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SUMMARY

Redirecting T cells to attack cancer using engineered
chimeric receptors provides powerful new therapeu-
tic capabilities. However, the effectiveness of thera-
peutic T cells is constrained by the endogenous
T cell response: certain facets of natural response
programs can be toxic, whereas other responses,
such as the ability to overcome tumor immunosup-
pression, are absent. Thus, the efficacy and safety
of therapeutic cells could be improved if we could
custom sculpt immune cell responses. Synthetic
Notch (synNotch) receptors induce transcriptional
activation in response to recognition of user-speci-
fied antigens. We show that synNotch receptors
can be used to sculpt custom response programs
in primary T cells: they can drive a la carte cytokine
secretion profiles, biased T cell differentiation, and
local delivery of non-native therapeutic payloads,
such as antibodies, in response to antigen. SynNotch
T cells can thus be used as a general platform to
recognize and remodel local microenvironments
associated with diverse diseases.

INTRODUCTION

Immune cells have evolved the remarkable ability to monitor and

sense abnormalities in the body—including pathogenic insult or

divergence from homeostasis—and in response, they initiate

protective and restorative programs (Chovatiya and Medzhitov,

2014). For example, T cells can traffic through the body, sense

disease, and initiate a potent response to eliminate infections

or cancer (Lämmermann and Sixt, 2008). T cells also have the

capacity to generate long-lived memory to disease, in principle,

preventing recurrence over the course of years or a lifetime (Ka-

los et al., 2011; Maus et al., 2014; Mueller et al., 2013). The ability

to survey and respond to disease makes T cells an attractive

platform for cell therapies.

Currently, major advances in engineering T cell therapeutics

for treatment of cancer have focused on redirecting the native

T cell response against disease cells. T cells can be engineered
to recognize novel disease antigens using tumor-specific

T cell receptors (TCRs) or chimeric antigen receptors (CARs)

(Figure 1A) (Barrett et al., 2014a; Gill and June, 2015; June

et al., 2009; Maus et al., 2014; Miller and Sadelain, 2015). While

these redirected T cell therapies have been extremely successful

for a limited set of cancers, their effectiveness remains con-

strained by the nature of endogenous T cell response programs.

First, T cell response programs are multi-faceted, and not all fac-

ets are beneficial in a given disease context. Particular subres-

ponses can contribute to toxic side effects (Barrett et al.,

2014b; Brentjens et al., 2013; Grupp et al., 2013; Porter et al.,

2011), which in some cases can be as dangerous as the disease

itself (Davila et al., 2014; Lamers et al., 2006; Magee and Snook,

2014; Morgan et al., 2010; Zhao et al., 2009). Moreover, native

T cell response programs lack certain ideal properties (Barrett

et al., 2014b). For example, even when redirected to recognize

tumors, T cells have limited capabilities to overcome the

immunosuppressive microenvironment of the tumor (Gajewski

et al., 2013).

Thus, for future T cell therapies, it would be ideal to be able

to sculpt new classes of behaviors that are induced by user-

specified environmental cues (e.g., tumor antigens) but drive

customized cellular programs—programs that are both edited

to minimize toxicity and expanded to incorporate new, non-

native responses that increase therapeutic efficacy (Figure 1A).

If cell-based therapies are to be used more broadly to treat

diseases beyond terminal cancers such as autoimmunity, new

precision cellular control mechanisms such as these must be

developed to improve safety (Fischbach et al., 2013; Lim, 2010).

Recently developed synthetic Notch (synNotch) receptors

provide a potential way to flexibly sculpt customized and induc-

ible immune cell responses. SynNotch receptors contain the

core regulatory domain from the cell-cell signaling receptor

Notch, but have synthetic extracellular recognition domains

(e.g., single-chain antibodies) and synthetic intracellular tran-

scriptional domains (Gordon et al., 2015; Morsut et al., 2016).

When it engages the cognate antigen, the synNotch receptor

undergoes induced transmembrane cleavage, akin to native

Notch activation (Bray, 2006; Selkoe and Kopan, 2003), thereby

releasing the intracellular transcriptional domain to enter the nu-

cleus and activate expression of target genes regulated by the

cognate upstream cis-activating promoter. Thus, synNotch cir-

cuits can be used to generate synthetic cell response programs
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Figure 1. Engineering Antigen Triggered

T Cell Responses with Diverse SynNotch

Receptors

(A) TCRs andCARsactivate kinase-based signaling

cascades that drive the native T cell activation

program providing little control over reshaping

the T cell response. SynNotch receptors recognize

cell-surface antigens (e.g., disease-related anti-

gens) and directly regulate custom transcriptional

programs with more precise control over the T cell

response. Thus, in principle, synNotch receptors

could be used to engineer a la carte responses.

(B) SynNotch receptors have a custom ligand

binding domain that detects a cell-surface antigen

of interest (e.g., scFvs targeted to CD19 or Her2 or

nanobodies to GFP), the core regulatory region of

Notch that controls proteolysis, and a cytoplasmic

orthogonal transcription factor (e.g., Gal4 VP64).

The corresponding response elements for the

orthogonal transcription factor controlling custom

transcriptional programs are also engineered into

the T cell.

(C) CD4+ and CD8+ primary human T cells were

engineered with the a-CD19 synNotch Gal4VP64

receptor and 5x Gal4 response elements control-

ling the expression of a BFP reporter. Histogram

showing selective induction of the BFP reporter in

a-CD19 synNotch receptor receiver CD4+ T cells

in response to stimulation with sender cells with

CD19� or CD19+ K562s.

(D) CD4+ AND CD8+ primary human T cells were

engineered with the a-CD19, a-GFP (LaG17 or

LaG16_2) nanobody, or a-Her2 (scFv affinity var-

iants) synNotch Gal4VP64 receptors and 5x Gal4

response elements controlling the expression of a

BFP reporter. The percentages of synNotch T cells

that upregulate the BFP reporter after 24 hr of

stimulation with the indicated sender cells is given

(n R 3 for all conditions, error bars, SEM).

See also Figure S1.
in which a customized antigen recognition event can drive a

customized gene expression program (Figure 1B).

Here, we have built synNotch receptors capable of sensing

disease-related and orthogonal inputs and linked their activity

to customized gene regulation in primary human T cells (Fig-

ure 1A). T cells engineered with synNotch receptors have robust

and highly controlled custom behaviors. We show that synNotch

receptors can drive T cells to produce custom a la carte cytokine

profiles, undergo defined differentiation programs, and locally

deliver natural and synthetic therapeutic payloads (e.g., cyto-

toxic proteins, antibodies, bispecific engagers, immune stimula-

tors, immune suppressors), all bypassing the requirement of

canonical T cell activation. We also show that T cells encoding

synNotch circuits are able to specifically target solid tumors

in vivo to locally deliver their custom payloads.

The wide-range of synNotch applications shown here demon-

strates their versatility as a platform to customize and refactor

T cell function. The unprecedented programmability of synNotch

cells to recognize and remodel microenvironments associated

with diverse diseases could have applications in the design of

therapeutic cells to treat a broad range of diseases including

and extending beyond cancer and autoimmunity.
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RESULTS

SynNotch Receptors Can Drive Antigen-Induced
Transcription in CD4+ and CD8+ Human Primary
T Lymphocytes
The native Notch receptor has three critical components: (1) the

ligand-binding epidermal growth factor (EGF) repeats, (2) the

core regulatory region that controls cleavage of the receptor dur-

ing activation, and (3) the Notch intracellular domain (NICD) that

is released and regulates transcription (Gordon et al., 2007;

Mumm et al., 2000; Selkoe and Kopan, 2003). To build a syn-

Notch receptor platform that allows for fully customizable recep-

tor sensing and transcriptional regulation, we utilized the Notch

core regulatory region that controls ligand-dependent cleavage

and activation as a minimal scaffold, but then append a custom-

ized input recognition (extracellular) and output transcriptional

(intracellular) module (Figure 1B) (Morsut et al., 2016). The Notch

core regulatory region includes the Lin12-Notch repeats (LNRs)

that control the accessibility of the S2 cleavage site to metallo-

proteases, the heterodimerization domains (HD), and transmem-

brane domain (TMD) that contains the g-secretase cleavage site

required for release of the Notch intracellular domain (NICD)



(Selkoe and Kopan, 2003). The extracellular EGF repeats, nor-

mally involved in recognition of the natural ligand Delta, were

removed and replaced with a single-chain variable fragment

(scFv) directed toward the cancer antigen CD19 or Her2 or nano-

bodies to orthogonal antigens, such as surface displayed GFP

(Figures 1B and 1C). The NICD that is normally required for tran-

scriptional regulation was replaced with the Gal4 DNA binding

domain fused to the tetrameric viral transcriptional activator

domain, VP64 (Lecourtois and Schweisguth, 1998; Struhl and

Adachi, 1998). This general approach can be used to engineer

synNotch receptors to any surface antigen of interest and link re-

ceptor activity to a customized cellular output controlled by

orthogonal transcription factors and their associated response

elements. A range of other extracellular and intracellular domains

were also shown to function with synNotch (Morsut et al., 2016).

To show that synNotch receptors can function in relevant cell

types for cell-based therapy, we engineered primary human

CD4+ and CD8+ T cells with synNotch receptors directed toward

the cancer-related antigens CD19 and Her2 or to an orthogonal

antigen—surface displayed GFP. CD4+ and CD8+ T cells were

engineered to express each synNotch receptor and the associ-

ated promoter (5x Gal4 response elements) controlling expres-

sion of a BFP reporter gene (Figure 1C and 1D). CD4+ and

CD8+ T cells engineered with the a-CD19 synNotch receptor

drove BFP reporter expression in 80%–90% of the T cells within

24 hr of co-culture with cells expressing the cognate ligand

CD19—either Daudi B cell lymphoblast tumors, which naturally

express CD19, or K562 myelogenous leukemia cells with ectop-

ically expressed CD19 (Figures 1A–1D and S1A–S1C). These

T cells did not show BFP expression when unstimulated or

treated with cells that did not express the cognate CD19 antigen.

These data show that synNotch receptors can function in a

controlled and antigen-dependent manner in primary T cells

and can detect natural levels of antigen on the surface of cancer

cells. The synNotch receptors also have equivalent function in

CD4+ and CD8+ T cells, which are often used in together for

T cell immunotherapies (Figures 1C, 1D, and S1A–S1C).

For the cancer antigen Her2, an affinity panel of scFvs exists

with which we made a series of receptors with different affinities

for Her2 (Liu et al., 2015). This allowed us to determine if there are

affinity requirements for synNotch receptors to function and

whether affinity for ligand is parameter that could be tuned to

shape the magnitude of the customized T cell response. The

scFvs span nearly five orders of magnitude of affinity from

0.6 nM to 3.91 mM (Liu et al., 2015). CD4+ and CD8+ T cells

were engineered with the four affinity variants of the a-Her2 syn-

Notch receptor and the same BFP reporter as described above.

All of the a-Her2 synNotch receptors were expressed in T cells

and could drive expression of the BFP reporter in response to

MCF7 breast cancer cells, a low Her2 expressing breast cancer

cell line (Figures 1D, S1D, and S1E) (Liu et al., 2015). This sug-

gests that even cancer antigens expressed at minimal levels

can be recognized and efficiently activate synNotch receptors.

The a-Her2 synNotch receptors in the nanomolar affinity range

all drove reporter expression in 50%–60% of T cells, but

the lowest affinity receptor only activated 35% of the T cells Fig-

ures 1D and S1E). These data show that changing the affinity of

the synNotch receptors toward the target antigen is a viable
approach to titrate and control synNotch-mediated cellular

response programs.

We also tested whether T cells could be engineered to recog-

nize orthogonal surface proteins by constructing synNotch re-

ceptors that recognized surface expressed GFP. We used two

a-GFP nanobodies that have low (Kd = 50 nM) or high affinity

(Kd = 0.036 nM) (Fridy et al., 2014). These receptors stimulated

reporter expression upon exposure to K562 cells expressing sur-

face GFP (but not with cells lacking the antigen). The resulting

transcriptional response was similar to that observed for the

a-CD19 synNotch, highlighting the modularity of the synNotch

platform (Figures 1D and S1F–S1H). The higher affinity a-GFP

nanobody synNotch receptor drove a greater fraction of T cells

to upregulate reporter expression upon exposure to K562 sender

cells, when compared to the lower affinity receptor, yet both

receptors activated gene expression in over half of the T cells

(Figures 1D and S1G). These results, much like the a-Her2 syn-

Notch receptor affinity panel, suggest that varying the affinity

of the synNotch ligand-binding domain can fine-tune the magni-

tude of the cellular response.

SynNotch Receptors Can Drive Customized T Cell
Cytokine Profiles
Immune cells and tissues throughout the body secrete soluble

proteins known as cytokines to communicate and regulate cell

behavior and shape the overall immune response. The specific

cytokine profile is critical for eradicating pathogens and tumors

(Dranoff, 2004; Iwasaki and Medzhitov, 2015). In many cases,

different sets of cytokines have the opposite effect of suppress-

ing the immune response (Sakaguchi et al., 2008). Moreover, in

certain scenarios where cytokines could boost immunity toward

cancers or suppress damaging inflammation in an autoimmune

setting, these cytokines are absent (Dranoff, 2004; O’Shea

et al., 2002). Ideally, we would like to precisely shape what cyto-

kines therapeutic T cells secrete. However, when T cells are acti-

vated through CARs or the natural T cell receptor, there is little

control over the cytokines that are produced and often cytokine

profile depends on the disease and activation context as well as

the receptor characteristics (Figures 2A and 2B) (Dotti et al.,

2014; Gill and June, 2015). For many T cell therapies, it may be

beneficial to bias toward the production of specific cytokines

to tailor the immune response for the specific disease or thera-

peutic need.

With this in mind, we engineered CD4+ T cells with the a-CD19

synNotch receptor and the corresponding transcriptional

response element controlling the expression of a single cytokine.

Under these conditions, T cells selectively produced only a

defined ‘‘a la carte’’ cytokine profile in response to the CD19

antigen (Figures 2C–2G). SynNotch receptors drove high-level

production of the T cell stimulatory cytokine IL-2 with no

basal secretion prior to antigen sensing (Figures S2A–S2D).

The amount of IL-2 produced by synNotch activation is similar

to what is produced in response to CAR or TCR stimulation

(a-CD3/a-CD28 beads) of T cells (Figure S2D). Unlike normal

stimulation of T cells through the TCR pathway, synNotch-driven

cytokine production is independent of T cell activation, shown

by the lack of upregulation of the canonical activation marker

CD69 (Figure S2E).
Cell 167, 419–432, October 6, 2016 421
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Figure 2. SynNotch Receptors Can Drive Antigen-Induced Custom Cytokine Programs

(A) CAR activation drives CD4+ T cells to produce a diverse set of cytokines.

(B) A scatter plot showing the level (pg/mL) of 24 cytokines (see C for list of cytokines) produced by primary human a-CD19 CARCD4+ T cells activatedwith target

CD19+ K562 cells (y axis) or negative control CD19� K562s (x axis) after 24 hr of stimulation (n = 3, error bars, SEM). The level of 24 cytokines produced by CD4+

a-CD19 CAR T cells stimulated by target CD19+ K562s (n = 3, error bars, SEM).

(legend continued on next page)
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We also engineered synNotch T cells to produce the immuno-

suppressive cytokine IL-10 (Figures 2E and S2F–S2H), the im-

munostimulatory cytokine IL-12 (Figure 2F), and a combined

cytokine and chemokine program (Figure 2G). These results

highlight the ability of synNotch receptors to control a spectrum

of therapeutically relevant cytokines that could be useful for

diverse disease types. SynNotch controlled production of IL-10

or other suppressive cytokines could be used to locally suppress

inflammation in autoimmune or inflammatory disease (O’Garra

et al., 2008). Locally concentrated IL-12 production, or that of

other immune stimulatory factors, in tumors could drive potent

innate immune responses to cancer while reducing the chances

of highly toxic effects that have been observed with systemic

administration of IL-12 (Lacy et al., 2009). Combined cytokine

and chemokine programs such as the local production of IL-2

and MIP-1a could both enhance T cell survival and proliferation

and recruit more T cells and innate immune cells such as macro-

phages to the tumor, respectively. The customizability and pre-

cision of synNotch circuits in T cells should allow for local control

of immune system functions that rely on autocrine and paracrine

cellular communication to effectively coordinate a response to

disease.

SynNotch Receptors Can Drive Antigen-Dependent
Skewing of T Cell Differentiation to the Anti-tumor
Th1 Fate
Another way to precisely shape the output of a therapeutic T cell

is to control its differentiation. Beyond producing protein effec-

tors like cytokines, T cells undergo specific differentiation pro-

grams important for mounting an effective subtype immune

response. These subtype differentiation programs are normally

determined by the mechanism of T cell activation, the cytokine

milieu, and ultimately the regulation of master regulator tran-

scription factors that initiate the specific T cell fate (O’Shea

and Paul, 2010). T helper cell 1 (Th1) or T helper cell 2 (Th2)

T cells are two canonical CD4+ T cell fate choices that are

controlled by the master regulator transcription factors, Tbet

and GATA3, respectively (Figure 3A) (O’Shea and Paul, 2010).

Th1 cells are important for cellular immunity toward pathogens

and cancer whereas Th2 cells are involved in stimulation of anti-

body production (Kara et al., 2014). In many diseases, the local

environment skews the differentiation of T cells along the wrong

path such that they are rendered ineffective. This is especially

true in cancer where T cells can be pushed into a suppressive

phenotype, hampering the immune response and leading to tu-

mor expansion (Amarnath et al., 2011; Zou, 2006).

Given the importance of T cell fate choice for cancer clear-

ance, we wanted to determine if synNotch receptors could

skew T cells to differentiate into IFNg producing Th1 cells, impor-

tant for anti-cancer immunity. IFNg is critical for activation of
(C) CD4+ T cells were engineered with the a-CD19 synNotch Gal4VP64 receptor

IL-2, IL-10, IL-12, or combined IL-2/MIP-1a. The cells were co-cultured with targ

(D) Scatterplots showing the production of synNotch regulated cytokines in respo

of cytokines produced by a-CD19 synNotch T cells driving IL-2, IL-10, Flexi IL-12

synNotch regulated cytokines were produced above background levels. For syn

can cause CD4+ T cells to differentiate into Th1 IFNg-producing T cells (n = 3, er

See also Figure S2.
innate immune cells that aid in tumor clearance, such as macro-

phages and dendritic cells, and direct exposure of cancer cells to

IFNg can enhance their susceptibility to the cytotoxic T cells. To

skew T cell differentiation, we engineered CD4+ T cells with the

a-CD19 synNotch receptor that controlled the expression of

the Th1 transcription factor, Tbet (Figure 3B). Because ectopic

expression of Tbet is known to be sufficient to drive the Th1
fate choice in CD4+ T cells, we reasoned that synNotch could

provide local, antigen-dependent control over Th1 fate regulation

by regulating the levels of Tbet in response to the tumor antigen

CD19 (Sundrud et al., 2003).

To test this, the engineered primary CD4+ T cells were co-

cultured with either CD19+ target K562 cells or CD19� control

K562 cells for 11 days to induce differentiation. As comparative

controls, a matched population of CD4+ T cells was either

treated with a cocktail of Th1 differentiation agents (IL-12 and

a-IL-4) or subject to Tbet constitutive overexpression. These

two conditions allowed for the comparison of synNotch driven

Th1 differentiation to previous gold standards in the field. The en-

gineered synNotch CD4+ T cells induce the GFP reporter of Tbet

expression specifically in response to CD19 within 24 hr of stim-

ulation (Figures 3C and S3A). After 11 days of long-term co-cul-

ture with CD19+ K562s, the T cells were stimulated with phorbal

myristate acetate (PMA) and ionomycin for intracellular cytokine

staining to reveal whether the T cells had become Th1 cells. For

the T cells that had been stimulated with CD19+ K562 cell for

11 days, >60% were found to be IFNg+ Th1 cells (Figure 3D).

This magnitude of skewed differentiation was equivalent to

what was observed with treatment with the Th1 differentiation

cocktail and constitutive Tbet overexpression (Figures 4E and

S3A–S3E). Thus, synNotch receptors can be used to skew

T cells to the anti-tumor Th1 fate and could, in principle, be

used to skew T cells to many of the known T cell fates (e.g.,

Th2, Treg, Th17) as long as the expression of the defining master

regulator transcription factor is sufficient for fate determination

(O’Shea and Paul, 2010).

SynNotch-Driven T Cell Delivery of Custom
Therapeutics: TNF-Related Apoptosis-Inducing Ligand
Production
Another important component of future T cell therapeutics is to

engineer T cells with new capabilities that allow them to deliver

customized therapeutic payloads, even ones that are non-

native. Natural CD8+ T cells or CAR T cells directly recognize in-

fected cells or cancer cells and kill them through the delivery of

lytic granules (Figure 4A) (Stinchcombe and Griffiths, 2007). As

a proof of principle experiment, we asked whether we could en-

gineer CD4+ T cells—a T cell subset that is minimally cytotoxic—

into a customized synthetic ‘‘killer T cell’’ by designing it to

produce an apoptosis-inducing payload. We used the a-GFP
and the corresponding response elements controlling the expression of either

et CD19+ K562s or CD19� non-target K562s.

nse to CD19+ versus CD19� K562 stimulation (n = 3, error bars, SEM). The level

, or IL-2/MIP-1a production in response to CD19+ K562 cells is given. Only the

Notch CD4+ T cells driving IL-12 production, IFNg was also produced as IL-12

ror bars, SEM).
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Figure 3. SynNotch Receptors Can Drive Antigen-Dependent Skewing of T Cell Differentiation to the Anti-tumor Th1 Fate

(A) When CD4+ T cells are activated through engagement of pathogen-derived peptides presented by MHC molecules on antigen-presenting cells they

differentiate into particular T cell subtypes depending on the infection. Th1 and Th2 are canonical CD4
+ T cell fates that drive different immune responses. Th1 cells

express the transcription factor Tbet, produce IFNg, and aid in cellular immunity and tumor clearance. Th2 cells produce IL-4, an important cytokine for stimulation

of antibody production by B cells.

(B) CD4+ a-CD19 synNotch T cells were engineered to regulate the expression Tbet and thus Th1 fate choice by T cells. The synNotch T cells were co-culturedwith

target CD19+ or non-target CD19� K562 cells for 11 days to determine if synNotch driven Tbet expression could skew CD4+ T cells to Th1 fate in a CD19-

dependent manner.

(C) Histograms showing the selective expression of Tbet T2A EGFP after 24 hr of CD4+ a-CD19 synNotch T cells with CD19+ K562s (representative of at least

three experiments).

(D) Two-dimensional dot plots of intracellular stained CD4+ a-CD19 synNotch Gal4VP64 T cells for Tbet and IFNg after 11 days of culture with either CD19+ or

CD19� K562s. T cells were stimulated with PMA/Ionomycin for 4 hr prior to staining to drive cytokine production (representative of at least three experiments).

(E) The percentage of IFNg+ (Th1) T cells after 11 days of the indicated treatment (nR 3 for all treatments, error bars, SEM, significance determined by Student’s t

test, n.s. p R 0.05).

See also Figure S3.
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B Figure 4. Customized Killer T Cells:

SynNotch-Driven TRAIL Production

(A) CD8+ cytotoxic T cells recognize infected cells

via their TCR and directly kill the infected cell by

creating pores in the cell with perforin allowing for

the delivery of granzymes that initiate programmed

cell death.

(B) CD4+ T cells were engineered with the

a-GFP synNotch controlling the expression of

the apoptotic regulator TRAIL in response to sur-

face GFP.

(C) Histograms showing the selective expression

of surface TRAIL after 24 hr of CD4+ a-GFP syn-

Notch T cell incubation with surface GFP+ K562s.

(D) Histograms showing surface GFP+ K562 cell

death via uptake of the dead stain SYTOX blue

after 24 hr. Co-culture with the indicated T cell type

(T cell:target cell ratio = 1:1).

(E) Percentage target cell survival calculated from

replicate data shown in (D) (n = 4, error bars,

SEM, significance determined by Student’s t test

**p % 0.01).

See also Figure S4.
nanobody synNotch receptor and response elements controlling

production of TNF-related apoptosis-inducing ligand (TRAIL), an

inducer of apoptosis and a cancer therapeutic (Figure 4B) (John-

stone et al., 2008; Lemke et al., 2014). T cells normally do not

produce TRAIL upon TCR stimulation, therefore, if synthetically

expressed in a controlledmanner, this could aid in their cytotoxic

activity (Figure S4A). Soluble forms of TRAIL are effective at

killing the highly susceptible colon cancer cell line HCT116, but

for other cancer lines like K562 cells, soluble TRAIL does not

induce apoptosis even at high doses (Figures S5A–S5D) (Kim

et al., 2000; Park et al., 2009). However, a recent study showed

that if TRAIL is delivered in a membrane anchored form (e.g., a

supported lipid bilayer or liposome), it is more effective at

inducing apoptosis, even for resistant cancer cells such as

K562 cells (Nair et al., 2015). Therefore, we engineered the

CD4+ T cells to produce one of two TRAIL variants: (1) a secreted

form of TRAIL fused to the GCN4 trimeric leucine zipper (LZ-

TRAIL) known to be more potent than soluble monomeric TRAIL,

or (2) a natural surface displayed TRAIL (Figures S4E–S4H)

(Walczak et al., 1999).

SynNotch T cells driving TRAIL production were co-cultured

with TRAIL-resistant K562 cells to determine if T cells were an

effective delivery platform that enhanced the apoptotic effects

of TRAIL. SynNotch T cells drove cell surface TRAIL expression

(Figure 4C) and LZ-TRAIL secretion within 24 hr of co-culture

(Figures S4F–S4H), but only cell surface TRAIL initiated K562
cell death, indicated by their uptake

of the live/dead stain SYTOX blue. In

contrast, synNotch T cells that secreted

LZ-TRAIL were not effective at killing

the resistant K562 cells, consistent with

recent studies (Figures 4D and 4E). Over-

all, these findings suggest that synNotch

T cells can be efficient and effective deliv-

ery agents for therapeutics such as TRAIL
and potentially other biologics that are ineffective or toxic when

systemically delivered.

SynNotch T Cells Can Drive Antigen-Dependent
Production of Antibodies and Bispecific T Cell Engagers
To go beyond sculpting natural T cell behavior with synNotch cir-

cuits, we also wanted to show the ability of synNotch T cells to

drive non-natural therapeutic responses that could have a

wide-range of applications for treatment of disease. Antibody

therapies for cancer that help to elicit an anti-tumor immune

response by releasing the breaks on T cells are having unprece-

dented curative effects in patients with cancers that were other-

wise considered terminal (Sharma and Allison, 2015). These

antibodies known as ‘‘checkpoint blockade’’ inhibitors target

inhibitory receptors on T cells such as programmed cell death-1

(PD-1) (pembrolizumab) and cytotoxic-T-lymphocyte-associ-

ated protein 4 (CTLA-4) (tremelimumab) or their ligands. While

these antibodies are often effective, many patients do not

show a response or have significant adverse effects from treat-

ment (Postow et al., 2015). A potential way to increase the effec-

tiveness of the therapeutic antibodies and reduce adverse

events is to have T cells locally produce the antibodies in tumors.

These antibodies could enhance the activity of therapeutic

T cells and at the same time elicit a response from endogenous

tumor-infiltrating T cells. Thus, we engineered primary human

CD4+ T cells with the a-GFP synNotch receptor controlling
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C

D

Figure 5. SynNotch T Cell Delivery of Immunotherapeutics: Antibodies, Adjuvants, and Immunosuppressive Agents

(A) CD4+ T cells were engineered with the a-GFP synNotch controlling the expression of pembrolizumab (a-PD-1 HA) and a myc-tagged a-CTLA4 scFv (both

antibodies were expressed as a single transcript with a T2A sequence between). After 24 hr of stimulation of the T cells with surface GFP+ or GFP� K562s, the

(legend continued on next page)
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production of both Pembrolizumab and an scFv directed toward

CTLA-4. The T cells reliably produced high levels of the anti-

bodies and the secreted antibodies bound and coated anti-

gen-expressing targets (Figure 5A). We also have engineered

T cells to singly produce Pembrolizumab and Tremelimumab at

high levels (Figures S5A–S5C). Therefore, synNotch T cells are

a viable platform for the controlled delivery of important clinical

administered antibodies, both individually and in complementary

combinations.

This approach is also effective for the production of bi-specific

antibodies (e.g., bispecific T cell engagers [BiTEs]) that simulta-

neously bind tumor antigens and the CD3 chain of the TCR,

effectively redirecting T cell activity toward tumor cells (Fig-

ure 5B) (Nagorsen et al., 2012). SynNotch T cells were engi-

neered to produce the a-CD19/CD3 BiTE, Blinatumomab, in

response to anti-GFP synNotch stimulation. When stimulated

with GFP+CD19+ K562 cells, the resulting Blinatumomab pro-

duction led to canonical TCR activation of the T cells, assayed

by upregulation of the activation marker CD69 (Figure 5B). These

synNotch/ BiTE T cells required the presence of combinatorial

antigens to activate—both the synNotch antigen (GFP) and the

tumor antigen (CD19) targeted by the BiTE (Figure 5B). There-

fore, this is yet another way to engineer T cells with AND logic

where T cells must sense multiple antigens to activate (Kloss

et al., 2013; Roybal et al., 2016). By confining BiTE production

to the tumor, synNotch controlled T cells could potentially

reduce the toxicity of bi-specific antibodies that are targeted to

tumor antigens that are also expressed on bystander tissues.

SynNotch T Cells Can Drive Antigen-Dependent
Production of Adjuvants
Adjuvants are another class of therapeutics that are being

actively studied for cancer therapy. Microbial products have

long been used as adjuvants and have a history of stimulating im-

mune response to tumors (Temizoz et al., 2016). There are many

microbial products that are genetically encodable, including the

bacterial flagellum component, flagellin, a product of genes such

as FliC from Salmonella Typhi (Figure 5C). Flagellin can enhance

an immune response to cancer by stimulating innate immune

cells that express Toll-like receptors (TLR) such as TLR5 that

recognize flagellin (Akira and Takeda, 2004; Leigh et al., 2014).

These innate cells include professional antigen presenting cells

(APCs) such as dendritic cells that though TLR5 stimulation

can drive immune responses that are otherwise suppressed in
supernatant was collected and used to stain PD-1+ or CTLA4+ K562s. Secreted an

staining with a-HA A647 (a-PD-1) or a-myc A647 (CTLA-4 scFV) antibodies (repr

(B) CD4+ T cells were engineered with the a-GFP synNotch receptor controlling

retargets T cells to CD19+ tumors. Histograms showing CD69 (activation marke

CD19+ only, or surface GFP+CD19+ K562s. The T cells strongly activate in the pr

activate when incubated with CD19+ only K562s due to low levels of basal

experiments).

(C) CD4+ T cells were engineered with the a-GFP synNotch receptor controlling th

culture with surface GFP+ or GFP� K562s and added to hTLR5 HEK-blue secre

monitored and the level of Flagellin in the supernatant was measured a purified F

(D) CD4+ T cells were engineered with the a-CD19 synNotch receptor controlling th

T cells that express PD-L1 and intracellular IL-10 after co-culture with CD19+ or C

determined by ELISA (n = 3, error bars, SEM).

See also Figure S5.
the tumor microenvironment. The anti-GFP synNotch receptor

reliably controlled the production of Flagellin, and the amount

of secreted Flagellin (�10 ng/mL) strongly stimulated a TLR5-

expressing reporter cell line (Figure 5C). This again shows the

ability of synNotch T cells to control the production of a thera-

peutic agent that could have substantial toxicity if given system-

ically, but when produced locally could significantly enhance the

immune response to solid tumors.

SynNotch T Cells Can Drive Antigen-Dependent
Production of Immunosuppressive Agents
SynNotch T cells may also have important applications outside

of cancer, where they can play an immunosuppressive role

in an autoimmune setting. Therefore, we engineered synNotch

T cells that drive the simultaneously production of paracrine

inhibitory signal such as the cytokine, IL-10, and the T cell inhib-

itory ligand, PD-L1, which could drive cell-to-contact inhibition

(Chen, 2004; Ouyang et al., 2011). The a-CD19 synNotch re-

ceptor was able to drive both suppressive agents in response

to stimulation with CD19+ K562s (Figures 5D, S5D, and S5E).

All of these examples of synNotch receptor T cells controlling

non-native synthetic T cell responses highlight the vast possibil-

ities to use synNotch-engineered cells to produce a spectrum

of therapeutic agents that could enhance the effectiveness

of the therapeutic cells or help to reeducate and modulate a tis-

sue or disease environment to restore homeostasis and natural

function.

In Vivo Expression of Cytokine in a Solid Tumor via
SynNotch Receptor-Engineered T Cells
Because synNotch receptors could precisely regulate a spec-

trum of T cell responses in vitro, wewanted to determinewhether

the receptors could enable T cells to selectively produce a

custom payload such as the cytokine IL-2 in a synNotch

ligand-expressing solid tumor. For these experiments, we

established a bilateral K562 xenograft solid tumor model in

immunocompromised NOD scid IL-2Rg�/� (NSG) mice where

a non-target CD19� tumor and a target CD19+ tumor were

implanted subcutaneously in the left flank and right flank,

respectively (Figure 6A). The tumors were allowed to establish

for 4 days and then we intravenously (i.v.) injected CD4+ and

CD8+ T cells engineered with the a-CD19 synNotch receptor

and response elements in control of IL-2 expression and an

IRES mCherry reporter (Figure 6A).
tibody binding to target cells wasmonitored via flow cytometry after secondary

esentative of three replicates).

the expression of Blinatumomab, an a-CD19/CD3 bi-specific antibody that

r) expression on the synNotch T cells after co-culture with surface GFP+ only,

esence of the surface GFP+CD19 K562s and a small percentage of the T cells

leakage of Blinatumomab expression (representative of three independent

e expression of Flagellin. Supernatant was harvested from the T cells after co-

ted alkaline phosphatase (SEAP) reporter cells. After 24 hr, SEAP activity was

lagellin standard (n = 3, error bars, SD).

e expression of PD-L1 and IL-10. Quantification of the percentage of synNotch

D19� K562s for 24 hr is given. The amount of IL-10 in the supernatant was also
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Figure 6. In Vivo Local Expression of Cytokines and Bi-specific Tumor-Targeted Antibodies in Solid Tumors via SynNotch T Cells

(A) NSG mice were subcutaneously injected with CD19� non-target K562s and target CD19+ in the left and right flank, respectively. a-CD19 synNotch T cells in

control of IL-2 iRES mCherry expression were injected into the mice after tumors were established and tumors were harvested at the indicated time point to

determine whether the synNotch T cells had infiltrated the tumor and expression of IL-2 and mCherry reporter was induced.

(B) Histograms of IL-2 IRES mCherry reporter levels in tumor and spleen infiltrated CD4+ synNotch T cells injected i.v. showing selective expression of the

mCherry reporter in target CD19+ tumors (data representative of three replicate mice).

(C) NSG mice were subcutaneously injected with CD19� non-target K562s and target CD19+ in the left and right flank, respectively. a-GFP synNotch T cells in

control of Blinatumomab (a-CD19/CD3 BiTE) expression were injected i.v. into the mice 4 days after tumor implantation. The tumors were measured by caliper

over for 25 days.

(D) Bilateral CD19+ and GFP/CD19+K562 tumor growth curves in mice treated with CD4+ and CD8+ T cells engineered with the a-GFP synNotch receptor

controlling Blinatumomab (a-CD19/CD3 BiTE) expression. The dual antigen GFP/CD19+ tumor is selectively cleared (n = 5 mice, error, SEM, significance

determined by Student’s t test **p % 0.01).

See also Figure S6.
After 6 days, the tumors were harvested and the tumor infil-

trating CD4+ and CD8+ T cells were analyzed for expression

of the mCherry reporter (Figures 6A, 6B, and S6A–S6C). Only

the T cells localized in the target CD19 tumor expressed IL-2

IRES mCherry, and the reporter level was similar to what was
428 Cell 167, 419–432, October 6, 2016
observed for the same T cells when stimulated in vitro (Figures

S6C and S6D). While the frequency of T cells was not high in

the tumor (Figure S6E), the activity of the T cells was highly spe-

cific to the target tumor (Figures 6B, S6B, and S6C). In addition to

i.v. injection of synNotch/ IL-2 T cells, we also directly injected



the T cells into non-target and target tumors. The tumors were

then harvested and analyzed via flow cytometry 2 days after in-

jection and also showed selective expression of the IL-2 reporter

in the target tumor at similar levels to matched in vitro-stimulated

T cells (Figures S6D and S6F). While the ability of synNotch

T cells to infiltrate these tumors could still be improved, these

data clearly show that synNotch T cells can selectively induce

production of a therapeutic agent in a target solid tumor. Thus,

synNotch-engineered T cells may prove effective for the delivery

of a wide range of genetically encodable therapeutics that could

benefit from local delivery both to enhance effectiveness and

reduce toxicity of systemic administration.

SynNotch T Cell Production of Bi-specific Antibodies to
Drive Solid Tumor Clearance
We then asked if synNotch T cells could drive clearance of a solid

tumor in vivo, using synNotch-induced local production of the

a-CD19/CD3 BiTE, Blinatumomab. To test these cells, a bilat-

eral subcutaneous tumor model was established in NSG mice,

similar to the model used for localized IL-2 secretion. However,

in this model, we wanted to determine if T cells could distinguish

a single antigen bystander tumor expressing the BiTE antigen

CD19 from a tumor expressing the synNotch antigen (GFP, prim-

ing antigen) and BiTE antigen (CD19, killing antigen). To perform

these experiments, we established a CD19+ single antigen tumor

on the left flank and aGFP+CD19+ dual antigen tumor on the right

flank. After the tumors had established, we i.v.-injected primary

humanCD4+ andCD8+ T cells engineered with the anti-GFP syn-

Notch circuit controlling the expression of Blinatumomab (Fig-

ures 6C and 6D). The synNotch T cells should only activate their

cytotoxic program in the GFP+CD19+ tumor due to GFP-induced

synNotch activity and Blinatumomab production. Tumor growth

was monitored by caliper, and we observed the selective clear-

ance of the dual antigen tumor over the course of 25 days (Fig-

ure 6D). SynNotch T cells are thus capable of producing biolog-

ically relevant levels of a therapeutic that can effectively drive

tumor clearance.We observedminimal slowed growth of the sin-

gle antigen tumor, indicating that BiTE expression was reliably

and spatially gated by synNotch activity (Figures 6D and S6G).

Overall, synNotch receptors are viable controllers of therapeutic

delivery and are able to provide spatially defined responses to

disease in vivo.

DISCUSSION

Hacking Immune Cell Function with SynNotch Circuits:
A Programmable Platform for the Generation of Smarter
Cellular Therapeutics
Most immune therapy strategies today focus on modulating

the immune system to enhance its ability to attack cancer.

Even canonical CAR T cell therapy, one of themost radical forms

of immune therapy, primarily involves redirecting the native T cell

response toward cancer. Here, we describe a fundamentally

different approach that involves hacking the function of immune

cells. We show how synNotch circuits allow one to construct

radically new antigen-driven response programs in immune cells

that can supplement and extend beyond the endogenous

response capabilities of these cells.
Building these novel response programsusing synNotch repre-

sents a strategy of refactoring T cell responses. Refactoring is a

term used in computer programming and synthetic biology and

describes rebuilding a complex program or system from the bot-

tom up in a more modular and logical way that allows for a higher

degree of control, predictability, and extensibility (the ability to

extend the system to performmore complex functions) (Smanski

et al., 2014). In particular, it is important that synNotch circuits

allow one to control T cell sensing and response in a manner

that can be completely independent from canonical TCR or co-

stimulatory receptors of the immune system. Thus, this approach

removes constraints of the endogenous system, allowing pro-

gramming of more diverse responses that, in principle, have

both a higher degree of controllability as well as new capabilities.

SynNotch circuits can be used to control diverse classes of re-

sponses, both natural and non-natural, as shown in Figure 7A.

This approach ofmore deeply rewiring cell response programs

is particularly powerful when combined with T cells and other im-

mune cells, because T cells have the intrinsic ability to autono-

mously traffic through the body, to infiltrate tissues, and to survey

their microenvironment for their cognate molecular signals.

BecausesynNotchcircuits areused tocreate synthetic programs

to detect and respond to tissue-based microenvironmental sig-

nals, this is an ideal pairing of a cell type and molecular sensor

system, allowing the engineering of what amounts to living, pro-

grammable nanodevices that can carry out highly localized ac-

tions in the complex environment of the body (Figure 7B).

SynNotch Receptors Could Be Used to Improve Current
T Cell Therapies
An immediate application of synNotchcircuits could be to improve

existing T cell therapies. SynNotch receptors can act as an addi-

tional environmental sensing system for TCR and CAR T cell ther-

apies and help tomodulate the activity of the cells to improve their

effectiveness and safety profile. We have demonstrated that syn-

Notch receptorscanbeused tocontrol expressionofdirectlycyto-

toxic factors (CARs, BiTEs). But, in addition, an important use of

synNotch receptorscouldbe thecontrol the localproductionof im-

munestimulatory factors,suchas IL-12orother innate immunead-

juvants, in tumor infiltrating lymphocytes (TIL) or engineered T cell

therapies. This type of local delivery and enhancement may be

particularly important, given, that factors like IL-12 are potent at

driving anti-tumor immunity, but are too toxic for systemic admin-

istration (Lacyet al., 2009). The inability ofmanyof thecurrent Tcell

therapies to infiltrate and eliminate solid tumors could be greatly

improved by utilizing synNotch receptors to help the T cells to

prime the local disease environment to make it more susceptible

to both the cellular therapeutic and the endogenous immune

response (Tang et al., 2016). We have also shown that synNotch

circuits can be used to produce combinations of checkpoint

blockade antibodies, showing that a host of different factors could

be produced to both enhance immune response and to overcome

the immunosuppressive blockade raised by many tumors.

Beyond Cancer: SynNotch T Cells as Remodelers of
Disease Microenvironments
Because T cells can traffic through the body and have access

to many disease tissues, synNotch T cells could in principle by
Cell 167, 419–432, October 6, 2016 429
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Figure 7. SynNotch Circuits Allow Versatile Reprogramming of T Cells to Monitor and Selectively Modulate Their Microenvironment

(A) synNotch receptors can drive diverse behaviors in primary human T cells. We show that synNotch receptors can drive custom cytokine production profiles,

effectively deliver non-native therapeutics, and control T cell differentiation, all in an antigen-dependent and T cell activation independent manner.

(B) synNotch are sufficient to target T cells in vivo to locally produce a therapeutic payload. Future T cell therapies could utilize synNotch receptors to target T cells

to disease-related or tissue-specific antigens for local delivery of therapeutics that are ineffective or toxic as systemically administered agents in humans.
used to addressdiversedisease needsbeyond cancer, especially

localized diseases that require spatial sensing and localized

microenvironment remodeling. The examples of customized

Tcell behaviordescribedherecouldbeused tohelpTcells control

and disrupt diverse diseases. For example, synNotch-engineered

cells could also be deployed for the control of autoimmune or in-

flammatory diseases. In this case, however, the engineered cells

would now be engineered to have a suppressive role that could

promote immune tolerance. While T regulatory cells can in princi-

ple be used toward this goal, there may be distinct control and

predictability advantages in using a refactored synNotch T cell

to sense auto-antigens and deliver a customized and controlled

set of immunosuppressive factors. SynNotch engineered cells

may have even broader applications as general delivery agents

that can locally produce any genetically encoded bio-therapeutic

that has systemic toxicity (Figure 7B).
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FITC mouse anti-IL-2 clone 5344.111 BD Biosciences Cat#340448; RRID: AB_400424

APC mouse anti-human CD69 clone FN50 Biolegend Cat#310910; RRID: AB_314845

Purified NA/LE rat anti-human IL-4 clone MP4-25D2 BD Biosciences Cat#554481; RRID: AB_395421

BV421 mouse anti-human Tbet clone 4B10 Biolegend Cat#644815; RRID: AB_10896427

APC mouse anti-human IFNg clone 45.B3 Biolegend Cat#502511; RRID: AB_315236

APC mouse anti-human CD261 (DR4) clone DJR1 Biolegend Cat#307207; RRID: AB_2256112

APC mouse IgG1, k Isotype Control clone MOPC-21 Biolegend Cat#400120; RRID: AB_326442

APC mouse anti-human CD253 (TRAIL) clone RIK-2 Biolegend Cat#308210; RRID: AB_2564398

Alexa647 mouse anti-myc tag clone 9B11 Cell Signaling Tech Cat#2233S

Alexa647 mouse anti-HA tag clone 6E2 Cell Signaling Tech Cat#3444S

APC mouse anti-human CD19 clone HIB19 Biolegend Cat#302212; RRID: AB_314242

APC rat anti-human IL-10 clone JES3-9D7 Biolegend Cat#501410; RRID: AB_315176

BV421 mouse anti-human CD274 (PD-L1) clone 29E.2A3 Biolegend Cat#329714; RRID: AB_2563852

Alexa647 mouse anti-human CD4 clone RPA-T4 BD Biosciences Cat#557707; RRID: AB_396816

BV786 mouse anti-human CD8 clone RPA-T8 BD Biosciences Cat#563823

Dynabead Human T cell Activator anti-CD3/CD28 Thermo Scientific Cat#11131D

Human BD Fc Block BD Biosciences Cat#564220

Chemicals, Peptides, and Recombinant Proteins

GolgiPlug (Brefeldin A) BD Biosciences Cat#555029

N-Acetyl-L-cysteine (NAC) Sigma-Aldrich Cat#A9165

Ionomycin Sigma-Aldrich Cat#10634

Phorbal 12-myristate 13-acetate Sigma-Aldrich Cat#P1585

SYTOX Blue Thermo Scientific Cat#S34857

LIVE/DEAD Green Thermo Scientific Cat#34969

Recombinant human IL-2 protein NCI BRB Preclinical Repository https://ncifrederick.cancer.gov/research/brb/

Recombinant human IL-12 protein R&D Systems Cat#219-IL-005

Recombinant human TRAIL protein R&D Systems Cat#375-TEC-010

Recombinant flagellin from S. typhimurium Invivogen Cat#tlr-flic

DNase Roche Cat#10104159001

Collengenase Roche Cat#11249002001

Fugene HD – Transfection Reagent Promega Cat#E312

Fixation/Permeabilization Kit BD Biosciences Cat#555028

Red Blood Cell Lysis Buffer Biolegend Cat#420301

Critical Commercial Assays

RosetteSep Human CD4+ T cell Enrichment Cocktail STEMCELL Technologies Cat#15022

RosetteSep Human CD8+ T cell Enrichment Cocktail STEMCELL Technologies Cat#15023

Human Cytokine Magnetic 25-plex Panel Invitrogen Cat#LHC0009M

Human TRAIL Quantikine ELISA Kit R&D Systems Cat#DTRL00

IgG Subclass ELISA Kit, Human Thermo Scientific Cat#991000

QUANTI-Blue Detection Reagent Invivogen Cat#rep-qb1

Human IL-10 Platinum ELISA Ebiosciences Cat#BMS215/2

Cell Culture Reagents

RPMI-1640 UCSF Cell Culture Core N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human AB Serum Valley Medical Cat#HP1022

X-VIVO15 Lonza Cat#04-418Q

Experimental Models: Cell Lines

LentiX 293T Clontech Cat#11131D

K562 myelogenous leukemia cells ATCC Cat#CCL-243

Daudi B cell lymphoblasts ATCC Cat#CCL-213

MCF7 adenocarcinoma breast cancer cells ATCC Cat#HTB22

HCT116 colon cancer cells ATCC Cat#CCL-247

E6-1 Jurkat T cells ATCC Cat#T1B-152

HEK-Blue hTLR5 reporter cells Invivogen Cat#hkb-htlr5

HEK-Blue Null I control cells Invivogen Cat#hkb-null1

HCT116 GFP surface ligand cells This paper N/A

K562 CD19 (CD19 extracellular domain_myctag_

hPDGFRtransmembrane)

Roybal et al., 2016 N/A

K562 surface GFP ligand Roybal et al., 2016 N/A

K562 CD19/surface GFP ligand Roybal et al., 2016 N/A

K562 human PD-1 This paper N/A

K562 human CTLA4 This paper N/A

Experimental Models: Organisms/Strains

NOD scid IL-2Rg�/� (NSG) (female 8-12 weeks) Jackson Laboratories Cat#005557

Recombinant DNA

pHR_SFFV Addgene ID#79121

pHR_PGK Addgene ID#79120

pHR_Gal4UAS_IRES_mCherry_PGK_tBFP Addgene ID#79123

pHR_Gal4UAS_PGK_mCherry Addgene ID#79124

pHR_Gal4UAS_tBFP_PGK_mCherry Addgene ID#79130

pHR_EGFPligand Addgene ID#79129

pHR_PGK_LaG16_2_synNotch_Gal4VP64 This paper LaG16_2 GFP nanobody in Fridy et al., 2014

pHR_PGK_LaG17_synNotch_Gal4VP64 Addgene ID#79127

pHR_PGK_antiCD19_synNotch_Gal4VP64 Addgene ID#79125

pHR_PGK_antiHer24D5-3_synNotch_Gal4VP64 This paper scFv sequence in Liu et al., 2015

pHR_PGK_antiHer24D5-5_synNotch_Gal4VP64 This paper scFv sequence in Liu et al., 2015

pHR_PGK_antiHer24D5-7_synNotch_Gal4VP64 This paper scFv sequence in Liu et al., 2015

pHR_PGK_antiHer24D5-8_synNotch_Gal4VP64 This paper scFv sequence in Liu et al., 2015

pHR_Gal4UAS_humanIL-2_IRES_mCherry_PGK_tBFP This paper IL-2 uniprot P60568

pHR_Gal4UAS_humanIL-10_IRES_mCherry_PGK_tBFP This paper IL-10 uniprot P22301

pHR_Gal4UAS_humanIL12flexi _IRES_mCherry_PGK_tBFP This paper Flexi IL-12 described in Anderson et al., 1997

pHR_Gal4UAS_humanIL-2_T2A_MIP1a_PGK_mCherry This paper MIP-1a uniprot P10147

pHR_Gal4UAS_humanIL-10_T2A_PDL1_PGK_mCherry This paper PDL1 uniprot Q9NZQ7

pHR_Gal4UAS_Tbet_T2A_GFP_PGK_mCherry This paper Tbet (Tbx21) uniprot Q9UL17

pHR_Gal4UAS_Tbet_T2A_mCherry This paper Tbet (Tbx21) uniprot Q9UL17

pHR_Gal4UAS_humanTRAIL _IRES_mCherry_PGK_tBFP This paper TRAIL (TNF10) uniprot P50591

pHR_Gal4UAS_human_leucinezipperTRAIL _IRES_

mCherry_PGK_tBFP

This paper Leucine zipper TRAIL described in Walczak

et al., 1999

pHR_Gal4UAS_Pembrolizumab_heavychain_T2A_

Pembrolizumab_lightchain_PGK_mCherry

This paper Pembrolizumab http://www.drugbank.ca/

drugs/DB09037

pHR_Gal4UAS_Tremelimumab_PGK_mCherry This paper Tremelimumab http://www.google.com/

patents/US20090074787

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pHR_Gal4UAS_ Pembrolizumab_heavychain_T2A_

Pembrolizumab_lightchain_P2A_antiCTLA4scFv_

PGK_mCherry

This paper Pembrolizumab http://www.drugbank.ca/

drugs/DB09037

pHR_Gal4UAS_Blinatumomab_PGK_mCherry This paper Blinatumomab http://www.drugbank.ca/

drugs/DB09052

pHR_Gal4UAS_FliC_IRES_mCherry_PGK_tBFP This paper FliC from S. typhi uniprot P06179

Sequence-Based Reagents

Key sequence-based reagents Table S1 N/A

Software and Algorithms

Prism Version 7a Graphpad N/A

FlowJo V10.0.8 TreeStar N/A

xPONENT software 3.1 Luminex Corp N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Reagent requests should be directed and will be fulfilled by lead author Wendell Lim (Wendell.lim@ucsf.edu). To ensure a fast

response, please copy Noleine.Blizzard (noleine.blizzard@ucsf.edu) and Joan Garbarino (joan.garbarino@ucsf.edu) in any requests

related to the paper.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Source of Primary Human T Cells
Blood was obtained from Blood Centers of the Pacific (San Francisco, CA) as approved by the University Institutional Review Board.

Primary CD4+ and CD8+ T cells were isolated from anonymous donor blood after apheresis (described in METHOD DETAILS).

Animal Model Details
Animal studies were conducted with the UCSF Preclinical Therapeutics Core under a protocol approved by the UCSF Institutional

Animal Care and Use Committee. NOD scid gamma (NSG) (female, 8�12 weeks old, Jackson Laboratory #005557) mice were

used for all in vivo mouse experiments.

METHOD DETAILS

synNotch Receptor and Response Element Construct Design
synNotch receptorswere built by fusing theCD19 scFv (Gruppet al., 2013), Her2 set of scFvs (Liu et al., 2015), LaG17 (lower affinity), or

LaG16_2 (high affinity) GFP nanobody (Fridy et al., 2014) to the mouse Notch1 (NM_008714) minimal regulatory region (Ile1427 to

Arg1752) and Gal4VP64. All synNotch receptors contain an n-terminal CD8a signal peptide (MALPVTALLLPLALLLHAARP) for mem-

brane targeting and a myc-tag (EQKLISEEDL) for easy determination of surface expression with a-myc A647 (cell-signaling #2233).

The receptors were cloned into a modified pHR’SIN:CSW vector containing a PGK promoter for all primary T cell experiments. The

pHR’SIN:CSW vector was also modified to make the response element plasmids. Five copies of the Gal4 DNA binding domain target

sequence (GGAGCACTGTCCTCCGAACG) were cloned 50 to a minimal CMV promoter. The human IL-2, IL-10, flexi IL-12 (Anderson

et al., 1997),MIP-1a, Tbet, or TRAIL, and PD-L1_T2A_IL-10 codon optimizedmRNA sequencewas cloned into aMCSdownstreamof

the Gal4 inducible promoter and 50 of an IRESmCherry reporter. All constructs were cloned via In fusion cloning (Clontech #ST0345)).

Primary Human T Cell Isolation and Culture
Primary CD4+ and CD8+ T cells were isolated from anonymous donor blood after apheresis by negative selection (STEMCELL Tech-

nologies #15062 and 15023). T cells were cryopreserved in RPMI-1640 (UCSF cell culture core) with 20% human AB serum (Valley

Biomedical, #HP1022) and 10% DMSO. After thawing, T cells were cultured in human T cell medium consisting of X-VIVO 15 (Lonza

#04-418Q), 5% Human AB serum and 10 mM neutralized N-acetyl L-Cysteine (Sigma-Aldrich #A9165) supplemented with 30 units/

mL IL-2 (NCI BRB Preclinical Repository) for all experiments.

Lentiviral Transduction of Human T Cells
Pantropic VSV-G pseudotyped lentivirus was produced via transfection of Lenti-X 293T cells (Clontech #11131D) with a

pHR’SIN:CSW transgene expression vector and the viral packaging plasmids pCMVdR8.91 and pMD2.G using FugeneHD (Promega
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#E2312). Primary T cells were thawed the same day, and after 24 hr in culture, were stimulated with Dynabeads Human T-Activator

CD3/CD28 (Life Technologies #11131D) at a 1:3 cell:bead ratio. At 48 hr, viral supernatant was harvested and the primary T cells were

exposed to the virus for 24 hr. At day 4 post T cell stimulation, Dynabeads were removed and the T cells expanded until day 9 when

they were rested and could be used in assays. T cells were sorted for assays with a FACs ARIA II.

Cancer Cell Lines
The cancer cell lines used were K562 myelogenous leukemia cells (ATCC #CCL-243), Daudi B cell lymphoblasts (ATCC #CCL-213),

MCF7 adenocarcinoma breast cancer cells (ATCC #HTB22), and HCT116 colon cancer cells (ATCC #CCL-247). K562s were lenti-

virally transduced to stably express human CD19 at equivalent levels as Daudi tumors. CD19 levels were determined by staining

the cells with a-CD19 APC (Biolegend #302212). K562s were also transduced to stably express surface GFP (GFP fused to the

PDGF transmembrane domain). All cell lines were sorted for expression of the transgenes.

In Vitro Stimulation of synNotch T Cells
For all in vitro synNotch T cell stimulations, 2x105 T cells were co-cultured with sender cells at a 1:1 ratio. After mixing the T cells and

sender cells in round bottom 96-well tissue culture plates, the cells were centrifuged for 1min at 400xg to force interaction of the cells

and the cultures were analyzed at 24 hr for reporter expression or expression of custom gene induction via flow cytometry with a BD

LSR II. All flow cytometry analysis was performed in FlowJo software (TreeStar).

Luminex MAGPIX Cytokine Quantification
Primary CD4+ T cells expressing the a-CD19 synNotch Gal4VP64 receptor and 5x Gal4 response elements controlling either human

IL-2, IL-10, IL-12, or IL-2/MIP-1a expression were stimulated as described above with K562 myelogenous leukemia cells (CD19- or

CD19+). As references, CD4+ T cells expressing the a-CD19 4-1BBz CAR were stimulated along with untransduced T cells stimu-

lated with a-CD3/CD28 Dynabeads at a 1:3 ratio. The supernatant was collected at 24 hr and analyzed with a Luminex MAGPIX (Lu-

minex) Human Cytokine Magentic 25-plex Panel (Invitrogen ref#LHC0009M) according to the manufacturer’s protocol. All cytokine

levels were calculated based on standard curves with Her2 software (Luminex).

IL-2 Intracellular Cytokine Staining and CD69 Staining
synNotch T cells controlling IL-2 production were assayed to determine if they basally produced IL-2 by intracellular cytokine stain

(ICS). The synNotch T cells and untransduced T cell controls were cultured for 6 hr in the presence of GolgiPlug (BD Biosciences

#555029). The T cells were then stained with a-IL-2 FITC (BD #340448) with a BD Biosciences ICS kit (#555028). The levels of

IL-2 were analyzed via flow cytometry with a BD LSRII.

To assess whether synNotch receptors activated the T cells, the T cells were stained after stimulation for the activation marker

CD69. CD69 expression was determined by staining the cells with a-CD69 APC (Biolegend #310910).

synNotch Driven T Cell Differentiation
Primary human CD4+ T cells were stimulated with Dynabeads Human T-Activator CD3/CD28 as described above. To differentiate

T cells into the Th1 subset during the activation, the cells were cultured as described above but with the addition of 2.5 ng/mL recom-

binant IL-12 (R&D Systems) and 12.5 mg/mL a-IL-4 clone MP4-25D2 (BD Pharmigen #554481). IL-12 and a-IL-4 were added at least

twice weekly. In parallel, primary CD4 T cells were lentivirally transduced to express human Tbet T2A mCherry (TBX21, NCBI

#EAW94804.1) and cultured normally in T cell medium supplemented with IL-2. CD4+ T cells expressing the a-CD19 synNotch

Gal4VP64 receptor and 5x Gal4 response elements controlling Tbet T2A GFP expression were cultured in the presence of CD19-

or CD19+ K562 sender cells 24 hr after viral transduction. The synNotch T cells were cultured in the presence of K562s in T cell

medium supplemented with IL-2. All T cells were cultured for 11 to 14 days and then subject to intracellular cytokine staining

(ICS) to determine the percentage of Th1 T cells.

For ICS, the T cells were first treated with 50 ng/mL Phorbal myristate acetate and 1 mg/mL ionomycin (both from Sigma) for 6 hr in

the presence of GolgiPlug. The T cells were then stained with a-Tbet BV421 (Biolegend #644816) and a-IFNg APC (Biolegend

#502512). The levels of Tbet and IFNg were analyzed via flow cytometry with a BD LSRII.

Sensitivity of Cancer Cell Lines to Recombinant TRAIL and synNotch Driven TRAIL Production in Primary T Cells
HCT116 colon cancer cells and K562s were treated with recombinant TRAIL (from 1 to 200 ng/mL, 1:2 dilution series) for 24 hr (RND

Systems #375-TEC-010). The cells were then harvested and stained with the live/dead stain, SYTOX Blue (Thermo Scientific

#S34857) and the fraction of dead cells was determined by flow cytometry on a BD LSR II. The level of the death receptor 4

(DR4) expressed by K562s was assessed by staining with a-TRAIL R1 (DR4) APC (Biolegend #307208).

For synNotch driven TRAIL cytotoxicity assays, primary human CD4+ T cells were transduced to express the a-GFP nanobody

(LaG17) synNotch Gal4VP64 receptor and 5x Gal4 response elements controlling the expression of LZ-TRAIL or cell surface wild-

type TRAIL. The synNotch TRAIL killer cells were co-cultured with surface GFP+ or GFP- K562s for 24 hr and death was determined

by staining with SYTOX Blue. Surface levels of TRAIL was determined by staining T cells with a-TRAIL (CD253) APC (Biolegend

#308210). Production and secretion of LZ-TRAIL was determined by TRAIL ELISA (R&D systems #DTRL00).
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Antibody Response Element Construct Design
The pembrolizumab (http://www.drugbank.ca/drugs/DB09037), tremelimumab (http://www.google.com/patents/US20090074787),

and blinatumomab (http://www.drugbank.ca/drugs/DB09052) codon optimized mRNA sequences were cloned into a MCS down-

stream of the Gal4 inducible promoter via Infusion cloning. Both antibody constructs consist of (from n-terminus to c-terminus):

an n-terminal human IgG heavy chain signal peptide (MDWTWRVFCLLAVTPGAHP) for secretion, a myc-tag for easy detection of

binding to target cells with a-myc AF647, the antibody heavy chain sequence, a furin cleavage site and T2A peptide, a human

IgG light chain signal peptide (MAWSPLFLTLITHCAGSWA), a HA-tag as an alternative detection means, and the antibody light chain

sequence. The Blinatumomab construct contained an n-terminal human IgK signal peptide (MDMRVLAQLLGLLLLCFPGARC). The

dual a-PD-1/a-CTLA-4 construct consists of (from n-terminus to c-terminus): an n-terminal human IgG heavy chain signal peptide

(MDWTWRVFCLLAVTPGAHP) for secretion, the pembrolizumab heavy chain sequence, a furin cleavage site and T2A peptide, a

HA-tag for detection of binding with a-HA A647 (CST #3444S), the Pembrolizumab light chain sequence, a Furin cleavage site

and P2A peptide, a human IgK signal peptide, a myc-tag, and the a-CTLA-4 scFv sequence.

synNotch Driven Antibody Production
Primary human CD4+ T cells were transduced to express the a-GFP nanobody (LaG17) synNotch Gal4VP64 receptor and a second

vector expressing a user-defined antibody under the control of a 5x Gal4 response element. 2 3 105 transduced T cells were co-

cultured 1:1 with GFP+ or GFP� K562s for 24, 48, or 72 hr to induce antibody production and secretion. Cell culture supernatant

was harvested and stored for analysis at �80�C.
To detect secreted antibody in cell culture supernatant, a cell-based binding assay was employed. K562 cells were lentivirally

transduced to stably express human PD-1 or human CTLA-4, so that these cells could serve as ‘target cells’ for cell-based binding

assays to detect antibody secreted from synNotch T cells. 53 104 target cells were blocked with human BD Fc Block (BD #564220)

prior to incubation with cell culture supernatant from co-cultures of synNotch antibody-producing T cells and inducer K562 cells.

Following incubation with cell culture supernatant, target cells were stained with a-myc AF647 to detect bound antibody (which

was myc-tagged). Flow cytometry was performed to quantify the fluorescence intensity (which correlated with amount of antibody

produced by synNotch T cells) of antibody-labeled target cells.

To quantify the amount of secrete antibody in cell culture supernatant, a standard curve was generated for the cell-based binding

assay. E6-1 Jurkat T cells (ATCC #TIB-152) were lentivirally transduced to create a stable cell line that constitutively secretes a-PD-1

pembrolizumab. Supernatant was harvested from a culture of pembrolizumab-secreting Jurkat T cells. The concentration of a-PD-1

in the supernatant was determined via human IgG4 ELISA (Life Technologies #991000). The supernatant with a known concentration

of a-PD-1 was then serially diluted and incubated with PD-1+ K562 target cells to generate a standard curve. Target cell binding of

supernatants from co-cultures of synNotch antibody-producing T cells and inducer K562 cells was then compared to the standard

curve to determine the concentration of a-PD-1 produced by synNotch T cells co-cultured with different inducer cells.

synNotch Driven Blinatumomab Production
Primary humanCD4+ T cells were transducedwith the a-GFP nanobody (LaG17) synNotchGal4VP64 receptor and 5xGal4 response

elements controlling a-CD19/CD3 BiTE, Blinatumomab expression. synNotch BiTE T cells were stimulated with either surface GFP+

or GFP- K562s for 24 hr and supernatant was harvested. The T cells were also collected and stained with a-CD69 APC (Biolegend

#310910) to determine if they were activated.

synNotch Driven Flagellin Production
Primary human CD4+ T cells were transduced with the a-GFP nanobody (LaG17) nanobody synNotch Gal4VP64 receptor and 5x

Gal4 response elements controlling S. Typhi FliC expression. 2 3 105 transduced T cells were co-cultured 1:1 with GFP+ or GFP�

K562s for 24 hr to induce flagellin production. Cell culture supernatant was harvested 24 hr after stimulation and added to wells

containing HEK-Blue hTLR5 reporter cells (Invivogen) that express secreted alkaline phosphatase (SEAP) under control of a TLR5

inducible NF-kB promoter. Recombinant FliC (Invivogen) was utilized as a positive control. Twenty-four hours later supernatant

was harvested from HEK-TLR5 cells and alkaline phosphatase activity quantified in a colorimetric assay using QUANTIBLUE detec-

tion reagent (Invivogen) with a Flexstation III (Molecular Devices).

synNotch Driven PD-L1 and IL-10 Production
Primary human CD4+ T cells were transduced with the a-CD19 synNotch Gal4VP64 receptor and 5x Gal4 response elements con-

trolling humanPD-L1 T2A IL-10 expression. The synNotch T cells were stimulatedwith either surfaceCD19+ or CD19- K562s for 24 hr

and supernatant was harvested for IL-10 ELISA analysis (eBiosciences #BMS215/2). The T cells were also collected and stained

separately for intracellular IL-10 with a-IL-10 APC (Biolegend #501410) and for surface PD-L1 with a-PD-L1 BV421 (Biolegend

#329714).

Xenograft Tumor Model, Cell Isolation, and Flow Cytometry
Animal studies were conducted with the UCSF Preclinical Therapeutics Core under a protocol approved by the UCSF Institutional

Animal Care and Use Committee. NOD scid gamma (NSG) (female, 8�12 weeks old, Jackson Laboratory #005557) mice were
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used for all in vivo mouse experiments. Primary CD4+ and CD8+ T cells expressing the a-CD19 synNotch Gal4VP64 receptor and 5x

Gal4 response elements controlling human IL-2 IRES mCherry were sorted and used in the experiments.

For in vivo synNotch driven localized IL-2 production experiments, NSGmice were injected on day 0 with 5x106 CD19- and CD19+

K562s subcutaneously on the left flank and right flank of the mice, respectively. The tumors were allowed to establish for 4 days and

T cells were injected via the tail vein (i.v.) on day 4 or intratumoral on day 8. The T cells were suspended in PBS for all injections. CD4+

and CD8+ synNotch T cells were injected at a 1:1 ratio. For i.v. injections, 6x106 total T cells were injected, and for intratumoral

injections, 5x105 total T cells were injected.

Tumors were harvested at day 10 into RPMI supplemented with 1% FBS (UCSF Cell Culture Core). The tumors were then minced

by razor blade and digested for an hour in RPMI with 0.1 mg/mL DNase (Roche #10104159001) and 0.2 mg/mL collagenase P

(Roche # 11249002001) at 37�C. After incubation, the digested tumors were passed over a 75 mm cell strainer and the tumor cells

were collected by centrifugation. The cells were then treated with red blood cell lysis buffer (Biolegend #420301) and washed

with PBS. The tumors were then stained with a LIVE/DEAD Green (Thermo Scientific #34969) and a-CD4 A647 (BD 557707) and

a-CD8 BV786 (BD #563823) to analyze the tumor infiltrating T cells. Expression of IL-2 IRES mCherry was assessed in the CD4+

and CD8+ T cell populations with a BD LSR II.

For in vivo synNotch driven localized Blinatumomab experiments, NSG mice were injected on day 0 with 5x106 CD19+ only and

surface GFP/CD19+ K562s subcutaneously on the left flank and right flank of the mice, respectively. The tumors were allowed to

establish for 4 days. Primary human CD4+ and CD8+ T cells (6 3 106 total T cells 1:1 CD4+ and CD8+ T cells) transduced with

the a-GFP nanobody (LaG17) synNotch Gal4VP64 receptor and 5x Gal4 response elements controlling the a-CD19/CD3 BiTE,

Blinatumomab, expression or untransduced T cells were injected via the tail vein (i.v.) on day 4. Tumor growth was monitored by

caliper for 25 days after tumor cell implantation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined by Student’s t test (two-tailed) unless otherwise noted. All statistical analysis was performed

with Prism 7a (Graphpad) and p values are reported (n.s. = p > 0.05, * = p% 0.05, ** = p% 0.01, *** = p% 0.001, **** = p% 0.0001). All

error bars represent either SEM or SD.
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Supplemental Figures

α-CD19 synNotch Gal4VP64 T cells
with 5xGal4UAS tBFP PGK mCherry
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Figure S1. synNotch Receptors Drive Antigen-Dependent Custom Gene Regulation in Primary Human T Cells, Related to Figure 1

(A) Two dimensional dot plots of CD4+ (left plot) and CD8+ (right plot) primary human T cells transduced with the a-CD19 synNotch Gal4VP64 receptor (myc

tagged) and 5xGal4 response elements controlling expression of BFP. The response element vector also contains a PGK promoter that drives constitutive

expression of mCherry to identify the T cells with the inserted response elements. All BFP reporter expression analysis was performed on T cells that had both the

synNotch receptor and the corresponding 5xGal4 response elements controlling BFP expression (population outlined in red box).

(B) Histograms showing selective induction of the BFP reporter in synNotch receptor receiver CD8+ T cells in response to CD19+ K562s or Daudi Tumor cells

compared to CD19- K562 control cells after 24 hr of co-culture (representative of R 3 experiments).

(C) Histograms showing CD19 levels on K562s and Daudi tumor cells. Daudi tumors naturally express CD19 and K562s ectopically express CD19 at similar levels.

(D) Two dimensional dot plots similar to (A) of a-Her2 synNotch Gal4VP64 receptor variants (scFv ID and affinity is given) expressing CD4+ (top row) and CD8+

(bottom row) primary human T cells. Each column is for a particular a-Her2 scFv affinity variant. All BFP reporter expression analysis was performed on T cells in

the red outlined gate as in (A).

(E) Histograms showing selective induction of the BFP reporter in a-Her2 synNotch receptor receiver CD4+ and CD8+ T cells in response to surface Her2+MCF7

breast cancer cells compared to no senders cells added after 24 hr of co-culture (representative of R 3 experiments).

(F) Two dimensional dot plots similar to (A) for a-GFP nanobody synNotch Gal4VP64 receptor expressing CD4 (top row) and CD8 (bottom row) primary human

T cells. Each column is for a particular a-GFP nanobody affinity variant (LaG17, LaG16-2). All BFP reporter expression analysis was performed on T cells in the red

outlined gate as in (A).

(G) Histograms showing selective induction of the BFP reporter in a-GFP (LaG17 or LaG16_2) synNotch receptor receiver CD8+ T cells in response to surface

GFP+ compared to surface GFP- K562s after 24 hr of co-culture (representative of R 3 experiments).

(H) Histograms showing total GFP level in K562 cancer cells expressing surface GFP compared to K562 GFP- controls.
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Figure S2. synNotch Receptors Drive Customized Cytokine Profiles, Related to Figure 2

(A) CD4+ primary human T cells were engineered with the a-CD19 synNotch Gal4VP64 receptor and the associated 5xGal4 response elements in control of IL-2

production.

(B) Two dimensional dot plot (left panel) of CD4+ primary human T cells transduced with the a-CD19 synNotch Gal4VP64 receptor and 5xGal4 response elements

controlling expression IL-2 expression IRES mCherry. The response element vector also contains a PGK promoter that drives constitutive expression of BFP to

identify the T cells with the inserted response elements. T cells that had both the synNotch receptor and the corresponding 5xGal4 response elements controlling

IL-2 IRES mCherry expression were sorted and used for all corresponding assays in Figures 3 and S3. (orange shaded box). The left panel shows no basal

induction of the IL-2 IRES mCherry reporter in dual positive T cells compared to untransduced T cells.

(C) Dot plots of intracellular cytokine stains for IL-2 are shown for unstimulated CD4+ and CD8+ T cells, unstimulated a-CD19 synNotch Gal4VP64 T cells

controlling IL-2 production, and positive control T cells stimulated with PMA/ionomycin for 6 hr.

(D) The basal and stimulated IL-2 levels are given for supernatants harvested from untransduced CD4+ T cells, a-CD19 4-1BBz CAR T cells, and a-CD19

synNotch Gal4VP64 T cells controlling IL-2 production (n = 4).

(E) CD69 levels (left column) and IL-2 IRES mCherry reporter levels in control CD4+ T cells stimulated with a-CD3/CD28 dynabeads and a-CD19 synNotch

Gal4VP64 T cells controlling IL-2 production stimulated with CD19- or CD19+ K562s. CD69 is not upregulated on synNotch T cells upon stimulation with cognate

antigen.

(F) CD4+ human primary T cells were engineered with the a-CD19 synNotch Gal4VP64 receptor and the associated 5xGal4 response elements in control of IL-10

production.

(G) Equivalent data to (B) for CD4+ primary human T cells transduced with the a-CD19 synNotch Gal4VP64 receptor and 5xGal4 response elements controlling

expression of IL-10 IRES mCherry expression.

(H) Equivalent data to (D) for CD4+ primary human T cells transduced with the a-CD19 synNotch Gal4VP64 receptor and 5xGal4 response elements controlling

expression IL-10 IRES mCherry expression.

(I) Equivalent data to (E) for CD4 primary human T cells transduced with the a-CD19 synNotch Gal4VP64 receptor and 5xGal4 response elements controlling

expression IL-10 IRES mCherry expression.
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Figure S3. synNotch Receptor Circuits Can Skew T Cell Differentiation, Related to Figure 3

(A) Quantification of replicate data from Figure 4C. CD4+ T cells with a-CD19 synNotch Gal4VP64 receptor response elements controlling Tbet T2A GFP

expression were co-cultured with CD19+ or CD19- K562s for 24 hr. The percentage of T cells with Tbet T2A GFP expression is quantified showing Tbet was only

upregulated when the T cells were exposed to CD19+ K562s (n = 3).

(B) Representative dot plot of CD4 T cells stimulated with a-CD3/CD28 dynabeads and intracellularly stained for the Th1 cytokine IFNg after 11 days in culture.

The IFNg+ positive gate is boxed in red.

(C) Representative dot plot similar to (B) for CD4+ T cells cultured for 11 days in Th1 differentiation conditions (IL-12 + a-IL-4) (n = 4).

(D) Representative histograms of CD4 T cells with constitutive overexpression of Tbet T2A mCherry at 48 hr post transduction.

(E) Representative dot plot of intracellular stains of CD4+ T cells with constitutive overexpression of Tbet T2A mCherry for Tbet and IFNg after 11 days of culture

(n = 6). Dual positive Tbet and IFNg T cells are boxed in red.
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Figure S4. synNotch Receptor Circuits Can Be Used to Engineer Customized Killer T Cells, Related to Figure 4

(A) Rested CD4+ and CD8+ T cells were restimulated for 24 hr with a-CD3/CD28 dynabeads and stained for cell surface TRAIL. Neither T cell subset acutely

upregulates TRAIL expression.

(B) Cancer cells vary in their sensitivity to recombinant TRAIL-mediated apoptosis. HCT116 colon cancers have the death receptors bound by TRAIL and are

sensitive to low level TRAIL treatment. K562s express the death receptors for TRAIL but are insensitive to TRAIL treatment.

(C) Surface GFP- or GFP+ K562s or HCT116 cancer cells were treated with 0 to 200 ng/mL of recombinant TRAIL for 24 hr and death was monitored via flow

cytometry by staining with the dead stain SYTOX blue (n = 4).

(D) Histogram of K562s stained for the death receptor 4 (DR4) bound by TRAIL. K562s express the receptor their resistance to TRAIL-mediated apoptosis.

(E) Representative dot plots of CD4+ T cells transduced with the LaG17 a-GFP nanobody synNotch Gal4VP64 and 5xGal4 response elements controlling

expression of leucine zipper TRAIL (LZ-TRAIL left panel) or full-length surface TRAIL (right panel). The level of the mCherry reporter of TRAIL expression is shown

below for the dual positive T cells and control untranduced T cells.

(F) CD4+ T cells transduced with the LaG17 a-GFP nanobody synNotch Gal4VP64 and 5xGal4 response elements controlling expression LZ-TRAIL were co-

cultured with surface GFP- or GFP+ K562s for 24 hr to determine if LZ-TRAIL is secreted only in response to GFP+ K562s.

(G) Histograms showing the level of mCherry reporter levels of TRAIL production in sorted synNotch CD4 LZ-TRAIL T cells shown in (E) were co-cultured with

surface GFP = or GFP+ K562s. The reporter was exclusively activated in response to surface GFP+ K562s.

(H) TRAIL ELISA of supernatant from sorted synNotch CD4 LZ-TRAIL T cells co-cultured with either surface GFP- or GFP+ K562s for 24 hr (n = 2).



Figure S5. synNotch Receptor Circuits for Antigen-Dependent Production of Antibodies, Adjuvants, and Immune Suppressive Agents,

Related to Figure 5

(A) CD4+ T cells were engineered with the a-GFP synNotch controlling the expression of Pembrolizumab (a-PD-1 myc) or Tremelimumab (a-CTLA4 myc). After

24 hr of stimulation of the T cells with surface GFP+ or GFP- K562s, the supernatant was collected and used to stain PD-1+ or CTLA4+ K562s. Secreted antibody

binding to target cells was monitored via flow cytometry after secondary staining with a-myc A647 (representative of 3 replicates).

(B) Histograms of PD-1+ K562s stained with Pembrolizumab antibody (myc tagged) at known concentrations (see the STAR Methods). Pembrolizumab binding

was monitored by secondary staining with a-myc A647. The MFI of stained PD-1+ K562 cells for each antibody dilution was plotted and fit via linear regression.

The derived linear equation was used to quantify the amount of secreted antibody in (C).

(C) CD4+ T cells were engineered with the a-GFP synNotch controlling the expression of Pembrolizumab (a-PD-1 myc). After 48 and 72 hr of stimulation of the

T cells with surface GFP+ or GFP- K562s, the supernatant was collected and used to stain PD-1+ K562s. The calculated concentration of secreted Pem-

brolizumab is given at each time point based on the standard curve from (B) (representative of 3 replicates)

(D) CD4+ T cells were engineered with the a-GFP synNotch receptor controlling the expression of Flagellin. Supernatant was harvested from the synNotch T cells

or untransduced T cells after co-culture with surface GFP+ or GFP- K562s and added to hTLR5 HEK-blue secreted alkaline phosphatase (SEAP) reporter cells.

After 24 hr, SEAP activity was monitored and the level of Flagellin in the supernatant was measured a purified Flagellin standard (n = 3, error bars = SD).

(E) Representative histograms of CD4+ T cells engineered with the a-CD19 synNotch receptor controlling the expression of PD-L1 and IL-10 after co-culture with

CD19+ or CD19- K562s for 24 hr. These data were used to calculate the percentage of cells expressing PD-L1 and intracellular IL-10 in Figure 5D (representative

of 3 replicates).



Figure S6. SynNotch Receptor T Cells Locally Produce Cytokines and Therapeutic Agents In Vivo, Related to Figure 6

(A) Two dimensional dot plots of CD4+ (left plot) and CD8+ (right plot) primary human T cells transduced with the a-CD19 synNotch Gal4VP64 receptor (myc

tagged) and 5xGal4 response elements controlling expression of IL-2 IRES mCherry. The response element vector also contains a PGK promoter that drives

constitutive expression of BFP to identify the T cells with the inserted response elements. T cells in the red shaded box were sorted and used for all in vivo and

in vitro experiments.

(B) Histograms of IL-2 IRES mCherry reporter levels in tumor and spleen infiltrated CD8+ synNotch T cells injected i.v. showing selective expression of the

mCherry reporter in target CD19+ tumors (data representative of the same 3 replicate mice in Figure 6B).

(C) Quantification of the percentage of tumor infiltrated CD4+ and CD8+ synNotch T cells that induced expression of themCherry reporter of IL-2 expression from

replicate data shown in Figure 6B and (B) (n = 3, significance determined by Student’s t test ***p < 0.001 and ****p < 0.0001).

(D) Quantification of the percentage CD4+ and CD8+ synNotch T cells that induced expression of the mCherry reporter of IL-2 expression after in vitro co-culture

with CD19+ or CD19 = K562s (n = 3, significance determined by Student’s t test ***p % 0.001 and ****p % 0.0001).

(legend continued on next page)



(E) Two dimensional dot plots showing the percentage of CD4+ and CD8+ T cells in representative single cell suspensions generated from the harvested

spleen and CD19+ and CD19- tumors from a mouse i.v. injected with synNotch T cells controlling the expressing of IL-2 (same mouse analyzed in Figures 6A

and 6B and [B]).

(F) CD4+ and CD8+ synNotch T cells were directly injected into both the CD19- and CD19+ tumor 8 days after tumor implantation. Tumors were harvested at day

10 and infiltrating T cells were analyzed for IL-2 mCherry reporter expression by flow cytometry. Histograms of IL-2 IRES mCherry reporter levels in tumor in-

filtrated CD4+ and CD8+ synNotch T cells injected intratumorally, showing selective expression of the mCherry reporter in target CD19+ tumors are given (data

representative of 3 replicate mice).

(G) Bilateral CD19+ and GFP/CD19+ K562 tumor growth curves in mice treated with untransduced control CD4+ and CD8+ primary human T cells. The single

antigen CD19+ tumor and dual antigen GFP/CD19+ tumor grew out at the same rate. The growth curve of the single antigen CD19+ frommice treated with CD4+

and CD8+ engineered with the a-GFP synNotch receptor controlling Blinatumomab (a-CD19/CD3 BiTE) expression is provided as a reference showing minimal

slowed growth (n.s. at day 19) compared to control conditions (n = 5 mice, error = SEM, significance determined by Student’s t test n.s. = pR 0.05 **p% 0.01).
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