-90% confluency.
After ~18 h, the cells were transfected with 350 ng of the indicated
Antagonist-Nanobody-GPCR-eLOV-TEVcs-Gal4 (PAGER+) receptor
plasmid, 100 ng of NanoLuc-fB-arrestin2-TEVp plasmid, and 150 ng of
UAS-Firefly Luciferase (FLuc) plasmid. Cells were transfected for 5h
at 37 °C. After 5 h of transfection, cells from each well were lifted and
resuspended in 6 ml of complete DMEM to make an ~400,000 cells
per ml single cell suspension, and 100 pl of cell suspension (-40,000
cells) was plated per well in a human fibronectin-coated white, clear
bottom 96-well plate in triplicate. Plates were wrapped in aluminum
foilto protect them fromlight andincubated at 37 °C overnight (-18 h).
After ~18 h, cells should be stimulated.

Stimulation was performed in a dark room with ared light source
(redlight does not open the LOV domain). Stimulation solutions were
optimized for each given antigen and PAGER receptor. Unless oth-
erwise indicated, PAGERs were stimulated as follows: GFP (LaG17/
LaG2/LaG16)-PAGERs were stimulated with 1 pM GFP, 1 uM SalB, and
1x furimazine; mCherry (LaM6)-PAGERs were stimulated with 1 uM
mCherry, 1 uM SalB, and 1x furimazine; VEGF (Nb35)-PAGERs were
stimulated with 500 nM VEGF, 500 nM SalB, and 1x furimazine; HGF
(Nb1E2)-PAGERs were stimulated with 250 nM HGF, 250 nM SalB,
and 1x furimazine; TNF (ozoralizumab)-PAGERs were stimulated
with 500 nM TNF, 250 nM or 500 nM SalB, and 1x furimazine; IL-17
(Sonelokimab)-PAGER was stimulated with 500 nMIL-17,100 nM SalB,
and 1x furimazine, IL-23 (Nb22E11)-PAGER was stimulated with 250 nM
IL-23,500 nMSalB, and 1 furimazine; sL6R (Voberilizumab)-PAGER was
stimulated with 500 nM sIL-6R, 500 nM SalB, and 1x furimazine; CCL2
(Nb8E10)-PAGER was stimulated with 1 pM CCL2, 500 nM SalB, and
1x furimazine; EGFR (NbEgB4)-PAGERs were stimulated with 500 nM
EGFRECD, 100 nM or 250 nM or 500 nM SalB, and 1x furimazine; HER2
(Nb2Rs15d)-PAGERs were stimulated with 500 nMHER2 ECD, 500 nM
or 1M SalB, and 1x furimazine; CD38 (NbMU375)-PAGER was stim-
ulated with1 pM CD38 ECD, 500 nM SalB, and 1x furimazine; PD-L1
(KNO035)-PAGER was stimulated with 1 SalBPD-L1 ECD, 500 nM SalB,
and 1x furimazine; SARS-CoV-2 RBD (NbF2)-PAGER was stimulated
with 200 nM SARS-CoV-2 spike protein, 500 nM or 1 uM SalB, and 1x
furimazine; uPA (Nb4)-PAGER was stimulated with 500 nM uPA, 250 nM
or 500 nM SalB, and 1x furimazine.

For stimulations, growth medium was removed from the 96-well
plate by flicking off and dabbing excess on a paper towel. To initi-
ate stimulation, 100 pl stimulation solution was added to each well
for a total of 15 min. After 15 min, stimulation solution was removed
by flicking off and dabbing excess on a paper towel, and 100 pl of



Article

complete DMEM was added back to each well. Plates were again
wrappedinaluminumfoiland placedin 37 °Cincubator for 8 h. After
8 h post-stimulation, medium was removed from 96-well plate by
flicking off and dabbing excess on paper towel. Wells were washed
once with 125 pl DPBS, and then 50 pl of 1x Bright-Glo (2x diluted 1:1
in DPBS; Promega) was added to each well and incubated for 1 min.
After 1 min, firefly luciferase luminescence was measured using a
Tecan Infinite M100O Pro plate reader using the following param-
eters: 1,000 ms acquisition time, green-1 filter (520-570 nm), 25 °C
linear shaking for 10 s.

Inexperiments where TEVp was used to activate PAGER,1 pM recom-
binant TEVp was added to PAGER-expressing cells for 90 min prior to
stimulation. In some experiments where indicated, exogenous ambi-
ent room white light was used to uncage the LOV domain instead of
furimazine-dependent NanoLuc BRET. In these experiments, furima-
zine was not included in the stimulation solutions; all else remained
the same. In some experiments where indicated, SalB or antigeSalB n
dose-response curves were analysed. Inthese experiments, the concen-
trations of SalB or antigen were included in the stimulation solutions
atdifferent concentrations as indicated; all else remained the same.

HEK293T co-culture for trans assays

For trans assays using co-plated HEK293T cells, cells were cultured
in 6-well and 12-well plates as described above. Receiver cells in
12-well plates were transfected with 140 ng of the indicated pAAV-
Antagonist-Nanobody-PAGER-eLOV-TEVcs-Gal4 receptor plasmid,
40 ng of pAAV-NanoLuc-fBarrestin2-TEVp plasmid, and 60 ng of
pAAV-UAS-Firefly Luciferase (FLuc) plasmid. Sender cells in 6-well
plates were transfected with 2 pg of pAAV-GFP-PDGFR transmembrane
domain (surface-expressed GFP). Cells were transfected for 5hina
37°Cincubator. After 5 h, cells were lifted with trypsin, washed with
DPBS, and resuspended in 6.25 ml or 2.5 ml of complete DMEM per
well for 6-well and 12-well plates, respectively. Sender and receiver
cells were mixed at a 4:1 sender:receiver ratio and then 100 pl of cell
mixtures were plated into 96-well white, clear-bottom microplates at
adensity of 40,000 cells per well. Plates were wrapped in aluminum
foiland incubated for-18 hina 37 °Cincubator, then the stimulations
and luciferase reporter assay were performed as described above.

HEK293T and macrophage differentiation co-culture assay

HEK293T cells were plated in human fibronectin-coated 6-well dishes
at a density of 750,000 cells per well and allowed to grow overnight
(-18 h) at37 °Cuntil they reached ~70-90% confluency. After ~18 h, the
cells were transfected with 350 ng of the indicated PAGER; receptor
plasmid, 100 ng of NanoLuc-Barrestin2-TEVp plasmid, and 75 ng of
UAS-mouse IFNy plasmid. Cells were transfected for 5 hat 37 °C. After
5hoftransfection, cells from each well were lifted and resuspended
to1x10° cells per mlin complete DMEM. 250 pl of cell suspension
(250,000 cells) were plated in the top chamber of fibronectin-coated
24-well Transwells (8-pum pore size). Plates were wrapped in aluminum
foilto protect them from light and incubated at 37 °C overnight (-18 h).
After ~-18 h, cells were stimulated in a dark room under red light with
100 pl of 500 nM Sal B, 1x furimazine, and antigen (2 uM mCherry,
500 nM VEGF, 500 nM CCL2, or 1 uM PD-L1) for 15 min. After 15 min,
stimulations were removed and replaced with 200 pl complete
DMEM. Immediately following stimulation, 400 pl of 2.5 x 10° RAW
264.7 macropahge cells (100,000 cells) were placed in the bottom
chamber of the Transwell. A final concentration of 10 ng mlI™ mouse
IFNy was added to the bottom chamber of the positive control well.
Plates were then wrapped in aluminum foil to protect them from light
and incubated at 37 °C for 48 h before being readout by imaging to
assess morphological changes and qPCR with reverse transcription
(RT-gPCR) to measure induction of the M1 macrophage markers
CD86 and NOS2. Images of macrophages (at 20x) were taken using
anEcho Rebelinverted microscope. Schematic summary of HEK293T

and macrophage differentiation co-culture assay was created, in part,
using BioRender.

RT-qPCR for macrophage markers

At time of collection, the medium from each samples was aspirated,
and cold D-PBS was immediately added to each well. The cells were then
pelleted, and RNA was extracted using the RNeasy Mini Kit (Qiagen,
74104). To synthesize cDNA, 1 ug of total RNA (8 pl) from each group
was combined with 2 pl of Superscript IV VILO Master Mix (Thermo
Scientific, 11756050) and subjected to the following thermocycling
protocol: 25 °C for 10 min, 50 °C for 10 min, and 85 °C for 5 min. After
reverse transcription, the cDNA was diluted tenfold in nuclease-free
water. qPCR was conducted in 384-well plates using the CFX Connect
Real-Time System (Bio-Rad), with a total reaction volume of 10 pl per
well. Eachreaction consisted of 2.5 pl of diluted cDNA template, 2.5 pl
of 1 uMforward and reverse primers, and 5 pl of 2x Maxima SYBR Green/
ROX qPCR Master Mix (Thermo Scientific, K0221). The following primer
sequences were used: UBC-FWD: GACCCTGACAGGCAAGACCATC;
UBC-REV: CTGTGGTGAGGAAGGTACGTCTG; CD86-FWD: CTGTCAGTG
ATCGCCAACTTCAGTG; CD86-REV: CCTTGCTTAGACGTGCAGGTC;
NOS2-FWD: CCTTGTGCTGTTCTCAGCCCAAC; NOS2-REV: CAGGG
ATTCTGGAACATTCTGTGC.

The thermal cycling protocol included an initial denaturation step
at 95 °C for 3 min, followed by 40 cycles of 95 °C for 10 s and 60 °C for
30 s. A melt-curve analysis was performed from 65 °C to 95 °C, with
0.5 °Cincrements. Housekeeping gene Ubc was used as the reference
gene for normalization. Data were analysed as follows: first, ACT was
calculated as target CT - Ubc (housekeeping control) CT; second, AACT
was calculated as target ACT - untreated (negative control) ACT; and
finally, relative gene expression was calculated as 22" for each sample.

HEK293T, T cell and tumour killing co-culture assay

HEK293T cells were plated in human fibronectin-coated 6-well dishes
at adensity of 750,000 cells per well and allowed to grow overnight
(-18 h) at37 °C until they reached ~70-90% confluency. After 18 h, the
cells were transfected with 350 ng of the indicated PAGER; receptor
plasmid, 100 ng of NanoLuc-farrestin2-TEVp plasmid, and 25 ng of
UAS-CD3-CD19 BiTE plasmid. Cells were transfected for 5h at 37 °C.
After 5 h of transfection, cells from each well were lifted and resus-
pended in 6 ml of complete DMEM to make an ~400,000 cells per ml
single cell suspension, and 100 pl of cell suspension (40,000 cells)
was plated per well in a human fibronectin-coated clear 96-well plate
intriplicate. Plates were wrapped in aluminum foil to protect them
from light and incubated at 37 °C overnight (-18 h). After ~18 h, cells
were stimulated inadark roomunder red light with 50 pl of 250 nM Sal
B, 1x furimazine, and antigen (2 uM GFP, 500 nM CCL2, or 1 uM PD-L1)
for15 min. After 15 min, stimulations were removed and replaced with
200 plcomplete RPMI + 40 units mI™ human IL-2 containing 100,000
primary human T cells and 100,000 Nalmé-GL cells (1:1 effector:target).
Plates were then wrapped in aluminum foil to protect them from light
and incubated at 37 °C for 36 h. 30 pl aliquots were taken from each
well every10-12 hto measure tumour cells remaining over time. Stably
expressed firefly luciferase in the Nalmé6-GL cells was used to measure
tumour cells remaining. To readout the amount of luciferase activity in
each sample, 30 pl of 2x Bright-Glo (Promega) was added to the 30 pl
cell aliquots from each samples and incubated for 1 min. After 1 min,
firefly luciferase luminescence was measured using a Tecan Infinite
M1000 Pro plate reader using the following parameters: 1,000 ms
acquisition time, green-1filter (520-570 nm), 25 °C linear shaking
for10 s. Schematic summary of HEK293T, T cell, and tumour killing
co-culture assay was created, in part, using BioRender.

TRUPATH G-protein activation BRET assay
HEK293T cells were plated in human fibronectin-coated 6-well dishes at
adensity 0f1,250,000 cells per well and allowed to adhere and grow for



2-4 hat37°C. After -2-4 h, the cells were transfected 1:1:1:1with 250 ng
oftheindicated G-protein PAGER receptor plasmid, 250 ng of the cor-
responding Ga-RLuc8 TRUPATH plasmid (Go,S-RLuc8, Ga,-RLuc8 or
Gal2-RLuc8),250 ng of GB3 TRUPATH plasmid, and 250 ng Gy9-GFP2
TRUPATH plasmid. For Go;1 TRUPATH with PAGERg;, a 1:1:1:1 ratio of
components using 100 ng of each plasmid was used. Cells were incu-
bated at 37° and transfection was allowed to proceed for ~20-24 h.
After transfection, cells from each well were lifted and resuspended in
6 ml of complete DMEM to make an ~200,000 cells per ml single cell
suspension, and 100 pl of cell suspension (-20,000 cells) was plated
per well in a human fibronectin-coated white, clear bottom 96-well
plate in triplicate. Plates were incubated at 37 °C for ~20-24 h. For
protease activation of G-protein-PAGERs, cells were treated with 1 pM
TEVp for 90 min followed by stimulation with various concentrations
of CNO and 10 uM CTZ400a (substrate for TRUPATH assay) for 5 min
beforereading out BRET. For antigen activation of PAGER{’s, cells were
treated with 1 uM mCherry for 15 min followed by stimulation with
various concentrations of CNO and 10 pM CTZ400a (for Ga;1and Gay,
TRUPATHS) or 10 pM Prolume Purple (for Ga,S and Gal2 TRUPATHSs)
for 5 min before reading out BRET. BRET was readout using a Tecan
Infinite M1000 Pro plate reader using the following parameters: filter
1magenta (370 to 450 nm), 500 msintegrationtime; filter 2green (510
to 540 nm), 500 msintegration time; 25 °C. Dataare presented asNET
BRET and displayed as scatter plots with variable slope (four parameter)
non-linear regression lines.

Lentivirus generation

To generate lentivirus, HEK293T cells were cultured in T25 flasks and
transfected at ~70% confluency with 2.5 pg of the pCDH lentiviral
transfer vector of interest and packaging plasmids psPAX2 (1.25 pg)
and pMD2.g (1.25 pg) with 25 pl PEI (1 mg mI™; Polysciences). Approx-
imately 72 h post-transfection, the cell medium was collected and
centrifuged for 5 min at 300g to remove cell debris. Medium contain-
ing lentivirus was used immediately for transduction or was aliquoted
into 0.5 ml aliquots, flash-frozen in liquid nitrogen, and stored at
-80 °Cforlater use. Frozen viral aliquots were thawed at 37 °C prior to
infection.

HEK293T stable cell line generation

HEK293T cells were plated on six-well human fibronectin-coated plates.
When cells reached ~70-90% confluency, cells were transduced with
lentivirus for 1-3 days. The cellswere then lifted and replated om a T25
flask, and stably expressing cells were selected for in complete DMEM
containing1 pg ml™ puromycin for at least 1 week. Cells were splitand
expanded when they reached ~-80-90% confluency. Cells were main-
tained under this puromycin selection until the time of experiments.
Construct expression was confirmed by flow cytometry, immuno-
fluorescence imaging, or functional characterization.

Quantification of p-ERK by western blotting

Antigen was added at indicated concentration to HEK 293T cells sta-
bly expressing PAGER. 3 min later, 300 nM of CNO in 500 pl blank
DMEM was added to a final concentration of 100 nM, and the cells
were incubated for another 3 min. Cells were then lysed with RIPA
lysis buffer supplemented with protease and phosphatase inhibi-
tors (50 mM Tris-HCI, pH 7.4, 150 mM Nacl, 1% Triton X-100, 0.5%
sodiumdeoxycholate, 0.1% SDS,1 mM EDTA, 1x Halt Protease Inhibitor
Cocktail from Thermo Scientific, 1x Phosphatase Inhibitor Cocktail
from Cell Signaling Technology). After sonication and centrifuga-
tion, the lysate supernatants were mixed with 6x Laemmli sample
buffer to prepare the sample for western blotting. The membrane
wasblotted with 1:1,000 dilutions of antibodies for phospho-p44/42
MAPK (phospho-Erk1/2; Cell Signaling Technology 9101), p44/42
MAPK (Erk1/2; Cell Signaling Technology 9107), and 3-Tubulin (Cell
Signaling Technology 86298).

Fluorescence imaging of PAGER localization and secondary
messenger reporters

Confocal imaging was performed on a Zeiss AxioObserver inverted
confocal microscope with 10x and 20x air objectives, and 40x and
63x oil-immersion objectives, outfitted with a Yokogawa spinning disk
confocal head, aQuad-band notch dichroic mirror (405/488/568/647),
and 405 (diode), 491 (DPSS), 561 (DPSS) and 640 nm (diode) lasers (all
50 mW). The following combinations of laser excitation and emission
filters were used for various fluorophores: GFP (491 laser excitation;
528/38 emission), mCherry/Alexa Fluor 568 (561laser excitation; 617/73
emission), Alexa Fluor 647 (647 excitation; 680/30 emission), and dif-
ferential interference contrast. Acquisition times ranged from 100 to
500 ms. Allimages were collected using SlideBook (Intelligent Imaging
Innovations) and processed using FlJI/ImageJ.

Immunofluorescence staining of PAGER localization

HEK 293T cells expressing the indicated PAGER;; or PAGER; construct
were fixed in 4% paraformaldehyde for 10 min at room temperature,
followed by membrane permeabilization by treating with 0.5% Triton-X
in PBS for 10 min. The cells were then incubated in 0.1% Tween-20 in
PBS supplemented with 1% BSA for 30 min for blocking, followed by
1:1,000 anti-ALFA-AlexaFluor647 in blocking buffer for 1 h to stain
for PAGER localization. After three washes in 0.1% Tween-20 in PBS,
1pg mI™ DAPIin PBS was added as anuclear marker, and the cells were
analysed by confocal microscopy.

Fluorescent DAG assay
AnmCherry-based fluorescent DAG biosensor was made by C-terminally
tagging mCherry to the Clyy, from Addgene plasmid #21205° and
cloning into the pCDH lentivirus backbone. HEK 293T cells stably
co-expressing anti-GFP (LaG16) PAGER, and Cly,-mCherry wereincu-
batedin1:1,000 anti-ALFA-AlexaFluor647 and 1 uM EGFP for 3 min. Cells
were then located under the microscope and time-lapse images were
obtainedevery 4 s,and1 mlof150 nM CNO was added (toafinal concen-
tration of 100 nM) between the firstand the second frame. Images at the
firsttimeframe (¢=0) and 15th time frame (¢ = 60 s) were used for analysis.
Images were analysed using FIJI/ImageJ software. Regions of interest
(ROIs) were manually added to images and the difference in mean of
cytosolic mCherry fluorescence (A(F - F,)/F,) in each cell was quanti-
fied to plot the time course of Cly,-mCherry signal. Note: cytosolic
mCherry fluorescence was used as areadout for the depletion of DAG
probe from cytosol upon membrane recruitment.

GCaMPés calcium assay

A GFP-based fluorescent calcium biosensor was made by cloning
GCaMPé6s from Addgene plasmid #40753* into the pCDH lentivirus
backbone. HEK 293T cells stably co-expressing anti-mCherry (LaM6)
PAGER, and GCaMP6s were equilibrated in HBSS (Gibco; HBSS, cal-
cium, magnesium, no phenol red) for 10 min at room temperature.
Cellswerethen placedin 500 pl of HBSS (with or without 1 uM mCherry)
and located under the microscope. Time-lapse images were obtained
every10s,and 1 mlof CNO or DCZ was added (to afinal concentration
0f0.3-100 nM) att=30ss.

Images were analysed using FlJI/Image] software. ROIs were manually
added to images and the difference in mean of cytosolic GFP fluores-
cence (A(F - F,)/F,) ineach cell was quantified to plot the time course of
GCaMPé6s signal. The maximum difference at each DCZ concentration
was calculated to obtain dose-response curves.

G-Flamp2 cAMP assay

A GFP-based fluorescent cAMP biosensor was made by cloning G-
Flamp2 from Addgene plasmid #192782** into the pCDH lentivirus
backbone. For PAGER,, HEK 293T cells stably expressing G-Flamp2 and
anti-mCherry (LaM6) PAGER, were equilibrated in HBSS (Gibco; HBSS,
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calcium, magnesium, no phenol red) for 10 min atroom temperature.
Cellswerethen placed in 500 pl of HBSS (with or without1 pM mCherry)
and located under the microscope. Time-lapse images were obtained
every10s,and1 mlof CNO or DCZ was added (to afinal concentration
0f0.3-100 nM) at£=30s.

For PAGERg;, HEK 293T cells stably expressing G-Flamp2 and anti-
mCherry (LaM6) PAGER; were equilibrated in HBSS (Gibco; HBSS,
calcium, magnesium, no phenolred) for 10 min at room temperature.
Cellswerethen placedin 500 pl of HBSS (with or without 1 uM mCherry)
and located under the microscope. Time-lapse images were obtained
every 10s,and 500 pl of 2 pM forskolin was added (to a final concen-
tration of 1 uM) at ¢ =20 s, followed by 1 ml of CNO or DCZ (to a final
concentration of 0.3-100 nM) att=120s.

Images were analysed using FIJI/ImageJ software. ROIs were manu-
allyadded toimages and the difference in mean of cytosolic GFP fluo-
rescence (A(F - Fy)/F, for PAGERG,, A(F — F,.)/Frmax fOr PAGER;, where
Fr..x is @ maximum signal upon forskolin stimulation) in each cell was
quantified to plot the time course of G-Flamp2 signal. The maximum
difference at each DCZ concentration was calculated to obtain dose-
response curves.

AAV1/2 generation

To generate supernatant AAV, HEK293T cells were cultured in 6-well
plate and transfected at approximately 80% confluency in opti-MEM
reduced serummedium (Gibco). Per each well, the AAV vector contain-
ing the gene of interest (360 ng) and AAV packaging/helper plasmids
AAV1 (180 ng), AAV2 (180 ng), and DF6 (720 ng) incubated with 10 pl
PElin 200 pl opti-MEM were used for transfection. After 20 h, the cell
medium was replaced with complete DMEM. The cellmedium contain-
ing the AAV was collected 48 h post transfection and filtered using a
0.45-um filter. For in vivo expression, AAV1/2 was produced in a large
scale (3x15-cm plates) accordingly and purified using a HiTrap heparin
column (GE Healthcare) as previously described®.

GCaMPé6s neuronal activity assay

All procedures were approved and carried out in compliance with
the Stanford University Administrative Panel on Laboratory Animal
Care, and all experiments were performed in accordance with rel-
evant guidelines and regulations. Before dissection, 35 mm glass bot-
tom dishes (CellVis) were coated with 0.001% (w/v) poly-L-ornithine
(Sigma-Aldrich) in DPBS (Gibco) at room temperature overnight,
washed three times with DPBS, and subsequently coated with 5 pg mI™
of mouse laminin (Gibco) in DPBS at 37 °C overnight. Cortical neurons
were extracted from embryonic day 18 Sprague Dawley rat embryos
(Charles River Laboratories, strain 400) by dissociation in Hank’s
balanced salt solution with calcium and magnesium (Gibco). Corti-
cal tissue was digested in papain according to the manufacturer’s
protocol (Worthington), then 5 x 10° cells were plated onto each dish
inneuronal culture mediumat 37 °Cunder 5% CO,. The neuronal cul-
ture medium is neurobasal (Gibco) supplemented with 2% (v/v) B27
supplement (Life Technologies), 0.5% (v/v) fetal bovine serum, 1%
(v/v) GlutaMAX, 1% (v/v) penicillin-streptomycin, and 1% (v/v) sodium
pyruvate (Gibco, 100 mM).

Ondivision 3 and division 6, half of the medium was removed from
each dish and replaced with neuronal culture medium. On division 6
after the medium change, each well was infected with 35 pl of AAV1/2
(10 pl of GCaMP6s AAV and 25 pl of anti-mCherry (LaM6) PAGER; AAV).
Neurons were wrapped inaluminum foil and allowed to express in the
incubator.

For HEK-neuron coculture experiments, HEK 293T cells were plated
ina6-well plate and transfected with surface mCherry on a day before
the imaging. 8 h after transfection, the HEK cells were collected in
PBS without using trypsin. The cells were pelleted and resuspended
in neuron culture medium supplemented with 2.5 pM cytosine
B-p-arabinofuranoside hydrochloride (AraC; Sigma-Aldrich C6645).

HEK cells were resuspended at 5 x 10° cells per ml (for 1:2 HEK:neuron
co-culture) or 1 x10° cells per ml (for 1:10 HEK:neuron co-culture).
Five-hundred microlitres of the resuspended cells were plated oneach
neuron-plated imaging dish (2 ml culture medium) to make the final
AraC concentration 0.5 pM.

Ondivision13, cells were preincubated in HBSS for 10 min, and then
incubated in1:1,000 anti-ALFA-AlexaFluor647 and 1 uyM mCherry in
HBSS for 3 min. Cells were then located under the microscope and
time-lapse images were obtained every1s,and 1 ml of 50 nM CNO or
3 nM DCZ was added (to a final concentration of 33 nM or 2 nM) at
t=10s.

Images were analysed using FlJI/Image] software. ROIs were manually
added to images and the mean of cytosolic GFP fluorescence in each
cell was quantified to plot the time course of GCaMPé6s signal in the
form of A(F = Fin)/ (Frmax = Frnin) -

Neuronal electrophysiology assay in brainslices

Subjects. Adult female C57BL/6 mice (Jackson Laboratory) were used
for slice electrophysiology experiments. All procedures were carried
outinaccordance with the National Institutes of Health guidelines for
animal care and use, and were approved by the Administrative Panel
on Laboratory Animal Care of Stanford University (protocol 30183).
Mice were group housed (2-5 per cage), received ad libitum access to
food and water, and were maintained on a12 hlight/dark cycle through-
out the study under standard housing conditions (21 + 2 °C; 50 +15%
humidity).

Slice electrophysiology. Micereceived astereotaxicinjectionbilater-
ally into CA1(M/L: £1.5; A/P: -2.3; D/V: -1.35 mm) when 4-8 weeks old
of 400 nL AAV1/2 vector containing an hSyn-a-mCherry-PAGER-G;-
P2A-mEGFP expression cassette (1.9 x 10" genome copies (GC) ml™).
At 3-6 weeks following initial injection, mice were deeply anaesthe-
tized by ketamine/xylazine and then transcardially perfused with
an ice-cold protective recovery solution containing (in mM): 92
N-methyl-D-glucamine (NMDG), 26 NaHCO;, 25 glucose, 20 HEPES,
10 MgSO,, 5 sodium ascorbate, 3 sodium pyruvate, 2.5 KCI, 2 thio-
urea, 1.25 NaH,PO,, 0.5 CaCl,, titrated to a pH of 7.3-7.4 with HCI*.
Hippocampus-containing coronal brain slices (250 pm) were cut in
ice-cold protective recovery solution using a vibratome (VT1200S,
Leica Biosystems) and then incubated in 35 °C protective recovery
solution for 12 min. Subsequently, brain slices were maintained inroom
temperature artificial cerebrospinal fluid (aCSF) consisting of (inmM):
126 NaCl, 26 NaHCO;, 10 glucose, 2.5KCI, 2 MgCl,, 2 CaCl,, 1.25NaH,PO,.
Allsolutions were equilibrated with 95% 02/5% CO,.

Intracellular recordings were performed in a submerged chamber
perfused with oxygenated aCSF at 3 ml min™ and maintained at 33 °C
by achamber heater (BadController V, Luigs and Neumann). CAl neu-
rons were visualized using differential interference contrast illumi-
nation on an Olympus BX61WI microscope (Olympus Microscopy)
withan sCMOS camera (Flash 4.0 LT+, Hamamatsu). Epifluorescence
illuminationfroman LED lamp (Solis-3C, Thorlabs) was used to identify
GFP-positive transfected neurons. Recording pipettes were pulled
from thin-walled borosilicate capillary glass (King Precision Glass)
using a P97 puller (Sutter Instruments) and were filled with (in mM):
126 potassium gluconate, 10 HEPES, 4 KCI, 4 ATP-Mg, 0.3 GTP-Na, 10
phosphocreatine (pH-adjusted to 7.3 with KOH, osmolarity 290 mOsm),
aswell as 0.2% biocytin. Pipettes had a 3-5 MQ tip resistance.

Whole-cellrecordings were performed on GFP-positive CAlneurons
in the dorsal hippocampus (A/P: -1.7-2.6 mm). Pipette capacitance
was neutralized for all recordings and holding current was adjusted
so that all cells began recordings with an initial membrane potential
of =65 mV. Neuronal properties were assessed longitudinally, across
5s sweeps, featuring repeated current injection patterns including a
brief hyperpolarizing current step (-100 pA, 200 ms), followed shortly
later (300 ms) by alinearly ramping current delivery (=150 to +500 pA,



across 2 s). Input resistance (R;,) was calculated from the change in
steady-state membrane potential resulting from hyperpolarizing cur-
rent injections. RMP was measured as the average value during the
period (500 ms) ineach sweep prior to any currentinjection. Allaction
potentials were counted during the ramping current delivery and the
rheobase value was the current being delivered when the first action
potential of each sweep was evoked.

At the end of recordings, brain slices were fixed in 4% paraformal-
dehyde with 0.2% picricacidin 0.1 M phosphate buffer for 24 hat4 °C.
Biocytin-filled neurons were labelled by washing sections in PBS, per-
meabilizing with 0.5% Triton X-100 (Sigma-Aldrich) in TBS and then
overnightincubationat4 °Cin Alexa Fluor 405-conjugated streptavidin
(1:1,000, Molecular Probes). Sections were then washed and mounted
in Vectashield (Vector Laboratories), before collecting z-stack images
of the biocytin and mEGFP signals in the hippocampus using a Zeiss
LSM 710 confocal microscope using a20x 0.8 NA objective.

Data were excluded from cells where the initial R,, was >500 mQ,
as well as individual sweeps where the RMP was >—=50 mV or where no
action potentials were detected. Responses were tracked during bath
application of DCZ (100 nm, Tocris) or the same dose of DCZ combined
with soluble mCherry (1 pM). All cells recorded with DCZ + mCherry also
underwentaprior preincubationinmCherry (1 uM; range: 30-150 min,
mean: 73.4 min). Recordingsin DCZ alone were avoided after >1DCZ +
mCherry experiment per day to reduce potential cross contamination.
Data were collected from n =15 cells, 7 mice with DCZ, n =26 cell, 6
mice DCZ + mCherry. Recordings were only performed in brain slices
naive to prior DCZ exposures. Datawere acquired in pClamp software
(Molecular Devices) using a Multiclamp 700B amplifier (Molecular
Devices), low-pass filtered at 2 kHz, and digitized at 10 kHz (Digidata
1440 A, Molecular Devices). Data analysis was performed using custom
written Python scripts.

Statistical analysis. Graphs and statistical analyses were generated
using Python (with Pandas, Seaborn, Scipy and Statsmodels packages).
Toaccount for the nested data produced inwhole-cell electrophysiol-
ogy experiments where multiple cells are recorded from each animal,
differences between treatment groups were evaluated by amixed linear
model regression analysis*®. Sex was not considered in the current study
design and a sex-based analysis was not performed, with our current
databeingrestricted entirely to female samples. Analysis of neuronal
responses was conducted blinded to treatment groups.

Lentiviral transduction of primary humanT cells

On day O, primary human T cells were thawed and activated with
anti-CD3/CD28 human T-Expander Dynabeads (Thermo Fisher Sci-
entific) at al:1 bead to cell ratio. On day 2,1 ml of 500,000 cells per
ml T cell suspension was added to each well of a 24-well non-tissue
culture treated plate. To each well, 1.6 pl of 10 mg mI™ polybrene (for
8 ug ml™in2 mlfinal) was added to each well. One millilitre of lentivirus
was added per well. Plates with T cell/virus mixes were spun at1,000g
for2hat32°Cinanaerosol tight plate holder. After the 2 h spin, cells
were resuspended, moved to 6-well plates, and incubated for 24 h at
37 °Cunder 5% CO,. On day 4, Dynabeads were removed by magnetic
separation and lentivirus was removed by centrifugation. Cells were
maintained between 0.4 x 10° and 2 x 10° cells per ml and expanded
untilday 11-12. Onday 11-12, PAGER-expressing T cells were enriched by
magnetic-activated cell sorting (MACS; using an ALFA-biotin antibody
(NanoTag) and ALFA-biotin antibody (NanoTagbiotin microbeads
(Miltenyi)) or by fluorescent-activated cell sorting (FACS; using ALFA-
647 antibody (NanoTag)). Typically, enriched T cells were >95% PAGER" .
PAGER' T cells were used for experiments on days 14-19.

T cell migration assays
Ina96-well Transwell plate (3 pum pore size; Corning), 80 pl 0of1.25 x 10°
PAGER + T cells mI™ (-~ 100,000 cells) were plated in the top chamber.

T cells were let to settle for 1 h at 37 °C under 5% CO,. After 1 h, 0.8 pl
100 nM DCZ was added to the top chamber of each well and 240 pl
of medium containing 1 nM DCZ and cognate (10 uM mCherry) or
non-cognate (10 tM GFP) antigen was added to the bottom chamber
of each well. This way, the DCZ concentration was equal across the
entire well (that is, no DCZ gradient formed) and only a gradient of
antigen (mCherry or GFP) was formed over time. T cells wereincubated
at37 °Cunder 5% CO,for 2 hto let chemotaxis migrationto occur. For
experiments where pertussis toxin (PTX) was used to assess the role
of G, activation in PAGER-mediated chemotaxis, after PAGER" T cells
were added to the top chamber of each well, 1 pl of 16 pg mI™* PTX was
addedtothe cells (final 200 ng mI™ PTX) and letincubate at 37 °C under
5% CO, for 3 h before adding DCZ/antigen-containing medium in the
bottom chambers. For time course experiments, separate wells were
set up for each time point and DCZ/antigen-containing medium was
added to the bottom chambers at different times so all wells could be
collected together.

Afterincubation for2 htoallow for chemotaxis, T cells that migrated
from the top chamber, across the porous membrane, to the bottom
chamber were collected; all of the medium in the bottom chamber
(-240 pl) was moved to wells of a 96-well v-bottom plate and the cen-
trifuged in swinging bucket rotor at 1,000g for 5 min. Medium in the
wells was removed by flicking off and dabbing excess on paper towel.
One-hundred microlitres DPBS was added to each well of the 96-well
v-bottom plate and pipetted up and down 10 times to resuspend any
potential T cells in the wells. This cell suspension was then moved to
awhite 96-well solid-bottom plate where CellTiter-Glo 2.0 was used
to create a luminescent signal proportional to the number of T cells
present.100 plof CellTiter-Glo 2.0 was added to each well and mixed by
hand for 1 min, letincubate for 10 minat room temperature inthe dark,
and then luminescence was measured using a Tecan Infinite M1000 Pro
platereader using the following parameters: 1,000 ms acquisition time,
green-1filter (520-570 nm), 25 °C linear shaking for 10 s. Schematic
summary of T cell migration assay was created, in part, using BioRender.

The development of GRAB,; sensors

We chose human M4R as the sensor scaffold and embarked on a sys-
tematic optimization process. This process included screening and
optimizing the insertionsites, the amino acid composition of the linker,
andthecritical residues in cpEGFP to enhance the maximum response
and fluorescence of sensors. Subsequently, specific DCZ sensors were
developed by introducing binding pocket mutations based on these
Sensors.

« ICL3 replacement: we replaced the ICL3-cpEGFP of the previously
developed GRAB,,, sensor' with the corresponding ICL3 of hM4R.
A replacement library was generated using 9 sites (S5.62 to H5.70)
fromthe Nterminusand 5sites (T6.34 to F6.38) from the C terminus.
After screening, we created a prototype AChsensor named hM4-0.1,
which exhibited a100% AF/F fluorescence response to 100 pM ACh.
The replacement sites of hM4-0.1 are located between R5.66 and
T6.36in hH4R.

Linker optimization: the amino acid composition of the linker was
found to be critical to the sensor’s dynamic range. We performed
site-saturation mutagenesis on 6 residues of the linker. Through this
process, weidentified a variant named hM4-0.5, withan R5.66 L muta-
tion, whichresultedina ~130% increase in AF/F,.

cpEGFP optimization: building on our screening experiencein devel-
oping GRAB sensors*?, we selected four residues in the cpEGFP for
individual randomizations. This led to the development of the hM4-
1.0 sensor with an H18] mutation, showing a maximal response of
~350%t0 100 uM ACh.

Binding pocket mutations: to develop specific DCZ sensors, we
introduced Y3.33 Cand A5.46 G mutations'*’ based on the hM4-1.0,
resultingin the creation of DCZ1.0, which exhibited a -150% response
to1pM DCZ.
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Fluorescence imaging of GRAB sensors and PAGER;,

The Opera Phenix high-content screening system (PerkinElmer)
was utilized for GRAB sensors and PAGER, imaging, equipped
with a 20x 0.4-NA objective, a40x 0.6-NA objective, a 40x 1.15-NA
water-immersion objective, a 488-nm laser, and a 561-nm laser. GFP
and RFP signals were collected using a 525/50 nm emission filter and
a600/30 nm emission filter, respectively. HEK293T cells expressing
GRAB;10 0r PAGER;, were imaged before and after adding specified
DCZ/antigens while being bathed in Tyrode’s solution. The change in
fluorescence intensity of GRAB,, , was determined by calculating the
changeinthe GFP/RFP ratio and expressed as AF/F,. F, is the intensity
of sensorsin the basal (no DCZ/antigen) condition.

Mini G-protein luciferase complementation assay

HEK293T cells were cultured in 6-well plates until they reached
60-70% confluence. At this point, the specified wild-type receptor
or sensor, along with the corresponding LgBit-mG,; construct, were
co-transfected into the cells. Around 24-36 h post-transfection, the
cells were detached using a cell scraper, suspended in PBS, and then
transferred to 96-well plates (white with a clear flat bottom) contain-
ing Nano-Glo Luciferase Assay Reagent (Promega) diluted 1,000-fold
in PBS at room temperature. Following this, solutions with varying
DCZ concentrations and 1 pM antigens were added to the wells. After
alO-minreactioninthe dark atroom temperature, luminescence was
measured using a VICTOR X5 multi-label plate reader (PerkinElmer).

Quantification and Data Analysis

Allgraphswere created using GraphPad Prism 9 or matplotlib (Python).
Error bars represent s.d. unless otherwise noted. For scatter plots,
variable slope (four parameter) non-linear regression lines were
used. For comparison between two groups, Pvalues were determined
using two-tailed Student’s ¢-tests. For multiple comparisons, Pvalues
were determined using two-way ANOVA with Tukey’s multiple com-
parisons test to adjust for multiple comparisons. *P < 0.05; **P < 0.01;
P < (0.001; ***P< 0.0001; NS, not significant.

General guidelines for designing and validating PAGERs

A workflow for developing and optimizing new PAGERs is outlined
below. These steps are generally the same no matter which type of
PAGER (PAGER+;, PAGER, or PAGER;,) isbeing developed, but specific
notes and tips for the creation of different types of PAGERs are also
included.

Choosing an antigen binding domain. The specificity and sensitiv-
ity of a given PAGER is primarily determined by the antigen binding
domainthatis used. Ifavailable, we recommend using ananobody for
the antigen binding domain, as we have had the most success building
functional PAGERs with this class of binder; ~50% of all nanobodies
tested resulted in functional PAGERs. Other binding domains that have
their N terminus proximal to the binding interface may also work. When
possible, we suggest starting with 2-3 high-affinity binders against
your antigen of interest to test in PAGER, as the affinity of binders for
antigen in the context of PAGER may be different (oftentimes lower)
than their published affinities.

Construct design. Therelative position of the binder and the antago-
nist is critical. The antagonist should be fused directly to the N termi-
nus of the binder (nolinker between). This is because proximity of the
antagonist to the CDR loops of the binder creates the steric occlusion
ofthe antagonist upon antigenbinding thatis necessary for PAGER acti-
vation. Evenshortlinkers between the antagonist and binder may make
PAGER insensitive to soluble antigen. In our constructs, we also typically
omit the first 2-3 amino acids of the nanobody (for example, MAQ) so
asto place the antagonist as near to the nanobody CDRs as possible.

Thelinker between the binder and the GPCRis less critical but needs
tobe sufficiently long to allow the antagonist to reach the GPCR active
site. Thislinkeris alsoaconvenientlocationtoinsert an epitopetagto
detect PAGER expression. We generally use ALFA tag due to its small
size and non-perturbative helical structure. Importantly, we highly
recommend including a TEVcs (ENLYFQ/S) in this linker, as it is use-
ful for assessing antagonism in newly generated PAGER constructs
(described in step 3 below).

Signal peptides are included in all PAGER constructs to promote
surface expression of the receptor. For PAGER; and PAGER,, we use
the native signal peptide of muscarinic toxin. PAGER; requires a sig-
nal peptide that does not leave any residues on the N terminus of the
antagonist (thatis, no P’ residuesin the cleavage sequence of the signal
peptide), as the N-terminal residues of the arodyn peptide antago-
nist in PAGER; are essential for peptide binding and antagonism. All
PAGER; constructs we developed utilize an IL-2 signal peptide, which
does not leave an N-terminal scar, but other scarless signal peptides
could also be used.

Screening for expression, localization, and reversible auto-
inhibition. We recommend first screening candidate PAGERs in
HEK293T cells before moving to other cell types of interest. We have
found that PAGER expression, surface localization, and antagonism
are the key features that determine overall PAGER functionality. To
assess all these aspects simultaneously, we devised a screen using re-
combinant TEVp and the extracellular TEVcs discussed in step 2 above.
In this approach, a dose-response curve of PAGER agonist (SalB for
PAGER;; or DCZ/CNO for PAGER;/PAGER, ) should be conducted with
andwithout pretreatment withrecombinant TEVp (we typically pretreat
PAGER-expressing cells with 1 uM TEV for 90 min, but aslittle as 30 min
isalsosufficient).Inthe absence of TEVp, adose-dependentactivation
of PAGER should be observed, as increasing concentrations of agonist
will outcompete the fused antagonist and activate the receptor; this
alone confirms whether the PAGER is expressed and activatable. With
TEVp pretreatment, the antagonist should be cleaved, sensitizing the
PAGER to the agonist, and result in the dose-response curve shifting
to the left; this confirms surface localization (since the recombinant
TEVp canonly acton plasma membrane localized PAGERs) and revers-
ibleantagonism. As further validation,immunofluorescence and flow
cytometry should be conducted to confirm PAGER expression and
surface localization.

In our experience, any PAGER that fails this TEV test (that is, does
notshowaclear dose-response curve with aleftward shiftupon TEVp
pretreatment) has also been unresponsive to antigen. Furthermore,
83% of PAGERs that passed this test went on to be responsive to antigen.
Therefore, this screen is a simple intermediate step to save time and
resources by narrowing the list of candidate PAGERs to those with a
high likelihood of success prior to antigen screening.

Screening for response to antigen. PAGERs that pass the TEVp screen
should thenbetested using the target antigen. The agonist concentra-
tionthatyielded the highest signal:noiseinthe TEV screen (+TEV/-TEV)
shouldbe used for antigen testing. We generally recommend perform-
ing antigen dose-response curves to determine the overall affinity and
sensitivity of each PAGER to the antigen of interest.

Ideally, you might have multiple PAGERs that respond to your antigen
of interest. In this case, it is important to consider your downstream
application when choosing which PAGER to move forward with. PAGERs
with higher affinity binders offer higher sensitivity to the antigen but
may also exhibit slow orirreversible antigen binding, while PAGERs with
lower-affinity binders typically provide lower sensitivity but higher
reversibility, enabling activation only during coincidence detection of
antigen and agonist (Sal B or DCZ/CNO). The concentration of antigen
that you wish to detect using PAGER should also be considered; to
detect higher concentrations of antigen, a low sensitivity PAGER may



suffice, but to detect lower concentrations of antigen, a high sensitivity
PAGER may be required. All these factors should guide the selection
of a PAGER with characteristics best suited for the user’s downstream
applications.

Optimization of PAGER expression in a cell type of interest. In our
studies, choosing the right promoter for the target cell type was akey
factor for successful PAGER expression. For example, CMV promoter
worked best in HEK 293T cells while SFFV promoter worked best for
T cells. The expression and delivery method also depend on the target
cell type. Expression methods commonly used for your cell type of
interest are a good starting point, but testing multiple approaches is
likely to help identify the best method for optimal PAGER expression.
Of note, the larger size of PAGER;: compared to PAGER; or PAGER,
(-3 kb vs -2 kb) and the two additional gene components of PAGER ¢
(thearrestin-TEVp and the transcriptional response element) require
co-transduction of two or three viruses into the target cells. Combin-
ing two PAGER;; components into a single lentivirus may facilitate
the reconstitution of all components by requiring one less virus to be
co-transduced. As with other multiple component systems, proper
relative expression of the components needs to be achieved and often
needs to be determined empirically.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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a,Domain structures of PAGER; (without antagonist) and Arrestin-TEVp.

b, Schematic showing how furimazine instead of light can be used to uncage
LOV-TEVcs in PAGER;. This is based on our previous SPARK tools****. NanoLuc
luciferase fused to arrestin-TEVpis recruited to activated PAGER; and uncages
the LOV domain viaBRET when furimazine (NanoLuc’s substrate) is present.
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¢, Schematic and experimental timeline for PAGER; assay. d-f, Optimization
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human growth hormone (hGH) and insulin signal peptides, respectively. Full
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optimal PAGER; construct and used in all subsequent experiments. Plots are
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(KOR) in complex with dynorphin A (PDB: 8F7W)". Dynorphin binds KOR with
its N-terminus buried in the orthostericbinding pocket. h, List of candidate
peptide antagonistsscreened in PAGERin Fig.1c.i, Domain structure of a-GFP
PAGER;including an N-terminal antagonist and TEVcs in the extracellular
linker between KORD and nanobody.


https://doi.org/10.2210/pdb8F7W/pdb

Normalized Firefly Luciferase Activity (% Max)

Sender cell

N, . Surface

100

25

0
100 7 Arodyn (1-6) A
75 | FFFRLR

+ Surface

] Arodyn (1-7)
75 | FFFRLRR

+ Surface
GFP

] Arodyn (1-8)
75 | FFFRLRRA

+ Surface
GFP

] Arodyn (1-9)
75 | FFFRLRRAR

+ Surface
50+ GFP N
25 5 o 00~
Q B 97 O
0.l

Surface
GFP

o 8 7 6 5 -4
log [Salvinorin B] (M)

-3

Normalized Firefly Luciferase Activity (% Max)

1004

1007 Arodyn (1-7)

o —GFP
-o- + 1uM GFP
-o- + 10uM GFP

0 Jooo
Arodyn (1-6)
4 FFFRLR

75| FFFRLRR

0 o-0-0-
] Arodyn (1-8)
75 FFFRLRRA

0Jooo-0

1007 Arodyn (1-9)

75 FFFRLRRAR
50 -

o
0Jooooo 3 o

R
log [Salvinorin B] (M)

Extended DataFig. 2| Testing PAGER, with different antagonist peptides
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Extended DataFig.3| Testing many GFPand mCherry nanobodiesin PAGER,.
a, Different GFP and mCherry-binding nanobodies work in PAGER. HEK cells
expressing PAGER; with the indicated nanobodies were stimulated with
SalvinorinBand1pMsoluble GFP or 10 pM soluble mCherry, for 15 min. Luciferase
reporter expressionwas measured 8 hlater. Plots are mean +s.d. for 4 technical
replicates per condition, representing n=3independent experiments. p-values
were determined using two-tailed Student’s t tests. ****, p < 0.0001.b, mCherry
and GFP PAGERs are orthogonal. Data obtained using starred constructsin (a).
Plots are mean *s.d. for 3 technical replicates per condition, representingn=3
independent experiments. c-d, PAGER;activity asafunction of washout time
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meants.d.for3technicalreplicates per condition, representingn=2independent
experiments. e, Time-course of luciferase activity after activation of a-GFP
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inhibition. ¢, Results of TRUPATH screen, showing EC50 values for CNO, with
and without TEVp pre-treatment. The rM1D-based PAGER_ have ICL2-3 from
rM3D grafted intohM1Dq. The constructs colored red showed the best dynamic
range and were selected as the final PAGER’s. Full CNO dose-response curves
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forall constructs are shownin Supplementary Fig. 6. d, Schematic of SPARK-
type® transcriptional assay used to screen different PAGER; scaffolds. HEK cells
expressing theindicated variant were treated with1uM GFP and 10 uM CNO for
15min. 8 hlater, luciferase reporter expression was quantified. e, Summary of
SPARK screening results, showing that MT1toxin was best for gating PAGER,,
and MT3 toxin was best for gating PAGER;, inagreement with the data from the
TRUPATH assay (b-c).Plots are mean +s.d. for 3 technical replicates per condition,
n=1independent experiment. p-values were determined using two-tailed
Student’sttests.* p <0.05;*** p<0.001.
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Extended DataFig. 8| Domainstructures and characterization of PAGER.
a,Domainstructures of optimized PAGER,, PAGER,, PAGER;, and PAGER,.
The W442A mutation was found toimprove membrane localization of MIDREADD
byreducing constitutive receptorinternalization (Uwadaetal.,/ Cell Sci,2014)
and thusintroduced to both PAGER., and PAGER,,. b, Immunofluorescence
staining of HEK 293 T cells stably expressing PAGER's, using a-ALFA-Alexa
Fluor 647 (PAGER; green) and DAPI (nuclear stain; blue). Images are representative

of n=2independentexperiments.Scale bars,20 pm. ¢, Raw BRET data from
TRUPATH assay shown in Fig. 3i-1. Plots are mean +s.d. (3 technical replicates
per condition, representingn = 4independent experiments).d, Testing cross-
activationineach TRUPATH assay by all four PAGER’s. Plots are mean + s.d. for
3technical replicates per condition, n=1independent experiment. e, Raw BRET
valuesfor datain (d).
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Extended DataFig. 9| Antigen-gated control of second messengers by
PAGERg. a, Representative images showing antigen-dependent control of
endogenous DAG lipid production with PAGER,. HEK cells expressing a-GFP
PAGERg,and DAG probe were treated with1pM GFPand100 nM CNO and
imaged over time. b, Representative profile plot of DAG probe signal across
cellmembranes (marked by yellow dashed line in (a), at = 0 min (black) and
t=1min (red).c, Time-course plot of experimentin (a). Plots show mean £ s.d.
for28and27individual cells, respectively, examined over n=3 independent
samples.d, Representative images showing antigen-dependent control of
cytosolic Ca* with PAGERg,. HEK cells expressing a-mCherry PAGER, and
GCaMP6s**were preincubated with 2 uM mCherry for 3 min, stimulated with
100 nM CNO andimaged over time. e, Time-course plots of experiment in (d)
atseveral different DCZ concentrations. f, Representative images showing

antigen-dependent control of cytosolic cAMP with PAGER,. HEK cells expressing
o-mCherry PAGER,and G-Flamp2**reporter were preincubated with2 pM
mCherry for 3 min, stimulated with 100 nM CNO and imaged over time. g, Time-
course plots of experimentin (f) at several different DCZ concentrations.

h, Representative images showing antigen-dependent control of cytosolic
cAMP with PAGER;. HEK cells expressing a-mCherry PAGERg and G-Flamp2
reporter were preincubated with2 uM mCherry for 3 minand stimulated with

2 uMforskolin (Fsk) for 100 seconds before addition of 25nM CNO. i, Time-course
plots of experimentin (h) at several different DCZ concentrations. Plotsin (e, g, i)
showmean from 50 cells, representing n =3 independent experiments.j-1, DCZ
dose-response curves generated fromdatain (e, g, i). Plotsaremean +s.d. for
50 cells, representing n =3 independent experiments. All scale bars, 20 um.
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Extended DataFig.10 | Evaluation of different nanobodies and toxin
truncationsinPAGERc. a, Varying GFP nanobodies in original a-GFP PAGER,
(MT1-LaGx-hM1Dg; green) or in a-GFP PAGER*;, (MT3-LaGx-hM1Dq; magenta)
where MT1autoinhibitory domain was swapped with MT3 toxin. MT1has higher
reported affinity to M1receptor than MT3. HEK cells expressing PAGER, with
theindicated nanobody were treated with 10 uM GFP for 15 min, washed, and
then analyzed by FACS. Quantitation was based on the average GFP signal per
cell. Datarepresentative of n = 2biologicallyindependentsamples.b, Same
assay as (a) but with a-GFP PAGER*; (MT1-LaGx-hM4Di; green) and a-GFP
PAGER; (MT3-LaGx-hM4Di; magenta). MT3 has higher reported affinity to M4
receptor than MT1. Datarepresentative of n = 2biologicallyindependent
samples. ¢, Table summarizing reported affinities (K,) of a-GFP nanobodies
along with theamount of GFP bound onto PAGERg, (divided by the maximum
amount of GFPboundinthelack of any antagonism). d, Westernblots showing
phosphorylation of endogenous ERK inresponse to GFP and CNO activation of
PAGER, with four different GFP nanobodies. HEK cells expressing the indicated

o-GFPPAGER were stimulated with100 nMCNOand0,0.5,5,50,500, or 5000 pM
antigen for 3 min, before cell lysis and analysis. Phospho-ERK increase started
becoming apparent at 50 nM antigen. Similar results were obtained in two
independent experiments. e, Similar assay as (d) with1 pM antigen, but using
PAGER, variants containing toxin truncations or linkers between MT1and
nanobody. Truncations or linker sequences of the variants used are shown on
theright.Similar results were obtained in twoindependent experiments. f, HEK
cells co-expressing G-Flamp2 and a-mCherry PAGER, with LaM6 (high affinity;
K40.26 nM) or LaM8 (low affinity; K, 63 nM) nanobody were preincubated in
3nMDCZand imaged overtime,and1pM mCherrywasaddedat¢=30s (red
plots). After 3 min, cells were washed with3 nM DCZ for three times and imaged
over time (blue plots). Plots are mean * s.d. for 50 cells, representingn =2
independent experiments. g, Representativeimages showingmCherrybound
toHEK cells. Leftimages (+mCherry) were obtained 3 min after mCherry addition,
andrightimages (+Wash-out) were obtained after washing cells with3 nM DCZ
three times.Scalebars, 20 pm.
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Extended DataFig.11| PAGER; mediates antigen-dependent control of
neuronal activity in culture. a-c, Representative images of antigen-gated
DAG productioninneurons. Rat cortical neurons expressing a-mCherry
PAGER, and DAG probe (Clp,-mCherry*) were stimulated with 100 nM CNO
andimaged over time. In (b), neurons were preincubated with1 uM mCherry
(nowashout).In (c), HEK cells expressing surface mCherry (pink) were plated
ontop of neurons. Note the DAG probe accumulation at sites of HEK-neuron
contact (arrowheads). Scale bars, 20 um. Similar results were obtained in three

independent experiments. d-f, Calcium tracesinrat cortical neurons
co-expressing a-mCherry PAGER; and GCaMPé6s, with no antigen (d), with1 pM
mCherry (e), or co-plated with HEK cells expressing surface mCherry (f). CNO
wasadded att=10 s to afinal concentration of 30 nM. Plots are mean +s.d. of
A(F-Fpase)/Fpase in GCaMP6s signal (where Fy,. is the minimum signal recorded in
thetime window) for 12 neurons, representing n =2 independent experiments.
Thisissimilar to data presented in Fig. 4a-d but using CNO instead of DCZ.
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Extended DataFig.12 | PAGER;expressioninacute brainslices and primary
Tcells.a, Representative traces of voltage responses to -100pA stepwise
currentinjections relative to onset of 2 min bathapplication of DCZ (100 nM) +
soluble mCherry (1 pM). Dashed lineat -65 mV. b, Changesininputresistance
upon2-minute DCZ addition.n =15 cells/7 animals DCZ, n = 26 cell/6 animals

a-mCherry PAGERg;

levels were correlated with the degree of rheobase (e) and input resistance (f)
shifts following DCZ+mCherry exposure, but not with DCZ alone. Resting
membrane potential (RMP) shifts were not specifically linked to mEGFP
expression levels (g). PAGER-associated mEGFP mean signal intensity was

DCZ+mCherry. Plots show mean +S.E.M. (Mixed linear model regression
analysis; Z=1.84,P=0.0653).c-h, Correlation between PAGER-associated
mEGFP expression and neuronalintrinsic properties. The degree of mEGFP

expression, as anindicator of PAGER; expression levelsin neurons, supports
PAGER; alone having noimpact on baseline rheobase (c) orinput resistance (d)

measured from widefield images acquired prior to the start of each whole cell
recording, withina freehand selection surrounding the soma made in Image].
Pearson correlation was used for analyses, as summarized in (h). i, Histograms
showing percent of human primary T cells expressing a-mCherry PAGER; after
lentiviral transduction, on Day 11before MACS enrichment and on Day 15 after
MACS enrichment.

properties, includingin the presence of soluble mCherry. Construct expression
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Extended DataFig.13|See next page for caption.



Extended DataFig.13 |Engineering PAGER;,.a, Summary of DCZ1.0
development.DCZ1.0is the receptor portion of PAGER,, lacking the nanobody
and toxin. Starting from M4R, we ®screened cpEGFP insertion sites within the
ICL3loopingACh sensor?; @optimized key residues (showninbold) inthe linkers;
and ® optimized critical residuesin cpEGFP.b, Sequence of optimized DCZ1.0
sensor. Theresiduesrelated to ICL3 replacement and mutations incorporated
during the optimization process are marked. ¢, Summary of ACh sensor screening
and optimization. The number of ACh sensor variants tested during each
optimization processis shownin x-axis. The final optimized variant was named
hM4-1.0.d, Response (left) and relative brightness (right) of hM4-1.0 to various
concentrationsof AChand DCZ.n =300 cells from 3 independent experiments.
Errorbars=S.E.M. e, Membrane expression of hM4-1.0 in HEK293T cells. RFP-
CAAXisamembrane-targeted RFP.Scale bars, 50 pm.n =3 independent
experiments.f,DCZ1.0incorporates the two additional DREADD mutations
compared to hM4-1.0. g, Representative images of expression and response of
DCZ1.0sensorto1puMDCZ.Scalebars,10 um. h, Drugresponse curves (left)
andrelative brightness (right) of DCZ1.0.n =300 cells from3independent
experiments. Error bars=S.E.M.1i, Fluorescence time traces (left) showing the
rate of EGFP fluorescence onset after 1 uM DCZ addition. Group summary

(right) of AF/F, with or without DCZ addition. n =126 cells from 3independent
experiments. Error bars=S.E.M.j, Example fluorescence images and intensity
linescan profiles of DCZ1.0 (green), RFP-CAAX (red), and merged image in the
presence of DCZ (1uM). The white line indicated the ROl for intensity profiling,
and the Pearson R was calculated and used to indicate the membrane trafficking
indexofthesensor.n=112 cellsfrom3independent experiments.Error bars=S.E.M.
Scalebars, 10 pm.k, G protein and coupling were measured using the split-
luciferase complementation assay’ in cells expressing a-mCherry PAGER,
(red), a-EBFP PAGER, (blue) inthe presence of theindicated concentrations of
DCZ; The DCZ-responsive DREADD hM4Di (black) was used as a positive control
and noreceptor (grey) was used as anegative control. AU, arbitrary units.n=3
independent experiments. Error bars=S.E.M. (one-way ANOVA with Tukey’s
multiple comparisonstest; ***p < 0.005; n.s.=not significant).I-m, Response
of a-VEGF PAGER;, developed by swappingnanobody with a-VEGF nanobody
(Nb35).1, Fluorescence time trace showing the rate of EGFP fluorescence onset
after VEGF addition. DCZ was presentat 100 nM. m, Response of a-VEGF PAGER;,
tovarious concentrations of VEGF. DCZ was present at 100 nM. F,is the intensity
of sensors with100 nM DCZ addition.n=300 cells from 3 independent
experiments. Error bars=S.E.M.
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Antibodies used and B-Tubulin (Cell Signaling Technology #86298).

Validation All antibodies used in this study were recommended on manufacturer's website for use in the employed application. Relevant
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Ethics oversight Administrative Panel on Laboratory Animal Care of Stanford University (Protocol #30183)
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