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Next Generation Receptors for the Enhanced Control of Cell-based Immunotherapies 

Iowis Zhu 

Abstract 

Many potential immunotherapies are hindered by poor efficacies and unacceptable toxicities, 

such as on-target, off-tumor toxicity. In contrast to constitutive CAR expression, inducing a T cell 

to only express a CAR in the presence of a second tumor antigen adds additional regulation over 

the cytotoxic response. The ability to tune the level and duration of an induced cell-based 

immunotherapeutic would also further improve on the safety of cell-based immunotherapies and 

provide a platform for robust tuning of an immunotherapeutic regimen. In pursuit of this goal, I 

have engineered a set of SyNthetic Intramembrane Proteolysis Receptors (SNIPRs), a series of 

Type I transmembrane proteins which, upon binding to their designated target, activate an 

orthogonal transcriptional program. Compared to current synthetic receptor designs, SNIPRs are 

smaller, more well-expressed, more sensitive, and more easily tunable in response to surface 

antigen and certain soluble antigens. I have demonstrated that SNIPRs, when expressed in 

human primary T-cells, can respond to tumor cells both in vitro and in vivo by outputting 

regulatable levels of a CAR or cytokine. I have also demonstrated in vivo that a SNIPR-CAR 

circuit can specifically clear a dual positive tumor and a SNIPR-superIL2 circuit can improve tumor 

clearance at lower T cell dosages. Together, these data demonstrate the potential for SNIPRs in 

the development of safer and more effective cell-based immunotherapeutics. 
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Chapter 1 

Introduction: Engineered receptors in synthetic immunology and immunotherapy 

 

Iowis Zhu1,2*, Dan I. Piraner1,2, Kole T. Roybal1,2,3,4,5,6† 

 

1Department of Microbiology and Immunology, University of California, San Francisco, San 

Francisco, California, 94143, USA 

2Parker Institute for Cancer Immunotherapy, San Francisco, California, 94143, USA 

3Helen Diller Family Comprehensive Cancer Center, University of California, San Francisco, San 

Francisco, California, 94158, USA 

4Chan Zuckerberg Biohub, San Francisco, California, 94158, USA 

5Gladstone UCSF Institute for Genetic Immunology, San Francisco, CA, 94107, USA 

6UCSF Cell Design Institute, San Francisco, California, 94158, USA 

 

1.1 Summary 

The immune system is composed of an array of specialized cells designed to keep us healthy by 

recognizing and responding to non-self molecular motifs. Prior investigation into the mechanisms 

behind immune cell behavior has led to the development of powerful immunotherapies, including 

chimeric antigen receptor T cells (CAR-T cells). While these tools have demonstrated 

unprecedented efficacy in treating blood cancers, issues regarding their safety and efficacy have 

hindered the use of immunotherapies in a wider spectrum of diseases. More recently, the 

integration of synthetic biology and immunotherapy has led to several advancements that promise 

improved safety and performance. This next-generation of engineered immune cells seeks to 

expand the range of treatable diseases, fine-tune the desired immune response, and improve 

therapeutic cell potency. Here, we will examine current synthetic biology advances that improve 
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on existing technologies and discuss the potential benefits of the next generation of engineered 

immune cell therapies. 

 

1.2 Introduction: Potential for immune cells as therapies 

Cell-based therapy represents a paradigmatic shift in our ability to treat cancer and other 

diseases. Although this rapidly expanding field encompasses a wide range of cell types, including 

bacteria and eukaryotes, patient-derived immune cells have emerged as the most promising 

platform for the development of engineered living therapeutics. Immune cells have several 

intrinsic features that support their use in this context. To continually protect us from disease, 

immune cells constantly survey nearly every tissue in the body, ready to respond to a wide variety 

of potential insults. The innate immune system rapidly reacts to pathogenic motifs, such as 

endotoxins or viral RNA, while the adaptive immune system can recruit a diverse response 

against a wider range of antigens and generate immunological memory. A normal immune 

response is also self-regulating, with inflammation followed by subsequent healing and repair. 

Practically, immune cells, particularly T cells, can be quickly isolated from a patient’s whole blood 

and expanded for therapeutic use. These qualities make immune cells an ideal candidate for 

therapeutic engineering. 

 

1.3 History of Cellular Immunotherapy in Cancer 

Leveraging our own bodies to treat cancer can be traced to the ancient Egyptian physician 

Imhotep, who made incisions at tumor sites to allow bacterial infection to incite an immune 

response and induce tumor regression. In the 1800s, Dr. William Coley noted the spontaneous 

remission of a facial sarcoma that had been infected with Streptococcus pyogenes and pursued 

bacteria-stimulated immune recruitment as a treatment modality (1). Cancer immunology fell by 

the wayside for most of the 20th century, with the notable exception of BCG treatment for bladder 

cancer (2), which remains in widespread clinical use (3). Rosenberg and colleagues pioneered 
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the direct infusion of cancer-directed immune cells in the late 1980s, demonstrating autologous 

Tumor-Infiltrating Lymphocyte (TIL) extraction from surgically resected melanoma tumors 

followed by reinfusion into patients (4).  Exogenous control over antigen-presenting cells (APCs) 

loaded ex vivo with tumor antigens culminated in the 2010 approval of Sipeleucel-T (Provenge) 

for prostate cancer (5). However, the introduction of the chimeric antigen receptor (CAR) 

powerfully demonstrated the convergence of cancer immunotherapy and synthetic biology and 

underscored the main advantages of cell-based immunotherapies: their autonomy, 

programmability, longevity, and potency (Fig. 1.1). 
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Figure 1.1 Timeline of Cellular Immunotherapy 
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1.4 CAR-T Therapy in Liquid Tumors: Early Challenges and Successes 

Upon T cell receptor (TCR) recognition of peptide-MHC complexes presented by antigen-

presenting cells (APCs), conventional T cells respond via the targeted destruction of the APC, 

release of pro-inflammatory cytokines, and recruitment of additional immune cells. Rationally 

redirecting T cell activity through an engineered chimeric receptor was first demonstrated in the 

late 1980s by combining the intracellular signaling machinery of the TCR with the variable region 

from antibodies (6,7). As antibody binding does not require MHC, these receptors could potentially 

respond to a wider range of motifs than the native The TCR CD3ζ chain was later found to be 

sufficient to produce TCR-like signaling when fused with the extracellular domain from CD8 (8), 

and subsequent optimization by Eshhar et. al. produced a single-chain receptor comprised of 

antibody variable chains fused with CD3ζ, the first-generation CAR (9).  

 

Early clinical trials testing first-generation CAR T cells involved anti-CAIX/FCRy CAR-T cells in 

renal carcinoma patients (10), anti-Folate Receptor/FCRy CAR-T cells in ovarian cancer patients 

(11), and anti-TAG-72 CAR-T cells in colorectal cancer patients (12). Unfortunately, the CAR-T 

cell population did not provide a therapeutic benefit while decaying significantly post-infusion and 

demonstrating systemic toxicity. These issues were reduced in the second-generation CAR, 

which added co-stimulatory domains such as CD28 (13), 4-1BB (14), and OX40 (Fig. 1.2) (15). 

 

The rise of modern CAR-T therapy was accelerated by targeting CD19, a B cell marker expressed 

on B cell leukemias. A joint NCI-Kite Pharma endeavor produced an anti-CD19 CAR T cell therapy 

utilizing the CD28 co-stimulatory domain (axicabtagene ciloleucel) which targeted 

relapsed/refractory diffuse large B-cell lymphoma (DLBCL) (16). In parallel, efforts at the 

University of Pennsylvania led the development of an anti-CD19 CAR-T cell therapy utilizing the 

4-1BB costimulatory domain (tisagenlecleucel) for relapsed/refractory acute lymphoblastic 

leukemia (B-ALL) (17).  Highly newsworthy success of these therapies in single-patient trials and 
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subsequent large cohort trials resulted in FDA approval in 2017. Subsequent FDA approvals have 

since been granted to Kite Pharma’s brexucabtagene autoleucel (CD19; Mantle Cell Lymphoma) 

in 2020, as well as Juno Therapeutics’ lisocabtagene maraleucel (CD19; DLBCL) and Bluebird 

Bio’s idecabtagene vicleucel (BCMA; multiple myeloma) in 2021.  

 

1.5 Current Challenges in the cell-based immunotherapeutic treatment of solid cancers 

Unfortunately, the success of CAR-T therapy in treating liquid hematological cancers has not been 

replicated in solid organ cancers. This difficulty can be attributed to a lack of truly solid tumor-

specific antigens, leading to “on-target, off-tumor” toxicity, as well as an immunosuppressive 

tumor microenvironment that promotes T cell exhaustion and anergy. 

 

1.6 On-target, Off-tumor Toxicity 

On-target, off-tumor toxicity, where CAR T cells react to cancer antigens expressed on healthy 

tissues, has been observed since the first published CAR-T cell trials, where CAIX-redirected T 

cells targeting renal cell carcinomas also attacked the biliary duct, resulting in unacceptable liver 

toxicity (10). Anti-CD19 CAR-T therapies for B cell cancers also produce a significant on-target, 

off-tumor effect in the form of B cell aplasia (18,19), as well as indirect neutropenia (20) and 

transient neurotoxicity (21,22). While the resulting B cell depletion can be clinically managed by 

IgG replacement therapy (23), few solid organs are similarly dispensable, necessitating a 

stringent method for discriminating solid tumors from healthy tissues. Indeed, case reports of 

CAR-T cell infiltration into unintended tissues, leading to organ failure and death, speak to the 

need for caution in the choice of target. (24). 
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Figure 1.2. Basic CAR Design. Current CARs contain a signal peptide that directs them to the 
plasma membrane, a tag that can be used to stain for expression, a ligand binding domain (LBD) 
that specifies a target antigen, a hinge which connects the LBD to the transmembrane domain 
(TMD), co-stimulatory domains, and the signaling chain from CD3zeta. Fourth-generation CARs 
also add an additional cytokine payload that is often driven by an NFAT response element. 
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1.7 Tumor microenvironment 

To blunt tumor rejection, tumor microenvironments are strongly immunosuppressive. Tumor 

overproduction of VEGF inhibits immune cell recruitment and function by generating locally 

malformed blood vessels that suppress lymphocyte adhesion ligands, induce hypoxia, and restrict 

metabolism. Tumor-recruited myeloid-derived suppressor cells (MDSCs), a mixed population of 

immature and progenitor myeloid cells, produce immunosuppressive factors such as arginase 1, 

inducible nitric oxide synthase (iNOS), reactive oxygen species (ROS), and peroxynitrite (25). 

Tumor-associated macrophages (TAMs) undergo repolarization from a pro-inflammatory M1 

phenotype to an immunosuppressive M2 phenotype and promote tumor survival, invasion, and 

metastasis (26). Tumor-expressed CCL5 and other homing cytokines recruit circulating regulatory 

T cells (Tregs), while reprogramming factors such as TGFβ and IL-10 generate Tregs in situ from 

naive T cells (27). In turn, Tregs suppress infiltrating cytotoxic T lymphocytes (CTLs) via 

expression of the immune checkpoints CTLA-4 and LAG-3, along with further secretion of 

inhibitory cytokines, such as TGF-β, IL-10, and IL-35. In addition to recruiting immunosuppressive 

cells, tumors can also directly produce immunosuppressive cytokines as well as exosomes 

displaying death ligands, such as PD-L1 (28). Combined, these factors reduce therapeutic 

efficacy by inducing T cell anergy and exhaustion, resulting in hypofunctionality of tumor-localized 

T-cells (Fig. 1.3) (29). 

 

1.8 Exhaustion 

T cell exhaustion is characterized by reduced T cell functionality and is commonly observed during 

chronic stimulation in a tumor. In addition, CARs, perhaps due to their relatively simple design 

and lack of endogenous regulation, also produce greater levels of tonic signaling than the 

standard TCR (30). CAR-T cells with constitutive CAR expression also often demonstrate higher 

markers of T cell activation and exhaustion (CD25, Lag3, PD-1, CD39, etc.) prior to infusion, 
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thereby lowering their initial quality (Fig. 1.4). The choice of co-stimulatory domain impacts 

exhaustion levels, with 4-1BB demonstrating less exhaustion than CD28 (31).  

 

High quantitative CAR expression has also been shown to induce additional mechanisms of T 

cell dysfunction, such as Fas-dependent cell death (32). Early T cell exhaustion induced by high 

basal CAR activity may inhibit the beneficial formation of long-term central memory. However, 

clinical trials have suggested that a certain degree of autonomous signaling may improve 

outcomes in 4-1BB CAR-T cells by preventing anergy (33).    
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Figure 1.3. The tumor microenvironment produces multifaceted T cell suppression. 
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Figure 1.4. T cell exhaustion occurs during chronic antigen stimulation. 
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1.9 Systemic toxicity (Cytokine Storm/ICANS) 

In addition to on-target, off-tumor toxicity, CAR-T cell overactivation can result in Cytokine 

Release Syndrome (CRS), a systemic inflammatory response that can lead to TNFα-induced 

vasodilation, hypoxia, and multi-organ failure. Inflammatory cytokines produced by activated 

CAR-T cells activate the IL-1/IL-6 inflammatory pathway in macrophages, resulting in high levels 

of TNFα release (34). CRS must therefore be managed through IL-6 blockade (tocilizumab) and 

corticosteroids (35), resulting in additional labor, expense, and risk of excessive 

immunosuppression.  

 

A frequent side effect of anti-CD19 CAR-T cell therapy is immune effector cell-associated 

neurotoxicity syndrome (ICANS). Recent work suggests a causal role for monocyte-derived IL-1 

in the development of ICANS, and the recombinant IL-1 receptor blocker Anakinra may be a viable 

treatment (36).  

 

Next generation CAR designs should be graded for T cell activation, proliferation, cytotoxicity, 

and markers of anergy and exhaustion. Synthetic biology strategies to control the amplitude, 

duration, and location of CAR-T cell activity may enable cell-intrinsic control of systemic toxicities, 

thus reducing the risks, cost, and labor of CAR-T cell administration and management (Fig. 1.5). 
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Figure 1.5. Proposed solutions to current challenges in immunotherapy. 
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1.10 Next-generation CAR designs 

CAR structural components, including the ligand binding domain (LBD), hinge domain (HD), 

transmembrane domain (TMD), and costimulatory domains, all play a role in CAR functionality. 

CAR-T cells with weaker LBDs have been shown to produce enhanced proliferation and 

reduced toxicity (37). TMD substitution experiments have revealed that the TMD affects 

receptor expression, cytotoxicity, oligomerization with both CAR and endogenous proteins, and 

susceptibility to activation-induced cell death (AICD)  (38–41). To date, the CD8 and CD28 

hinge domains and TMDs have produced the most optimal CAR performance. 

 

First-generation CARs utilized the CD3ζ intracellular signaling tail, while second and third 

generations CARs added one or two costimulatory domains, respectively. The fourth generation 

CAR incorporates an activatable NFAT response element driving a cytokine payload such as IL-

12 (42). Engineered cytokines, including a derivative of IL-2 that maintains cytotoxic lymphocyte 

stemness, could also serve here as clinically-relevant payloads (43). Recently, a fifth generation 

CAR, which includes binding sites for STAT3 and CD247, is purported to contain all necessary 

signaling components for a full T cell response (44).  

 

Novel costimulatory domains that confer enhanced proliferation and reduced exhaustion can be 

sourced from endogenous signaling proteins as well as synthetic domains with known 

costimulatory motifs, such as the consensus PI3K binding site YxxM (45–48). In addition, 

mutations to both primary CD3ζ signaling domains and costimulatory (CD28) signaling domains 

can improve cytotoxicity and resistance to exhaustion (49,50).  The spatial configuration of 

costimulatory domains also influences CAR efficacy, as second generation CAR-T cells co-

expressing additional costimulatory molecules on separate protein chains can outperform their 

respective third-generation receptor counterparts (Fig. 1.5) (51,52). 
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Determining an optimal CAR architecture is hindered by a lack of completeness and 

consistency in the recorded data. Global conclusions are often based on data collected from a 

subset of all CAR components, such as an evaluation of only immunoglobulin-derived hinge 

domains (53). Additionally, different groups ascribe the same name, such as CD8α hinge, to 

different protein regions (39,54). Finally, the size and oligomerization state of an antigen can 

affect the optimal CAR configuration. The creation of an actively curated parts repository, 

consisting of standardized sequences annotated with consistent quantitative measures including 

cytotoxicity, proliferation, and exhaustion metrics, would greatly help with addressing these 

issues. 

 

1.11 Synthetic signaling platforms in immune cells  

Engineering cells with programmable analog behaviors will provide the foundation for the next 

generation of cellular immunotherapies. One of the first AND-gated logic circuits to control CAR-

T cell function was the co-expression of a first-generation CAR with a chimeric costimulatory 

receptor (CCR) combining an scFv against a secondary target (PSMA) with the CD28 

costimulatory domain (55). However, CAR-T cells equipped with this circuit were prone to 

erroneous activation in response to sole activation of the first-generation CAR. This behavior 

was accentuated by imbalances in ligand expression between the CAR and CCR targets. A 

similar strategy can be used to construct NOT gates, whereby an inhibitory chimeric antigen 

receptor (iCAR), consisting of an scFv targeting an off-tumor antigen coupled with an inhibitory 

CTLA-4 or PD-1 intracellular domain, blocked off-tumor CAR activation (56). Despite these early 

discoveries, greater control of CAR function required a modular platform to fully utilize logic 

gating. 

 

Synthetic signaling platforms must transmit an arbitrary signal across the cell membrane and 

convert it into a programmable cellular behavior. An early major milestone from the Leonard 
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group was a synthetic heterodimer receptor, with a “protease” chain consisting of a membrane-

bound tobacco etch virus protease (TEV) and a “target” chain equipped with a TEV-cleavable 

transcription factor (TF) (57). This receptor class, named Modular Extracellular Receptor 

Architecture (MESA), was activated when the assembly of the heterodimer around a target 

ligand produced proximity-mediated TEV cleavage, releasing the TF to traffic to the nucleus 

(Fig. 1.6). While initial MESA designs demonstrated significant ligand-independent activation 

and were triggered by synthetic dimerizing agents (tdTomato or Rapamycin), subsequent 

iterations respond to tumor-relevant targets, such as VEGF (58).  

 

1.12 Synthetic Notch-like receptors 

In 2016, Morsut and Roybal reported the development of the synthetic Notch receptor 

(synNotch), a high performance single-chain receptor that couples arbitrary ligand sensing to 

downstream transcriptional activity (Fig. 1.6). Unlike the fully transgene-encoded cleavage 

apparatus of MESA, the Notch-derived regulatory apparatus of synNotch activates through 

regulated intramembrane proteolysis (RIP), a process involving sequential ADAM and gamma-

secretase mediated cleavages, followed by release of a membrane-bound intracellular TF (59). 

By replacing the endogenous Notch ligand binding and transcriptional domains with orthogonal 

components, Morsut and Roybal were able to retarget their engineered modular receptor to 

other membrane-bound ligands, such as CD19 and membrane bound eGFP, and induce 

several potential immunotherapeutic genes, including CARs and cytokines (59).  Subsequent 

studies further demonstrated the potential versatility of synNotch receptor circuits for targeting 

several tumor models (Table 1). 
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Figure 1.6. Examples of engineered receptors. 
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Table 1.1. Functional synNotch circuits. 

Tumor model “Priming” (SynNotch) 
antigen 

CAR Antigen Reference 

Breast cancer 
(MDA-MB-231) 

EPCAM OR B7-H3 ROR1 (1) 

Glioblastoma multiforme (U87 and 
GBM6 PDX) 

EGFRviii EphA2/IL12RA2 (2) 

Neuroblastoma 
(NB9464D) 

GD2 B7H3 (3) 

Hepatocellular carcinoma (SK-
Hep1) 

GPC3 CD147 (4) 

Mesothelioma (M28) ALPPL2 MCAM OR 
Mesothelin 

(5) 

Ovarian cancer (SK-OV3) ALPPL2 HER2 (5) 
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SynNotch receptor circuits may reduce the risk of on-target, off-target CAR toxicity by restricting 

CAR activity to sites that express both the synNotch and CAR ligands in spatial proximity (60). 

Coupling low affinity synNotch receptors with high affinity CARs can generate T-cells capable of 

ligand density discrimination with an ultrasensitive threshold, potentially mitigating on-target/off-

tumor toxicity without sacrificing therapeutic potency (65). Therapeutic payload candidates 

include CARs, natural cytokines (66) and designed cytokine analogues (67). Payloads of 

orthogonal engineered signaling factors (68) may also enable multiplexed therapeutic regimens 

comprised of macrophages (69), NK cells (70), γδT cells (71), and NKT cells (72).  

 

Additional synNotch engineering efforts aim to improve receptor dynamic range and 

deliverability while reducing immunogenicity. Reintroduction of the endogenous Notch RAM7 

domain was shown to mitigate ligand-independent activation at the cost of reduced activation 

(73). More recently, we have developed an optimized Notch-like receptor platform, called 

SyNthetic Intramembrane Proteolysis Receptors (SNIPRs). These enhanced receptors do not 

rely upon the extracellular Notch regulatory region, which we find to be unnecessary for receptor 

function, and can be tuned through modifications in the receptor extracellular, transmembrane, 

and juxtamembrane domains (74). Elimination of the regulatory domain also decreases receptor 

size by nearly 1 kb, rendering the receptor more amenable for gene therapy applications in 

which viral vector payload capacity is limited. 

 

1.13 Humanized components 

Engineered receptors, by their nature, contain components not normally expressed in human 

cells and carry a potential for immunogenicity unless they are humanized (75). The original 

synNotch receptor is composed entirely of non-human domains: the murine Notch regulatory 

core, the yeast Gal4 DNA binding domain, and the HSV1-derived VP64 transactivation domain 
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which has been specifically noted to engender a high probability of immune rejection (76). 

Receptors may require humanization to minimize the risk of immune rejection. 

 

Recent reports have described clinically viable humanized signaling components. Building on 

previously published efforts in yeast (77), parallel efforts by Donahue (78) and Israni (79) have 

resulted in toolkits of customizable and orthogonal zinc-finger based transcription factors with 

reduced immunogenicity potential in human cells. Our optimized SNIPR receptor platform also 

utilizes domains sourced from human proteins, such as CD8α and the hNotch1 transmembrane 

domain, thus further reducing immunogenicity risk (74). Furthermore, we have also shown that 

unlike synNotch, SNIPRs are compatible with humanized and human-like transcription factors, 

including zinc finger-based programmable TFs. 

 

1.14 Shifting Gears - Additional Synthetic Biology Strategies 

In addition to MESA, synNotch, and SNIPRs, other protein engineering strategies have 

attempted to enhance T cell therapies in solid cancers. Dominant negative receptors (DNRs) 

with mutated signaling domains sequester immunosuppressive ligands by binding them without 

any downstream signaling. TGF-β DNR-equipped anti-PSMA CAR-T cells have been shown to 

outperform conventional CAR-T cells in pancreatic cancer models expressing high levels of 

TGF-β (80). Cell-intrinsic checkpoint inhibition via PD-1 DNR has also been shown to overcome 

PD-1-mediated immunosuppression in preclinical studies (81), and phase I trials of anti-CD19 

CAR-T cells co-expressing PD-1-targeted DNRs demonstrate safety and efficacy (82).  Switch 

receptors (SRs) flip the effects of ordinarily immunosuppressive factors by coupling their binding 

with an immunostimulatory signaling domain. A 4-1BB switch receptor targeting TGF-β 

enhanced T cell proliferation and tumor clearance in an TGF-β-overexpressing A375 melanoma 

model (83). Co-expression of IL-4/IL-7 and TGF-β/4-1BB SRs may overcome multiplexed 

immunosuppressive environments (84). A novel strategy from the Garcia laboratory, named 
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Receptor Inhibition by Phosphatase Recruitment (RIPR), utilizes macromolecular noncovalent 

crosslinkers to manipulate common kinase signaling networks by localizing phosphatases to 

target kinases. For example, recruiting CD45 phosphatase to PD-1 could reduce 

immunosuppressive signaling (85). 

 

Endogenous T cell activation can also be exogenously retargeted through a plethora of 

switchable receptor strategies. The most generalizable approach employs bispecific T cell 

engagers (BiTEs), a class of tandem scFvs, to noncovalently crosslink endogenous patient T 

cell TCRs with target antigens (86). Blinatumomab, a CD19-targeted BiTE, gained FDA 

approval in 2014 for refractory ALL, but pharmacological constraints may limit the efficacy of 

BiTE monotherapy in solid tumors (87). BiTEs may also help to supplement CAR-T therapy; an 

EGFR-targeted BiTE allowed EGFRviii-targeted CAR-T cells to fully clear a heterogenous 

glioblastoma tumor in mouse model (88). 

 

A more constrained strategy employs a family of adapter-based “switchable” or “universal” 

CARs, in which T cells can be transduced with a constant extracellular moiety to which a soluble 

targeting protein can subsequently bind. Examples of this approach include Avidin CARs that 

bind biotinylated adaptors (89), peptide-tagged “αE CARs” (90), “sCARs” bearing scFvs that 

bind FITC-labeled targeting modules (91), and leucine zipper-bridged “UniCARs” (92). 

Switchable synNotch platforms have also been described (93). These modalities offer targeting 

flexibility and an additional layer of safety to reduce the risk and severity of CRS and ICANS via 

real-time dosage control. However, the variable biodistribution of adaptor molecules in the body 

and the periodic need for adaptor reinfusions render the potential benefit of these therapies 

unclear.  
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Improved exogenous control of CAR-T cell function may mitigate both systemic and on-

target/off-tumor toxicity. Small molecule-gated control of CAR activation was demonstrated in 

2015, when the CD3ζ domain was separated from the main CAR scaffold via the chemically-

inducible heterodimer FKBP/FRB* (94). Subsequent designs utilize more bioavailable drugs 

(95,96). However, while these strategies achieve temporal control, they lack spatial specificity, 

and the availability of drugs that reversibly modulate T cell activity, such as Dasatinib, may 

render more complex engineering approaches moot (97).  

 

Optical and acoustic modalities for controlling CAR function have also been investigated. 

Optogenetically-controlled Ca2+ influx, as well as photoinducible CAR dimerization, have 

provided light-mediated T cell activation (98,99). The difficulty of light to penetrate deep tissue 

currently limits these modalities to surface-localized tumors, although recent progress may allow 

for more clinically-compatible photoreceptors (100). More tissue-penetrant forms of energy, 

such as Focused Ultrasound (FUS), can induce a highly localized mild hyperthermia at a tumor 

site, specifically activating T cells that express CARs or cytokines under heat shock promoter 

control (101,102). This method offers user-guided spatial selectivity and minimizes the potential 

for off-target activity but is currently limited by the need for significant investments in equipment 

and training to perform image-guided intervention. In addition, the logistical issues of rapidly 

targeting disseminated metastases may limit this approach to early-stage lesions (103,104). 

 

Additional forms of logic gating involve designing protein-protein interactions to specifically 

target tissues of interest. Lajoie et al. demonstrated that a co-localized protein switch system, 

named Co-LOCKR, could produce AND, OR, and NOT logic gating by undergoing 

conformational changes and exposing target residues in response to a series of designed inputs 

(105).  By using a CAR directed against the conditionally exposed peptide, the Co-LOCKR 

could act as a soluble multi-input T-cell engager. Future implementations of LOCKR system 
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may allow for transcriptional control, but its fully synthetic nature may raise immunogenicity 

concerns, and the dual-chain architecture may increase stoichiometry-associated unintended 

activation. 

 

1.15 Visiting New Destinations - Novel Targets for CARs and Co-receptors 

Enhancing cancer treatment may require targeting antigens in the immunosuppressive tumor 

stroma, such as FAP (106) or FRβ (107). Tumor-associated soluble factors are also emerging 

as viable targets –anti-TGF-β CAR-T cells were found to activate through TGF-β-mediated 

dimerization (108) and could augment the function of neighboring cytotoxic T cells (109). 

 

Efforts are underway to apply features of CAR-T cells, such as the production of pro-

inflammatory cytokines, toward improving tumor-infiltrating lymphocyte (TIL) therapy (110). 

Additionally, scFvs targeting MHC-peptide complexes can be employed to generate “TCR-like” 

CARs (111). However, these strategies are hindered by tumor cells downregulating MHC to 

escape T cell mediated rejection along with the significant polymorphism among human MHC 

genes (112). 

 

While oncogenic mutations often help cancers avoid immune rejection, they may also render 

tumor cells more vulnerable to other forms of attack. For example, oncolytic viruses that 

selectively replicate in cancer cells by leveraging their defects in transcriptional regulation or 

innate immune signaling have been under extensive development for decades. Arming these 

viruses with regulators of adaptive immunity, such as inflammatory cytokines, enables them to 

synergize with CAR-T therapy and enhance antitumor response (113). Recent studies have also 

engineered subcellular exosomes (114) and lytic granules (115) with custom therapeutic 

payloads. The latter strategy was further explored in a method, named COVERT, in which lytic 

granules carrying an Granzyme B-SUMO protein regulated by a proteolytically-cleavable linker 
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selectively induced apoptosis in cancer cells that upregulated SENP1 protease expression 

(116). Leveraging these synthetic biology strategies at both the transcriptional and protein levels 

will be crucial to gaining greater control of cellular immunotherapies. 

 

Continued discovery of CAR targets will also help in developing solid tumor CAR-T therapy. 

Extensive existing data sets, such as the Human Protein Atlas (HPA) and The Cancer Genome 

Atlas (TCGA), can be mined for differential expression between cancerous and healthy tissues, 

with further selection for membrane antigens accessible by conventional CARs (117). 

Additionally, the emerging field of surfaceomics aims to directly discover cancer surface targets 

via proteomic strategies that label or enrich for proteins with extracellular domains (118,119). 

Such target identification methodologies can be coupled with downstream computational 

analysis to produce multiplexed “molecular fingerprints” amenable to targeting via the 

combinatorial sensing strategies described previously in this review (120). The relatively 

unexplored realm of non-protein antigens, such as lipids and carbohydrates, may also yield a 

wealth of potential CAR targets. A leading CAR target within this class is the ganglioside GD2, 

which has been investigated as a CAR ligand in the context of neuroblastoma (121). Surface 

proteins displaying aberrant glycosylation patterns, such as the Tn form of Muc1 (122), also 

present as intriguing targets. Investigating molecular patterns beyond conventional 

overexpressed proteins and mutated neoantigens may enable the design of broadly active 

surface-targeting CARs.  

 

1.16 Advances in therapeutic T cell manufacturing 

In addition to direct CAR engineering, several efforts have improved the efficiency and safety of 

manufacturing T cell therapeutics. Currently, CAR-T therapies rely on lentiviral or retroviral 

mediated integration, which preferentially integrates DNA at transcriptionally active sites (123). 

In contrast, recent advances in CRISPR knock-in allow for targeted insertion of CAR genes at 
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specific locations in the genome, such as the TRAC locus (124). The advantages of this method 

include eliminating potential cross-talk of the endogenous TCR as well as standardizing copy 

number. However, potential issues remain with CRISPR-mediated CAR integration, such as off-

target genomic editing events and p53-mediated cell cycle arrest (125).  

 

Advances in manufacturing may also overcome technical and logistical hurdles in generating 

sufficient CAR-T cells for treatment. Many cancer patients, especially those pre-treated with 

chemotherapy, have hypofunctional immune cells which poorly expand ex vivo (126). Novel viral 

vectors specifically targeting T-cells may enable in situ CAR-T generation, bypassing a complex 

and expensive manufacturing process and producing a more universal and economical 

treatment modality (127,128). 

 

1.17 Tune ups under the hood: Beyond receptor engineering 

Advances in CAR design and T cell manufacturing can be coupled with additional intracellular 

modifications to generate cell therapies with augmented functionalities with respect to 

cytotoxicity, stemness, and exhaustion. The impact of intracellular modifications was shown 

early on, when a patient with chronic lymphocytic leukemia infused with anti-CD19 CAR-T cells 

displayed near total monoclonal dominance two months after the second CAR infusion (129). 

Evaluation of these clones revealed that the CAR vector had integrated into and prematurely 

terminated TET2, a hematopoietic master switch, while the second TET2 allele natively bore a 

hypofunctional mutation. The resulting CAR-T cells were more resistant to exhaustion, 

suggesting that the manipulation of TET2 and other endogenous genes could improve CAR-T 

cell functionality. Higher resistance to exhaustion was also demonstrated in CAR-T cells that 

overexpressed c-Jun, a key component of the AP-1 transcriptional complex (130). In addition, 

suppression or knockout of IDO1, the rate-limiting enzyme in tryptophan degradation, has been 

shown to boost T cell metabolism and cytotoxicity (131), while an engineered enzyme that 
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breaks down kynurenine, a product of IDO1 activity, enhanced the proliferation and infiltration of 

unmodified CD8+ lymphocytes (132).  

 

Along with enhancing T cell fitness, additional T cell modifications may enable the safe use of 

allogenic CAR-T cells. T cells with a deleted TCR alpha chain would have non-functional TCRs 

and would be unlikely to provoke Graft vs. Host Disease (GVHD) due to their inability to 

recognize peptide-MHC complexes (133). However, this potential safety benefit should be 

balanced against a decreased persistence observed in TCR-KO CAR-T cells relative to 

conventional CAR-T controls (134). Deletion of β2M and CIITA, components of MHC class I and 

II respectively, can also eliminate patient T cell mediated rejection. Doing so also results in 

CAR-T cells that are camouflaged from host T cells (135). However, the resulting MHC 

hypoexpression would render these cells vulnerable to NK cell attack, a complication that can 

be mitigated through overexpression of CD47 or another NK-inhibitory ligand (136). 

Combinations of these intracellular modifications with logic-gated targeting modalities may also 

result in safer allogenic cell therapeutics, but higher gene delivery efficiencies will be required 

for clinical relevance. Progress in stem-cell-derived CAR-T products (137) may also enable the 

step-wise delivery of a panel of beneficial transgenes to a pool of renewable precursor cells 

prior to final differentiation into a therapeutic product.  

1.18 Perspective 

Immune cells, due to their active surveillance, secretion of bioactive molecules, and cytotoxic 

capability, are uniquely able to combat cancer. CARs, BiTEs, and other signaling modalities 

have given us the power to redirect these cells against malignancies. However, creating a safe 

and effective cell-based immunotherapeutic requires stringent control over how these cells 

traffic, localize, and act at tumor sites. Fortunately, synthetic immunology efforts are enabling 

unprecedented control over cell function, with combinations of novel signaling 
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Figure 1.7. Features of next-generation engineered therapeutic T cells. 
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components that can generate a desired functional output (Fig. 1.7). Advances in CAR design, 

notably via the high-throughput screening of signaling domains, will generate novel receptors that 

maximize cytotoxicity and proliferation while minimizing AICD, exhaustion, and anergy. Priming 

receptors, such as MESA, SynNotch, and SNIPR, will ensure specific targeting to sites of disease.  

To accelerate this process, future proteomic studies must generate multi-factor 

combinatorial “molecular fingerprints” that more accurately distinguish diseased from healthy 

tissue. The realm of available targets should expand to include carbohydrates and lipids to further 

fine tune disease targeting. Meanwhile, when designing logic gating strategies, careful 

consideration must be paid to the functional consequences of asynchronous (IF → THEN) versus 

synchronous (AND) sensing. Current strategies generally use the former approach, which can 

result in on target/off tumor toxicity when the priming antigen is spatially close to off-target healthy 

tissues that are positive for the CAR antigen (60). A rigorous characterization of how CARs and 

priming receptors affect cell migration through various tissue types would help to predict and 

mitigate these side effects, while novel engineering strategies that build upon synchronous 

signaling may mitigate them altogether. In the long term, synthetic enzymatic signaling cascades 

may enable high fidelity target recognition that bypasses the delay imposed by transcriptional 

logic circuits (138). Irrespective of the specific strategy used, the synergy between synthetic 

biology and immunotherapy is revolutionizing the specificity and potency of next-generation 

therapies, and the broad design space provided by protein engineering and systems biology will 

enable continuous improvements in cell-based immunotherapies for treating cancer. Future cell 

therapies will depend on these efforts for improving safety, feasibility, and anti-tumor efficacy.  
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2.1 Abstract 

Synthetic biology has established powerful tools to precisely control cell function. Engineering 

these systems to meet clinical requirements has enormous medical implications. Here, we 

adopted a clinically driven design process to build receptors for the autonomous control of 

therapeutic cells. We examined the function of key domains involved in regulated intramembrane 

proteolysis and showed that systematic modular engineering can generate a class of receptors 

we call SyNthetic Intramembrane Proteolysis Receptors (SNIPRs) that have tunable sensing and 

transcriptional response abilities. We demonstrate the potential transformative utility of the 

receptor platform by engineering human primary T cells for multi-antigen recognition and 

production of dosed, bioactive payloads relevant to the treatment of disease. Our design 

framework enables the development of fully humanized and customizable transcriptional 

receptors for the programming of therapeutic cells suitable for clinical translation. 
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2.2 Introduction 

Cellular function is influenced by both external and internal stimuli, with responses to these stimuli 

encoded in the genome. Having control over the cellular transcriptional response to a defined 

external stimulus allows for the development of living, cell-based therapies with programmed 

therapeutic functions beyond the natural capabilities of a cell. In pursuit of this goal, several 

synthetic receptor platforms have been developed, including the Tango (Barnea et al., 2008; 

Kroeze et al., 2015) and Modular Extracellular Signaling Architecture (MESA) (Daringer et al., 

2014) systems, as well as the synthetic Notch receptor (synNotch) (Morsut et al., 2016). Notch 

and synNotch are type 1 transmembrane proteins that activate through regulated intramembrane 

proteolysis (RIP), a sequential process that involves ADAM protease-mediated shedding of the 

extracellular domain (ECD), γ-secretase-mediated cleavage of the transmembrane domain 

(TMD), and release of an intracellular transcription factor (TF) that traffics to the nucleus (Morsut 

et al., 2016; Kopan and Ilagan, 2009; Gordon et al., 2009). SynNotch receptors recognize a user-

defined membrane-bound antigen via a high-affinity ligand-binding domain (LBD), such as a 

single-chain variable fragment (scFv) or nanobody and induce custom gene regulation through 

release of an engineered TF (Morsut et al., 2016).  

The first generation synNotch receptor is a powerful tool for engineering cell circuitry for 

programmed multicellular morphologies (Toda et al. 2018), localized tumor control (Roybal et al., 

2016b, Srivastava et al., 2019), multi-antigen tumor recognition (Roybal et al., 2016a, Williams et 

al., 2020), and tumor antigen density discrimination (Hernandez-Lopez et al., 2021). Engineered 

receptors thus hold enormous potential for furthering our understanding of basic biological 

processes and expanding our therapeutic options in treating disease. Translating this preliminary 

work into human therapeutic applications is therefore an important engineering goal. 

Despite its central role in several cell engineering milestones, the original synNotch 

receptor has known limitations that affect its further technological advancement and potential for 

clinical translation. These issues include 1) the use of non-human components that could elicit 
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immune rejection, 2) the lack of clear design rules for building well-expressed receptors with a 

tunable activity profile, and 3) the large size of the receptor and integrated transcriptional circuit. 

We first observed the overall inflexibility of the original design during our attempts to engineer the 

human equivalent of synNotch, which is based on murine Notch1 (Fig. 2.7). Receptors built using 

human-derived Notch NRRs resulted in poor activation, high ligand-independent signaling, and/or 

poor expression (Fig. 2.7). Moreover, we discovered that both human and mouse-derived 

synNotch were incompatible with multiple transcription factors (TFs) beyond the yeast- and 

herpesvirus-derived Gal4-VP64 (Fig. 2.7). Motivated by these results, we adopted a systematic 

approach based on modular protein design to define functional receptor modules, allowing us to 

re-engineer the synNotch receptor from the ground up (Fig. 2.1). We show that the receptor 

extracellular domain (ECD), transmembrane domain (TMD), and intracellular juxtamembrane 

domain (JMD) have distinct and tunable effects on receptor activity.  

Through this approach, we have systematically designed, assembled, and tested a large 

family of SyNthetic Intramembrane Proteolysis Receptors (SNIPRs). We present critical design 

principles of synthetic receptors that undergo RIP and showcase a subset of designs within the 

larger family that have clear advantages for synthetic biology and next-generation T cell 

therapeutics. These optimized SNIPRs are compact in size, well-expressed, compatible with 

human and humanized synthetic TFs, readily tunable, and are both highly sensitive and specific 

to their target ligand. We show that these SNIPRs function robustly in SNIPR-chimeric antigen 

receptor (CAR) dual antigen-sensing circuits in vivo, a therapeutic strategy that enhances tumor 

specificity and improves therapeutic efficacy of engineered T cells for solid tumors (Hyrenius-

Wittsten et al., 2021, Choe et al., 2021). We also show that we can rationally modify SNIPRs to 

achieve titratable production of therapeutic payloads such as IL-2, enabling the spatially-

controlled, dosed delivery of powerful therapeutic agents by cells specifically to sites of disease. 

Though we have focused our efforts on T cells, the menu of modular core receptor parts we have 
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characterized can be mined and used for a broad range of applications in synthetic biology, basic 

biology, and cell therapeutics. 

 

2.3 SNIPR development through modular assembly of core receptor domains 

To engineer SNIPRs, we took a modular approach for receptor assembly to investigate 

the role of core domains involved in RIP (Fig. 2.1). The ECD of Notch1 and other RIP family 

proteins contain regulated sites of ADAM protease-mediated shedding (Brou et al., 2000; Mumm 

et al., 2000), and ECD mutations can impact this regulation (Gordon et al., 2009). The TMD is the 

site of γ-secretase-mediated cleavage and release of the intracellular domain into the cytosol (De 

Strooper et al., 1999). While γ-secretase is believed to cleave a diverse number of peptides (Beel 

and Sanders, 2008; Haapasalo and Kovacs, 2011), certain TMD mutations are known to 

negatively impact cleavage efficiency (Huppert et al., 2000). The basic amino acid-rich JMD 

connects the TMD to the TF, stops translocation of the receptor through the membrane, and 

interacts with γ-secretase and endocytosis machinery (Le Borgne, 2005). 

Through a similar design strategy to that used for synNotch, a prototypical SNIPR, we 

sought to engineer a second example of a functional SNIPR. We selected human Robo1, a RIP 

receptor family member known for mediating ligand-directed neuronal pathfinding (Coleman et 

al., 2010). Like Notch, Robo1 is a type-I transmembrane protein that undergoes ECD shedding 

upon ligand engagement, followed by γ-secretase-mediated TMD cleavage to free the 

cytoplasmic tail (Seki et al., 2010). The putative proteolytic core of Robo1 features an ADAM10 

protease-sensitive site that is protected by a compact type III Fibronectin (Fn-III) domain, as well 

as the receptor TMD and JMD (Coleman et al., 2010). In line with synNotch development, we built 

a synthetic Robo1 receptor (synRobo) against CD19 that contained the Robo1 proteolytic core 

and the Gal4-VP64 TF, combining it with the cognate Gal4 DNA response element (RE) 

controlling a BFP reporter (Fig. 2.7). Although synRobo expressed at a comparable level to 

synNotch (Fig. 2.7), we observed poor reporter activation when T cells expressing the anti-CD19 
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synRobo were co-incubated with K562CD19+ sender cells (Fig. 2.1). To determine the cause of this 

stark difference in activity, we substituted two key domains of synRobo, the TMD and JMD, with 

the equivalent domains from human Notch1. We found that the resulting Robo1/Notch1 chimeric 

receptor (RoboNotch) was constitutively active, suggesting that the ECD of synRobo was easily 

shed, but the Robo1 TMD and JMD were not easily processed (Fig. 2.1). We also found that 

deletion of the putative ADAM10 protease site in the Robo1 ECD of RoboNotch significantly 

reduced constitutive signaling and restored ligand-dependent activation. Thus, a canonical 

protease cleavage site in the ECD is not necessary for receptor function, but the receptor activity 

remains dependent on ADAM protease activity. (Fig. 2.1, 2.7). 

The assembly of a second functional SNIPR through the iterative engineering of parts 

from Robo1 and Notch1 prompted us to develop a systematic process to explore the principles of 

receptor design. We thus built a set of SNIPRs to identify critical features of the ECD, TMD, and 

JMD that are necessary for optimal receptor function. We began with the ECD, constructing a set 

of SNIPRs with a variable length series of low complexity and flexible glycine-glycine-serine 

repeats ECDs, an anti-CD19 scFv, and the human Notch1 TMD and JMD. These designs were 

expressed in human T cells and demonstrated ligand-dependent activation across all tested ECD 

lengths, as well as a dependence on ADAM protease activity (Fig. 2.1, 2.7). Given that a simple 

ECD without known protease sites was sufficient for regulated receptor activity, we considered 

that a broad range of ECDs could be used to assemble functional SNIPRs when paired with a 

RIP-permissive TMD and JMD. We further hypothesized that additional TMDs and JMDs may be 

compatible with heterologous ECDs, enabling the modular construction of a customizable family 

of SNIPRs with diverse activation properties for more customized cellular programming. 

Importantly, this proposed flexibility in receptor assembly would greatly expand the design space 

available for engineering clinically compatible receptors. 
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Figure 2.1. Design of synthetic RIP receptors for customized antigen-dependent gene 
regulation in therapeutic cells. (A) Systematic design of synthetic transcriptional regulatory 
receptors. Receptors are comprised of a LBD, an extracellular domain (ECD), a transmembrane 
domain (TMD), a juxtramembrane domain (JMD), and a transcription factor (TF). Receptor 
circuits are designed to maximize human components, minimize size, express highly in 
therapeutic cells, and deliver a regulatable level of a therapeutic in response to surface-bound 
ligand at disease sites (B). A synRobo receptor replaces the Notch1 core with one from human 
Robo1. T cells expressing a CD19 SNIPR-BFP circuit were co-incubated with either K562 or 
K562CD19 sender cells for 24 hours and BFP output was measured using flow cytometry. 
Compared to synNotch, a synRobo receptor fails to induce BFP. By replacing the TMD and 
JMD of Robo1 with those of Notch1, control of BFP production is lost. Deletion of a known 
ADAM10 cleavage site in the Robo1 ECD rescues ligand-dependent receptor behavior. (C) 
Same as B, but with minimal SNIPRs constructed using simple (GGS)n ECDs, and the 
TMD/JMD from Notch1. 
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2.4 ECD engineering controls SNIPR activation parameters 

Given our positive results with a Robo-derived ECD and simple linkers, we expanded our 

survey of ECDs to include synthetic peptides with embedded protease sites, Notch-derived 

domains, and well-characterized hinge domains sourced from chimeric antigen receptors (CARs). 

We found that SNIPRs built with synthetic linkers containing exposed ADAM protease sites were 

constitutively active, while a SNIPR built with a FLAG-tag linker containing an enterokinase 

cleavage site retained ligand-dependent activity (Fig. 2.2). Interestingly, an ECD that incorporated 

fibroblast activation protein (FAP) cleavage sites demonstrated signaling when co-cultured with 

K562 cells, an effect that was abrogated with the addition of an LBD, suggesting that ECD 

shedding is dependent on protease availability and cleavage site accessibility (Fig. 2.2, 2.8).  

Given the surprising diversity of functional ECDs in SNIPRs, we decided to assess 

whether the Notch Regulatory Region (NRR), a large majority of the synNotch ECD, was 

necessary for receptor function. To our surprise, a SNIPR with a full deletion of the NRR (ΔNRR) 

exhibited strong ligand-induced signaling but was also triggered by T cell activation alone (Fig. 

2.2). This T cell activation-based receptor activity was observed with several methods of T cell 

activation, including with Bi-specific T cell Engagers (BiTEs) or a co-expressed second generation 

CAR. In addition, we observed that T cell activation drove the enhanced activation of SNIPRs, 

such as synNotch, that appeared insensitive to T cell activation alone (Fig. 2.2, 2.8). These data 

demonstrate that a spectrum of ECDs is compatible with SNIPR construction and that the choice 

of ECD can significantly impact the fidelity and sensitivity of the resulting receptor (Fig. 2.2, 2.8). 

 

2.5 Clinically oriented ECD engineering 

 CARs often include a hinge region derived from immunoglobulin-like domains, such as 

CD8α or CD28, or from more complex trimeric receptors (e.g. OX-40) in the ECD that affects the 

oligomeric state, flexibility, and general ligand-binding properties of the receptor (Guedan et al., 

2019). We found that, when used in our SNIPR designs, CD8α and CD28-based hinge ECDs 
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exhibited high expression and receptor activation, with the CD8α hinge exhibiting reduced ligand-

independent signaling (Fig. 2,2, 2.8). However, the CD8α hinge displayed ligand-independent 

signaling with T cell activation, especially in CD8+ T cells (Fig. 2.8). Given these results, we 

devised a strategy to improve the functionality of the CD8α hinge ECD through a series of N-

terminal and C-terminal truncations.  From testing four truncation variants, we found that the 27 

amino acid N-terminal region of the CD8α hinge displayed enhanced expression and minimal 

ligand-independent activity with T cell activation (Fig. 2.2, 2.8). This optimized CD8α hinge SNIPR 

was nominated for additional development due to its efficient, high-fidelity activation and compact 

size, with the full optimized anti-CD19 CD8α hinge SNIPR with Gal4-VP64 being only 1.65kB in 

length whereas the original synNotch is 2.45kB, a 33% reduction in size. 

 

2.6 TMD and JMD engineering can tune receptor activity  

The Notch1 TMD and JMD are functional with a broad set of ECDs (Fig. 2.2). We next 

investigated the characteristics of the domains that make them functional, and whether additional 

TMD or JMD sequences were compatible with SNIPR assembly. To do this, we compiled a list of 

proteins known to undergo RIP and extracted their TMD and JMD sequences (Haapasalo and 

Kovacs, 2011) (Fig. 2.3, Table 2.1). For this study, we defined the JMD as a stretch of basic 

amino acids (R/K/H) beginning immediately C-terminal to the TMD and ending before three 

consecutive non-basic amino acids. Due to the diversity observed in both TMDs and JMDs, we 

decoupled the TMD-JMD pair into two separate modules for screening and compiled two libraries, 

one of 88 TMDs and another of 76 JMDs. We then inserted them individually into a human 

synNotch scaffold, replacing the respective Notch1 components, and screened them using a 

Jurkat reporter cell line in an arrayed format (Fig. 2.3). We quantified activity, analyzed the TMDs 

displaying >50% of Notch1 TMD activity for sequence similarities, and identified additional TMDs 

and JMDs of interest for further testing (Fig. 2.3). 
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Figure 2.2. The ECD module defines activation triggers and diversifies sensor functions. 
(A) T cells expressing the indicated anti-CD19 SNIPR-BFP circuit were co-incubated with of 
either K562 or K562CD19 sender cells for 48 hours and BFP output was measured using flow 
cytometry. SNIPR ECDs with exposed cleavage sites display ligand-independent signaling. 
Deleting the NRR from synNotch produces a receptor that is sensitive to both ligand and TCR 
stimulation. A variety of hinge domains utilized in CARs also demonstrate ligand-dependent 
signaling. (B) Same as A, but with two methods of T cell stimulation. A SNIPR with the Notch1 
NRR core domain displays enhanced activation with a Bi-specific T cell Engager (BiTE) 
targeting a K562 antigen, and a co-expressed second-generation CAR targeting a separate 
antigen. A SNIPR with a truncated Notch1 NRR activates with these stimuli independent of the 
presence of ligand. (C) Same as A, but with variations of the CD8α hinge ECD. The CD8α hinge 
can be optimized to enhance SNIPR expression and activation. 
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From our TMD screen, we discovered that the top performing TMDs were mainly from the 

Notch and CLSTN protein families, with the activity of most TMDs below 50% of that of Notch1 

(Fig. 2.3). Alignment of the Notch and CLSTN TMD sequences reveals a common c-terminal 

glycine-valine motif associated with γ-secretase cleavage. Previous studies have shown that 

these sites are essential for efficient intramembrane processing by presenilin (Vooijs et al., 2004; 

Okochi, 2002). To determine the importance of this motif in SNIPR signaling, we performed an 

alanine scan within the Notch1 TMD in primary human T cells, using the optimized CD8α hinge 

Notch ECD and Notch1 JMD (Fig. 2.3). Although receptor expression was not reduced (Fig. 2.9), 

we found that substitution of the glycine (G318A) and invariant valine (V319A) reduced receptor 

activity by 47% and 75%, respectively. Background signaling activity from these receptor variants 

was also lower, consistent with decreased processing as seen in other studies examining this 

proteolytic site (Fig. 2.3, 2.9) (Vooijs et al., 2004; Okochi, 2002). In addition, two otherwise non-

functional TMDs, from Robo1 and AGER, could be made functional through the addition of a Gly-

Val motif and removal of bulky residues near the TMD c-terminus (Fig. 2.9). 

In contrast to the TMD screen, our results from the JMD screen showed that JMDs sourced 

from a diverse set of proteins were effective in a SNIPR context (Fig. 2.3, Fig. 2.9). We found 

that the top JMD sequences favored highly basic residues immediately adjacent to the membrane, 

with basic or polar residues composing the first 4 to 6 amino acids, and at least two R/Ks within 

the first 3 amino acids. Hydrophobic or acidic residues within this stretch were found to severely 

inhibit receptor activation. Replacement of either the Notch1 TMD or JMD did not affect SNIPR 

sensitivity to T cell activation alone, suggesting that T cell activation affects SNIPR activity at the 

level of ECD cleavage.  
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Figure 2.3. Transmembrane and juxtamembrane domain libraries enable modular 
assembly of novel SNIPR architectures. (A) To identify functional receptor TMDs and JMDs 
for modular assembly, 88 TMDs and 76 JMDs were cloned into a human synNotch scaffold, 
replacing either the Notch1 TMD or JMD, respectively. Jurkat T cells expressing an inducible BFP 
reporter were transduced with these SNIPR libraries in an arrayed format. (B) Jurkat T cells were 
co-incubated with K562 or K562CD19 sender cells for 24 hours and BFP output was measured 
using flow cytometry. Net %BFP+ activation was calculated by subtracting %BFPK562 from 
%BFPCD19 and was normalized to the human Notch1 TMD. An alignment of the best performing 
TMDs shows a common Gly-Val motif (Dark blue = >80% agreement with consensus sequence, 
blue = >60% agreement, light blue = >40% agreement). An alanine scan of the human Notch1 
TMD in primary T cells supports the importance of this motif. (C) Same as B, but with the JMD 
library. High-performing JMDs are strongly basic at their N-termini and may include polar residues 
but not acidic or hydrophobic residues. (D) Compared to a reference SNIPR containing the Notch1 
TMD/JMD, a SNIPR containing the CLSTN2 TMD/JMD (CLSTN2) is inactive, but receptor 
function is restored when the CLSTN2 JMD is replaced with the Notch1, AGER or PTPRF JMD. 
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2.7 Building non-Notch SNIPRs from a set of functional parts 

Thus far, all functional SNIPRs we have studied include sequences derived from Notch 

family members. To demonstrate the versatility of our modular assembly approach, we proceeded 

to engineer a functional ligand-activated receptor without Notch domains, combining the 

optimized CD8α hinge ECD with the CLSTN2 TMD and functional JMD modules discovered in 

our screens. Although all receptors expressed (Fig. 2.9), the otherwise-active CLSTN2 TMD did 

not function with its cognate JMD (RVRIAHQH), an expected result given the poor performance 

of the CLSTN2 JMD in our JMD screen. However, receptor functionality was restored by replacing 

the JMD with that of AGER (RRQRR) or PTPRF (KRKRTH), two potent JMDs identified in our 

screen (Fig. 2.4, 2.9). Our ability to build new functional SNIPRs from a set of functional parts 

demonstrates that our approach to receptor assembly can generate receptors that can be easily 

modified to tune receptor sensing and activity (Fig. 2.9). 

 

2.8 Precision control and customization of T cell therapeutics with SNIPRs 

Based on the design principles of SNIPRs we uncovered, we next assembled receptors 

from a menu of ECD, TMDs, and JMDs with a range of activation characteristics. Our design 

criteria included robust expression, a range of ligand-dependent activation levels, and low ligand-

independent activation under both basal and activated T cell conditions (Fig. 2.4, 2.10). For the 

ECD, we selected the optimized CD8α hinge, due to its strong expression, compact size, and 

selective response to ligand. We then screened through a selection of high-performing TMDs and 

JMDs from our screens, using a constant Notch1 JMD or TMD, respectively, for simplicity. From 

this process, we decided to keep the Notch1 TMD due to its robust activation and best-in-class 

levels of ligand-independent signaling, along with the ready availability of mutants for tunability 

(Fig. 2.4). We screened this ECD-TMD combination against a panel of JMDs, choosing a set of 

SNIPRs with a range of activation levels. Although SNIPR expression levels varied between 

TMDs and JMDs, these differences did not correlate perfectly with SNIPR activation, supporting 
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a role for the JMD in affecting activity beyond impacting cell surface expression. The assembled 

set of SNIPRs remained sensitive to ADAM protease and γ-secretase inhibition, suggesting a 

continued role for these proteases in SNIPR activation (Fig. 2.10). They are also compatible with 

a variety of ligand-binding domains (Fig. 2.4, 2.10). 

 Having extensively investigated the range of domains that can be used to build functional 

SNIPRs, we next determined how to control the therapeutic function of engineered cells through 

our novel receptors. Many cancers adapt to CAR T cell therapy through antigen escape, 

downregulating their levels of surface CAR antigen (Majzner and Mackall, 2018). Having 

observed that our new SNIPRs exhibited improved activation to CD19, we decided to test their 

ability to sense low surface antigen levels. To do this, we activated T cells engineered with 

ALPPL2 targeted SNIPRs with a K562 sender cell line transduced to induce expression of the 

tumor-specific antigen ALPPL2 in response to different levels of doxycycline (Hyrenius-Wittsten, 

2021) (Fig. 2.4, 2.10). Using this system, we demonstrated that the optimized CD8α Hinge Notch 

SNIPR is more sensitive to low ligand levels than synNotch with no increase in basal activity and 

that use of the Notch2 JMD further boosts sensitivity (Fig. 2.4). These data suggest that SNIPRs 

could be useful in a wider array of immunotherapeutic applications where antigen density is low 

or heterogenous across the tumor mass. 

Immune cell function is regulated by cytokines in a dose-dependent fashion, and serious 

side effects occur when a high dose of cytokines is given systemically as an immunotherapeutic 

(Pachella et al., 2015). Given that SNIPR activity is readily tuned through the TMD and JMD, we 

wanted to showcase how SNIPRs can be used to drive defined levels of the immunotherapeutic 

and T cell growth factor, IL-2. To do this, we built single viral vector constructs containing SNIPRs 

with a range of activity levels and an inducible super IL-2 cassette (Levin et al., 2012) (Fig. 2.10). 

Using ELISA, we observed that CD4+ T cells expressing a SNIPR with the enhancing Notch2 

JMD modification secreted higher amounts of IL-2 into the supernatant in response to ligand 

expressed on K562 sender cells that had been irradiated to prevent culture overgrowth, while 
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those with the additional dampening TMD mutation G318A secreted lower amounts of IL-2 (Fig. 

2.4). The different amounts of induced super IL-2 produced by each SNIPR circuit correlated with 

T-cell proliferation rates, exhibiting our ability to tune therapeutic T cell activity, and did not 

correlate purely with SNIPR expression levels (Fig. 2.4, 2.10). While we use the example of IL-2 

to demonstrate the novel capabilities of the SNIPR platform, this principle of receptor tuning can 

be applied toward a broad range of therapeutic programs (Roybal et al., 2016a). 

 

2.9 Development of fully humanized SNIPRs with potential for clinical translation 

 We have systematically explored the core regulatory domains (ECD, TMD, and JMD) that 

control the ligand-dependent cleavage of SNIPRs and have identified optimized cores. However, 

the potent synthetic Gal4-VP64 TF is a potential design liability for clinical translation as it is 

derived from yeast (Gal4) and herpesvirus proteins (VP64). To engineer a fully humanized 

receptor, we constructed TFs comprised of DNA-binding domains (DBD) fused to the 

transactivation domain of human NF-κB p65. We examined both DBDs sourced from human 

proteins, as well as engineered orthogonal synthetic zinc fingers (synTFs), for their ability to 

function in the SNIPR context (Fig. 2.5). Human protein-derived DBDs are advantageous for 

minimizing immunogenicity, whereas synTFs minimize off-target effects as verified by RNAseq 

(Israni et al., 2021). Human protein-derived DBDs were chosen based on size and lack of 

expression in T cells (Uhlen et al., 2015), and included the eye development-associated paired 

box protein Pax-6 (Pax6) (Xu et al., 1999) and the liver-specific protein hepatocyte-nuclear factor 

1-alpha (HNF1A) (Roscilli et al., 2002). SynTF candidates were selected for their orthogonality and 

potent transcriptional activity (Israni et al., 2021). RE cassettes for these TFs were constructed by 

tandem assembly of cognate binding motifs upstream to a minimal promoter. These RE cassettes 

proved to be orthogonal in T cells, as they were not activated in the absence of target cells (Fig. 

2.5). Humanized SNIPRs activated in the presence of target cells, and activation varied across TFs,  
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Figure 2.4. Enhanced sensitivity and tunable gene regulation through SNIPR engineering. 
(A) T cells expressing high-performing SNIPR-BFP circuits were co-incubated with sender cells 
for 48 hours. BFP output was measured using flow cytometry. The Notch1 TMD was selected for 
further testing. Three JMDs and two TMD alanine mutants were selected to produce a wide output 
range. (B) K562 cells transduced with a doxycycline-inducible FLAG-tagged ALPPL2 cassette 
express ALPPL2 in a dose-dependent manner. (C) CD4+ T cells expressing anti-ALPPL2 SNIPR-
MCAM CAR circuits were co-incubated with sender cells for 48 hours and CAR output was 
measured using a t2a GFP system. (D) Graphical representation of C. (E) CD4+ T cells 
expressing anti-CD19 SNIPR-super IL-2 circuits were co-incubated with irradiated sender K562 
cells in media without IL-2. Supernatant IL-2 concentration was assayed using ELISA. (F) T cells 
stained with Cell Trace Violet were co-incubated with irradiated sender cells in media without IL-
2 for 9 days. T cell proliferation was measured using flow cytometry. 
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suggesting that circuit function is subject to the efficiency of each TF in driving transcriptional 

activation (Fig. 2.5). To examine whether TF compatibility extends to the original synNotch receptor, 

we tested the two TFs with the highest MFI of activation, HNF1A and ZFN10, with the mouse 

synNotch and humanized receptor variant, and found that neither expressed nor activated as 

efficiently as the equivalent SNIPR utilizing the optimized CD8α hinge (Fig. 2.5, 2.11). We also 

examined whether a fully humanized anti-CD19 SNIPR can eliminate target cells via BCMA-CAR 

payload induction. We found that HNF1A-based receptor circuits induced BCMA-CAR expression 

at a slower rate as compared to Gal4-VP64, but at sufficient levels to clear in vitro tumor targets 

(Fig. 2.5). These data show that the enhanced features of optimized SNIPR design enables 

compatibility with a broader range of TFs.  

 

2.10 In vivo testing of SNIPR-CAR circuits 

Current challenges in CAR immunotherapy include the difficulty in defining a tumor with a 

single antigen. Systemic and unintended toxicity through on-target, off-tumor CAR activity has 

limited the clinical development of CARs and potent cytokine therapies (Ellis et al., 2021; Morgan 

et al., 2010). A multi-antigen recognition platform where a SNIPR binds a primary tumor antigen 

and drives expression of a CAR to a secondary antigen helps to mitigate risk of toxicity through 

more precise tumor recognition, and our humanized SNIPRs reduce the chance for immune 

rejection (Roybal et al., 2016b).  
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Figure 2.5. Humanization of SNIPRs to reduce immunogenicity potential for cell-based 
therapies. (A) Human transcription factor engineering. Humanized TFs were constructed by 
fusing the DNA-binding domain of human TFs not expressed in T cells, or engineered orthogonal 
synthetic zinc-finger TFs, to the NF-κB p65 transactivation domain. A cognate response-element 
system was engineering using binding sites for the respective DBDs, inserted upstream a minimal 
TATA promoter to create an inducible gene expression system activated by SNIPRs utilizing 
humanized TFs. (B) Testing fully humanized SNIPRs. T cells expressing a SNIPR-BFP circuit 
were co-incubated with of either K562 or K562CD19 target cells for up to 72 hours and BFP output 
was measured using flow cytometry. (C) Testing receptor scaffold compatibility with humanized 
TFs. T cells engineered with mouse synNotch, human synNotch, or optimized hinge SNIPR 
circuits using humanized TFs were co-incubated with K562 or K562CD19 target cells for up to 72 
hours and BFP output was measured by flow cytometry. (D) Target cell killing by a fully humanized 
SNIPR circuit. T cells expressing a SNIPR-CAR circuit were co-incubated with K562 target cells 
for 72 hours. Target cells were cleared by 48 hours, as measured by DRAQ7 staining and flow 
cytometry. (E) In vivo assessment of SNIPR circuit function. NSG mice (5 per experimental group) 
were injected subcutaneously with 1x106 K562CD19/BCMA target cells into the left flank and 1x106 
K562BCMA control cells into the right flank. 4 days post tumor injection, 6x106 untransduced, BCMA 
CAR, or CD19 SNIPR-BCMA CAR circuit T cells (3x106 each CD4+ and CD8+) were injected via 
tail vein, and tumor size was measured by caliper every few days. Statistics were calculated using 
one-way analysis of variance (ANOVA) with Dunnet’s test post hoc comparing untransduced T 
cells to BCMA CAR (E top, *) and Circuit T cells (E top, **) on Day 21, and comparing BCMA CAR 
T to circuit T cells (E bottom). *P ≤ 0.05, **P ≤ 0.01 
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Next-generation humanized SNIPR-CAR circuits performed with high-fidelity during in 

vitro testing, but the question remained of their performance in vivo, where they would be exposed 

to a more diverse set of proteases and other environmental factors. To assess the performance 

and specificity of the optimized CD8α hinge SNIPRs in vivo, we examined the ability of SNIPR 

circuit T cells to control tumor growth in a dual-antigen xenograft model. Four days after 

implantation of CD19+/BCMA+ K562 tumors in the left flank and of BCMA+ K562 tumors in the 

right flank, NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice were treated with untransduced T-cells, 

anti-BCMA CAR T cells, or anti-CD19 SNIPR circuit T cells containing either a Gal4-VP64- or 

HNF1A-p65-driven anti-BCMA CAR payload (Fig. 2.11). The anti-BCMA CAR and anti-CD19 

SNIPR - anti-BCMA CAR circuit T-cells controlled tumor growth in the left, dual-positive tumor, 

but only the BCMA CAR controlled tumor growth in the right, single positive tumor (Fig. 2.5, 2.11). 

These data support the potency and specificity of SNIPR circuits in an in vivo setting and 

represent the first successful demonstration of a humanized synthetic receptor circuit in vivo. 

 

2.11 Discussion 

From our investigations into the ECDs, TMDs, and JMDs of RIP receptors, we have 

constructed a large set of receptors that function like Notch and have begun to define the 

guidelines for the synthetic assembly of these receptors we call SNIPRs (Fig. 2.6, Tables 2.2, 

2.3). Overactive, inactive, and suboptimal core domains that control RIP all significantly reduce 

SNIPR performance, even when assembled with functional domains at other positions, 

suggesting that all three domains must be optimized for maximum ligand-dependent cleavage. 

We find that ECD specificity can be optimized by avoiding exposed protease sites and minimizing 

length, although SNIPR activity in response to alternative stimuli, such as T cell activation, may 

require direct observation to discover. We also find that additional TMDs and JMDs can be used 

to construct SNIPRs, and that TMDs and JMDs can be tuned through point mutations to meet 

individual clinical requirements, such as improving specificity or regulating levels of a delivered 
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therapeutic. In addition, we find that SNIPRs containing suboptimal modules, such as the human 

synNotch ECD, can be improved through either direct ECD engineering, such as deletion of the 

NRR (Fig. 2.2), or increasing activity in another module, such as the JMD. All three core SNIPR 

components, along with the LBD and TF, can impact receptor expression. Our systematic 

exploration of SNIPR parts has allowed us to identify receptors that are well-expressed and 

activate with high fidelity, two key features for robust cell therapy manufacturing and persistent 

activity in patients (Morsut et al., 2016). 

We have found that many SNIPR ECDs that lack canonical regulatory domains such as 

the NRR remain functional. This result adds to previous screens of ECDs in a Notch context, 

which found that proteolytic switches with homology to Notch could substitute for the Notch NRR, 

albeit with a reduced signal-to-noise ratio (Hayward et al., 2019). In contrast, we find that several 

ECDs with no homology with Notch outperform it in the context of a synthetic receptor. One 

commonality between these functional ECDs is a relative lack of known protease cleavage sites. 

While a simple glycine-serine linker is a sufficient ECD, we find the addition of ADAM or MMP9 

cleavage sites to this inherently unstructured linker leads to uncontrolled SNIPR activation. In 

addition, removal of known ADAM10 cleavage sites in the Robo1 and Notch1 ECDs improved the 

signal-to-noise ratios for SNIPRs utilizing these components. This discovery suggests that there 

is a large realm of permissive ECDs with a common mechanism of activation. Although most 

SNIPRs exclude known sites for ADAM protease cleavage, we find that all tested SNIPRs 

continue to rely on ADAM protease and γ-secretase activity (Fig. 2.7, 2.10). Our finding of 

enhanced SNIPR signaling during T cell activation may be explained by higher ADAM10 and 

ADAM17 activity (Li et al., 2007, Lambrecht et al., 2018), but the exact mechanism for either 

ligand-dependent or -independent activation for the diverse range of SNIPRs requires further 

study.  
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Figure 2.6. Design framework for next generation synthetic receptors for custom 
transcriptional regulation in therapeutic cells. Clinically relevant SNIPRs can be built through 
design of the receptor ECD, TMD, and JMD. The receptor ECD represents the first regulatory site 
and affects receptor activation parameters, expression, and stringency for ligand. Several known 
C-terminal motifs in the receptor TMD, commonly found in the Notch and Calsyntenin families, 
appear to be important for receptor signaling. Highly basic residues in the receptor JMD are 
required for signaling, and the choice of JMD can strongly affect receptor expression and output 
levels. By combining these elements, clinically relevant SNIPRs can be built that utilize fully 
human proteins and are compact, highly expressed, and regulatable. Our SNIPR design 
framework opens up the possibility to build truly customized precision cellular therapeutics. 
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Indeed, the mechanism of Notch activation through RIP is well-investigated, but the roles of other 

cellular processes, such as ubiquitination (Moretti et al., 2013), receptor endocytosis (Kandachar 

and Roegiers, 2012), and receptor trafficking (Yamamoto et al., 2009) remain unclarified and 

could also play a role in the activation of SNIPRs. 

We were surprised to observe a lack of diversity in high-performing TMDs from our screen, 

having selected candidate TMDs from reported γ-secretase substrates (Haapasalo and Kovacs, 

2011). This finding may be specific for SNIPRs expressed in human T cells, and SNIPRs 

containing non-functional TMDs from our screen may be more active when expressed in other 

tissue or cell types. Another possibility is that the cleavage efficiency of a particular TMD may 

have been evolutionarily selected for as a regulatory mechanism that favors prevention of 

spurious signaling rather than maximal activity. 

From our systematic engineering of the SNIPR scaffold, we have built customizable 

receptor cores that provide not only the spatial discrimination afforded by previous synthetic 

receptors, such as synNotch, but are also more sensitive to lower antigen levels and more reliant 

on humanized components, thereby lowering the risk for immunogenicity. This added functionality 

is of clear benefit to current immunotherapies, such as CAR T cells, and should help provide a 

titrated therapeutic response while mitigating known issues of these technologies, such as 

premature T cell exhaustion and on-target/off-tumor systemic toxicity. For example, local titrated 

delivery of a potent cytokine, such as IL-12 (Lasek et al., 2014), to a tumor site using therapeutic 

cells may significantly improve efficacy and clinical outcomes as compared to the severe toxicity 

observed during systemic IV administration. These receptors should provide biomedical research 

with a comprehensive toolkit for directing a range of cell-based therapies to their intended targets 

combined with programmed localized therapeutic activity.  
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2.12 EXPERIMENTAL PROCEDURES 

Receptor and Response Element Construct Design 

Receptors were built by fusing the CD19 scFV (Porter et al., 2011), ALPPL2 M25FYIA scFV 

(Hyrenius-Wittsten et al., 2021), HER2 4D5-8 scFv (Carter et al., 1992), EGFRviii 139 scFv 

(Morgan et al., 2012), or LaG17 nanobody (Fridy et al., 2014) to an extracellular domain 

comprised of: the human Notch1 (P46531) minimal regulatory region (Ile1427 to His1735), a 

truncated human Notch1 Notch Regulatory Region (Ile1427 to Glu1447, Thr1725 to His1735), a 

CD8α (P01732) hinge region (Thr138 to Asp182), a CD28 (P10747) hinge region (Ile114 to 

Pro152), a IgG4 hinge region, a OX40 hinge region, (the type III fibronectin domain from Robo1 

(Q9Y6N7, Lys769 to Pro897), truncated CD8α hinges and fibronectin domains (as described), or 

Gly-Gly-Ser linkers of variable length (as described). All extracellular domains were fused to a 

transmembrane domain and intracellular juxtamembrane domain (as described), and a 

transcriptional element composed of Gal4 DBD VP64, Pax6(M1 to Ala139)-p65(Pro428 to 

Ser551), HNF1A(Met1 to Met283 with Thr-Cys-Arg linker)-p65(Asp361 to Ser551), or ZF-p65 

(14). All receptors contain an N-terminal CD8α signal peptide (MALPVTALLLPLALLLHAARP) for 

membrane targeting and a myc-tag (EQKLISEEDL) for easy determination of surface expression 

with α-myc AF647 (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), or four copies 

of the Pax6 consensus DBD recognition motif (ATTTTCACGCATGAGTGCACAG) and HNF1A 

DBD recognition motif (GTTAATNATTAAC) were cloned 5′ to a minimal synthetic pybTATA 

promoter. Also included in the response element plasmids is a PGK promoter that either 

constitutively drives expression of a fluorophore (mCitrine or mCherry) to easily identify 

transduced T cells or a SNIPR for single vector experimentation. Inducible CAR vectors contained 

CARs tagged N-terminally with FLAG-tag, and in some cases C-terminally with a t2a GFP system. 
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All induced elements were cloned via a BamHI site in the multiple cloning site 3′ to the Gal4 

response elements. All constructs were cloned via In-Fusion cloning (Takara # 638951). 

 

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 Technologies #15062 & 15063). Blood was obtained from Blood 

Centers of the Pacific (San Francisco, CA) as approved by the University Institutional Review 

Board. T cells were cryopreserved in RPMI-1640 (Thermo Fisher #11875093) with 20% human 

AB serum (Valley Biomedical Inc., #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 most experiments. For experiments involving the 

induction of Super IL-2, primary T-cells were maintained in human T cell media supplemented 

with IL-2 until experimentation, whereupon media was replaced with media without supplemented 

IL-2. 

 

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 Mirus Trans-IT Lenti (Mirus #MIR6606). Primary T 

cells were thawed the same day, and after 24 hours in culture, were stimulated with Human T-

Activator CD3/CD28 Dynabeads (Life Technologies #11131D) at a 1:3 cell:bead ratio. At 48 

hours, viral supernatant was harvested and the primary T cells were exposed to the virus for 24 

hours. At day 5 post T cell stimulation, the Dynabeads were removed, and the T cells were sorted 

for assays with a Beckton Dickinson (BD) FACs ARIA II. Sorted T-cells were expanded until day 

10 for in vivo assays and until day 14 for in vitro assays. 
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Generation of Receptor Jurkat cells for Screening 

E6-1 Jurkat T cells (ATCC# TIB-152) were lentivirally transduced with a reporter plasmid encoding 

a Gal4 driven tagBFP response element and a constitutively expressed mCitrine cassette. 

Reporter positive cells were sorted for mCitrine positivity and expanded. Individual cultures of 

reporter positive Jurkat T cells were lentivirally transduced in a 96 well plate with myc-tagged α-

CD19 human SynNotch1 receptors with modified transmembrane or juxtamembrane domains. 

After viral transduction, the receptor transduction efficiency for each Jurkat cell population was 

measured with a BD FACSymphony Fortessa X-50 following staining with anti-myc AF647 (Cell-

Signaling #2233). 

 

Cancer Cell Lines 

The cancer cell lines used were K562 myelogenous leukemia cells (ATCC #CCL-243). K562s 

were lentivirally transduced to stably express either human CD19 at equivalent levels as Daudi 

tumors (ATCC #CCL-213), BCMA, or both BCMA and CD19. CD19 levels were determined by 

staining the cells with α-CD19 APC (Biolegend #302212). BCMA levels were determined by 

staining the cells with α-BCMA APC (Biolegend #357505). All cell lines were sorted for expression 

of the transgenes. 

 

MCAM BiTE Production 

MCAM BiTE was produced from transfecting LentiX-293T cells with a pHR’SIN:CSW transgene 

expression vector. 293T media was replaced with T-cell media 24 hours after transfection. MCAM 

BiTE was harvested 48 hours post-media replacement by collecting supernatant and removing 

293T cells via centrifugation. 
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Doxycycline inducible ALPPL2 

A clonal line of K562 cells expressing a doxycycline-inducible FLAG-tagged ALPPL2 cassette 

was treated with doxycycline (Abcam) at doses ranging between 0.1-100 ng/mL for 24 hours prior 

to co-incubation with T cells. Surface expression levels were assessed by flow cytometry through 

the FLAG-tag on ALPPL2 prior to assay. 

 

In vitro SNIPR Activation Assays 

For all in vitro SNIPR activation assays, 1×105 T cells or Jurkat T cells were co-cultured with target 

cells at a 1:1 ratio in 96 well round bottom plates (VWR). To exogenously activate T-cells, 100 

ng/mL PMA (Sigma #P1575) or MCAM BiTEs were added to co-cultures. When activating a co-

expressed ALPPL2 CAR, ALPPL2+ K562 cells were added to the co-culture in a 1:1 ratio with T 

cells. The cultures were analyzed at the time points indicated for reporter activation using a BD 

FACSymphony Fortessa X-50. All flow cytometry analysis was performed in FlowJo software 

(BD). TMD sequence alignment was performed using ClustalX and visualized using Jalview. 

 

Super IL-2 Induction Assays 

Primary CD4+ were stained with Cell Trace Violet (Thermo Fisher #C34557) and stimulated with 

irradiated K562 or CD19+ K562 target cells in human T cell media without IL-2 supplementation. 

Supernatant was harvested at the indicated timepoints and IL-2 levels in the supernatant were 

measured via IL-2 Human Instant ELISA kit (Thermo Fisher #BMS221INST). T-cell proliferation 

was also measured at the indicated timepoints using a BD FACSymphony Fortessa X-50. 
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In vivo assays 

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice were implanted with either 1x106 K562CD19+/BCMA+ 

tumor cells subcutaneously in the left flank alone or with an additional 1x106 K562BCMA+ tumor 

cells subcutaneously in the right flank. Four days after tumor implantation, 2.5 or 3x106 

engineered primary human CD4+ and CD8+ T cells (total of 5 or 6x106 T cells) were intravenously 

infused through tail vein injection. Tumor size was monitored via caliper regularly.  
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Table 2.1 Sequences of screened TMDs and JMDs. TMDs and JMDs were sourced from known 
γ-secretase substrates (19), and Notch1 homologs. TMD sequences were extracted from Uniprot 
annotations and were extended to the first basic residue (R, K, or H). Two TMDs from proteins 
not believed to be γ-secretase substrates were selected for negative control. JMD sequences 
began immediately c-terminal to the TMD and ended immediately prior to 3 non-basic residues. 
 

Gene ID TMD JMD 
CLSTN1 O94985 ATVVIVVCVSFLVFMIILGVF RIRAAHRRTMR 

CLSTN2 Q9H4D0 IATVVIIISVCMLVFVVAMGVY RVRIAHQH 

APLP1 P51693 AVSGLLIMGAGGGSLIVLSMLLL RRKK 

APLP2 Q06481 SALIGLLVIAVAIATVIVISLVML RKR 

LRP8 Q14114 VIGIIVPIVVIALLCMSGYLIW RNWKRKNTK 

APP P05067 GAIIGLMVGGVVIATVIVITLVML KKK 

BTC P35070 ILVICLIAVMVVFIILVIGVCTCC HPLRKRRKRKKK 

TGBR3 Q03167 MGIAFAAFVIGALLTGALWYIYS H 

SPN P16150 GMLPVAVLVALLAVIVLVALLLLW RRRQKRR 

CD44 P16070 WLIILASLLALALILAVCIAVNS RRRCGQKKK 

CSF1R P07333 VVVACMSIMALLLLLLLLLLY KYKQKPK 

CXCL16 Q9H2A7 VPVLCLLAIIFILTAALSYVLC KRRR 

CX3CL1 P78423 AVGLLAFLGLLFCLGVAMFTYQSLQGCP RK 

DCC P43146 LLVIIVVTVGVITVLVVVIVAVICT RR 

DLL1 O00548 VAVCAGVILVLMLLLGCAAVVVCV RLRLQKHR 

DSG2 Q14126 LGPAAIALMILAFLLLLLVPLLLLMC HCGKGAK 

DNER Q8NFT8 IIIGALCVAFILMLIILIVGIC RISR 

DAG1 Q14118 YLHTVIPAVVVAAILLIAGIIAMICY RKKRKGK 

CDH1 P12830 ILGILGGILALLILILLLLLFL RRR 

EPCAM P16422 AGVIAVIVVVVIAVVAGIVVLVIS RKKRMAKYEK 

EPHA4 P54764 VLLVSVSGSVVLVVILIAAFVIS RRRSKYSKAK 

EPHB2 P29323 IIGSSAAGLVFLIAVVVIAIVCN RR 

EFNB1 P98172 VALFAAVGAGCVIFLLIIIFLTVLLL KLRKRHRKH 

EFNB2 P52799 GIASGCIIFIVIIITLVVLLL KYRRRHRKH 

ERBB4 Q15303 LIAAGVIGGLFILVIVGLTFAVYV RRKSIKKKRALRR 

GHR P10912 FPWLLIIIFGIFGLTVMLFVFLFS KQQRIK 

HLA-A P01892 VGIIAGLVLFGAVITGAVVAAVMW RRK 

IFNAR2 P48551 IGGIITVFLIALVLTSTIVTL K 

IGF1R P08069 LIIALPVAVLLIVGGLVIMLYVFH RKR 

IL1R1 P14778 HMIGICVTLTVIIVCSVFIY KIFK 

IL1R2 P27930 ASSTFSWGIVLAPLSLAFLVLGGIWM HRRCKHRTGK 

IL6R P08887 TFLVAGGSLAFGTLLCIAIVL 
RFKKTWKLRALK
EGK 

INSR P06213 IIIGPLIFVFLFSVVIGSIYLFL RKR 

ERN1 O75460 MATIILSTFLLIGWVAFIITYPLSM H 

ERN2 Q76MJ5 QDLLAASLTAVLLGGWILFVM R 

JAG2 Q9Y219 GLLVPVLCGAFSVLWLACVVLCVWWT 
RKRRKERERSRL
PR 

KCNE1 P15382 ALYVLMVLGFFGFFTLGIMLSYI RSKKLEH 

KCNE2 Q9Y6J6 VILYLMVMIGMFSFIIVAILVSTV KSKRREH 

KCNE3 Q9Y6H6 YMYILFVMFLFAVTVGSLILGYT RSRKVDKR 

http://www.uniprot.org/uniprot/O94985
http://www.uniprot.org/blast/?about=O94985%5b860-880%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q9H4D0
http://www.uniprot.org/blast/?about=Q9H4D0%5b832-852%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P51693
http://www.uniprot.org/blast/?about=P51693%5b581-603%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q06481
http://www.uniprot.org/blast/?about=Q06481%5b693-716%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q14114
http://www.uniprot.org/blast/?about=Q14114%5b827-847%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P05067
http://www.uniprot.org/blast/?about=P05067%5b700-723%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P35070
http://www.uniprot.org/blast/?about=P35070%5b119-139%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q03167
http://www.uniprot.org/blast/?about=Q03167%5b788-809%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P16150
http://www.uniprot.org/blast/?about=P16150%5b254-276%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P16070
http://www.uniprot.org/blast/?about=P16070%5b650-670%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P07333
http://www.uniprot.org/blast/?about=P07333%5b518-538%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q9H2A7
http://www.uniprot.org/blast/?about=Q9H2A7%5b206-226%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P78423
http://www.uniprot.org/blast/?about=P78423%5b342-362%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P43146
http://www.uniprot.org/blast/?about=P43146%5b1098-1122%5d&key=Transmembrane
http://www.uniprot.org/uniprot/O00548
http://www.uniprot.org/blast/?about=O00548%5b546-568%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q14126
http://www.uniprot.org/blast/?about=Q14126%5b610-634%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q8NFT8
http://www.uniprot.org/blast/?about=Q8NFT8%5b641-661%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q14118
http://www.uniprot.org/blast/?about=Q14118%5b750-775%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P12830
http://www.uniprot.org/blast/?about=P12830%5b710-730%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P16422
http://www.uniprot.org/blast/?about=P16422%5b266-288%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P54764
http://www.uniprot.org/blast/?about=P54764%5b548-569%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P29323
http://www.uniprot.org/blast/?about=P29323%5b544-564%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P98172
http://www.uniprot.org/blast/?about=P98172%5b238-258%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P52799
http://www.uniprot.org/blast/?about=P52799%5b230-250%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q15303
http://www.uniprot.org/blast/?about=Q15303%5b652-675%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P10912
http://www.uniprot.org/blast/?about=P10912%5b265-288%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P01892
http://www.uniprot.org/blast/?about=P01892%5b309-332%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P48551
http://www.uniprot.org/blast/?about=P48551%5b244-264%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P08069
http://www.uniprot.org/blast/?about=P08069%5b936-959%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P14778
http://www.uniprot.org/blast/?about=P14778%5b337-356%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P27930
http://www.uniprot.org/blast/?about=P27930%5b344-369%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P08887
http://www.uniprot.org/blast/?about=P08887%5b366-386%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P06213
http://www.uniprot.org/blast/?about=P06213%5b957-979%5d&key=Transmembrane
http://www.uniprot.org/uniprot/O75460
http://www.uniprot.org/blast/?about=O75460%5b444-464%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q76MJ5
http://www.uniprot.org/blast/?about=Q76MJ5%5b431-451%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q9Y219
http://www.uniprot.org/blast/?about=Q9Y219%5b1081-1101%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P15382
http://www.uniprot.org/blast/?about=P15382%5b44-66%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q9Y6J6
http://www.uniprot.org/blast/?about=Q9Y6J6%5b49-69%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q9Y6H6
http://www.uniprot.org/blast/?about=Q9Y6H6%5b58-78%5d&key=Transmembrane
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Gene ID TMD JMD 

KCNE4 Q8WWG9 YFYILVVMSFYGIFLIGIMLGYM KSKRREKK 

KL Q9UEF7 LLAFIAFLFFASIISLSLIFYYS KKGRRSYK 

CHL1 O00533 FIGLMCAIALLTLLLLTVCFV KRNRGGK 

PTPRF P10586 VTGPVLAVILIILIVIAILLF KRKRTH 

LRP1 Q07954 HIASILIPLLLLLLLVLVAGVVFWY KRR 

LRP1B Q9NZR2 AIIVPLVLLVTLITTLVIGLVLC KRKRRTKTIRR 

LRP2 P98164 AVAVLLTILLIVVIGALAIAGFF HYRR 

LRP6 O75581 TNTVGSVIGVIVTIFVSGTVYFICQ R 

MUC1 P15941 WGIALLVLVCVLVALAIVYLIALAVCQC RRK 

CDH2 P19022 IIAILLCIIILLILVLMFVVWM KRRDKERQAK 

SCN1B Q07699 IMMYVLIVVLTIWLVAEMIYCY KK 

SCN2B O60939 VIVGASVGGFLAVVILVLMVV KCVRRKKEQK 

SCN3B Q9NY72 IMMYILLVFLTLWLLIEMIYCY RKVSK 

SCN4B Q8IWT1 TLIILAVVGGVIGLLILILLI KK 

NECTIN1 Q15223 IIGGVAGSILLVLIVVGGIVVAL RRRRHTFK 

NRG1 Q02297 VLTITGICIALLVVGIMCVVAYC 
KTKKQRKKLHDR
LR 

NRG2 O14511 VLTITGICVALLVVGIVCVVAYC 
KTKKQRKQMHNH
LR 

NOTCH1 P46531 FMYVAAAAFVLLFFVGCGVLLS RKRRR 

NOTCH2 Q04721 LLYLLAVAVVIILFIILLGVIMA KRKRKH 

NOTCH3 Q9UM47 LPLLVAGAVLLLVILVLGVMVA RRKREH 

NOTCH4 Q99466 PVLCSPVAGVILLALGALLVLQLI RRRRREH 

NPR3 P17342 SAVTGIVVGALLGAGLLMAFYFF RKKYR 

Nradd Q8CJ26 IIPVYCALLATVILGLLAYVAF KCWRSHKQR 

NGFR P08138 LIPVYCSILAAVVVGLVAYIAF KR 

PAM P19021 VPVVLITTLLVIPVVVLLAIAIFI RWKKSR 

PLXDC2 Q6UX71 GLIIGILILVLIVATAILVTVYMY HH 

PKHD1 P08F94 IILAASLSSVASWLALSCLVCCWL KRSKSRKTK 

PCDHA4 Q9UN74 VYLIIAICAVSSLLVLTLLLYTAL R 

PCDHGC3 Q9UN70 LLLSLILVSVGFVVTVFGVIIF KVYKWKQSR 

PTPRZ1 P23471 AVIPLVIVSALTFICLVVLVGILIYW RK 

AGER Q15109 LALGILGGLGTAALLIGVILWQ RRQRR 

PTPRK Q15262 IAGISAGILVFILLLLVVILIV KKSKLAKKRK 

PTPRM P28827 IAGVIAGILLFVIIFLGVVLVM KKRKLAKKRK 

ROBO1 Q9Y6N7 AFIAGIGAACWIILMVFSIWLY RHRKKR 

SORCS3 Q9UPU3 AMLMLLSVVFVGLAVFLIYKF KRK 

SORCS1 Q8WY21 GSAMLMLLSVVFVGLAVFVIY KFKRR 

SORL1 Q92673 AVVVPILFLILLSLGVGFAILYT KHRR 

SORT1 Q99523 SVPIILAIVGLMLVTVVAGVLIV KK 

SDC1 P18827 GVIAGGLVGLIFAVCLVGFMLY RMKKK 

SDC2 P34741 VLAAVIAGGVIGFLFAIFLILLLVY RMRKK 

SDC3 O75056 AVIVGGVVGALFAAFLVTLLIY RMKKK 

TIE1 P35590 QLILAVVGSVSATCLTILAALLTLVCI RR 

TYR P14679 WLLGAAMVGAVLTALLAGLVSLLC RHKRK 

TYRP1 P17643 IIAIAVVGALLLVALIFGTASYLI RARR 

DCT P40126 LLVVMGTLVALVGLFVLLAFLQY RRLRK 

VASN Q6EMK4 LLIAPALAAVLLAALAAVGAAYCV RRGR 

http://www.uniprot.org/uniprot/Q8WWG9
http://www.uniprot.org/blast/?about=Q8WWG9%5b87-107%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q9UEF7
http://www.uniprot.org/blast/?about=Q9UEF7%5b982-1002%5d&key=Transmembrane
http://www.uniprot.org/uniprot/O00533
http://www.uniprot.org/blast/?about=O00533%5b1083-1103%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P10586
http://www.uniprot.org/blast/?about=P10586%5b1264-1284%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q07954
http://www.uniprot.org/blast/?about=Q07954%5b4420-4444%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q9NZR2
http://www.uniprot.org/blast/?about=Q9NZR2%5b4445-4467%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P98164
http://www.uniprot.org/blast/?about=P98164%5b4424-4446%5d&key=Transmembrane
http://www.uniprot.org/uniprot/O75581
http://www.uniprot.org/blast/?about=O75581%5b1371-1393%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P15941
http://www.uniprot.org/blast/?about=P15941%5b1159-1181%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P19022
http://www.uniprot.org/blast/?about=P19022%5b725-745%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q07699
http://www.uniprot.org/blast/?about=Q07699%5b161-182%5d&key=Transmembrane
http://www.uniprot.org/uniprot/O60939
http://www.uniprot.org/blast/?about=O60939%5b160-180%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q9NY72
http://www.uniprot.org/blast/?about=Q9NY72%5b160-180%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q8IWT1
http://www.uniprot.org/blast/?about=Q8IWT1%5b163-183%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q15223
http://www.uniprot.org/blast/?about=Q15223%5b356-376%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q02297
http://www.uniprot.org/blast/?about=Q02297%5b243-265%5d&key=Transmembrane
http://www.uniprot.org/uniprot/O14511
http://www.uniprot.org/blast/?about=O14511%5b406-426%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P46531
http://www.uniprot.org/blast/?about=P46531%5b1736-1756%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q04721
http://www.uniprot.org/blast/?about=Q04721%5b1678-1698%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q9UM47
http://www.uniprot.org/blast/?about=Q9UM47%5b1644-1664%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q99466
http://www.uniprot.org/blast/?about=Q99466%5b1448-1468%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P17342
http://www.uniprot.org/blast/?about=P17342%5b482-504%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q8CJ26
http://www.uniprot.org/blast/?about=Q8CJ26%5b53-73%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P08138
http://www.uniprot.org/blast/?about=P08138%5b251-272%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P19021
http://www.uniprot.org/blast/?about=P19021%5b864-887%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q6UX71
http://www.uniprot.org/blast/?about=Q6UX71%5b455-475%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P08F94
http://www.uniprot.org/blast/?about=P08F94%5b3859-3879%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q9UN74
http://www.uniprot.org/blast/?about=Q9UN74%5b698-718%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q9UN70
http://www.uniprot.org/blast/?about=Q9UN70%5b694-714%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P23471
http://www.uniprot.org/blast/?about=P23471%5b1637-1662%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q15109
http://www.uniprot.org/blast/?about=Q15109%5b343-363%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q15262
http://www.uniprot.org/blast/?about=Q15262%5b753-774%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P28827
http://www.uniprot.org/blast/?about=P28827%5b743-764%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q9Y6N7
http://www.uniprot.org/blast/?about=Q9Y6N7%5b898-918%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q9UPU3
http://www.uniprot.org/blast/?about=Q9UPU3%5b1126-1146%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q8WY21
http://www.uniprot.org/blast/?about=Q8WY21%5b1100-1120%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q92673
http://www.uniprot.org/blast/?about=Q92673%5b2138-2158%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q99523
http://www.uniprot.org/blast/?about=Q99523%5b756-778%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P18827
http://www.uniprot.org/blast/?about=P18827%5b255-275%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P34741
http://www.uniprot.org/blast/?about=P34741%5b145-169%5d&key=Transmembrane
http://www.uniprot.org/uniprot/O75056
http://www.uniprot.org/blast/?about=O75056%5b388-408%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P35590
http://www.uniprot.org/blast/?about=P35590%5b760-784%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P14679
http://www.uniprot.org/blast/?about=P14679%5b477-497%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P17643
http://www.uniprot.org/blast/?about=P17643%5b478-501%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P40126
http://www.uniprot.org/blast/?about=P40126%5b473-493%5d&key=Transmembrane
http://www.uniprot.org/uniprot/Q6EMK4
http://www.uniprot.org/blast/?about=Q6EMK4%5b576-596%5d&key=Transmembrane
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Gene ID TMD JMD 

CDH5 P33151 AVVAILLCILTITVITLLIFL 
RRRLRKQARAHG
K 

FLT1 P17948 LITLTCTCVAATLFWLLLTLFI RKMKR 

VLDLR P98155 AAWAILPLLLLVMAAVGGYLMW R 

NOTCH1_D.r
erio P46530 MYPMFLVLLALAVLALAAVGVVVS Not Screened 

NOTCH1_D.
melanogaster P07207 VITGIILVIIALAFFGMVLSTQ Not Screened 

NOTCH1_X.l
aevis P21783 PMLSMLVIPLLIIFVFMMVIVN Not Screened 

NOTCH1_G.g
allus F1NZ70 PMYVVVAALVLLAFIGVGVLVS Not Screened 

NCSTN 
(Negative 
control) Q92542 LITLTVGFGILIFSLIVTYCINA Not Screened 

CD147 
(Negative 
control) P35613 ALWPFLGIVAEVLVLVTIIFIYE Not Screened 

  

http://www.uniprot.org/uniprot/P33151
http://www.uniprot.org/blast/?about=P33151%5b600-620%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P17948
http://www.uniprot.org/blast/?about=P17948%5b759-780%5d&key=Transmembrane
http://www.uniprot.org/uniprot/P98155
http://www.uniprot.org/blast/?about=P98155%5b798-819%5d&key=Transmembrane
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Table 2.2 Components of highlighted SNIPRs 

Component ID Description Sequence 

CD19 scFv 
 

CD8αsignalpeptide_myc-
tag_CD19scFv 
 

MALPVTALLLPLALLLHAARPEQKLISEEDLDI 
QMTQTTSSLSASLGDRVTISCRASQDISKYL 
NWYQQKPDGTVKLLIYHTSRLHSGVPSRFS 
GSGSGTDYSLTISNLEQEDIATYFCQQGNTL 
PYTFGGGTKLEITGGGGSGGGGSGGGGSE 
VKLQESGPGLVAPSQSLSVTCTVSGVSLPD 
YGVSWIRQPPRKGLEWLGVIWGSETTYYN 
SALKSRLTIIKDNSKSQVFLKMNSLQTDDTA 
IYYCAKHYYYGGSYAMDYWGQGTSVTVSS 

ALPPL2 scFv 
CD8αsignalpeptide_myc-
tag_ALPPL2scFv 

MALPVTALLLPLALLLHAARPEQKLISEEDL 
QVQLQQSGGGLVKPGGSLRLSCAASGFTF 
SSYAMHWVRQAPGKGLEWVAVISYDGSN 
KYYADSVKGRFTISRDNSKNTLYLQMDSLR 
AEDTAVYYCAKEGDSSRWSYDLWGRGTLV 
TVSSGGGGSGGGGSGGGGSQSALTQPAS 
VSGSPGQSITISCTGTSSDVGGYNYVSWYQ 
QHPGKAPKVMIYDVTNRPSGVSNRFSGSKS 
GNTASLTISGLQAEDEADYYCS 
SYTIASTLVVFGGGTKLTVL 
 

LaG17 nanobody 
CD8αsignalpeptide_myc-
tag_LaG17nanbody 

MALPVTALLLPLALLLHAARPEQKLISEEDLM 
ADVQLVESGGGLVQAGGSLRLSCAASGRTI 
SMAAMSWFRQAPGKEREFVAGISRSAGSA 
VHADSVKGRFTISRDNTKNTLYLQMNSLKAE 
DTAVYYCAVRTSGFFGSIPRTGTAFDYWGQ 
GTQVTVS 

EGFRviii scFv 
(139) 

CD8αsignalpeptide_myc-
tag_EGFRviiiscFv 

MALPVTALLLPLALLLHAARPEQKLISEEDLDIQ 
MTQSPSSLSASVGDRVTITCRASQGIRNNLAW 
YQQKPGKAPKRLIYAASNLQSGVPSRFTGSGS 
GTEFTLIVSSLQPEDFATYYCLQHHSYPLTSGG 
GTKVEIKGSTSGSGKPGSGEGSEVQVLESGG 
GLVQPGGSLRLSCAASGFTFSSYAMSWVRQA 
PGKGLEWVSAISGSGGSTNYADSVKGRFTISR 
DNSKNTLYLQMNSLRAEDTAVYYCAGSSGWS 
EYWGQGTLVTVSS 

HER2 scFv (4D5-8) 
CD8αsignalpeptide_myc-
tag_HER2scFv 

MALPVTALLLPLALLLHAARPEQKLISEEDLDIQ 
MTQSPSSLSASVGDRVTITCRASQDVNTAVAW 
YQQKPGKAPKLLIYSASFLYSGVPSRFSGSRS 
GTDFTLTISSLQPEDFATYYCQQHYTTPPTFG 
QGTKVEIKRTGSTSGSGKPGSGEGSEVQLVE 
SGGGLVQPGGSLRLSCAASGFNIKDTYIHWV 
RQAPGKGLEWVARIYPTNGYTRYADSVKGRF 
TISADTSKNTAYLQMNSLRAEDTAVYYCSRW 
GGDGFYAMDVWGQGTLVTVSSGS 

mN1 ECD 
Notch1 NRR from murine 
Notch1 

ILDYSFTGGAGRDIPPPQIEEACELPECQVD 
AGNKVCNLQCNNHACGWDGGDCSLNFND 
PWKNCTQSLQCWKYFSDGHCDSQCNSAG 
CLFDGFDCQLTEGQCNPLYDQYCKDHFSD 
GHCDQGCNSAECEWDGLDCAEHVPERLA 
AGTLVLVVLLPPDQLRNNSFHFLRELSHVLH 
TNVVFKRDAQGQQMIFPYYGHEEELRKHPI 
KRSTVGWATSSLLPGTSGGRQRRELDPMD 
IRGSIVYLEIDNRQCVQSSSQCFQSATDVA 
AFLGALASLGSLNIPYKIEAVKSEPVEPPLPSQ 
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Component ID Description Sequence 

 
 
hN1 ECD 

 
Notch1 NRR from human 
Notch1 

 
 
ILDYSFGGGAGRDIPPPLIEEACELPECQEDA 
GNKVCSLQCNNHACGWDGGDCSLNFNDPW 
KNCTQSLQCWKYFSDGHCDSQCNSAGCLFD 
GFDCQRAEGQCNPLYDQYCKDHFSDGHCD 
QGCNSAECEWDGLDCAEHVPERLAAGTLVV 
VVLMPPEQLRNSSFHFLRELSRVLHTNVVFK 
RDAHGQQMIFPYYGREEELRKHPIKRAAEG 
WAAPDALLGQVKASLLPGGSEGGRRRRELD 
PMDVRGSIVYLEIDNRQCVQASSQCFQSATD 
VAAFLGALASLGSLNIPYKIEAVQSETVEPPP 
PAQLH 
 

hN1 ΔNRR ECD 
hN1 ECD with NRR deleted 
and flanking regions fused 

ILDYSFGGGAGRDIPPPLIEETVEPPPPAQLH 
 

hN2 ECD 
Notch2 NRR from human 
Notch2 

LYTAPPSTPPATCLSQYCADKARDGVCDEAC 
NSHACQWDGGDCSLTMENPWANCSSPLPC 
WDYINNQCDELCNTVECLFDNFECQGNSKT 
CKYDKYCADHFKDNHCDQGCNSEECGWDG 
LDCAADQPENLAEGTLVIVVLMPPEQLLQDA 
RSFLRALGTLLHTNLRIKRDSQGELMVYPYY 
GEKSAAMKKQRMTRRSLPGEQEQEVAGSK 
VFLEIDNRQCVQDSDHCFKNTDAAAALLAS 
HAIQGTLSYPLVSVVSESLTPERTQ 

hN2 ΔNRR ECD 
hN2 ECD with NRR deleted 
and flanking regions fused LYTAPPSTPPATSLTPERTQ 

hN3 ECD 
Notch3 NRR from human 
Notch3 

CPRAACQAKRGDQRCDRECNSPGCGWDG 
GDCSLSVGDPWRQCEALQCWRLFNNSRCD 
PACSSPACLYDNFDCHAGGRERTCNPVYEK 
YCADHFADGRCDQGCNTEECGWDGLDCAS 
EVPALLARGVLVLTVLLPPEELLRSSADFLQR 
LSAILRTSLRFRLDAHGQAMVFPYHRPSPGS 
EPRARRELAPEVIGSVVMLEIDNRLCLQSPEN 
DHCFPDAQSAADYLGALSAVERLDFPYPLRDVRGE 

hN3 ΔNRR ECD 
hN3 ECD with NRR deleted 
and flanking regions fused APAAAPEVSEEPRPLEPPEPSVPL 

hN4 ECD 
Notch4 NRR from human 
Notch4 

KPGAKGCEGRSGDGACDAGCSGPGGNWD 
GGDCSLGVPDPWKGCPSHSRCWLLFRDGQ 
CHPQCDSEECLFDGYDCETPPACTPAYDQY 
CHDHFHNGHCEKGCNTAECGWDGGDCRP 
EDGDPEWGPSLALLVVLSPPALDQQLFALAR 
VLSLTLRVGLWVRKDRDGRDMVYPYPGARA 
EEKLGGTRDPTYQERAAPQTQPLGKETDSL 
SAGFVVVMGVDLSRCGPDHPASRCPWDPG 
LLLRFLAAMAAVGALEPLLPGPLLAVHPHAG 
TAPPANQLPW 

hN4 ΔNRR ECD hN4 ECD with NRR deleted VHPHAGTAPPANQLPW 

Robo1 ECD 
Fn-III domain and n-terminal 
JMD from human Robo1 

KTLEEAPSAPPQGVTVSKNDGNGTAILVSWQ 
PPPEDTQNGMVQEYKVWCLGNETRYHINKT 
VDGSTFSVVIPFLVPGIRYSVEVAASTGAGSG 
VKSEPQFIQLDAHGNPVSPEDQVSLAQQISD 
VVKQP 

Fn-III ECD 
Fn-III domain from human 
Robo1 

KTLEEAPSAPPQGVTVSKNDGNGTAILVSW 
QPPPEDTQNGMVQEYKVWCLGNETRYHINK 
TVDGSTFSVVIPFLVPGIRYSVEVAASTGAGS 
GVKSEPQFIQLDVVKQP 

3X FLAG ECD 3xFLAG-tag tether DYKDHDGDYKDHDIDYKDDDDKEPPPPAQLH 

CD8α ECD CD8α hinge ECD 
TTTPAPRPPTPAPTIASQPLSLRPEACRPAAG 
GAVHTRGLDFACD 
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Component ID Description Sequence 

CD8α ECD, variant 
1 

truncated CD8α hinge ECD, 
version 1 TTTPAPRPPTPAPTIASQPLSLRPEA 

CD8α ECD, variant 
2 Optimized CD8α hinge ECD TTTPAPRPPTPAPTIASQPLSLRPEAC 

CD8α ECD, variant 
3 

truncated CD8α hinge ECD, 
version 3 RPAAGGAVHTRGLDFACD 

CD8α ECD, variant 
4 

truncated CD8α hinge ECD, 
version 4 CRPAAGGAVHTRGLDFACD 

CD28 ECD CD28 hinge ECD 
IEVMYPPPYLDNEKSNGTIIHVKGKHLCPSPL 
FPGPSKP 

IgG4 ECD (G4S)3_IgG4 hinge ECD GGGGSGGGGSGGGGSESKYGPPCPPCP 

OX40 ECD OX40 hinge ECD 

LHCVGDTYPSNDRCCHECRPGNGMVSRCS 
RSQNTVCRPCGPGFYNDVVSSKPCKPCTW 
CNLRSGSERKQLCTATQDTVCRCRAGTQP 
LDSYKPGVDCAPCPPGHFSPGDNQACKPW 
TNCTLAGKHTLQPASNSSDAICEDRDPPATQ 
PQETQGPPARPITVQPTEAWPRTSQGPSTR 
PVEVPGGRA 

mN1 TMD murine Notch1 TMD LMYVAAAAFVLLFFVGCGVLLS 

hN1 TMD human Notch1 TMD FMYVAAAAFVLLFFVGCGVLLS 

hN1 TMD_G318A 
human Notch1 TMD with c-
terminal G-->A mutant FMYVAAAAFVLLFFVGCAVLLS 

hN1 TMD_V319A 
human Notch1 TMD with c-
terminal V-->A mutant FMYVAAAAFVLLFFVGCGALLS 

hN2 TMD human Notch2 TMD LLYLLAVAVVIILFIILLGVIMA 

hN3 TMD human Notch3 TMD LPLLVAGAVLLLVILVLGVMVA 

hN4 TMD human Notch4 TMD PVLCSPVAGVILLALGALLVLQLI 

Robo1 TMD Robo1 TMD AFIAGIGAACWIILMVFSIWLY 

Robo1 TMD_GV 
Robo1 TMD with "IW" 
mutated to "GV" AFIAGIGAACWIILMVFSGVLY 

CLSTN2 TMD CLSTN2 TMD IATVVIIISVCMLVFVVAMGVY 

AGER TMD AGER TMD LALGILGGLGTAALLIGVILWQ 

AGER TMD_LVS 
AGER TMD with "ILWQ" 
mutated to "LVS" LALGILGGLGTAALLIGVLVS 

Robo1 JMD Robo1 c-terminal JMD RHRKKR 

N1 JMD Notch1 c-terminal JMD RKRRR 

N2 JMD Notch2 c-terminal JMD KRKRKH 

N3 JMD Notch3 c-terminal JMD RKRREH 

N4 JMD Notch4 c-terminal JMD RRRRREH 

CLSTN2 JMD CLSTN2 JMD RVRIAHQH 

AGER JMD AGER JMD RRQRR 

PTPRF JMD PTPRF JMD KRKRTH 

NRG1 JMD NRG1 JMD KTKKQRKKLHDRLR 

G4VP64 Gal4DBD_VP64 

MKLLSSIEQACDICRLKKLKCSKEKPKCAK 
CLKNNWECRYSPKTKRSPLTRAHLTEVES 
RLERLEQLFLLIFPREDLDMILKMDSLQDIK 
ALLTGLFVQDNVNKDAVTDRLASVETDMP 
LTLRQHRISATSSSEESSNKGQRQLTVSA 
AAGGSGGSGGSDALDDFDLDMLGSDALD 
DFDLDMLGSDALDDFDLDMLGSDALDDFD 
LDMLGS 
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Component ID Description Sequence 

Pax6 Pax6 DBD 

MQNSHSGVNQLGGVFVNGRPLPDSTRQK 
IVELAHSGARPCDISRILQVSNGCVSKILGR 
YYETGSIRPRAIGGSKPRVATPEVVSKIAQ 
YKRECPSIFAWEIRDRLLSEGVCTNDNIPS 
VSSINRVLRNLASEKQQMGA 

 
 
 
 
 
 
 
 
HNF1A 

 
HNF1A DBD 

MVSKLSQLQTELLAALLESGLSKEALLQAL 
GEPGPYLLAGEGPLDKGESCGGGRGELA 
ELPNGLGETRGSEDETDDDGEDFTPPILK 
ELENLSPEEAAHQKAVVETLLQEDPWRVA 
KMVKSYLQQHNIPQREVVDTTGLNQSHLS 
QHLNKGTPMKTQKRAALYTWYVRKQREV 
AQQFTHAGQGGLIEEPTGDELPTKKGRRN 
RFKWGPASQQILFQAYERQKNPSKEERET 
LVEECNRAECIQRGVSPSQAQGLGSNLVT 
EVRVYNWFANRRKEEAFRHKLAM 

p65(361-551) 
NFkb p65 transactivation 
domain 

DEFPTMVFPSGQISQASALAPAPPQVLPQ 
APAPAPAPAMVSALAQAPAPVPVLAPGPP 
QAVAPPAPKPTQAGEGTLSEALLQLQFDD 
EDLGALLGNSTDPAVFTDLASVDNSEFQQ 
LLNQGIPVAPHTTEPMLMEYPEAITRLVTG 
AQRPPDPAPAPLGAPGLPNGLLSGDEDF 
SSIADMDFSALLSQISS 

p65(428-551) 
NFkb p65 transactivation 
domain truncation 

PTQAGEGTLSEALLQLQFDDEDLGALLG 
NSTDPAVFTDLASVDNSEFQQLLNQGIPV 
APHTTEPMLMEYPEAITRLVTGAQRPPDP 
APAPLGAPGLPNGLLSGDEDFSSIADMDF 
SALLSQISS 

ZF6 
synthetic zinc finger DNA 
binding domain (synTF) 6 (Israni et al., 2021) 

ZF10 
synthetic zinc finger DNA 
binding domain (synTF) 10 (Israni et al., 2021) 
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Table 2.3 Highlighted SNIPR designs 

Figure # SNIPR ID Receptor LBD ECD TMD JMD TF 

S1B synNotch murine SynNotch CD19 scFv mN1 ECD mN1 TMD 
N1 
JMD G4VP64 

S1B, S1C, 
2A-B, S3D hsNotch1 LNR human SynNotch1 CD19 scFv hN1 ECD hN1 TMD 

N1 
JMD G4VP64 

S1B hsNotch2 LNR human SynNotch2 CD19 scFv hN2 ECD hN2 TMD 
N2 
JMD G4VP64 

S1B hsNotch3 LNR human SynNotch3 CD19 scFv hN3 ECD hN3 TMD 
N3 
JMD G4VP64 

S1B hsNotch4 LNR human SynNotch4 CD19 scFv hN4 ECD hN4 TMD 
N4 
JMD G4VP64 

1B, S1D, 
S3C synRobo 

synthetic Robo1 
receptor CD19 scFv Robo1 ECD 

Robo1 
TMD 

Robo1 
JMD G4VP64 

1B, S1D synRobo/Notch 
synthetic Robo1 with 
Notch1 TMD/JMD CD19 scFv Robo1 ECD hN1 TMD 

N1 
JMD G4VP64 

1B, S1D-E FnIII-Notch 

Robo1 Fn-III domain 
ECD with Notch1 
TMD/JMD CD19 scFv Fn-III ECD hN1 TMD 

N1 
JMD G4VP64 

1C (GGS)3_SNIPR 
9AA GGS linker with 
Notch1 TMD/JMD CD19 scFv (GGS)3 hN1 TMD 

N1 
JMD G4VP64 

1C (GGS)6_SNIPR 
18AA GGS linker with 
Notch1 TMD/JMD CD19 scFv (GGS)6 hN1 TMD 

N1 
JMD G4VP64 

1C, S1E (GGS)9_SNIPR 
27AA GGS linker with 
Notch1 TMD/JMD CD19 scFv (GGS)9 hN1 TMD 

N1 
JMD G4VP64 

1C (GGS)12_SNIPR 
36AA GGS linker with 
Notch1 TMD/JMD CD19 scFv (GGS)12 hN1 TMD 

N1 
JMD G4VP64 

1C (GGS)15_SNIPR 
45AA GGS linker with 
Notch1 TMD/JMD CD19 scFv (GGS)15 hN1 TMD 

N1 
JMD G4VP64 

1C (GGS)18_SNIPR 
54AA GGS linker with 
Notch1 TMD/JMD CD19 scFv (GGS)18 hN1 TMD 

N1 
JMD G4VP64 

2A ADAM17 site 
exposed ADAM17 site 
in ECD CD19 scFv 

(GGS)3(SPL
AQAVRSSS
R)(GGS)3 hN1 TMD 

N1 
JMD G4VP64 

2A, S2A FAP site 
exposed FAP site in 
ECD --------------- 

(GGGGSAS
GPAGPAGG
GSGGSA)4 hN1 TMD 

N1 
JMD G4VP64 

S2A 
FAP site with 
scFv 

exposed FAP site in 
ECD with scFv 
attached CD19 scFv 

(GGGGSAS
GPAGPAGG
GSGGSA)4 hN1 TMD 

N1 
JMD G4VP64 

2A 
3xFLAG-tag 
tether 3xFLAG-tag in ECD CD19 scFv 

3X FLAG 
ECD hN1 TMD 

N1 
JMD G4VP64 

2A-B, S2F Notch1 ΔNRR 
human SynNotch1 with 
NRR deleted CD19 scFv 

hN1 ΔNRR 

ECD hN1 TMD 
N1 
JMD G4VP64 

S2F Notch2 ΔNRR 
human SynNotch2 with 
NRR deleted CD19 scFv 

hN2 ΔNRR 

ECD hN2 TMD 
N2 
JMD G4VP64 

S2F Notch3 ΔNRR 
human SynNotch3 with 
NRR deleted CD19 scFv 

hN3 ΔNRR 

ECD hN3 TMD 
N3 
JMD G4VP64 

S2F Notch4 ΔNRR 
human SynNotch4 with 
NRR deleted CD19 scFv 

hN4 ΔNRR 

ECD hN4 TMD 
N4 
JMD G4VP64 

2A, 2C, 
S2C-E CD8α SNIPR 

CD8α hinge ECD with 

Notch1 TMD/JMD CD19 scFv CD8α ECD hN1 TMD 
N1 
JMD G4VP64 

2A, S2C CD28 SNIPR 
CD28 hinge ECD with 
Notch1 TMD/JMD CD19 scFv CD28 ECD hN1 TMD 

N1 
JMD G4VP64 

2A, S2C IgG4 SNIPR 
IgG4 hinge ECD with 
Notch1 TMD/JMD CD19 scFv IgG4 ECD hN1 TMD 

N1 
JMD G4VP64 

S2C OX40 SNIPR 
OX40 hinge ECD with 
Notch1 TMD/JMD CD19 scFv OX40 ECD hN1 TMD 

N1 
JMD G4VP64 

2C, S2E CD8α variant 1 

CD8α hinge ECD, 

variant 1, with Notch1 
TMD/JMD CD19 scFv 

CD8α ECD, 
variant 1 hN1 TMD 

N1 
JMD G4VP64 
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Figure # SNIPR ID Receptor LBD ECD TMD JMD TF 

2C, S2E, 
3B, 3D, 
S3A-B, 
S3E, 4A, 
4C-F, 
S4A, S4E-
F CD8α variant 2 

CD8α hinge ECD, 

variant 2, with Notch1 
TMD/JMD CD19 scFv 

CD8α ECD, 
variant 2 hN1 TMD 

N1 
JMD G4VP64 

2C, S2E CD8α variant 3 

CD8α hinge ECD, 

variant 3, with Notch1 
TMD/JMD CD19 scFv 

CD8α ECD, 
variant 3 hN1 TMD 

N1 
JMD G4VP64 

2C, S2E CD8α variant 4 

CD8α hinge ECD, 

variant 4, with Notch1 
TMD/JMD CD19 scFv 

CD8α ECD, 
variant 4 hN1 TMD 

N1 
JMD G4VP64 

3B 
SNIPR TMD 
variants 

hsSynNotch with 
variable TMD CD19 scFv hN1 ECD 

See Table 
S1 

N1 
JMD G4VP64 

3B, S3A-B 
Notch1 TMD 
alanine scan 

Alanine scan of 
Optimized CD8α hinge 

Notch CD19 scFv 
CD8α ECD, 
variant 2 

hN1 TMD 
with 
indicated 
alanine 
mutant 

N1 
JMD G4VP64 

3B, S3A-
B, 4A, 4E-
F, S4F 

CD8α variant 2, 
G318A 

CD8α hinge ECD, 

variant 2, with Notch1 
TMD_G318A/JMD CD19 scFv 

CD8α ECD, 
variant 2 

hN1 
TMD_G31
8A 

N1 
JMD G4VP64 

3B, S3A-
B, 4A, 4E-
F, S4F 

CD8α variant 2, 
V319A 

CD8α hinge ECD, 

variant 2, with Notch1 
TMD_V319A/JMD CD19 scFv 

CD8α ECD, 
variant 2 

hN1 
TMD_V31
9A 

N1 
JMD G4VP64 

3C 
SNIPR JMD 
variants 

hsSynNotch with 
variable JMD CD19 scFv hN1 ECD hN1 TMD 

See 
Table 
S1 G4VP64 

3D, S3E 
CLSTN2/CLSTN
2 

CD8α hinge ECD, 
variant 2, with CLSTN2 
TMD/JMD CD19 scFv 

CD8α ECD, 
variant 2 

CLSTN2 
TMD 

CLST
N2 
JMD G4VP64 

3D, S3E CLSTN2/Notch1 

CD8α hinge ECD, 
variant 2, with CLSTN2 
TMD/Notch1 JMD CD19 scFv 

CD8α ECD, 
variant 2 

CLSTN2 
TMD 

N1 
JMD G4VP64 

3D, S3E CLSTN2/KCNE3 

CD8α hinge ECD, 
variant 2, with CLSTN2 
TMD/AGER JMD CD19 scFv 

CD8α ECD, 
variant 2 

CLSTN2 
TMD 

AGER 
JMD G4VP64 

3D, S3E CLSTN2/PTPRF 

CD8α hinge ECD, 
variant 2, with CLSTN2 
TMD/PTPRF JMD CD19 scFv 

CD8α ECD, 
variant 2 

CLSTN2 
TMD 

PTPR
F JMD G4VP64 

S3C synRobo_GV 

Robo1 Fn-III domain 
ECD with Notch1 
TMD/JMD CD19 scFv Fn-III ECD 

Robo1 
TMD_GV 

N1 
JMD G4VP64 

S3C HingeAGER 

CD8α hinge ECD, 
variant 2, with AGER 
TMD/Notch1 JMD CD19 scFv 

CD8α ECD, 
variant 2 

AGER 
TMD 

N1 
JMD G4VP64 

S3C 
HingeAGER_LV
S 

CD8α hinge ECD, 
variant 2, with AGER 
TMD_LVS/Notch1 JMD CD19 scFv 

CD8α ECD, 
variant 2 

AGER 
TMD_LVS 

N1 
JMD G4VP64 

S3D 
hsNotch1 LNR, 
Notch2 JMD 

human SynNotch1 with 
Notch2 JMD CD19 scFv hN1 ECD hN1 TMD 

N2 
JMD G4VP64 

4A, S4A TMD Selection 

CD8α hinge ECD, 
variant 2, with multiple 
TMDs/Notch1 JMD CD19 scFv 

CD8α ECD, 
variant 2 

See Table 
S1 

N1 
JMD G4VP64 

4A, S4A JMD Selection 

CD8α hinge ECD, 
variant 2, with multiple 
TMDs/Notch1 JMD CD19 scFv 

CD8α ECD, 
variant 2 hN1 TMD 

See 
Table 
S1 G4VP64 

4A, 4E-F, 
S4A-B, 
S4F, 5D-
E, S5A, 
S5C-J 

Hinge Notch 
SNIPR (Notch2 
JMD) 

CD8α hinge ECD, 
variant 2, with Notch1 
TMD/Notch2 JMD CD19 scFv 

CD8α ECD, 
variant 2 hN1 TMD 

N2 
JMD G4VP64 

4C-D, S4D 
ALPPL2 
synNotch 

murine SynNotch with 
anti-ALPPL2 scFv ALPPL2 scFv mN1 ECD mN1 TMD 

N1 
JMD G4VP64 
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Figure # SNIPR ID Receptor LBD ECD TMD JMD TF 

4C-D, S4D 
ALPPL2 Hinge 
Notch SNIPR 

CD8α hinge ECD, 

variant 2, with Notch1 
TMD/JMD and anti-
ALPPL2 scFv ALPPL2 scFv 

CD8α ECD, 
variant 2 hN1 TMD 

N1 
JMD G4VP64 

4C-D, S4D 

ALPPL2 Hinge 
Notch SNIPR 
(Notch2 JMD) 

CD8α hinge ECD, 

variant 2, with Notch1 
TMD/Notch2 JMD and 
anti-ALPPL2 scFv ALPPL2 scFv 

CD8α ECD, 
variant 2 hN1 TMD 

N2 
JMD G4VP64 

4A, 4E-F, 
S4A, S4F 

Hinge Notch 
SNIPR (NRG1 
JMD) 

CD8α hinge ECD, 

variant 2, with Notch1 
TMD/NRG1 JMD CD19 scFv 

CD8α ECD, 
variant 2 hN1 TMD 

NRG1 
JMD G4VP64 

S4G 
Hinge Notch 
SNIPR (LaG17) 

CD8α hinge ECD, 

variant 2 against eGFP 
LaG17 
nanobody 

CD8α ECD, 
variant 2 hN1 TMD 

N2 
JMD G4VP64 

S4G 

Hinge Notch 
SNIPR (EGFRviii 
scFv) 

CD8α hinge ECD, 

variant 2 against 
EGFRviii EGFRviii scFv 

CD8α ECD, 
variant 2 hN1 TMD 

N2 
JMD G4VP64 

S4G 

Hinge Notch 
SNIPR (HER2 
scFv) 

CD8α hinge ECD, 

variant 2 against HER2 HER2 scfV 
CD8α ECD, 
variant 2 hN1 TMD 

N2 
JMD G4VP64 

5B 

Humanized 
Hinge Notch 
SNIPR (Pax6) 

CD8α hinge ECD, 
variant 2, with Notch1 
TMD/Notch2 JMD CD19 scFv 

CD8α ECD, 
variant 2 hN1 TMD 

N2 
JMD 

Pax6 
DBD-
p65(428-
551) 

5B, 5C-E, 
S5A, S5C-
D 

Humanized 
Hinge Notch 
SNIPR (HNF1A) 

CD8α hinge ECD, 
variant 2, with Notch1 
TMD/Notch2 JMD CD19 scFv 

CD8α ECD, 
variant 2 hN1 TMD 

N2 
JMD 

HNF1A 
DBD-
TCR-
p65(361-
551) 

5B 

Humanized 
Hinge Notch 
SNIPR (ZF6) 

CD8α hinge ECD, 
variant 2, with Notch1 
TMD/Notch2 JMD CD19 scFv 

CD8α ECD, 
variant 2 hN1 TMD 

N2 
JMD 

ZF6 - 
TCR - 
p65(361-
551) 

5B, 5C 

Humanized 
Hinge Notch 
SNIPR (ZF10) 

CD8α hinge ECD, 
variant 2, with Notch1 
TMD/Notch2 JMD CD19 scFv 

CD8α ECD, 
variant 2 hN1 TMD 

N2 
JMD 

ZF10 - 
TCR - 
p65(361-
551) 
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Figure 2.7. Construct designs, expression of Robo/FnIII receptors, and drug inhibition 
studies. (A) Schematic of SNIPRs and reporter constructs. All SNIPRs tested are expressed 
under a constitutive pGK promoter and contain an N-terminal CD8α signal peptide for membrane 
trafficking and myc-tag for measuring expression. Expression of tagBFP is regulated by a 5x Gal4 
UAS response element and a minimal pybTATA promoter. For identifying reporter+ cells, mCitrine 
is expressed constitutively under a pGK promoter. Right, receptor expression of murine and 
human synNotch receptors. (B) The original synNotch receptor is composed of a ligand-binding 
domain (LBD) fused to a proteolysis-regulated core from murine Notch1 and a Gal4-VP64 
transcriptional unit. T cells expressing a CD19 synNotch receptor, constructed with either a 
murine or human Notch1 core, were tested with various transcriptional factors for their ability to 
transmit ligand-dependent signaling. SynNotch T cells were co-incubated with either K562 or 
K562CD19 sender cells for 24 hours and BFP output was measured using flow cytometry proteins. 
Compared to the original murine synNotch design, synNotch receptors utilizing human 
components fail to efficiently induce BFP. (C) SynNotch receptors using cores from human Notch 
1, Notch 2, and Notch 3 do not display strong ligand-dependent activation. Human synNotch 4 
did not express. (D) Representative expression MFIs for synNotch/synRobo. Expression MFI 
does not correlate with receptor signaling ability. (E) Receptor activity is dependent on ADAM/γ-
secretase activity. SNIPR activation is inhibited by the ADAM inhibitor GI254023X and the gamma 
secretase inhibitor DAPT. 
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Figure 2.8. Protease site regulation, reporter constructs with CAR, hinge engineering. (A) 
Protease site exposure can regulate SNIPR signaling. Addition of a fibroblast activation protein 
(FAP) protease site into a synthetic linker ECD confers SNIPR activity in the presence of K562 
sender cells. Addition of a ligand binding domain restores ligand specificity. (B) Diagram of 
reporter construct with constitutively co-expressed 2nd generation ALPPL2 CAR (41BB-zeta). (C) 
Activation of anti-CD19 CD8α Hinge SNIPR variants. 1st row: expression of SNIPR and reporter 
construct in CD8+ T cells. 2nd row: Activation of the CD8α Hinge SNIPR variants with K562CD19. 
3rd row: Activation of the CD8α Hinge SNIPR variants with K562CD19 in the presence of MCAM 
BiTEs. 4th row: Activation of the CD8α Hinge SNIPR variants with K562CD19 in the presence of a 
co-expressed 2nd generation ALPPL2 CAR. Superimposed bar graphs displaying ligand-
independent (K562) and ligand-dependent (K562CD19) activation are shown. (D) Same as C, but 
with the full length CD8α Hinge Notch1 expressed in CD4+ T cells. The CD8α-based SNIPR is 
not as sensitive to T cell activation in CD4+ T cells as in CD8+ cells. (E) Same as B, but with 
CD8α Hinge SNIPR variants. 
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Figure 2.9. Alanine scan, fixing non-functional TMDs, non-Notch receptors. (A) Expression 
of Notch1 TMD Alanine scan mutants. (B) Results from Alanine scan in terms of %BFP+. (C) 
Fixing a non-functional TMD through residue substitution. The performance of the Robo1 TMD in 
a SNIPR setting can be improved by inserting a Gly-Val motif at an equivalent position to the 
Notch1 TMD and replacing the Robo1 JMD with that of Notch1. The performance of the AGER 
TMD in a SNIPR setting can be improved by replacing the residues C-terminal to its Gly-Val motif 
with those from the highest performing TMD, Notch1 from G. gallus. T cells expressing a SNIPR-
BFP circuit were co-incubated with the indicated K562 cells for 48 hours and the percentage of 
BFP+ cells was measured using flow cytometry. (D) Human synNotch expression and activation 
improvement through JMD substitution identified by a screen. Replacing the human Notch 1 JMD 
with the Notch 2 JMD increases receptor expression and activation in primary T cells. (E) 
Activation of anti-CD19 SNIPRs with non-Notch components. 1st row: expression of SNIPR and 
reporter construct in CD8+ T cells. 2nd row: Activation of the SNIPR variants with K562CD19. 3rd 
row: Activation of the CD8α Hinge SNIPR variants in the presence of MCAM BiTEs. 4th row: 
Activation of the CD8α Hinge SNIPR variants in the presence of a co-expressed 2nd generation 
anti-ALPPL2 CAR. Superimposed bars displaying ligand-independent (K562) and ligand-
dependent (K562CD19) activation are shown. 
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Figure 2.10. Hinge SNIPR TMD and JMD, drug inhibition studies, construct designs, 
expression data, testing with additional LBDs. (A) Superimposed bar graphs displaying 
activation of Hinge SNIPRs with variable TMDs and JMDs with an activated co-expressed 
ALPPL2 CAR at 48 hours. (B) SNIPR activation is dependent on ADAM and gamma-secretase 
activity. T cells expressing a CD19 Hinge Notch SNIPR-BFP circuit and co-expressed ALPPL2 
CAR were co-incubated with the indicated conditions for 48 hours. BFP output was measured 
using flow cytometry. (C) Design of inducible ALPPL2 cassette and MCAM CAR response 
element. rtTA3 is expressed under an SFFV promoter and induces ALPPL2 expression in the 
presence of doxycycline. MCAM CAR is expressed under an inducible minimal TATA promoter 
and 5XGal4 UAS enhancer with a constitutively expressed mCherry. (D) Expression of ALPPL2 
SNIPR was measured using myc-staining. (E) Design of an induced Super IL-2 single vector. 
Super IL-2 is expressed under an inducible minimal TATA promoter and 5XGal4 UAS enhancer 
with a constitutively expressed SNIPR. (F) Expression of SNIPR-super IL-2 circuits were 
measured using myc-staining. (G) Activation of Hinge SNIPR with additional LBDs. Hinge SNIPR 
with Notch2 JMD is effective against membrane bound GFP, EGFRviii, and HER2 when 
expressing an anti-GFP nanobody, anti-EGFRviii scFv, or anti-HER2 scFv, respectively. 
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Figure 2.11. Constructs, expression of humanized and non-humanized receptors, and 
individual tumor growth curves. (A) Comparison of humanized TFs with SNIPR ECDs. 
Expression profile of optimized CD8α Hinge SNIPRs and synNotch receptors using the human 
transcription factor HNF1A and synTF ZFN10 was determined by surface staining of the myc-
tagged receptors. (B) Design of BCMA CAR, CD19 SNIPR, and induced BCMA CAR response 
vector. BCMA CAR is expressed under a constitutive SFFV promoter. CD19 SNIPR is expressed 
under a constitutive pGK promoter. BCMA CAR is expressed under an inducible minimal TATA 
promoter and 5XGal4 UAS enhancer with a constitutively expressed mCherry. (C) Receptor 
expression of optimized CD8α Hinge SNIPRs in CD4+ and CD8+ T cells used for in vivo testing 
of circuit function. (D) Individual tumor curves for the averaged data in Fig. 2.5. (E) Gal4 SNIPR-
CAR circuits selectively eliminate tumors with dual antigen signatures in vivo. NOD mice (5 per 
experimental group) were injected with 1x106 K562CD19+/BCMA+ target cells into the left flank. 4 days 
post tumor injection, 5x106 BCMA CAR or CD19 SNIPR-BCMA CAR circuit T cells (2.5x106 each 
CD4+ and CD8+) or PBS control were injected, and tumor size was measured over time. (F) 
Survival curve for mice in E. (G) Same as A, but with NOD mice injected with 1x106 
K562CD19+/BCMA+ target cells into the left flank and 1x106 K562BCMA target cells into the right flank. 
(H) Human T cell presence in the spleen, left, and right tumors was measured using flow 
cytometry. (I, J) CAR induction of human T cells in the spleen, left, and right tumors was measured 
using a t2a system. Statistics were calculated using one-way ANOVA with Dunnett’s test post 
hoc. *P ≤ 0.05; **P ≤ 0.01; ns, not significant. 
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Chapter 3.  

Further SNIPR Investigations 

 

3.1 Summary 

SNIPRs represent a significant advance in our ability to tune a synthetic receptor circuit to address 

specific issues in immunotherapy, such as the tumor microenvironment, T cell exhaustion, and 

“on-target, off-tumor” effects. Here, I present further SNIPR engineering data that reveal further 

details about receptor behavior in a variety of contexts and introduce several collaborations that 

utilize SNIPRs for both fundamental and applied purposes. 

 

3.2 Further ECD Engineering 

To determine the four human isoforms of Notch1 differed from one another as synNotch 

scaffolds, I compared combinations of all four ECDs, TMDs, and JMDs. I tested two versions of 

each ECD, with and without the NRR. I found that the Notch1 and Notch3 ECDs were more 

amenable to SNIPR functionality, as the Notch2 ECD displayed high constitutive signaling and 

the Notch4 ECD displayed very low activation. All four TMDs tested demonstrated activity, a result 

that was supported by the data from my TMD screen, although Notch1-Notch3 TMDs displayed 

enhanced activity over Notch4 TMD. Similarly, all JMDs tested were found to be functional, with 

the Notch2 JMD demonstrated the greatest activation strength, a result supported by data from 

the JMD screen. Interestingly, replacement of the Notch2 JMD with Notch1 JMD in a synNotch2 

ΔNRR receptor significantly improved the receptor signal-to-noise ratio in Jurkat T cells, but this 

observation was not replicated in human primary T cells. 

An anti-CD19 SNIPR utilizing an ECD composed of a GGS linker with an inserted 

3xFLAG-tag was found to be functional with low basal activity. As the FLAG-tag is designed to be 

cleavable by enterokinase, I tested to see whether addition of enterokinase was sufficient for 

receptor activation. I found that simple addition of enterokinase was not sufficient for receptor 



98 
 

activation. I also did not observe staining by anti-FLAG antibodies. Together, these data suggest 

that the SNIPR ECD is difficult to access when the receptor is in an inactive state. 

To determine whether the SNIPR ECD was cleaved prior to gamma-secretase cleavage, 

I inserted a Secreted Embryonic Alkaline Phosphatase (SEAP) domain between an anti-CD19 

scFv and a 9x Gly-Gly-Ser linker ECD. The addition of the SEAP domain significantly reduced 

SNIPR expression and activation, but minor SEAP activity was observed in the supernatant of 

SNIPR-Jurkat T cells co-incubated with K562CD19 for 72 hours, using a p-NPP test. 

 

3.3 Further TMD Engineering 

Screening through candidate γ-secretase target TMDs and the subsequent alanine scan 

supported the importance of the C-terminal Glycine-Valine motif, with the G318A mutant reducing 

receptor activity by ~50% and the V319A mutant reducing receptor activity by ~75% (Zhu et. al., 

2021). To determine whether the Glycine-Valine motif was sufficient to produce a functional TMD, 

I engineered a fully synthetic TMD by replacing nearly all or all residues in the Notch1 TMD with 

Alanine except for the critical Glycine-Valine motif. I found that these fully synthetic receptors also 

functioned in the context of a synthetic receptor, albeit with higher levels of ligand-independent 

signaling. In total, these data demonstrate the critical importance of the Glycine-Valine motif in a 

synthetic receptor that rely upon RIP. These TMD mutations can be utilized to tune down receptor 

activity in contexts where full receptor activity may lead to overdose of an induced therapeutic 

(Fig. 3.1). 

 In addition to engineering a fully synthetic TMD, I also tested to see whether addition of 

the Glycine-Valine motif into a non-functional TMD could render it functional in a SNIPR context. 

I found that replacement of the C-terminus of the Robo1 TMD with the equivalent residues from 

the Notch1 TMD restored SNIPR signaling when paired with either the Robo1 Fn-III ECD or the 

optimized CD8α Hinge ECD and the Notch1 JMD (Fig. 3.2). 
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Figure 3.1. A fully synthetic TMD is functional in a SNIPR context. Top: mutating residues in 
the Notch1 TMD with Alanine does not reduce receptor expression. Middle: replacing nearly all 
residues in the Notch1 TMD except for the critical Glycine-Valine motif with Alanine results in a 
functional, receptor, as measured by an induced BFP reporter. Bottom: replacing nearly all 
residues in the Notch1 TMD except for the critical Glycine-Valine motif with Alanine results in a 
functional, albeit weaker receptor, as measured by an induced BFP reporter. This resulting 
receptor remains sensitive to γ-secretase inhibitors (DAPT) and ADAM10 inhibitors (ADAMi). 
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Figure 3.2. Non-functional TMDs can be made functional with addition of key residues. 
Replacement of the C-terminus of the Robo1 TMD with the C-terminus of the Notch1 TMD 
restores SNIPR functionality to a Fn-III Robo1 TMD receptor without affecting receptor 
expression. This effect is observed with either a Fn-III ECD or truncated CD8α ECD. 
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3.4 Further JMD Engineering 

From screening JMD domains from endogenous γ-secretase substrate proteins, I found 

that JMDs that were at least 4 AA in length and contained lysine and arginine residues were most 

active in a SNIPR context (Zhu et. al., 2021). Following up on this screen, I performed an arrayed 

screen of all combinations of lysine and arginine of lengths 1-6 AA. From this screen, I found that 

SNIPR activity, when correcting for expression, was positively correlated with the number of lysine 

residues. This observation suggests a possible role for ubiquitination in SNIPR activation (Fig. 

3.3). Further experimentation is ongoing to elucidate a mechanism for SNIPR activation. 

 Additional experiments found that extending the JMD beyond 6 AA had little further 

improvement on receptor activation. Interestingly, the Notch2 JMD remained a top performer, 

even when compared with JMDs that replaced its terminal Histidine residue with either Lysine or 

Arginine. In line with results observed with long JMDs, multiples of the Notch2 JMD in tandem 

(2x, 7x, etc.) significantly increased ligand-independent SNIPR activity without improving ligand-

dependent receptor activation. 

 

3.5 SNIPR Expression and CNV assessment 

Lentiviral transduction integrates copies of an intended construct throughout the genome, 

preferencing transcriptionally active sites. To reduce the risk of unfortunate integrations leading 

to unintended/new disease, the FDA has maintained a maximum upper limit of five average 

integrations per genome. To determine the number of viral copies inserted into the genome, I 

performed an established droplet digital PCR (ddPCR) protocol (Wang et. al., 2018) on primary 

human T cells transduced with either single vector or double vector receptor/response vector 

cassettes containing either the Gal4VP64 or HNF1A-p65 transcription factors. I found that copy 

numbers varied between one and six copies per construct, supporting SNIPRs’ therapeutic 

viability (Fig. 3.4). 
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Figure 3.3. Screening combinations of Lysine and Arginine as JMDs. A set of SNIPRs with 
JMDs consisting of all combinations of Lysine and Arginine of length 0-5 AA. SNIPR activation 
strength is positively correlated with the number of lysines in the JMD, as well as overall JMD 
length. 
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Figure 3.4. Copy number variation analysis using ddPCR. Two SNIPR→CAR circuits utilizing 
the Gal4VP64 TF and two circuits utilizing the HNF1A TF were lentivirally transduced into CD3+ 
primary T cells. T cell genomic DNA was extracted and the number of HIV copies per genome 
was analyzed using ddPCR, using TERT2 as a reference gene. All measurements were done in 
triplicate. 
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In contrast to lentiviral integration, CRISPR can be used to knock-in a SNIPR-CAR circuit 

at the TRAC locus, eliminating potential crosstalk from the TCR and establishing single copy 

integration into the T cell genome. In collaboration with Ray Liu, Brian Shy, and Franzi Blaeschke, 

I tested an anti-CD19 SNIPR → anti-BCMA CAR circuit that had been inserted into the T cell 

TRAC locus using CRISPR. I found that these single-integration circuits performed similarly to 

lentivirally transduced circuits, further supporting the potential clinical viability of SNIPR circuits 

(Fig. 3.5). 

 

3.6 ALPPL2 SNIPRs can drive production of MESO CAR against mesothelioma in vivo 

Previous SNIPR work in vivo utilized a double vector system, with the SNIPR and 

response element on separate plasmids (Zhu et. al., 2021). While this set-up improves 

transduction efficiencies, it is less amenable to clinical use, and a single vector set-up, with both 

SNIPR and response element on the same plasmid, had yet to be shown to be functional in vivo. 

In addition, additional antigen pairs besides CD19/BCMA had yet to be tested in vivo. To observe 

SNIPR functionality with a different antigen and in a single vector format, I utilized the M28 

mesothelioma model from (Hyrenius-Wittsten et. al., 2021), which expresses the targeting antigen 

ALPPL2 and the CAR antigen mesothelin (MESO). Seven days after a subcutaneous injection of 

4x106 M28ALPPL2/MESO cells into the left flank and 4x106 M28MESO cells into the right flank of NSG 

mice, 6x106 anti-ALPPL2 SNIPR-T cells inducing an anti-MESO CAR were injected retroorbitally 

and tumor sizes were measured weekly. Compared to constitutive expression of the anti-MESO 

CAR, which non-specifically clears both left and right tumors, SNIPR-T cells successfully clearly 

only the left tumor, thus demonstrating both SNIPR functionality with another antigen pair and in 

single-vector format in vivo (Fig. 3.6). 
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Figure 3.5. SNIPR-CAR circuits are functional at single copy. Left, top to bottom: Expression 
of an anti-CD19 SNIPR → anti-BCMA CAR circuit inserted into the TRAC locus using CRISPR 
(TCR-), followed by circuit induction using K562BCMA, K562CD19, and K562CD19/BCMA, as measured 
by CAR induction (FLAG tag), T cell activation (CD25), and target K562 death (Draq7). Middle: 
same as left, but with EF1α promoter instead of pGK for SNIPR expression. Right: SNIPR 

expression is comparable to lentiviral transduction methods. Results were similar between two T 
cell donors. 
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Figure 3.6. ALPPL2 SNIPRs can drive production of MESO CAR against mesothelioma in 
vivo. Bulk CD3+ T cells were transduced with an ALPPL2 SNIPR → MESO CAR circuit on a 
single vector, sorted and expanded. NSG mice were subcutaneously implanted with 4x106 
M28ALPPL2/MESO cells in the left flank and 4x106 M28MESO cells in the right flank. 6x106 T cells were 
retroorbitally injected 7 days later, and tumor size was measured weekly thereafter. Compared 
with a constitutively expressed MESO CAR, which clears both left and right tumors, the SNIPR 
circuit specifically clears only the left, double positive tumor. 
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3.7 SNIPR sensitivity to antigen and other stimuli 

T cell activation is a major event in T cell biology that drives T cells toward an effector 

state (Irving and Weiss, 1991). T cell activation endogenously occurs through a TCR-peptide-

MHC complex interaction, but can also occur through engineered methods, such as CARs 

(Eshhar et. al., 1993) and BiTEs (Huehls et. al., 2015). T cell activation drives several changes at 

both the plasma membrane, such as higher levels of surface-expressed ADAM10 and gamma-

secretase (Li et al., 2007, Lambrecht et al., 2018). I can determine receptor sensitivity to T cell 

activation through the co-expression of a CAR, addition of anti-CD28/anti-CD3 dynabeads, or 

addition of anti-MCAM BiTEs to a co-culture of T cells and K562s (which naturally express 

MCAM). Addition of phorbol 12-myristate 13-acetate (PMA), a DAG analog and very strong 

initiator of PKC signaling, is a crude replacement for the above methods (Nóbrega, 1986). Using 

these methods, I have confirmed that both the original synNotch receptor and optimized 

HingeNotch receptor are not sensitive to T cell activation alone but display enhanced activation 

in the presence of T cell activation. However, receptors such as FnNotch and ΔNRR demonstrate 

significant sensitivity to T cell activation, even in the absence of ligand. These changes may be 

due to a combination of increased receptor expression during T cell activation and/or enhanced 

protease activity at the plasma membrane. 

 Sensitivity to T cell activation may be beneficial in prolonging the SNIPR response during 

induced CAR expression in a heterogenous population. As SNIPR circuits are kept on while the 

priming SNIPR antigen is present, low initial levels and subsequent loss of the priming antigen in 

a heterogenous target may limit a typical receptor-CAR circuit. However, if CAR activation served 

to “self-prime” the SNIPR, then CAR expression may be maintained over a much longer 

timeframe. As the ΔNRR SNIPR (Zhu et. al., 2021) is sensitive to T cell activation, I compared it 

with an optimized CD8α Hinge SNIPR to see how both induced and maintained CAR expression 

over time. I observed that an ΔNRR SNIPR → CAR circuit where the CAR the subsequently 
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activated produces longer circuit activation than the Hinge SNIPR circuit. This difference can be 

attributed to the positive feedback that occurs when CAR activity induces ligand-independent 

activation of the ΔNRR SNIPR. 

 

3.8 Tunability 

The original synNotch receptor, comprised of the Notch1 NRR ECD, the Notch1 TMD, and 

the Notch1 JMD, produces a set amount of output with a given ligand binding domain (Morsut et. 

al., 2016). The ability to tune receptor activity to suit a particular clinical application would be 

highly valuable in driving this technology toward clinical applications. To demonstrate how 

different levels of an induced cytokine can affect T cell behavior, I used SNIPRs of different 

strengths to induce the engineered cytokine Super-IL2. Super-IL2 is a modified form of 

Interleukin-2 (IL-2) from the Garcia lab that does not require CD25 for IL2R signaling (Levin et. 

al., 2012). As a potential therapeutic cytokine, Super-IL2 therefore has less of a preference for 

Tregs than unmodified endogenous IL-2 and can induce survival and proliferation in naïve and 

rested T cells. For these experiments, I utilized the H9 variant of Super-IL2, which provides the 

strongest stimulus. 

To determine the effects of inducing Super-IL2 on T cell survival and proliferation, I tested 

five anti-CD19 SNIPR circuits inducing Super-IL2. Each SNIPR was equipped with a combination 

of Notch1 TMD mutation (no mutation, G318A, V319A) and JMD (Notch1, Notch2) for a range of 

Super-IL2 induction strengths. Following co-culture of SNIPR T cells with irradiated K562 and 

irradiated K562CD19 cells in the absence of supplemented IL-2, I measured the output of Super-

IL2 using ELISA and quantified T cell proliferation using Cell Trace Violet. Super-IL2 induction 

levels rose with SNIPR activity, with SNIPRs utilizing the unmodified Notch1 TMD and Notch2 

JMD producing the highest concentration of Super-IL2 and T cell proliferation. This beneficial 

effect was also observed with CAR-T cells expressing the same SNIPR circuits, although the 

measured levels of secreted super-IL2 dropped dramatically following several days of CAR 
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activation. This observation could be due to a significant increase in demand for IL-2 from T cell 

activation and a greater number of T cells in co-culture. 

In addition to their autocrine effects, secreted cytokines can also produce paracrine effects 

on neighboring cells. “Bystander” T cells that are added to the co-culture can respond to secreted 

Super-IL2 in a dose-dependent manner. Weak SNIPRs that produce only slight amounts of 

Super-IL2 only induce survival in bystander T cells, while stronger SNIPRs that robustly produce 

Super-IL2 induce significant proliferation in the bystander population (Fig. 3.7). This ability to 

switch between autocrine and paracrine signaling may be of benefit to SNIPR circuits that induce 

payloads which may have significant effects on the surrounding microenvironment.  

 

3.9 SNIPRs are functional in other cell lineages 

The synNotch receptor has been previously shown to be functional when expressed in 

multiple tissue types, including blood cells and nervous tissue. As an engineered receptor, 

SNIPRs may also be expressed in a wide variety of cell types beyond human T cell lineages. I 

have found that an anti-CD19 SNIPR is functional in the U2OS osteosarcoma cell line, suggesting 

that SNIPRs may be functional in both adherent and suspended cells (Fig. 3.8). This observation 

agrees with synNotch behavior in non-hematologic cell types, such as neurons. I have also 

observed SNIPR activity in the murine lymphoma line EL4 and lymphoblast line 32D (Fig. 3.8). 
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Figure 3.7. Bystander T cell proliferation with different dosages of super-IL2. Proliferation 
of bystander T cells is positively correlated with the output level of super-IL2. As SNIPR signaling 
strength increases, the level of released Super-IL2 increases. This titrated release correlates with 
the proliferation of rested CD3+ T cells, which do not produce their own IL-2 and do not proliferate 
in the absence of Super-IL2. 
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3.10 SNIPRs may not be as cis-inhibited as synNotch 

Cis-inhibition occurs when receptor activation is blocked by binding ligands expressed on 

the same cell. Like endogenous Notch, synNotch receptors are believed to be cis-inhibited, and 

an anti-GFP synNotch was not found to activate in response to GFP when GFP is co-expressed 

on the same cell (Morsut et. al., 2016). 

 To determine whether SNIPRs are cis-inhibited, I co-expressed CD19 and an anti-CD19 

SNIPR on Jurkat T cells along with a BFP reporter. In contrast to Jurkat cells only expressing the 

SNIPR, co-expression with CD19 produced significant circuit activation, even in the absence of 

target K562CD19 cells. However, anti-CD19 synNotch receptors did not demonstrate this behavior, 

suggesting that SNIPRs are not cis-inhibited (Fig. 3.9). This difference may be attributed to the 

different ECD lengths between synNotch and SNIPRs, which may allow for SNIPRs to activate 

off co-expressed ligands. 

 

3.11 Cytokine Induction 

Roybal et. al. previously demonstrated the ability for synNotch receptors to induce 

cytokine production at an intended site, such as a tumor (Roybal et. al., 2016). I have also 

previously shown the ability for SNIPRs with different activation strengths to output different levels 

of the engineered cytokine Super-IL2 in vitro. Super-IL2, like IL2, promotes effector T cell function 

by inducing T cell survival and proliferation in a dose-dependent manner (Levin et. al., 2012). IL2 

is naturally produced by activated CAR-T cells, but supplementation with additional Super-IL2 

could also provide an additional beneficial effect to CAR-T cell function.  
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Figure 3.8. SNIPRs are functional in cell types beyond human T cells. Top: An anti-CD19 
SNIPR is functional when expressed in U2OS cells with a BFP reporter. Strong receptor clustering 
is observed when SNIPR-U2OS and SNIPR-Jurkat cells are co-incubated with target K562 cells. 
Bottom: An anti-CD19 SNIPR is functional when expressed in 32D and EL4 murine cell lines with 
a BFP reporter. Note that 32D and EL4 cells were only sorted for reporter expression, not for 
receptor expression. 
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Figure 3.9. Lack of cis-inhibition in SNIPRs. Co-expression of CD19 with anti-CD19 SNIPRs 
in Jurkat T cells leads to significant circuit activation in the absence of target K562CD19 cells as 
compared to Jurkat T cells that solely express the SNIPR circuit in the absence of co-expressed 
CD19. 
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To determine the potential beneficial effects of inducing Super-IL2 in clearing a tumor in 

mouse model, I first tested several dosages of anti-BCMA CAR-T cells to determine a dosage 

that was insufficient to clear an implanted K562 tumor in NSG mice. Five days after a 

subcutaneous injection of 1x106 K562BCMA/CD19 cells into the left flank of NSG mice, anti-BCMA 

CAR-T cells were injected retro-orbitally at dosages of 1x106, 3x106, and 6x106 cells per mouse. 

While dosages of three and six million CAR T-cells were sufficient in clearing the implanted K562 

tumor, the one million CAR-T cell dosage did not produce complete tumor clearance (Fig. 3.10). 

I therefore proceeded with super-IL2 induction experiments at the one million CAR-T cell dosage. 

To observe how induced Super-IL2 could improve CAR-T cell function at a low T cell 

dosage, I compared three SNIPRs with different activation strengths: 

1. Notch1TMD, G318A, Notch1 JMD (low dose) 

2. Notch1TMD, Notch1 JMD (medium dose) 

3. Notch1 TMD, Notch2 JMD (high dose) 

Each SNIPR→Super-IL2 circuit was transduced into primary CD3+ T cells along with an anti-

BCMA CAR. Following injection into mice that had been implanted with 1x106 K562CD19/BCMA target 

cells 5 days prior, tumors were measured semiweekly. While super-IL2 circuits alone and control 

CAR-T cells failed to control tumor growth, medium and high-dose super-IL2 circuits provided a 

significant benefit in conjunction with CAR, resulting in complete tumor clearance (Fig. 3.11).  

These results suggest that induced cytokines can make a significant improvement in 

controlling tumor growth in vivo by using therapeutic T cells. It was surprising to observe a 

dramatic improvement in tumor size in the medium and high-dose IL2 groups, especially in the 

absence of graft-versus-host disease. I hypothesize that significant T cell infiltration and 

proliferation may have contributed to a high tumor volume. I also hypothesize that induced Super-

IL2 circuits may provide significant benefits, even at T cell dosages below 1 million. Further testing 

is underway to measure T cell presence in the tumor at its maximum growth as well lower T cell 

dosages. 
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Figure 3.10. A 1x106 CAR-T cell dose is insufficient to clear an implanted 1x106 
K562CD19/BCMA tumor. Retroorbital injection of 6x106 and 3x106 anti-BCMA CAR-T cells can clear 
an implanted K562CD19/BCMA tumor, but 1x106 dose is insufficient to clear the tumor. 
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Figure 3.11. Induction of medium and high-dose super-IL2 helps a 1x106 BCMA-CAR-T cell 
dose clear a K562 tumor. A 1x106 CAR-T cell dose does not control tumor growth, and 
supplementation of low-dose Super-IL2 through a SNIPR circuit suppresses tumor growth but 
does not clear it. Supplementation with medium and high dose- Super-IL2, along with 
constitutively expressed Super-IL2 and a higher T cell dose, reverses tumor growth and clears 
the tumor.  
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3.12 Development of a SNIPR-CAR circuit targeting clear cell renal cell carcinoma 

As part of a collaboration with the June lab at the University of Pennsylvania, I have 

engineered SNIPR-CAR circuits that target clear cell renal cell carcinoma (ccRCC), the most 

common subtype of kidney cancer. Thirteen anti-PSMA SNIPRs circuits inducing an anti-CD70 

CAR were assembled and tested against K562PSMA/CD40. Both scFv-based and truncated CD27-

based CARs were successfully induced (Fig. 3.12). In vivo testing is continuing at the University 

of Pennsylvania with renal cancer models. 

 

3.13 Development of a SNIPR-CAR circuit targeting Glioblastoma multiforme 

 Glioblastoma multiforme (GBM) is the most common adult brain malignancy. GBM can be 

characterized by the expression of a truncated Epidermal Growth Factor Receptor (EGFR) 

mutant, known as EGFRviii, which is specifically but heterogeneously expressed on GBM. As part 

of a collaboration with the Okada lab at UCSF, I have tested an anti-EGFRviii SNIPR circuit that 

induces expression of either an anti-EphA2 or anti-IL13Rα2 CAR (Fig. 3.13). I have demonstrated 

that this circuit can clear a U87EGFRviii co-culture in vitro, in line with previously published work 

using the synNotch receptor (Choe et. al., 2021). This work will be continued with additional 

priming antigens. 

 

3.14 SNIPRs can detect certain soluble cytokines 

Morsut et al. described a need for mechanical force in synNotch activation. Because of 

this requirement, synNotch could not bind soluble antigens, as demonstrated by its inability to 

detect soluble GFP without an adapter cell (Morsut et. al., 2016, Toda et. al., 2020). To determine 

whether HingeNotch could detect soluble factors, I repeated this anti-GFP assay with an anti-

GFP HingeNotch carrying a LaG17 nanobody. This receptor could activate upon binding 

K562shadowGFP but did not detect soluble GFP. In conjunction with Dan Piraner and Pavithran 

Ravindran, I next tested combinations of anti-GFP-HingeNotch SNIPRs that bound opposite-
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facing epitopes on GFP. I found that co-expression of LaG17- and LaG2-SNIPRs allowed a T cell 

to detect 100nM soluble GFP (Fig. 3.14). I also found that a SNIPR containing both LaG17 and 

LaG2 nanobodies in tandem also could detect soluble GFP. 

Dan Piraner has found that an anti-TGFb SNIPR could detect the anti-inflammatory 

cytokine TGFb. In a similar fashion to binding GFP at two epitopes, binding TGFb, a homodimer, 

may allow for sufficient mechanical force to activate the SNIPR. Inflammation results in the 

production of inflammatory cytokines, such as IL-6, TNF-a, and IFNγ. IFNγ, the only type II 

cytokine, is another dimerized cytokine. I found that an anti-IFNγ SNIPR, utilizing a scFv targeting 

IFNγ (Froyen et. al., 1993), could detect IFNγ (Fig. 3.15). IFNγ detection was improved with 

addition of K562 cells, suggesting that the anti-IFNγ SNIPR could more easily detect IFNγ bound 

to a target cell. As IFNγ is secreted by activated T cells, the IFNγ SNIPR could also serve as a 

detector of T cell activation (Fig. 3.16). I also found that murine synNotch expressing the same 

anti-IFNγ scFv could also activate off IFNγ, albeit at a much weaker level. Combined, these data 

represent an exciting application for SNIPRs, as the ability to detect and respond to soluble 

signals suggests that SNIPR T cells may be better able to specifically respond to both 

immunosuppressive and immunostimulatory factors in a disease microenvironment. 

 

3.15 Engineering SNIPRs to enhance T cell fitness 

Julie Garcia, Dan Goodman, and I have been working with the lab of Jaehyuk Choi at 

Northwestern University to determine potential SNIPR payloads that enhance T cell fitness, 

survival, and persistence. The Choi lab has identified multiple mutated genes in T cell lymphoma 

that may improve malignant T cells’ fitness (Daniels et. al., 2020). Rather than simple 

overexpression of these potentially oncogenic genes in therapeutic T cells, SNIPR circuits may 

be utilized to control the expression of these genes only at the site of disease. We are currently 

screening for optimal candidates to induce under SNIPR control. 
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Figure 3.12. Anti-PSMA SNIPRs can induce expression of anti-CD70 CARs. Top: T cells 
expressing anti-PSMA SNIPR-anti-CD70 CAR circuits with different anti-PSMA binding heads 
induce CAR expression when incubated with K562PSMA, as measured by a t2a GFP. Bottom: 
When incubated with K562PSMA/CD70, expressed CARs activate and clear the target K562 
population, downregulating the SNIPR circuit.  
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Figure 3.13. Anti-EGFRviii SNIPR-T cells can induce CAR expression when co-cultured 
with U87EGFRviii cells. Top: Receptor and reporter expression comparison between anti-EGFRviii 
synNotch and HingeNotch SNIPR. Bottom: Induction of an anti-IL13Ra2 CAR t2a GFP when 
CD8+ synNotch- or SNIPR-T cells are co-cultured with U87EGFRviii cells for 96 hours. 
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Figure 3.14. SNIPRs targeting opposite epitopes can detect soluble proteins. Top: 
Expression of LaG2 and LaG17 SNIPRs, which detect opposite epitopes on GFP, on the same T 
cell allows for detection of 100 nM soluble GFP. Bottom. LaG17-LaG2 and LaG2-LaG17 SNIPRs 
can detect 100 nM soluble GFP, as measured using a BFP reporter. 
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Figure 3.15.     F γ-SNIPR                b    F γ. Left: T cells expressing an IFNγ-
SNIPR→BFP circuit display circuit activation at sort, when T cells have been recently activated 
with anti-CD3/CD28 dynabeads. Right: Following T cell rest, circuits are well controlled but 
activate in a dose-dependent manner with the addition of IFNγ. 



123 
 

 

Figure 3.16.     F γ-SNIPR is sensitive to T cell activation. Strong IFNγ-SNIPR circuit 
activation is observed following TCR stimulus through the addition of anti-MCAM BiTEs, which 
activate T cells in the presence of K562 cells. IFNγ-SNIPR activation is thought to be due to the 
natural release of IFNγ by activated T cells. Enhanced IFNγ-SNIPR activity is also observed when 
K562s are added to a co-incubation of IFNγ-SNIPR T cells and 100 nM IFNγ. 
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3.16 SNIPRs can induce immunosuppressive payloads to treat inflammatory disorders 

In addition to outputting immunostimulatory outputs, such as CARs and pro-inflammatory 

cytokines, SNIPR circuits can also be designed to produce an immunosuppressive response. 

Producing an immunosuppressive response can be accomplished by producing 

immunosuppressive cytokines, such as IL10 and TGFb, by antagonizing pro-inflammatory 

cytokines, and by promoting a regulatory (Treg) response (Vignali et. al., 2008). 

Atherosclerosis, a condition involving cholesterol buildup in blood vessels, involves an 

inflammatory immune response at the site of fatty deposits, or plaques. These plaques often 

include modified lipids, such as malondialdehyde (MDA) modified lipoproteins, that indicate 

significant levels of oxidized lipids and promote an inflammatory response (Rafieian-Kopaei et. 

al., 2014). 

In collaboration with Dr. Adam Oskowitz, I have screened through fifteen SNIPRs 

containing scFvs raised against MDA-modified lipoproteins, finding three that bind specifically to 

MDA-modified LDL and ApoB with different strengths (Fig. 3.17). I have used these SNIPRs to 

induce a variety of immunosuppressive cytokines, such as IL10 and TGFb, immunosuppressive 

signaling proteins, such as CTLA-4 and PD-1, and transcription factors involved with Treg 

development, such as Foxp3. 

 

3.17 SNIPRs can induce payloads for biomedical imaging 

 In collaboration with Jaehoon Shin and Dr. David Baker’s laboratory at UCSF, I have 

designed and tested SNIPR circuits that target a variety of bound targets, ranging from HER2 to 

bead-immobilized FITC. These circuits induce payloads, such as thymidine kinase, that can be 

targeted by radioactive tracers. Following tracer uptake, therapeutic T cells that identify tumor 

targets may be imaged using conventional imaging techniques. This method may increase the 

sensitivity of conventional tumor imaging methods and can add an additional benefit to therapeutic 

T cell therapies. 
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Figure 3.17. Anti-MDA-modified lipoprotein SNIPRs can detect MDA-modified lipoproteins. 
SNIPR-T cells expressing one of three individual scFvs induce production of BFP when incubated 
in wells pre-coated with MDA-modified lipoproteins. 
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3.18 Hybrid Receptors 

 During initial SNIPR testing, I found that SNIPRs were compatible with a “hybrid” 

intracellular domain format, comprised of a combination of CAR domains and transcription factor. 

I found that these hybrid receptors could better mimic CAR activity while driving transcription than 

synNotch hybrid receptors. Further exploration of these receptors is currently being conducted by 

Julie Garcia in our lab. 

 

3.19 Negative Data 

 I have found that SNIPRs are not compatible with a variety of binding heads, for various 

reasons. For example, I found that SNIPRs utilizing an anti-myc-tag scFv (Hilpert et. al., 2001) or 

a BiTE as binding head did not express well or activate. SNIPR expression was observed with 

scFvs targeting citrullinated vimentin (Raffin et. al., 2018), IL-22 (Fouser et. al., 2007), and 

oxidized type-II collagen (Hughes et. al., 2010), but no SNIPR activation was observed when 

SNIPR-T cells were incubated with these targets, suggesting that there are limits to the current 

capabilities of SNIPRs to detect soluble ligands. 

Multiple scFvs targeting HER2 (Zhao et. al., 2009), MDA-modified lipoproteins, and PSMA 

were also found to be inactive in a SNIPR format during screening. In addition, natural binding 

heads, such as SIRPa, which binds CD47 (Willingham et. al., 2012), also did not induce significant 

activation when used as a SNIPR binding head. These binders have notably lower binding 

affinities than their functional counterparts. Several of these scFvs, particularly those targeting 

HER2, are known to be functional when part of a CAR (Zhao et. al., 2009), suggesting that 

SNIPRs have more stringent requirements for high-affinity binders to produce measurable 

phenotypic changes. This difference can be explained by the comparative lack of signal 

amplification that occurs during synNotch/SNIPR activation as compared to CAR activation, as 

commented in previous work (Morsut et. al., 2016). 
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3.20 Conclusion 

 Cellular immunotherapy has made rapid and significant strides in the treatment of cancer 

and other chronic illnesses over the past century. However, as its potential increases with each 

new discovery and every engineering feat, so does the need to wield the power of cellular 

immunotherapies responsibly. Controlling the expression of CARs and other immunoregulators 

by therapeutic cells is a popular idea for reducing the risk of T cell exhaustion and on-target, off-

tumor toxicity. My work on SNIPRs, as described in this thesis, represents a significant advance 

in our ability to finely tune cell behaviors, including those of therapeutic T cells. I have shown that 

SNIPRs are more compact, humanized, regulatable, and modular than previous iterations of 

engineered orthogonal receptors. I have also shown that SNIPR-T cells driving either CAR or 

cytokine expression demonstrate several potential benefits over current cellular 

immunotherapies. This work has produced several significant collaborations that seek to deliver 

cutting-edge living treatments for a variety of diseases, ranging from cancer to atherosclerosis. I 

am excited to see how SNIPR circuits can build upon current therapies to bring measurable 

improvements in clinical care. 
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