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Rewiring human cellular input-output using
modular extracellular sensors

Kelly A Schwarz'?, Nichole M Daringer’, Taylor B Dolberg'? & Joshua N Leonard™**

Engineered cell-based therapies comprise a promising emerging strategy for treating diverse diseases. Realizing this prom-
ise requires new tools for engineering cells to sense and respond to soluble extracellular factors, which provide information
about both physiological state and the local environment. Here, we report such a biosensor engineering strategy, leveraging a
self-contained receptor-signal transduction system termed modular extracellular sensor architecture (MESA). We developed
MESA receptors that enable cells to sense vascular endothelial growth factor (VEGF) and, in response, secrete interleukin 2
(IL-2). By implementing these receptors in human T cells, we created a customized function not observed in nature—an immune
cell that responds to a normally immunosuppressive cue (VEGF) by producing an immunostimulatory factor (IL-2). Because
this platform utilizes modular, engineerable domains for ligand binding (antibodies) and output (programmable transcription
factors based upon Cas9), this approach may be readily extended to novel inputs and outputs. This generalizable approach for
rewiring cellular functions could enable both translational applications and fundamental biological research.

rapidly expanding technology, with over 1,300 clinical tri-

als currently underway worldwide'2. Most notably, engi-
neered chimeric antigen receptor (CAR)-expressing T cells harness
the capabilities of these immune cells to detect and destroy cancer
cells, which has proven to be transformative for the treatment of
B-cell malignancies®®. While extending these successes to other
types of cancers poses a range of challenges, many refinements to
the basic CAR approach have now been achieved®. However, many
applications exist for which an engineered T-cell receptor cannot
be used to achieve the desired functionality, and thus additional
sensing modalities are required’.

Technologies for engineering customized cellular functions
that respond to extracellular ligands—those that are not trans-
ported into the cytoplasm—enable cells to respond in defined ways
to both the local environment and overall physiological state. Such
approaches generally comprise engineering native receptors to
confer responsiveness to new ligands®'° or coopting native recep-
tor-signal transduction systems to drive induction of engineered
signaling cascades!! or gene circuits'2. While the use of native path-
ways is facile and leverages the performance of components tuned
through evolution, these approaches are also subject to regulation
and crosstalk with other native cellular functions.

By contrast, orthogonal receptor systems may couple detection
of extracellular ligands to engineered functions in a more program-
mable fashion. For example, synNotch receptors enable orthogonal
detection of surface-bound extracellular ligands'*'*. Each synNotch
receptor comprises a core Notch domain flanked by modular extra-
cellular and intracellular domains. Binding of a surface-bound
ligand triggers protease-mediated cleavage and release of an exog-
enous transcription factor via a mechanism that requires ligand-
binding-mediated mechanical forces, and thus synNotch receptors
do not respond to soluble ligands. We recently developed a distinct
self-contained receptor-signal transduction system, the modular
extracellular sensor architecture (MESA)" (Fig. 1a), which is also
orthogonal to native cellular pathways but is designed to enable the
detection of soluble ligands. Each MESA receptor comprises two
transmembrane chains—the target chain (TC) and the protease
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chain (PC). In this system, ligand-binding-induced dimerization of
receptor extracellular domains promotes intracellular trans-cleavage
of the target chain by the protease chain, which releases a seques-
tered engineered transcription factor into the cytoplasm. While this
previous work demonstrated the feasibility of the MESA mecha-
nism, ligand recognition was limited to detection of a model small-
molecule analyte.

In this study, we investigated whether we could leverage the
MESA design to generate a general platform for rewiring cellular
functions in response to physiologically relevant cues. We evaluated
strategies for incorporating both highly modular ligand-binding
domains as MESA inputs and readily programmable transcrip-
tion regulators as MESA outputs. By exploiting the modularity of
the MESA design, this systematic investigation both elucidated the
key factors impacting the performance of these novel receptors
and ultimately validated a powerful, generalizable new technol-
ogy for rewiring cellular input-output functions for therapeutic
applications and as a tool for fundamental research.

RESULTS

VEGF-MESA receptor development

In this study, we systematically developed a generalizable strategy
for engineering MESA receptors that sense physiologically relevant
cues. To this end, we first investigated whether we could generate
ligand recognition domains by coopting the single-chain variable
fragments (scFvs) derived from monoclonal antibodies, which con-
fer high-affinity ligand binding and are very stable'®. scFvs have been
developed against a wide range of antigens, providing a large pool
of potential ‘parts’ for receptor engineering, and such domains have
been used successfully in other engineered receptors such as CAR
T cells** and synNotch receptors'>!. As a target analyte, we selected
vascular endothelial growth factor (VEGF). VEGF promotes angio-
genesis and is present at high levels in the tumor microenviron-
ment in many cancers’’. Monoclonal antibodies targeting VEGF
have been developed as therapeutics'®?, and several are well char-
acterized structurally and biophysically?*?.. Finally, VEGF is an
attractive initial target for developing MESA receptors because
this ligand is a homodimer (composed of two identical protein
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Figure 1| VEGF-MESA receptor development. (a) Left, schematic of the VEGF-MESA mechanism, by which ligand-binding-induced dimerization results

in trans-cleavage and release of a previously sequestered transcription facto

r. Right, crystal structures of two antigen-binding fragments (Fabs; blue and

cyan indicate light-chain variable and heavy-chain variable domains, respectively, within each Fab) binding to each of two epitopes on VEGF (red)?°.

Table, reported equilibrium dissociation constants for Fabs binding to human and mouse VEGF?. (b) Cell-surface expression of representative VEGF-MESA
constructs was evaluated by flow cytometry. Variants shown here differ in the lengths (in amino acids) of the non-structured extracellular linkers (ECL).
Shaded regions represents vector-only transfected controls. At least 5,000 cells were analyzed for each condition, and this experiment is representative

of two independent experiments. APC, allophycocyanin. (¢) VEGF binding to VEGF-MESA was quantified using flow cytometry. Bar heights correspond to
mean fluorescence intensities of samples comprising at least 5,000 transfected cells, and each error bar represents 1s.d. This experiment is representative
of two independent experiments. (d) VEGF-inducible signaling by VEGF-MESA was quantified by flow cytometry. “Reporter activity” was calculated by

quantifying mean fluorescence intensity (MFI) of yellow fluorescent protein
the internal control (cells transfected with reporter only, the value for which

(YFP) in transfected cells, then normalizing this value to that calculated for
was set to 1). The red box highlights constructs exhibiting significant

VEGF-inducible signaling. Numbers above the bars represents fold induction, calculated by dividing the reporter signaling in the presence of VEGF by

the reporter signaling in the absence of VEGF. Experiments were conducted

in biological triplicate, each experiment is representative of at least three

independent biological experiments, and error bars represent 1s.d. (*P < 0.05, ***P < 0.001)

domains), such that any scFv that binds to VEGF could conceivably
be engineered into MESA chains to confer ligand-binding-induced
receptor dimerization.

To initially develop MESA receptors responsive to VEGF (VEGE-
MESA), we used a general strategy to assess receptor design and
functionality. We initially evaluated two different anti-VEGF scFv
clones, which we termed G6 and B20 after the names of the mono-
clonal antibodies from which we derived these scFvs? (see Online
Methods). These antibodies bind VEGF with different affinities and
orientations, although each clone binds to the same face of VEGF2*!
(Fig. 1a). We fused scFv clones G6 and B20 each to the extracellular
portions of a MESA receptor scaffold (these constructs are hereafter
termed V1-MESA and V2-MESA, respectively), including a range
of flexible linkers (Gly,Ser), in between the scFv and transmem-
brane domain. The intracellular domains comprised a tobacco etch
virus (TEV) protease on the PC, and the cognate cleavage sequence
followed by an engineered transcription factor (tTA) on the TC,
as in the initial MESA design'®. We carried this receptor library
forward for evaluation.

We first investigated whether VEGF-MESA receptors bound
VEGEF at the cell surface. When expressed in HEK 293FT cells,
both VI-MESA and V2-MESA were expressed on the cell sur-
face so long as the extracellular linker exceeded a minimal length
of approximately 26 amino acids (Fig. 1b; Supplementary Results,
Supplementary Fig. 1a). In our initial constructs, the TCs were
expressed at the cell surface to a substantially greater extent than
the PCs. Given that these two chains are identical on the extracellu-
lar face and transmembrane regions, we hypothesized that the inner
membrane-proximal sequence on the PC may destabilize these pro-
teins. To test this theory, we inserted the two membrane-proximal
amino acids derived from the TC (which exhibited robust surface
expression) into the same location on the PC, and, as predicted,
this modification conferred robust surface expression of the PC
(Supplementary Fig. 2). Therefore, we used such a linker for all PC
constructs. All VI-MESA and V2-MESA expressed at the cell sur-
face were capable of binding recombinant VEGEF, and binding did
not vary substantially with extracellular linker length beyond the
minimum required to achieve cell-surface expression of the MESA
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chains (Fig. 1c; Supplementary Fig. 1). Altogether, we discovered
a subset of VEGF-MESA that was expressed on the cell surface and
was capable of binding extracellular VEGE and we carried this
library forward for functional evaluation.

We next tested whether exposure to VEGF induced VEGF-MESA
signaling. For VI-MESA, signaling in the absence of ligand increased
as extracellular linker length increased from 16 to 30 amino acids,
and lengthening linkers beyond this point led to no further increases
in background signaling (Fig. 1d, left). Upon addition of VEGE,
V1-MESA did not exhibit any ligand-inducible signaling at any
linker length. The background signaling of V2-MESA was gener-
ally constant across all linker lengths evaluated and was consistently
lower than the background signaling level conferred by V1I-MESA
(Fig. 1d, right). Most notably, for several V2-MESA configurations,
we observed significant ligand-inducible signaling, with up to a two-
fold increase in reporter output upon exposure to VEGE. This obser-
vation established the fundamental feasibility of engineering MESA
receptors that sense exclusively extracellular cues.

We next evaluated how modifying the interchain cleavage kinet-
ics might modulate VEGF-MESA signaling. Because we developed
the initial intracellular VEGF-MESA architecture in order to limit
background signaling in the absence of ligand'®, we hypothesized
that altering the protease cleavage kinetics, by changing the final
residue of the TEV protease cleavage sequence from methionine
(M) to glycine (G) (which increases k_, by ~50%?), could enhance
signaling. VEGF-MESA with the G cleavage sequence were indeed
expressed on the surface (Supplementary Fig. 3a) and bound recom-
binant VEGF (Supplementary Fig. 3b), but neither V1-MESA
or V2-MESA bearing this cleavage sequence modification exhibited
ligand-inducible signaling (Supplementary Fig. 3¢c). We inferred
that for these G-cleavage-sequence MESA, transient diffusive
encounters between the TC and PC resulted in cleavage and back-
ground signaling, thereby removing the dependence on the VEGF
ligand to induce signaling. These results suggest a model wherein
once one introduces a new ligand-binding modality, tuning MESA
cleavage kinetics is neither necessary nor especially fruitful.

VEGF-MESA receptor implementation

Having developed a functional VEGF-MESA architecture, we next
turned from protein engineering to investigate how to best imple-
ment such a receptor in order to achieve desirable performance
characteristics. Such characteristics could include low background
signaling in the absence of ligand and large fold induction upon
ligand addition, and we hypothesized that there may be tradeoffs
between these characteristics that depend on the manner in which
the receptor is implemented. To frame this investigation, we posited
that during the course of receptor expression, trafficking, and ligand
binding, MESA receptors may enter a number of distinct complexes
(Fig. 2a). Induction of signaling requires the formation of produc-
tive dimers, in which one TC and one PC dimerize at the cell surface
to mediate trans-cleavage. However, since the ectodomains of both
chains are identical, VEGF binding may also induce the formation
of homotypic dimers in which two TCs or two PCs dimerize, which
would not comprise functional signaling complexes. Moreover, it is
also possible for TCs and PCs to encounter one another in the ER,
secretory pathway, or cell surface, all of which would contribute to
background signaling and generate ‘dead’ TCs that can subsequently
act as competitive inhibitors of VEGF-induced MESA signaling.
We hypothesized that each of these processes would render MESA
performance dependent upon the rate(s) and ratio with which each
receptor chain is expressed.

To investigate these questions, we systematically varied the
expression of each MESA chain in a combinatorial fashion (Fig. 2b;
Supplementary Fig. 4a-d). Signaling in the absence of ligand was
quite low for all VEGF-MESA receptors, although background sig-
naling diminished somewhat for low amounts of MESA plasmids.

Most notably, for both V1I-MESA and V2-MESA, we observed
regimes that resulted in ligand-inducible signaling. Generally, we
observed the greatest ligand-inducible signaling when TC:PC
expression ratios were high, and within the signaling-competent
regime, increasing TC expression levels enhanced both background
and ligand-inducible signaling. Using these high-performing recep-
tor expression conditions, we next investigated how VEGF-MESA
signaling varied with VEGF dose (Fig. 2c). Interestingly, the dose-
response curves for VI-MESA and V2-MESA were somewhat
distinct. V1-MESA exhibited a substantial response to VEGF at
doses as low as 25 ng/ml (Fig. 2c, left), whereas V2-MESA required
a higher VEGF dose (150 ng/ml) to exhibit a substantial response
(Fig. 2c, right). Moreover, V2-MESA exhibited a large dynamic
range of differential responses to VEGF dose, whereas V1-MESA
signaling reached a maximum at a relatively low concentration of
VEGE. Possible contributors to such differences include ligand-
binding affinity (V1-MESA is predicted to bind VEGF tighter than
does V2-MESA; Fig. 1a) and differences between the geometric
orientations in which ligand binding occurs (Fig. 1a). For the sake
of comparability, we opted to use a VEGF dose of 250 ng/ml, the
lowest concentration that resulted in maximal reporter induction
for both VI-MESA and V2-MESA, for future analyses. Altogether,
V1-MESA and V2-MESA responded to VEGF with different sensi-
tivities and dynamic ranges, suggesting that these properties may be
tuned based upon the desired application.

Since tuning MESA expression levels by varying plasmid dose may
not be feasible for some applications, we also investigated a method
for tuning expression by varying translation rates. To this end, we
introduced synthetic elements into the 5 UTR of MESA expression
constructs, termed synthetic upstream open reading frames (WORF),
to vary both the rate and frequency of translation initiation®. We
screened a small library of these elements and observed that differ-
ent uORF sequences did confer differential levels of MESA surface
expression (Supplementary Fig. 5a,b). We used a uORF leading to
high protein expression for the TC, and we co-transfected this plas-
mid at a 1:1 ratio with PC plasmids encoding a variety of uORFs.
Interestingly, background signaling in the absence of ligand varied
with uORF choice, following the same trend with which the level of
MESA surface expression varied with uORF choice (Supplementary
Fig. 5¢). Moreover, multiple combinations of MESA receptors con-
taining a variety of uORFs exhibited significant VEGF-mediated
reporter induction. This result confirms that tuning the relative sur-
face expression levels of the TC and PC can confer VEGF-inducible
MESA signaling and that this tuning may be implemented via
multiple strategies to achieve similar MESA performance.

Cellular rewiring via VEGF-MESAs

We next investigated whether we could modify the MESA output to
regulate endogenous gene expression. To this end, we replaced tTA
with a readily reprogrammable transcription factor based upon the
CRISPR-Cas9 genome editing system (refs. 24-26). In this system,
catalytically inactive Cas9 (dCas9) is genetically fused to the VP64
(ref. 27) transcriptional activation domain (dCas9-TF), and expres-
sion of dCas9-TF with a single-guide RNA (sgRNA) complementary
to a genomic target leads to transcriptional activation of the target
gene (Fig. 3a). As a proof of principle, we chose to target dCas9-TF to
the human interleukin 2 (IL-2) gene for two main reasons. First, IL-2
performs diverse functions in vivo, including preserving peripheral
immune tolerance by stimulating regulatory T cells, although high
doses of IL-2 promote immune activation via simulation of cytotoxic
T-cell proliferation?. Thus, achieving VEGF-induced expression of
IL-2 is a non-natural cellular function that could be of use for immu-
notherapy. Second, transcription factors based upon transcription-
activator-like effector (TALE) domains can reactivate the normally
silenced IL-2 locus in HEK 293FT cells®, such that this output com-
prises a suitable test of the proposed functional rewiring.
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Figure 2 | VEGF-MESA receptor implementation. (a) This cartoon illustrates potential MESA complexes expected to form upon VEGF-binding-induced
dimerization. The blowout at right illustrates the proposed mechanism by which ‘dead’ TC complexes may form as a result of transient receptor contact
during trafficking or on the cell surface. (b) Both overall expression levels and ratios of the two VEGF-MESA chains were varied by dosing in different
amounts of plasmid encoding each of the two MESA chains (TC and PC), as indicated in both the table (plasmid ratio) and ramps (plasmid masses)
placed under each panel. Red boxes highlight the regimes in which VEGF-inducible receptor signaling was observed. Numbers above the bars represents
fold induction and data were analyzed as described in Figure 1. (¢) Dose-response curve of VEGF-MESA. Based upon results shown in b, VEGF-MESA
chains were expressed at a TC:PC ratio of 24 (3 ug TC plasmid and 0.125 pg PC plasmid per well). Horizontal gray bars highlight the O ng/ml VEGF sample
to which each test sample was compared, with the thickness indicating one s.d. Blue sigmoidal lines were added to guide the eye. Data were analyzed as

described in Figure 1. (*P < 0.05, **P < 0.01)
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Figure 3 | Rewiring of cellular input-output using MESA. (a) Identification of sgRNAs that confer dCas9-TF-mediated induction of IL-2 expression.
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was normalized to GAPDH mRNA copy number, and this ratio was normalized to that calculated for cells transfected with only dCas9-TF (black bar). Red

squares in the table indicate sgRNA that, individually, confer substantial IL-2

expression and were selected for further analysis. mRNA concentrations were

evaluated in technical triplicate, and results are representative of three independent biological experiments. (b) Evaluation of SAM system?® for enhancing
dCas9-TF-induced IL-2 gene expression. Data were analyzed as in a. (¢) This cartoon summarizes the proposed scheme for rewiring a cell to generate a
non-natural function, whereby exposure to a canonically immunosuppressive cue (VEGF) results in the production of a canonically immunostimulatory
factor in response (IL-2). (d-g) IL-2 secretion driven by soluble dCas9-TF was evaluated in HEK 293FT cells (d) and Jurkat T cells (f) and quantified by
ELISA. VEGF-inducible secretion of IL-2 by cells expressing VEGF-MESA-dCas9-TF at a TC:PC ratio of 10 and sgRNA 7 was evaluated in HEK 293FT cells
(e) and Jurkat T cells (g). Each sample was quantified in technical triplicate, and data shown are representative of three independent biological experiments
(see Supplementary Fig. 8). Numbers above the bars represents fold induction, as described in Figure 1. Error bars represent 1s.d. (*P <0.05, **P < 0.01)

Since no previous studies had systematically evaluated sgRNAs
for achieving dCas9-TF-mediated transcriptional activation of IL-2
in human cells, we first developed a library of sgRNAs targeted to
a region spanning upstream and downstream of the IL-2 transcrip-
tion start site (positions 800 to +250; see Supplementary Fig. 6)
using three different in silico sgRNA design tools**-2. We coex-
pressed dCas9-TF with 15 different sgRNAs, either individually or
in combination, in HEK 293FT cells, and we evaluated the induction
of IL-2 mRNA expression by qPCR (Fig. 3a). Although many
sgRNAs conferred minimal impacts on transcription, sgRNA 7
and 17 each individually resulted in significant induction of IL-2

transcription, as did several combinations of sgRNAs (five- to ten-
fold more IL-2 transcription than was observed with dCas9-TF
alone). We carried the most promising sgRNAs (7,17,4+9+ 10+ 11)
forward for further investigation.

We next investigated whether recently reported methods for
enhancing dCas9-TF-mediated transcription could be harnessed to
enhance transcription from the endogenous IL-2 gene. To do so, we
used the synergistic activation mediator (SAM) system®, in which
the sgRNAs were modified to contain three binding loops derived
from the bacteriophage MS2 coat protein, and two transcriptional
activators (p65 and HSF1) were fused to the MS2 protein (Fig. 3b).
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Targeting IL-2 via SAM + dCas9-TF substantially enhanced
transcription (10- to 15-fold) compared todCas9-TF alone (Fig. 3b),
and thus we next evaluated SAM in the context of MESA.

Combining the functional components identified above, we
next evaluated whether VEGF-MESA output could be redirected
to induce transcription of endogenous IL-2 (Fig. 3c). First, we
replaced the tTA domain of the TC with dCas9-TF (V1-MESA-
dCas9-TF or V2-MESA-dCas9-TF) and confirmed that these con-
structs were expressed at the cell surface (Supplementary Fig. 7).
To evaluate the functional performance of these receptors, we trans-
fected VI-MESA-dCas9-TF or V2-MESA-dCas9-TF along with
sgRNA 7 and SAM components into HEK 293FT cells, exposed cells
to VEGE and quantified IL-2 secretion (Fig. 3e; Supplementary
Fig. 8). Monitoring IL-2 protein expression provides a robust, time-
integrated metric of MESA output by circumventing potential arti-
facts associated with mRNA expression dynamics. We observed
significant VEGF-induced IL-2 secretion for cells expressing either
V1-MESA-dCas9-TF or V2-MESA-dCas9-TFE, with the V1 recep-
tor conferring a somewhat higher overall response (~20 pg/ml IL-2
protein) and a better fold induction (5.2-fold) compared to the V2
receptor. In the presence of VEGE, both VI-MESA and V2-MESA
drove secretion of IL-2 at levels similar to those achieved by tran-
sient transfection of soluble dCas9-TF along with sgRNA 7 (Fig. 3d).
Although sgRNA 17 drove high levels of IL-2 mRNA expression
when coexpressed with the SAM components, transfecting sgRNA
17 in combination with VI-MESA or V2-MESA-dCas9-TF did not
result in any VEGF-induced IL-2 secretion (Supplementary Fig. 9a).
We do not yet have an explanation for this result, which was repeatable
across multiple experiments. Further increasing the TC:PC ratio did
not result in inducible signaling for either receptor (Supplementary
Fig. 9b). Thus, the VEGF-MESA platform successfully conferred a
novel, programmed functionality in HEK 293FT cells.

Finally, we investigated whether our MESA reprogramming strat-
egy could be extended to rewire a distinct, physiologically relevant
cell type. To this end, we chose to evaluate the Jurkat human T cell
line, which is capable of secreting IL-2 but does not do so in response
to VEGF*. V1-MESA-dCas9-TF and V2-MESA-dCas9-TF were
expressed on the surface of Jurkat cells (Supplementary Fig. 7). We
then transfected Jurkat cells with MESA chains, at the same TC:PC
ratio used in HEK 293FT cells. We observed substantial VEGF-
inducible secretion of IL-2 for both V1 and V2 receptors, and we did
not observe IL-2 secretion in the absence of the MESA components
(Fig. 3g; Supplementary Fig. 8). Furthermore, we confirmed that
in the presence of VEGE, IL-2 accumulated only in transfected cells
(Supplementary Fig. 10). As we observed in HEK 293FT cells, the
V1 receptor again outperformed the V2 receptor in terms of both
level of IL-2 secretion and fold induction, and when induced, each
receptor drove secretion of IL-2 at levels comparable to those con-
ferred by co-transfection of soluble dCas9-TF with sgRNA 7 (Fig. 3f).
Notably, this observation represents the first functional rewiring of
human immune cells to secrete an immune-potentiating molecule
in response to an immunosuppressive cue, which is a response not
observed in nature. Moreover, although we observed alower IL-2 pro-
duction level for Jurkat cells than for HEK 293FT cells, transfection
efficiency of Jurkat cells was also substantially lower (~5% for Jurkat
cells compared to 80% for HEK 293FT cells), and only the transfected
Jurkat cells exhibited IL-2 accumulation (Supplementary Fig. 10).
Taking this factor into account, we estimated the VEGF-induced
production rate of IL-2 to be 5 pg IL-2/10° transfected cells/day for
HEK 293FT cells and 15 pg IL-2/10° transfected cells/day for Jurkat
cells, such that on a per=cell basis, functional rewiring may perform
similarly in these two cell types. Altogether, these data demonstrate
that the MESA platform comprises a generalizable synthetic biology
technology for engineering cells to manifest novel, programmable,
input-output functions that could be of use for both translational
applications and fundamental research.

DISCUSSION

In this study, we developed a novel strategy for constructing
customized cellular functions by functionally rewiring cellular
input-output. Here, we consider key lessons learned in this inves-
tigation of MESA receptor design and implementation and suggest
strategies for using this technology in future applications.

A central conclusion is that MESA's modular design and mecha-
nism enabled the rational development of receptors that recognize
novel inputs (soluble extracellular ligands). First, we considered the
changes required to convert the original model MESA receptors,
which signal in response to rapamycin-induced dimerization of the
ectodomains'®, into MESA receptors that recognize physiologically
relevant ligands. Achieving robust cell surface expression of MESA
receptors using scFvs as ligand-binding domains required two key
modifications: (i) inserting additional amino acids into the intra-
cellular membrane-proximal portion of the PC and (ii) extending
the non-structured extracellular linker between the transmembrane
and scFv domains of each receptor chain. We hypothesize that both
of these requirements may be interpreted as providing the geo-
metric flexibility required to enable folding of all MESA domains.
Notably, extending the extracellular linker domains beyond the
minimum length required to achieve surface expression did not
incur observable deficits in cell surface expression, ligand binding,
or ligand-inducible signaling. This is consistent with prior observa-
tions made using the model MESA receptors, all of which confirm
that, as intended, MESA signaling occurs via a mechanism by which
ligand binding-induced dimerization of TC and PC mediates trans-
cleavage by boosting the contact frequency between these chains,
rather than by constraining these chains in a geometrically defined
configuration that ‘causes’ trans-cleavage®>. Therefore, we anticipate
that MESA receptors incorporating novel scFvs need to include an
extracellular linker of ‘reasonable’ length. Notably, the scFvs on the
TC and PC must bind to non-overlapping epitopes on a single-ligand
molecule, whether in a homotypic fashion, as was the case in this
study, or in a heterotypic fashion. Moreover, the binding of the TC
and PC to the analyte must bring the two chains together in a man-
ner that enables the intracellular domains of these receptor chains to
contact one another. The fact that both VI-MESA and V2-MESA
exhibited ligand-inducible signaling supports the expectation that
multiple geometries may meet this requirement, since the C termini
of the V1 and V2 antibodies (which abut the flexible non-structured
linkers) are separated by substantially different distances when
bound to VEGF (85 and 100 A separation, respectively?). For other
scFv-ligand complexes, longer extracellular linkers may be required,
and for other scFv-linker complexes in which scFvs are sufficiently
separated in space when simultaneously bound to ligand, it might
not be possible to accommodate both ligand binding and efficient
signaling. In any event, the rules identified in this study provide rela-
tively straightforward guidance as to how design-driven modifica-
tions may be used to efficiently evaluate novel receptor designs.

The modular nature of MESA design also enabled the straightfor-
ward implementation of novel receptor output (release of Cas9-based
transcription factors). Since replacing tTA with dCas9-TF resulted
in functional receptors with minimal adjustments, we did not iden-
tify specific challenges associated with substituting novel transcrip-
tion factors into the intracellular domain of the TC. Interestingly,
we observed a higher fold induction for VEGF-MESA based upon
dCas9-TF compared to those based upon tTA. One likely expla-
nation is that tTA- and TetO-based reporters are sensitive to low
amounts of tTA (i.e., small amounts of transcription factor lead to
moderate levels of reporter induction), which may be especially true
in the context of transfection, in which many copies of the reporter
exist in each cell. Conversely, dCas9-TFs are less potent, and thus
high levels of dCas9-TF are required to drive robust transcrip-
tion from endogenous genes*. Therefore, we hypothesize that the
background level of TC cleavage by the PC may be comparable in
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each receptor system and that differences in the sensitivities of the
reporter genes to released transcription factors results in higher fold
induction for the Cas9-based system as compared to the tTA-based
system. We cannot exclude the possibility that some TFs may steri-
cally occlude TEV-mediated cleavage of the target chain (suppressing
ligand-inducible signaling) or that other TFs may confer less steric
hindrance than either tTA or dCas9-TF (leading to higher ligand-
independent background signaling). Overall, our observations
suggest that MESA output may be diversified to accommodate at
least a reasonably broad range of TF structures.

The manner in which a MESA receptor is implemented (i.e.,
expressed) also substantially affects functional performance, in part
by impacting the balance between desirable and undesirable recep-
tor complexes (Fig. 2a). Indeed, this statement is also true of natural
receptor signaling—overexpression of natural receptors via tran-
sient or stable expression of transgenes can also lead to high back-
ground (ligand-independent) signaling. Although VEGF-MESA
surface expression varied relatively little when changing either plas-
mid dose or the uORF used, we nonetheless observed substantial
changes in MESA signaling both with and without ligand.

Ultimately, chromosomal integration of expression vectors may
better enable tuning levels and distributions of MESA expression.
Since lentiviral transgene expression varies greatly with integration
site, stable expression of MESA chains from a single genomic land-
ing pad may be a preferable strategy®. Notably, using the homo-
typic binding mechanism evaluated here, ligand binding may form
PC-PC and TC-TC complexes, such that a maximum of 50% of
the ligand-induced dimers are signaling competent. Using a hetero-
typic binding mechanism may circumvent this challenge, although
maximizing ligand-inducible signaling would likely still require
balancing TC and PC expression. Overall, implementing MESA
receptors via the approaches reported here already achieved func-
tional performance (for example, fold induction) that meets or
exceeds that which has previously been observed with other engi-
neered receptor systems*. Further exploring strategies for tuning
expression within specific cellular contexts may improve functional
performance without necessitating additional protein engineering.

Ultimately, rewiring cellular input-output may drive both trans-
lational applications and fundamental systems biology research. By
enabling one to engineer cells that respond to a target extracellular
cue via the expression of either transgenes (for example, tTA driven)
or endogenous genes (for example, dCas9-TF-driven), MESA could
facilitate the rapid implementation and evaluation of diverse thera-
peutic strategies. Additionally, the MESA platform could provide
unique capabilities for fundamental research, particularly in the
context of multicellular networks and whole organisms, including
the ability to monitor, in a spatially and temporally resolved fash-
ion, the presence (and perhaps concentration) of VEGF in a living
animal. This information would complement that obtainable using
existing reporter strategies, which could identify where the VEGF
gene is being expressed but not where the VEGF protein accumu-
lates in the extracellular environment. Furthermore, the MESA
platform could complement genetic tools such as knockouts and
knockins to enable the testing of novel hypotheses pertaining to
multicellular network function. Thus, MESA comprises a powerful
and generalizable technology in the mammalian synthetic biology
toolbox, which expands our ability to build programmable cellular
functions for myriad applications.

Received 31 May 2016; accepted 4 October 2016;
published online 12 December 2016

METHODS

Methods, including statements of data availability and any
associated accession codes and references, are available in the online
version of the paper.
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ONLINE METHODS

DNA construct sources and engineering. Anti-VEGF scFvs and corresponding
signal sequences were designed based upon the sequences of monoclonal anti-
bodies raised against VEGF?, the sequences of which were generously shared
by G. Fuh (Genentech) (Supplementary Note). Interchain linkers of 15 non-
structured amino acids were used to generate scFvs with strong preference for
forming monovalent binding domains rather than higher-order complexes®.
These genes were synthesized (Invitrogen) and cloned into an expression vec-
tor using previously characterized MESA parts'®. The extracellular linker (ECL)
library for V1 and V2-MESA was created using PCR (Supplementary Table 1),
digesting the product with Nhel and Agel and inserting it back into the original
backbone. The development of the tTA-responsive YFP reporter plasmid was
described previously'. Source plasmids for Cas9 components included lenti
dCAS-VP64_Blast(Addgene;#61425),lentiMS2-P65-HSF1_Hygro (Addgene;
#61426), lenti sgRNA(MS2)_zeo backbone (Addgene; #61427) (ref. 33),
MLM3636 (Addgene; #43860), and pMLM3705 (Addgene; #47754) (ref. 24).
dCas9-VP64 (referred to here as dCas9-TF) was cloned into the MESA TC
backbone in place of tTA using PCR (Supplementary Table 1), and the prod-
uct was digested with NotI. sgRNAs were developed using overlapped primers
(Supplementary Fig. 4), which were inserted into either the MLM3636 or lenti
sgRNA(MS2) backbone digested with BsmBI. Sequences of all DNA plasmids
and primers are in Supplementary Table 1 and Supplementary Note.

Cell culture and transfection. HEK 293FT cells (Life Technologies/Thermo)
and Jurkat cells (ATCC TIB-152) were maintained at 37 °C and 5% CO,. HEK
293FT cells were cultured in Dulbecco’s modified growth medium and Jurkat
cells were cultured in RPMI-1640 (Life Technologies), each supplemented
with 10% FBS, 1% penicillin-streptomycin, and 2 mM L-glutamine (Life
Technologies). For HEK 293FT cells, transfections were performed in 6-well
plates seeded at 7.5 x 10° cells in 2 ml media (immunohistochemistry and
RNA experiments) or 24 well plates seeded at 1.5 x 10° cells in 0.5 ml media.
6-8 h post-seeding, cells were transfected using the CaCl,~-HEPES-buffered
saline (HEBS) method with a total DNA content of 1-2 ug DNA per ml of
media. All experiments included a plasmid expressing Discosoma sp. red fluo-
rescent protein (DsRed) or blue fluorescent protein (BFP) as a control to assess
transfection efficiency. For functional experiments, 12 h post-transfection,
recombinant mouse VEGF-164 (BioLegend, carrier-free) was added to cells
upon media change. For Jurkat cells, transfections were performed in 6-well
plates seeded at 5 x 10° cells in 2 ml media. These cells were transfected using
Lipofectamine LTX with Plus Reagent, as per manufacturer’s instructions.
For intracellular staining of IL-2, VEGF was added 24 h post-transfection in
combination with 10 pg/ml brefeldin-A (Life Technologies).

Flow cytometry, reporter assays, and immunolabeling. Adherent cells were
suspended in PBS with 2 mM EDTA (PBS-EDTA) and 5% bovine serum albu-
min (flow buffer). Suspension cells were washed into the same flow buffer.
Approximately 1 x 10* single, live cells from each sample were analyzed using a
LSRII flow cytometer (BD Biosciences) running FACSDiva software. Data were
compensated and analyzed using Flow]Jo Software (Tree Star). Live, single cells
were gated on the basis of scatter and transfected cells were gated on the basis
of the presence of a DsRed or BFP transfection control for all experiments.
“Reporter activity” was calculated as described in the caption of Figure 1.
For immunolabeling on the cell surface, 1 x 10° cells were harvested and sub-
sequently labeled with 0.5 pg allophycocyanin (APC)-conjugated anti-Flag

doi:10.1038/nchembio.2253

(anti-DDDDK) tag antibody (Abcam; #ab72569) for 30 min at 4 °C, and
washed 3 times with flow buffer before analysis by flow cytometry. For intrac-
ellular staining of IL-2, cells were first fixed and permeabilized with 4% para-
formaldehyde (Sigma) for 20 min at 4 °C, and then cells were resuspended in
PBS with 0.2% BSA and 0.5% saponin (Sigma). Immunolabeling with 5 ul of
an anti-IL-2 antibody (Thermo; RHCIL205) was performed as described for
surface staining.

Statistical analysis. For most statistical analyses, two-tailed Student’s t-tests
were used. This test was chosen to evaluate whether a significant difference
exists between two groups of samples, and the reported comparisons meet
the two requirements of this test: (1) the values compared are expected to
be derived from a normal distribution, and (2) the variance of each group is
expected to be comparable to that of the comparison group, since the same
transfection methodologies and data collection methods were used for all sam-
ples that were compared. A P value of 0.05 was considered statistically signifi-
cant. To specifically evaluate whether two flow cytometry distributions were
significantly different (i.e., Figure 1c), a chi-squared test was applied, with a
significance threshold of P < 0.05.

VEGF binding assays. VEGF binding assays used the VEGF Biotinylated
Fluorokine Kit (R&D Systems) as per the manufacturer’s instructions. Briefly,
4 x 10° cells were harvested, incubated with biotinylated recombinant human
VEGF and avidin-FITC reagents, washed to remove excess reagents, and
finally resuspended in flow buffer before flow cytometry analysis.

Endogenous gene expression assays. RNA was isolated using Trizol (Life
Technologies), and total RNA content was determined using a NanoDrop 2000
Spectrophotometer (Thermo Scientific). 500 ng of RNA was used for cDNA
synthesis using the qScript cDNA synthesis kit (Quanta Biosciences). 2 pl
of cDNA was mixed with 12.5 uL iQ SYBR Green qPCR supermix (Bio-Rad
Laboratories), forward and reverse primers at a final concentration of 0.05 UM,
and water to a final volume of 25 pl. qPCR reactions were run on a CFX Real-
Time PCR Detection System (Bio-Rad Laboratories). All samples were quanti-
fied in technical triplicate using IL-2 and GAPDH primers. The quantification
cycle (C,) values were averaged for each primer set and the “no reverse tran-
scriptase” control was subtracted from the mean. IL-2 and GAPDH standard
curves were used to convert from C, values to mRNA copies, and IL-2 values
were subsequently normalized by the corresponding GAPDH values.

Protein secretion assays. Secreted IL-2 was quantified in supernatant using
the Ready-Set-Go! IL-2 ELISA kit (eBiosciences) by following the manufac-
turer’s instructions. Undiluted supernatant was assayed in technical triplicate
and a BioTek Synergy H1 plate reader was used to analyze the resulting signal.
Each sample was zeroed by subtracting the absorbance at 570 nm from absorb-
ance at 450 nm, and a standard curve was used to convert between zeroed
absorbance and protein concentration.

37. Lee, C.V. et al. High-affinity human antibodies from phage-displayed
synthetic Fab libraries with a single framework scaffold. J. Mol. Biol. 340,
1073-1093 (2004).

38. Atwell, J.L. et al. scFv multimers of the anti-neuraminidase antibody NC10:
length of the linker between VH and VL domains dictates precisely the
transition between diabodies and triabodies. Protein Eng. 12, 597-604 (1999).
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