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Multidimensional control of therapeutic human cell
function with synthetic gene circuits

Hui-Shan Li*?t, Divya V. Israni?t, Keith A. Gagnon?, Kok Ann Gan'3, Michael H. Raymond?,
Jeffry D. Sander*>®, Kole T. Roybal”#°1, J, Keith Joung*®,

Wilson W. Wong™Z, Ahmad S. Khalil*%*"*

Synthetic gene circuits that precisely control human cell function could expand the capabilities of
gene- and cell-based therapies. However, platforms for developing circuits in primary human cells
that drive robust functional changes in vivo and have compositions suitable for clinical use are
lacking. Here, we developed synthetic zinc finger transcription regulators (synZiFTRs), which are
compact and based largely on human-derived proteins. As a proof of principle, we engineered gene
switches and circuits that allow precise, user-defined control over therapeutically relevant genes
in primary T cells using orthogonal, US Food and Drug Administration—approved small-molecule
inducers. Our circuits can instruct T cells to sequentially activate multiple cellular programs such
as proliferation and antitumor activity to drive synergistic therapeutic responses. This platform
should accelerate the development and clinical translation of synthetic gene circuits in diverse

human cell types and contexts.

ells use networks of interacting mole-

cules to integrate and process signals

into appropriate output responses. Syn-

thetic biology aims to manipulate this

process and drive the development of
new biomedical technologies and therapies
(1-3). For example, programming human cells
with synthetic circuits that allow them to ex-
ecute desired cellular functions in response to
defined stimuli could enable new capabilities
for gene- and cell-based therapies. One prom-
inent example is chimeric antigen receptor
(CAR) T cell immunotherapy, in which patient-
derived T cells are redirected to attack tumors
by genetically modifying them to express arti-
ficial antigen-targeting receptors. CAR-T cell
therapy has shown clinical promise in treating
certain cancers, leading to several approved
cancer therapies (4). However, engineered
T cells also display adverse, sometimes fatal side
effects stemming from off-target toxicity and
overactivation (4-6). Moreover, CAR-T cells
have substantially limited clinical efficacy for
most solid tumors (7), and the corresponding
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push to create more potent therapies has si-
multaneously heightened the risk of severe ad-
verse side effects (8, 9).

The challenge of balancing efficacy and tox-
icity to realize the full potential of these em-
erging therapeutic modalities has motivated
recent efforts in mammalian synthetic biology
aimed at developing methods for precise, tem-
poral, and context-specific control of thera-
peutic cellular activity (10-14). Unfortunately,
developing even simple synthetic circuits in
primary human cells is challenging, particu-
larly circuits capable of the strong outputs nec-
essary to drive functional changes in vivo.
Those that do exist harbor molecular compo-
nents or formulations that are not suitable for
clinical use. Therefore, existing methods are
unlikely to scale to allow control over the dif-
ferent aspects of cell behavior such as local-
ization, antitumor activity, and persistence,
which collectively influence and dictate ther-
apeutic outcomes (15-20). Overall, we lack ver-
satile, scalable, and clinically viable gene circuit
engineering platforms with which to reliably
engineer relevant human cell types to address
therapeutic challenges.

An established method for controlling mam-
malian cell behavior is by engineering tran-
scriptional regulation. Efforts to control gene
expression have primarily focused on a widely
used set of artificial transcriptional regulators
derived from microbial transcription factors
(e.g., TetR and Gal4) and viral activators (e.g.,
VP16 and VP64) that exhibit robust function-
ality across many cell types and, in the case of
TetR-based systems, are induced by a small-
molecule antibiotic (21, 22). However, there
are not many of these regulators, thus restrict-
ing the number of genes that can be controlled
in a circuit. They are also challenging to re-
program for new regulatory relationships, and
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their nonmammalian origins and chemical in-
ducers present clinical hurdles for therapies
that depend on persistent expression (23, 24).
Programmable DNA-targeting elements, such
as the bacterial CRISPR-Cas9 system, have
provided new methods for gene expression
modulation and synthetic circuit design (25-27).
However, the large size of Cas9 constrains what
can be designed and delivered to primary hu-
man cells, and the high immunogenic poten-
tial of Cas9 is also well documented (28, 29).

We outlined four basic properties for a tool-
kit that could support the rapid and scalable
construction of gene expression circuits that
are effective and potentially suitable for clini-
cal use (Fig. 1A): (i) it should prioritize the use
of human-derived proteins, when possible, to
minimize immunogenic potential; (ii) it should
be orthogonal to minimize cross-talk with native
regulation; (iii) there should be safe regula-
tion to ensure gene-regulatory activity that
can be easily and safely controlled; and (iv) it
should be compact, with minimized genetic
footprints for efficient delivery into primary
human cells and tissues. As a building block
for our toolkit of synthetic regulators, we fo-
cused on Cys2His2 zinc fingers (ZFs), which
balance clinical favorability and programma-
bility. ZFs are small domains (~30 amino acids)
that bind to ~3 base pairs (bp) of DNA (30).
They are the most prevalent DNA binding do-
main found in human transcription factors
(31), suggesting that they represent a flexible
solution to DNA recognition with low immu-
nogenicity potential. Indeed, a first-generation
artificial ZF-based regulatory system showed
multiyear functionality in nonhuman primates
and had no apparent immunogenicity (32).
Moreover, individual ZF domains can be re-
programmed to recognize new motifs and
concatenated to generate proteins capable of
specifically targeting longer DNA sequences
(33-36). Although ZF engineering has been
applied to generate endogenous genome edit-
ing and manipulation tools, we sought to create
a collection of composable synthetic regulators
with genome-orthogonal specificities.

We leveraged an archive of engineered two-
finger (2F) units that explicitly account for
context-dependent effects between adjacent
fingers (34, 36). By linking 2F units using flex-
ible “disrupted” linkers (37), it is possible to
construct functional 6F arrays capable of rec-
ognizing 18 bp, a length for which a random
sequence has a high probability of being unique
in the human genome (Fig. 1B and fig. S1B).
We prioritized 6-bp subsites that are under-
represented in the human genome and selected
arrays to minimize identity with the human
genome. This yielded 11 targetable synthetic
DNA binding motifs (DBMs) (Fig. 1C; fig. S1, C
and D; and materials and methods). We next
sought to engineer synthetic zinc finger tran-
scription regulators (synZiFTRs) capable of strong
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and specific regulation at these synthetic cis
elements. We fused ZFs predicted to bind each
DBM to the human p65 activation domain and
screened for the most active candidates in
human embryonic kidney 293FT (HEK293FT)
reporter lines (fig. S2, A to C). Selected synZiFTRs
strongly activated corresponding, but not non-
cognate, reporters (Fig. 1, D and E). To eval-
uate their impact on native regulation, we
performed RNA-sequencing analysis on cell
lines expressing three representative synZiFTRs,
ZF1,7ZF3, and ZF10, benchmarking these against
a TetR-based activator. synZiFTR regulation
profiles are highly specific, minimally affect-
ing native transcript profiles, and compare
favorably with the profile of TetR (Fig. 1F
and fig. S3). These results establish a col-
lection of compact, humanized, and genome-
orthogonal synZiFTRs optimized for gene
expression control and synthetic circuit design
in human cells.

To achieve the goal of regulatable synZiFTR
circuits, we considered methods for enacting
gene regulation control in response to defined
input stimuli (Fig. 2A). We focused our atten-
tion on user-defined regulation, which in prin-
ciple allows total control over the timing, level,
and context over which a therapeutic gene is
expressed. Moreover, regulated circuits with
user-defined control over multiple genes could
be used to instruct engineered cells to dynam-
ically activate different complementary cellu-
lar programs to achieve optimal phenotypes
(Fig. 2B). One promising approach for user-
defined control is using small molecules, which
can be administered systemically or locally to
switch ON a gene circuit and/or activate the
production of a therapeutic gene product. We
prioritized compounds that are already clin-
ically approved or otherwise known to have
favorable safety profiles. This resulted in three
classes of small molecules that can regulate
synZiFTR activity through distinct mechanisms,
offering the potential for up to three orthogonal
channels of gene expression control (Fig. 2C and
fig. S4A). The first is grazoprevir (GZV), a US
Food and Drug Administration (FDA)-approved
antiviral drug from a family of protease-inhibiting
compounds, which has an exceptional safety
profile and is commonly taken at a high dose
(100 mg/day) for up to 12 weeks (38). The ad-
dition of GZV stabilizes synZiFTRs incorporat-
ing the NS3 self-cleaving protease domain
(from hepatitis C virus), driving gene tran-
scription (39, 40). The second compound is 4~
hydroxytamoxifen/tamoxifen (4OHT/TMX),
the FDA-approved and widely prescribed breast
cancer drug that selectively modulates the nu-
clear availability of molecules fused to sensitized
variants of the human estrogen receptor ERT2
(41, 42). The third compound is abscisic acid
(ABA), a plant hormone naturally present in
many plant-based foods and classified as non-
toxic to humans, which mediates conditional
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Fig. 1. Clinically driven design of compact, humanized, synthetic gene regulators (synZiFTRs) for
mammalian cell engineering. (A) Top: Synthetic gene circuits are used to convert diverse input signals into the
desired gene expression outputs to precisely control human cell function. Bottom: Criteria for clinically driven
gene circuit design framework. (B) synZiFTR design. synZiFTRs have a modular design that is based on compact,
human-derived protein domains. An engineered ZF array mediates interactions with a unique, human genome-
orthogonal DBM, and human-derived effector domains (EDs) are used to modulate transcriptional activity.

(C) Prevalence of synZiFTR recognition motifs in the human genome. Plotted are the occurences of exact and
increasingly mismatched sequences for each synZiFTR DBM and response elements from common artificial
regulators (Gal4 UAS, TetO, and ZFHD1). (D) synZiFTRs strongly activate gene expression at corresponding
response promoters. Response element vectors were stably integrated into HEK293FT cells to generate reporter
lines for each synZiFTR (ZF-p65 fusion). synZiFTR (or control) expression vectors were transfected into
corresponding reporter lines, and mCherry was measured by flow cytometry after 2 days. Bars represent mean
values for three measurements + SD. Statistics represent one-way ANOVA with Dunnett's multiple comparisons; ns,
not significant; ****P < 0.0001. pUb, ubiquitin C promoter; pMinCMV, minimal CMV promoter; p65, amino acids 361
to 551. (E) synZiFTRs have mutually orthogonal regulatory specificities. Each synZiFTR expression vector was
transfected into every reporter line, and mCherry was measured by flow cytometry after 2 days. Fold activation levels
represent mean values for three biological replicates. (F) synZiFTRs exhibit specific and orthogonal transcriptional
regulation profiles in human cells. Shown is the correlation of transcriptomes from RNA-sequencing measurements
of HEK293FT cells stably expressing synZiFTR or TetR-p65 versus a GFP-p65 control. Points represent individual
transcript levels normalized to transcripts per kilobase million (TPM), averaged between two technical replicates.
The Pearson correlation coefficient was calculated for native (gray) transcripts. See fig. S3 for extended analyses.
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Fig. 2. synZiFTR gene switches allow precise, user-defined control over gene expression in human cells
using clinically approved small molecules. (A) Two forms of cellular control: Circuits can be designed to enact
cell-autonomous phenotype control (e.g., through recognition of disease-relevant cell surface molecules) or external,
user-defined phenotype control (e.g., through administration of small molecules). (B) User-defined control over
different axes of a cellular phenotype (top) and the chronology of cellular activities (bottom). (C) Implementing
multigene user control with orthogonal gene switches that are regulated by clinically viable small molecules
(right). Shown is the design of three distinct synZiFTR gene switches that are controlled by orthogonal small
molecules: GZV, 40HT/TMX, and ABA (right). NS3, hepatitis C virus NS3 protease domain; ERT2, human estrogen
receptor T2 mutant domain; ABI, ABA-insensitive 1 domain (amino acids 126 to 423); PYL, PYR1-like 1 domain
(amino acids 33 to 209). (D) Optimized synZiFTR switches enable strong inducible gene expression in

Jurkat T cells. Jurkat T cells were cotransduced with reporter and synZiFTR expression lentiviral vectors in
an equal ratio. mCherry fluorescence was measured by flow cytometry 4 days after induction by small
molecules at the indicated concentrations. Bars represent mean values for three measurements + SD. Statistics
represent two-tailed Student's t test; ***P < 0.001; ****P < 0.0001. Histograms show absolute levels and
mean fold activation for one representative measurement (insets). pSFFV, spleen focus-forming virus
promoter; pybTATA, synthetic YB_TATA promoter. (E) Compact, single lentivirus—encoded synZiFTR switches
enable titratable control over the expression of therapeutically relevant genes in primary human immune cells.
Human primary T cells were transduced with a single lentiviral vector encoding GZV-regulated IL-12 (see the
materials and methods). IL-12 production was measured by enzyme-linked immunosorbent assay (ELISA) at specified
time points after induction (with or without 1 uM GZV). Points represent mean values for three measurements + SD.
Dashed line is the estimate of the Cpax (Maximum serum concentration) for traditional clinical dosing of GZV.
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binding of complementary protein fragments
(ABI and PYL) from the ABA stress response
pathway to reconstitute an active synZiFTR
(43). Note that there are trade-offs in priori-
ties. For example, allowing the incorporation
of minimal nonhuman-derived domains into
the synZiFTR scaffold allows the use of drugs
that minimally interfere with native cellular
machinery (e.g., GZV) or of inexpensive non-
toxic molecules (e.g., ABA).

We constructed GZV-, 4OHT/TMX-, and
ABA-inducible gene switches using distinct
ZFs (ZF1, ZF3, and ZF10) and tested their per-
formance in Jurkat T cells (fig. S4, A and B).
The three systems exhibited titratable control
of reporter output, minimal leakage relative
to reporter-only cells, strong dynamic ranges,
and no cross-reactivity, and they returned to
basal levels upon removal of inducer (fig. S4, C
and D). Because of the orthogonality of the
inducers and the modularity of the synZiFTR
architecture, more elaborate gene switches
can be readily designed for more complex forms
of temporal control, including multiplexed ON/
OFF switching (fig. S5).

To optimize synZiFTR circuit dynamics, we
screened arrangements of DBM arrays and
minimal promoters to identify combinations
that reduced basal expression and improved
dynamic range (44) (fig. S6A). This produced
optimized designs for GZV-, 40HT-, and
ABA-inducible synZiFTR circuits that are
encodable in either dual or single lentiviral
vectors (Fig. 2D and fig. S6B) and can enable
dose- and time-dependent control of thera-
peutically relevant payloads, such as the im-
munomodulatory factor interleukin-12 (IL-12),
in therapeutically relevant primary human cells
(Fig. 2E).

Do synZiFTR circuits enable in vivo, clinical-
ly relevant gene expression outputs? To inves-
tigate this, we turned to CAR T cell therapy as a
proof of principle, initially choosing to develop
a gene switch to control CAR expression and
activate tumor-targeting functionality (Fig. 3A).
This modality allows the rapid evaluation of
whether small molecule-dependent synZiFTR
activity is sufficient to elicit functional (i.e.,
disease-modifying) changes in vitro and in vivo,
and recent work has established the value of
controlling the timing of activation of CAR
signaling for improved CAR T cell fitness
and outcomes (45-47). We developed a GZV-
regulated anti-Her2 CAR (Fig. 3A). Her2 is a
receptor tyrosine kinase that is overexpressed
in many tumors, including a small subset of
leukemias (48). We previously demonstrated
this anti-Her2 CAR in a xenograft liquid tumor
model, thus providing a convenient platform
with which to evaluate the efficacy of our
synZiFTR circuits (49). Our gene switch ex-
hibited GZV-dependent CAR expression in
primary human T cells at levels comparable
to that of a constitutively expressed CAR and
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Fig. 3. synZiFTR gene circuit for drug-regulated postdelivery control over CAR expression and T cell killing
in vivo. (A) Design of the synZiFTR gene circuit for GZV-dependent control over anti-Her2 CAR expression and tumor
cell targeting and killing. (B) GZV-regulated CAR expression in primary T cells. Human primary T cells were co-
transduced with equal ratios of lentiviral vectors encoding the synZiFTR CAR gene circuit (see the materials and
methods). Expression of anti-Her2 CAR-mCherry was measured by flow cytometry 2 days after induction (with or
without 1 pM GZV). White box, uninduced; red box, GZV induced. Const. CAR, constitutively expressed (pSFFV-CAR).
Bars represent mean values for three measurements + SD. Statistics represent two-tailed Student's t test;

**¥P < 0,001; ****P < 0.0001. (C) GZV-regulated immune cell activation and tumor cell killing in vitro. synZiFTR-
controlled CAR T cells (preinduced with or without 1 uM GZV for 2 days) were cocultured with HER2* NALM®6 target
leukemia cells in a 1:1 ratio (left). Interferon-y secretion from activated immune cells was measured by ELISA
(center) and tumor cell killing by flow cytometry (right) 1 day after coculturing. White box, uninduced; red box,
GZV induced. (D) Testing the in vivo efficacy of synZiFTR-regulated CAR T cells using a xenograft tumor mouse
model. Shown is a timeline of an in vivo experiment in which NSG mice were injected intravenously with luciferase-
labeled HER2" NALM6 cells to establish tumor xenografts, followed by treatment with T cells. GZV was
formulated alone or in combination with LPV/RTV and administered intraperitoneally daily for 14 days. Mice were
imaged weekly on days 4, 11, 18, and 25 to monitor tumor growth through luciferase activity. GZV was given at

25 mg/kg and LPV/RTV at 10 mg/kg. (E) Tumor burden over time, quantified as the total flux (photons/second) from
the luciferase activity of each mouse using IVIS imaging. Points represent mean values + SEM (n = 4 mice per
condition). Statistics represent two-tailed, ratio-paired Student's t test; ns, not significant; **P < 0.01. (F) IVIS imaging
of mouse groups treated with untransduced cells, synZiFTR-regulated CAR T cells, synZiFTR-regulated CAR T cells
with GZV, synZiFTR-regulated CAR T cells with GZV+LPV/RTV, or constitutive CAR cells (n = 4 mice per condition).
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with minimal output in the absence of in-
ducer (Fig. 3B). When cocultured with Her2-
overexpressing (HER2") NALMG6 leukemia
cells (fig. S7C), synZiFTR-regulated CAR cells
were capable of drug-dependent activation
and efficient tumor cell Killing in vitro (Fig. 3C).
These synZiFTR circuits are easily reconfig-
urable. By swapping the anti-Her2 CAR with
an anti-CD19 CAR, we reproduced these in vitro
results for a second CAR payload, demon-
strating the generalizability of our platform
(fig. S7).

Next, we tested the in vivo efficacy of
synZiFTR-regulated CAR T cells using a sim-
ple xenograft blood tumor model (49) (Fig. 3D
and materials and methods). Mice receiving
synZiFTR-controlled CAR T cells were treated
with GZV either alone or in combination with
lopinavir/ritonavir (LPV/RTV), a cocktail known
to increase drug bioavailability (50), and were
able to clear the tumor. Conversely, those not
treated with inducer developed high tumor
burdens, as determined by IVIS imaging of
luciferase-expressing HER2* tumors (Fig. 3, E
and F, and fig. S8, A and B). Although both
inducer conditions led to tumor eradication,
clearance rates were faster with the cocktail,
consistent with the constitutive CAR* control
and with the ability of LPV/RTV to increase
GZV bioavailability (Fig. 3E and fig. S8C). These
results demonstrate that synZiFTR circuits
can be used to program drug-dependent, post-
delivery control over T cell antitumor activity
in vivo.

In addition to controlling CAR-mediated
tumor targeting, synZiFTRs are also suited to
controlling the expression of other proteins
such as IL-2 or I1-12, immunomodulatory cyto-
kines that have long been considered to be
potential anticancer agents because of their
role in stimulating and regulating immune
responses (51, 52). Equipping engineered
immune cells to produce cytokines is a com-
pelling approach to improving their anti-
tumor efficacy. However, high doses of I1L-2
or IL-12 are known to cause severe side ef-
fects. Regulated expression represents a safer
approach to leveraging the potential of these
factors for augmenting immune cell effica-
cy. Moreover, as a T cell growth factor, user-
regulated IL-2 production could serve as an
exciting basis for achieving on-demand cel-
lular proliferation.

To establish a proliferation gene switch, we
used a TMX-inducible synZiFTR to regulate the
expression of super IL-2, an enhanced version
of IL-2 with stronger affinity to CD122 (53)
(Fig. 4A). Our gene switch exhibited 4OHT/
TMX-dependent super IL-2 production in vitro
in primary T cells, once again to levels com-
parable to that of the constitutive control and
with minimal output in the absence of inducer
(Fig. 4B). Primary T cells require exogenous
IL-2 to remain viable over long periods of time
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Fig. 4. synZiFTR gene circuit for drug-regulated, on-demand immune cell proliferation. (A) Design of
the synZiFTR gene circuit for 40HT/TMX-dependent control over super IL-2 expression and cell proliferation.
(B) 40HT-regulated super IL-2 production in primary T cells. Human primary T cells were cotransduced
with equal ratios of lentiviral vectors encoding the synZiFTR-regulated proliferation gene circuit (see the
materials and methods). Secretion of super IL-2 was measured by ELISA (for IL-2) 2 days after induction
(with or without 1 pM 40HT). White box, uninduced; brown box, 40HT induced. Const. super IL-2,
constitutively expressed (pSFFV-super IL-2). Bars represent mean values for three measurements + SD.
Statistics represent two-tailed Student's t test; ***P < 0.001; ****P < 0.0001. (C) 40HT-regulated T cell
proliferation in vitro. synZiFTR-regulated primary T cells were cultured in IL-2-free media, induced with
40HT (1 puM) for different durations, and live-cell numbers were quantified by flow cytometry at the
indicated days (center). Untransduced (wild-type) and constitutively expressing (const. super IL-2)

T cells were cultured and quantified similarly (right). Lines represent mean values for three measurements
+ SD. (D) Testing the in vivo efficacy of the drug-regulated, on-demand proliferation switch. Shown is a
timeline of an in vivo experiment in which NSG mice were injected intravenously with primary T cells
followed by daily treatment with TMX over 6 days. The blood and spleen were individually sampled on days
6 and 8, respectively, to quantify the change in T cell numbers. TMX was given at 75 mg/kg. (E) TMX-
regulated T cell expansion in vivo. Human T cell numbers from blood and spleen samples were quantified
by flow cytometry by gating for hCD3*/mCD45™ cells after staining for human CD3 (hCD3) and mouse
CD45 (mCD45). Lines indicate the mean value; dots represent each mouse. Blood sample, n = 10;
spleen sample, n = 8. White box, uninduced; brown box, TMX induced. Statistics represent two-tailed
Student’s t test; **P < 0.01.

in culture, which provides a simple way to test
the performance of the proliferation switch.
We cultured equal numbers of engineered
cells in media lacking IL-2 and induced them
with 40HT for different durations. Cells har-
boring the inducible super IL-2 switch ex-
hibited duration-dependent proliferation (Fig.
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4C). The synthetic system also exhibited dose-
dependent control over super IL-2 produc-
tion and cellular proliferation (fig. S9). Finally,
to demonstrate the ability of the prolifera-
tion switch to control T cell growth in vivo,
we injected engineered T cells into NSG
mice intravenously and administered TMX
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switch for TMX-dependent control over super
IL-2 production and in vivo, on-demand cell
expansion.

The synZiFTR platform therefore enables
the development of compact gene switches
that are effective for dose- and time-dependent
control of therapeutically relevant genes both
in vitro and in vivo, setting the stage for ge-
netic circuits that allow simultaneous and
independent multigene control in the same
cell. To investigate whether synZiFTRs can
regulate two orthogonal gene programs, we
transduced primary human T cells with vec-
tors encoding GZV-regulated anti-Her2 CAR
and TMX-regulated super IL-2 switches (Fig.
5A). Next, we induced cells with different
combinations of the two drugs and used dis-
tinguishable reporters to measure gene ac-
tivation for each channel. Engineered cells
exhibited the desired orthogonal patterns of
gene activation (fig. SI0A). After induction
with both drugs, >14% of cells simultane-
ously expressed high levels of both genes
(Fig. 5A). Thus, our full dual-switch genetic
circuit was delivered to a significant popu-
lation of cells, and both switches were func-
tional and orthogonal.

A capability afforded by dual-switch circuits
is the possibility of enacting sequential con-
trol of cell function (Fig. 5B). Modulating cell
functions on the basis of the timing and se-
quential order of signaling events is a critical
regulatory mechanism in living systems (54, 55),
including in the immune system (56). Moti-
vated by natural systems, engineered sequen-
tial control could dictate when and in what
order distinct cellular programs are activated,
potentially unlocking underexplored dimen-
sions of cell therapy function. As a proof of
principle, we envisioned a simple scenario
in which a small starting population of engi-
neered cells is first “primed” with one signal
(40OHT/TMX, to drive cellular expansion and
poise cells for activation) and subsequently
“activated” by a second signal (GZV, to induce
CAR expression and initiate antitumor ac-
tivity) (Fig. 5B). We then set out to develop
models to determine whether we could estab-
lish sequential control of immune cells in vitro
and in vivo.

We began with a two-dimensional (2D)
in vitro model that builds upon the cell pro-
liferation experiments shown in Fig. 4. We
cultured synZiFTR-controlled T cells for
6 days either with or without the priming
signal (4OHT), activated CAR expression (with
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Fig. 5. Enacting
sequential control of
immune cell function
to drive synergistic in
vivo responses.

(A) Dual-switch synZiFTR
system for orthogonal,
drug-inducible control
over anti-Her2 CAR and
super IL-2 expression
(top). Circuit activation
in primary T cells was
assessed after induction
with both drugs (1 pM
GZV and 1 pM 40HT)
(bottom). Distinguish-
able reporters were used
to measure gene activa-
tion for each channel
with or without 1 day of
induction: mCherry-
fused anti-Her2 CAR and
bicistronic super IL-2
reporter (super IL-2-2A-
EGFP). See also fig. S10.
(B) Schema for sequen-
tial control in which a
priming signal (40HT/
TMX drug) was used

to induce cellular prolif-
eration of a small
starting population

of dual-switch cells
through super IL-2
expression, followed by
an activation signal
(GZV) to induce cyto-
toxic activation through
CAR expression.

(C) In vitro spheroid
model used to demon-
strate the synergistic
efficacy of sequential
control over T cell pro-
liferation (+40HT) and
activation (+GZV)
behavior (left). T cell
killing efficiency was
measured by lumines-
cence signals from
spheroids, and repre-
sentative morphology of
spheroids at the end
point is shown below
(right). White box, unin-
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GZV), and subsequently challenged with
HER2" NALMS6 tumor cells 1 day after ac-
tivation, comparing these cells with constitu-
tive CAR-expressing cells (fig. S10B). Only
cells harboring the dual-switch circuit exhib-
ited expansion of cell numbers when induced
with 40HT (fig. S10C). Correspondingly, we
found that only dual-switch cells that were
40OHT primed and subsequently GZV acti-
vated (4OHT — GZV) were capable of efficient
tumor cell killing when challenged with fast-
growing tumor cells 1 week (day 7) after ini-
tiating the culture (fig. S1I0D). Encouraged
by these results, we sought to establish a 3D
spheroid model of sequential control (Fig. 5C).
Spheroids are an imperfect but useful model
of in vivo solid tumors, sharing notable mor-
phological and behavioral similarities, includ-
ing the development of oxygen and nutrient
gradients, the formation of a necrotic/apoptotic
central core, and recapitulation of 3D cell-cell
and cell-matrix interactions (57). We designed
a 3D spheroid based on HER2" MCFI10A breast
mammary epithelial cells, which we used to
test whether sequential control can drive func-
tional changes to the spheroid targets (Fig. 5C
and materials and methods). Spheroids co-
cultured with dual-switch cells and receiving
the sequential 4OHT — GZV dose regimen
exhibited synergistic responses, as measured
by tumor cell killing and the corresponding
morphological disruption of spheroids, includ-
ing loss of their hallmark rounded shape and
amorphous cell scattering throughout the well
(Fig. 5C). These results provide evidence for
engineered sequential control of T cell func-
tion in vitro.

Our next goal was to develop an in vivo
model of sequential control. To look for con-
ditions in which we could evaluate the control
circuit, we modulated the infusion timing of
constitutive CAR T cells in an NSG mouse
leukemia model. Mice received either a pre-
infusion (at day -6) or a postinfusion (day 1) of
a relatively low number of control constitutive
CAR-expressing T cells (1 x 10° cells) (fig. SI1A).
At day 0, we injected the mice with HER2*
Nalm6 tumor cells and tracked tumor burden.
The preinfused CAR T cells were less effective
at responding to the tumor challenge (fig.
S11, B and C). The 6-day preinfusion tumor
model offers a window of susceptibility to dem-
onstrate the sequential control circuit. When
we tested dual-switch T cells in this mouse mod-
el (Fig. 5D), we observed synergistic in vivo
activity in reducing tumor burden in mice re-
ceiving the engineered T cells and the TMX —
GZV dose regimen relative to other dosing
schemes and non-T cell controls (Fig. 5, E and
F, and fig. S11D). Mice that were not precondi-
tioned with the TMX stimulus before the
tumor cell challenge but were induced to ac-
tivate CAR expression were significantly less
effective at responding to the challenge, sug-
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gesting that the TMX phase was necessary
for priming the population. These results pro-
vide evidence that we can engineer sequential
control of T cell function in vivo using orthog-
onal FDA-approved drugs as stimuli. They
also demonstrate the therapeutic potential of
these circuits that can sequentially activate
therapeutically relevant and synergistic genes
to prime cells for antitumor activity.

In this work, we designed and tested in hu-
man cells a suite of clinically inspired synthetic
gene regulators and circuits with demonstrated
therapeutic potential. The synZiFTR platform
features de novo-engineered ZFs that can
be used to implement orthogonal and clin-
ically viable drug-controlled genetic circuits
with minimal genetic footprints. Using this
platform, we demonstrated new capabilities
for user-defined control over therapeutic
cell function, including the creation of multi-
input/-output circuits that enable sequential
control of immune cell function to drive
synergistic in vivo activity in reducing tumor
burden.

We undertook the design of ZFs because of
their hypercompact size, human origin, and
demonstrated clinical viability. Moreover, we
and others have demonstrated that ZF sys-
tems permit tunability at the level of DNA
binding affinity and cooperativity, which is
valuable in designing synthetic circuits with
tunable and predictive input/output behaviors
(58-60). Other programmable DNA-targeting
systems use large proteins of nonhuman ori-
gin, which may pose issues with regard to im-
munogenicity. Analysis of our core synZiFTR
architecture using an established immunoge-
nicity prediction tool confirmed that our ZF
peptides have lower predicted immunogenic-
ity scores compared with those of TetR, Gal4,
and sp dCas9 (fig. S12 and materials and meth-
ods). However, evaluating the true immuno-
genic potential of any synthetic system will
ultimately require empirical measurements.
Although the initial synZiFTR platform is based
upon ZFs, alternative methods of gene activa-
tion, such as CRISPR-Cas systems engineered
to have reduced size and immunogenic poten-
tial (61-63), may in the future complement the
platform.

‘We outlined criteria to guide clinically driven
gene circuit design processes. As we demon-
strated with our gene switches, developing
systems within this framework is a multi-
dimensional optimization problem that will
require prioritizing specific criteria depend-
ing on the application. Our GZV switch favors
safe regulation, prioritizing the use of a clin-
ically approved, pharmacokinetically favorable
drug that does not target native cellular pro-
teins. The TMX switch offers an entirely human-
derived option. Overall, we believe that our
synZiFTR systems offer superior options to ex-
isting drug-regulated systems because of the
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combination of drug safety, efficacy, regulatory
orthogonality, and predicted low immunogen-
icity. In the future, efforts to predict potential
immunogenic peptides (fig. S12), “de-immunize”
synZiFTR domains, and perhaps incorporate
new human-derived ligand-binding domains with
biocompatible inducers could provide path-
ways to clinical translation. Finally, because
of the modularity and orthogonality of the
synZiFTR architecture, it should be relatively
straightforward to incorporate other regula-
tory domains, including de novo-designed
bioactive protein domains (64, 65), and to use
synZiFTRs as the basis for constructing cell-
autonomous and multi-antigen recognition
circuits (11, 12, 66).

The ability to encode temporal patterns using
synZiFTR sequential control circuits could un-
lock an underexplored dimension of cell ther-
apy function. For instance, the type 2 effector
response is typically viewed as protumor; how-
ever, evidence is accumulating that it can also
mediate antitumor immunity (67, 68). One
possible way to harness the type 2 response
could be to activate it after an initial cytotoxic
response by CAR T cells. Our synZiFTR plat-
form would be ideally suited to perform
such a complex therapeutic program safely
and effectively.

We expect that our synZiFTR platform will
translate widely to other clinically relevant
cell types and contexts, enabling the future
development of synthetic circuits for gene
and cell therapies. Much more development
remains and there are many other clinical
considerations to address, but we hope these
tools will begin to transform the rapid ad-
vances we are witnessing in mammalian
synthetic biology into new solutions for safer,
effective, and more powerful next-generation
therapies.
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