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Modularly Constructed Synthetic Granzyme B Molecule Enables
Interrogation of Intracellular Proteases for Targeted Cytotoxicity

Patrick Ho, Christopher Ede, and Yvonne Y. Chen
Department of Chemical and Biomolecular Engineering, University of California—Los Angeles,
Los Angeles, California 90095, United States

Abstract

Targeted therapies promise to increase the safety and efficacy of treatments against diseases
ranging from cancer to viral infections. However, the vast majority of targeted therapeutics relies
on the recognition of extracellular biomarkers, which are rarely restricted to diseased cells and are
thus prone to severe and sometimes-fatal off-target toxicities. In contrast, intracellular antigens
present a diverse yet underutilized repertoire of disease markers. Here, we report a protein-based
therapeutic platform—termed Cytoplasmic Oncoprotein VErifier and Response Trigger
(COVERT)—which enables the interrogation of intracellular proteases to trigger targeted
cytotoxicity. COVERT molecules consist of the cytotoxic protein granzyme B (GrB) fused to an
inhibitory N-terminal peptide, which can be removed by researcher-specified proteases to activate
GrB function. We demonstrate that fusion of a small ubiquitin-like modifier 1 (SUMOZ1) protein to
GrB yields a SUMO-GrB molecule that is specifically activated by the cancer-associated sentrin-
specific protease 1 (SENP1). SUMO-GrB selectively triggers apoptotic phenotypes in HEK293T
cells that overexpress SENP1, and it is highly sensitive to different SENP1 levels across cell lines.
We further demonstrate the rational design of additional COVERT molecules responsive to
enterokinase (EK) and tobacco etch virus protease (TEVp), highlighting the COVERT platform’s
modularity and adaptability to diverse protease targets. As an initial step toward engineering
COVERT-T cells for adoptive T-cell therapy, we verified that primary human T cells can express,
package, traffic, and deliver engineered GrB molecules in response to antigen stimulation. Our
findings set the foundation for future intracellular-antigen—responsive therapeutics that can
complement surface-targeted therapies.

Graphical Abstract

"Corresponding Author: Tel: +1-310-825-2816. yvonne.chen@ucla.edu.

Author Contributions

PH, CE, and Y'YC designed the experiments and analyzed data. PH designed and built the COVERT constructs. PH and CE performed
the experiments. PH and Y'Y C wrote the manuscript.

COMPETING INTERESTS
The authors declare competing interest in the form of a patent application whose value may be affected by this publication.

Supporting Information. Figure S1: Western blots of SENP1 expression in various cell lines. Figure S2: Presence of active GrB
reduces transgenic protein expression in transfected HEK293T cells. Figure S3: Transient expression of GrB was not overtly toxic to
HEK293T cells based on transfection efficiency and viability staining. Figure S4: Gating strategy for analysis of GrB-mediated
cytotoxicity in transiently transfected HEK293T cells. Figure S5: Expression of GrB results in altered cell morphology and loss of
adherence by HEK293T cells. Movie S1: Live-cell imaging of Jurkat T cell expressing engineered GrB upon encounter with antigen-
expressing Raji target cell. Text S1: Annotated DNA sequences of COVERT and control constructs. This material is available free of
charge on the ACS Publications website at http://pubs.acs.org.


http://pubs.acs.org

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ho et al. Page 2

I
]
Tumor
Protease Tumor
Inhibitory g€ o Cell
Y - O —
Inactive Active
COVERT Granzyme B

Keywords

granzyme B; targeted therapy; adoptive T-cell therapy; mammalian synthetic biology; rational
protein engineering

INTRODUCTION

Precision medicine is an emerging cancer therapy paradigm that utilizes patient-specific
genetic information to identify disease-specific molecular targets for therapeutic
interventionl2, Unlike conventional, indiscriminately toxic treatments, targeted therapies
recognize aberrantly expressed biomarkers to operate against molecularly defined, diseased
cell populations. There has been a long-standing interest in developing anti-tumor “magic
bullets” by coupling tumor-targeting moieties to potent cytotoxic molecules®. In particular,
monoclonal antibodies bind to unique epitopes with high specificity and are frequently
conjugated to small-molecule chemotherapeutics, either through direct chemical linkage in
antibody-drug conjugates or by surface presentation on drug-delivery vehicles?.
Alternatively, non-selective toxins can be designed to function as prodrugs that activate upon
cleavage by tumor-secreted proteases, thereby confining toxicity to cells in the local
microenvironment®. While mechanistically diverse, these “smart drugs” share a heavy
reliance on the recognition of extracellular signals to achieve specific targeting, even though
surface-marker expression and soluble-factor secretion are rarely restricted to tumor cells.
Consequently, dose-limiting, off-tumor toxicities are often manifest in therapies directed
against extracellular antigen targets®-8,

Despite the lack of tumor-exclusive extracellular biomarkers, contemporary tumor-targeting
strategies continue to rely on the recognition of surface-bound antigens. This design focus
has persisted through the advent of adoptive T-cell therapy, in which T cells are redirected to
attack target cells via engineered receptor-antigen interactions on the cell surface®. Notably,
T cells expressing chimeric antigen receptors (CARS) specific for the pan—B-cell marker
CD19 have demonstrated robust clinical efficacy in patients with relapsed B-cell
malignancies'%-13, However, due to natural CD19 expression on non-malignant B cells,
sustained B-cell aplasia inevitably accompanies tumor eradication in responding
patients1®-13, Although B-cell aplasia is a clinically manageable condition, T cells
engineered to target other tumor-associated antigens such as carcinoembryonic antigen
(CEA) and HER2 have triggered severe dose-limiting or fatal toxicities in response to
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expression of the targeted molecules on normal tissue*1. Therefore, the lack of disease-
exclusive surface targets presents a recurrent critical barrier to clinical practice.

Meanwhile, the completion of the Human Genome Project and parallel advances in
sequencing technology have enabled high-throughput, high-resolution analyses of cancer
omics data, revealing a plethora of unexploited, intracellular disease signatures6-18, Yet, in
stark contrast to the multitude of innovative therapeutic modalities that target extracellular
antigens, therapies responsive to intracellular antigens remain few and underdeveloped.
Small-molecule drugs can permeate cell membranes to inhibit intracellular enzymes, but
they generally display limited surface area and depend on hydrophobic contact for target
binding, making them prone to non-specific interactions1?-20, We hypothesize that the vast
structural and biochemical diversity of proteins can be harnessed to achieve fine-tuned
ligand specificity, allowing protein-based therapeutics to react to distinct physiological
stimuli. Here, we report a novel protein-based therapeutic platform, termed Cytoplasmic
Oncoprotein VErifier and Response Trigger (COVERT), which enables interrogation of
intracellular tumor antigens—in particular, proteases—with the use of conditionally active
granzyme B (GrB) molecules.

GrB is the initiator of multiple pro-apoptotic pathways and serves as the principle cytotoxic
molecule deployed by T cells and natural killer (NK) cells to eliminate target cells?1:22,
Endogenous GrB is produced as a zymogen bearing an N-terminal Gly-Glu dipeptide that
prevents the formation of a functional catalytic triad23. Upon packaging into lytic granules
inside the immune cell, GrB is processed by the dipeptidyl peptidase cathepsin C (CatC),
which cleaves off GrB’s Gly-Glu dipeptide and frees the newly N-terminal 1le16 residue to
insert into the interior of the molecule and form a salt bridge with Asp194. The resulting
conformational change enables the simultaneous generation of an oxyanion hole and
maturation of the active-site S1 pocket?425, Since endogenous GrB is activated prior to its
release from the lytic granules of T cells and NK cells, it indiscriminately kills any target
cell it enters and does not independently ascertain the identity of the target cell. Instead,
target-cell identification is established exclusively at the cell surface via receptor-antigen
interactions, whose specificities are subject to the limitations outlined above. Given its
cytotoxic potential, GrB has been the subject of numerous attempts to engineer targeted
therapeutics?6:27. The vast majority of these designs consist of C-terminal fusions to binding
domains that recognize surface-bound receptors or antigens. As a result, the specificity and
therapeutic application of these engineered GrB molecules remain limited by the lack of
disease-specific extracellular markers.

We hypothesized that engineering GrB to be a conditionally active molecule that is delivered
into target cells in a dormant form but becomes activated after detecting a confirmatory,
disease-identifying signal inside the target cell could significantly increase the specificity
and safety profile of cell-based immunotherapy. We designed COVERT molecules to
achieve this sense-and-respond function by fusing GrB to an N-terminal inhibitory peptide,
which can be selectively removed by a cognate protease to activate GrB’s catalytic function.
As initial proof of concept, we focused on intracellular proteases as input signals to activate
the engineered GrB. Intracellular proteases exert precise control over cellular signaling
processes by rapidly enabling or inhibiting the biological activity of cleaved protein
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substrates, and they play essential roles in post-translational modification processes?®. For
example, sentrin-specific proteases (SENPs) work in concert with small ubiquitin-like
modifier (SUMO) ligases to dynamically regulate the covalent attachment and detachment
of SUMO-peptide modifications to protein substrates, and this interplay is responsible for
fine-tuning the structure, activity, and subcellular localization of the substrate proteins29-30,
Dysregulation of the intricate balance between post-translational-modification states is
frequently implicated in tumorigenesis, making intracellular proteases compelling disease
targets31:32, In particular, SENP1 has been shown to be upregulated in a variety of tumors,
including prostate, pancreatic, and oncocytic thyroid cancers33-3%,

Here, we report the development of synthetic COVERT molecules that can be produced,
packaged, trafficked, and delivered by human T cells in the same manner as endogenous
GrB, but which require the presence of specific proteases such as SENP1 inside target cells
for their activation. We demonstrate that fusion of a SUMOL1 peptide to the N-terminus of
GrB yields a COVERT molecule that is specifically activated by the presence of SENP1. We
further demonstrate that the modular COVERT architecture can accommodate a variety of
different N-terminal fusion partners recognized by different proteases, and we confirm dose-
responsive induction of GrB activity for each version of COVERT molecules tested. As a
step toward engineering tumor-targeting T cells with high specificity and low off-tumor
toxicity, we demonstrate that human T cells expressing CD19 CARs can be engineered to
produce and deploy modified GrB molecules, highlighting the compatibility of the COVERT
platform with adoptive T-cell therapy.

RESULTS AND DISCUSSION

Engineering protease-responsive GrB switches

Similar to most trypsin-like serine proteases, GrB activation is strictly dependent on the
generation of a free N-terminal Ile16 residue, which initiates the conformational change that
creates an oxyanion hole and enables substrate access to the S1 pocket of the enzyme?®
(Figure 1a). Taking advantage of this sequence and structural requirement, we developed a
protease-responsive COVERT architecture by engineering synthetic GrB zymogens that are
only activated upon the removal of inhibitory N-terminal residues by specific proteases, with
SENP1 being the protease of interest in our first demonstration (Figure 1b). SENP1 naturally
removes SUMO1 modifications from substrate proteins by cleaving the SUMOL peptide
after Gly9738. By replacing the Gly-Glu dipeptide of wild-type GrB with the first 97
residues of SUMO1, we generate SUMO-GrB molecules that remain an inactive zymogen
inside the Iytic granule since they can no longer be cleaved by CatC to reveal an N-terminal
Ile16. Instead, only an encounter with SENP1 can result in proper cleavage between Gly97
of the SUMOL peptide and 1le16 of GrB, thereby triggering GrB activation.

We first confirmed that SUMO-GrB can be properly expressed by human cells and
processed by SENP1 into mature GrB. A secreted, His-tagged version of SUMO-GrB was
purified from the supernatant of transiently transfected HEK293T cells (which do not
endogenously express GrB), and western blot verified that SUMO-GrB is specifically and
efficiently cleaved upon co-incubation with lysate taken from SENP1-overexpressing cells
(Figure 2a). Human GrB is 32 kDa when glycosylated3’, and genetic fusion with the
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SUMOL peptide results in expression of full-length SUMO-GrB as a 43-kDa protein.
Western blot stained with an anti-GrB antibody indicated that a 32-kDa fragment was
released in the presence of SENP1, consistent with the expected processing of SUMO-GrB
into mature GrB (Figure 2a).

To quantify the functional activation of SUMO-GrB, we utilized an N-acetyl-1le-Glu-Pro-
Asp-paranitroanilide (Ac-IEPD-pNA) tetrapeptide substrate, which releases a chromogenic
paranitroaniline group upon cleavage by GrB. Purified SUMO-GrB was co-incubated with
SENP1-transfected or mock-transfected HEK293T lysates, and the rate of Ac-IEPD-pNA
substrate cleavage by GrB was measured as absorbance at 405 nm over time (Figure 2b).
SUMO-GrB was nearly catalytically inert in the complete absence of SENP1, confirming
the inhibitory nature of an N-terminal fusion architecture. Basal SENP1 levels in HEK293T
induced statistically significant but limited activation of SUMO-GrB. In comparison, SENP1
overexpression resulted in a sizable and significant increase in SUMO-GrB’s enzymatic
activity (Figure 2b). (Western blots indicated that HEK293T cells transfected with SENP1-
encoding plasmids expressed 1.8X to 3.2X more SENP1 compared to untransfected
HEK?293T cells, with the extent of overexpression correlating to transfection efficiency (red
dotted line in Figure 2c; Figure S1, Supporting information).) Using the Ac-IEPD-pNA
cleavage assay, we also verified that an S183A mutant of GrB is catalytically inactive and
can serve as a negative control in subsequent experiments (Figure 2b).

We next evaluated the sensitivity of SUMO-GrB to endogenous SENP1 expression levels
found in different cell lines. The Ac-IEPD-pNA cleavage assay was performed on SUMO-
GrB co-incubated with lysates from a panel of seven human cell lines (Jurkat, H9, Raji,
HEK?293T, PC-3, RWPE-1, and MCF7), and SENP1 protein levels in each cell line were
separately quantified by western blot. The results indicated a strong linear correlation
between SUMO-GrB activation and SENP1 expression levels, demonstrating a robust
SENP1-dose dependent response (Figure 2c and Figure S1, Supporting Information).
Strikingly, SUMO-GrB was sensitive to relatively modest fold-differences in SENP1
expression, highlighting its ability to quantitatively differentiate endogenous levels of
SENP1 found in different cell types.

To confirm that SENP1-mediated cleavage and activation of SUMO-GrB can also occur in
the intracellular environment, we transfected HEK293T cells to express SUMO-GrB with
and without SENP1. Western blot results indicate that cells transfected with SUMO-GrB
alone contained significant amounts of both SUMO-GrB and mature GrB (Figure 2d),
consistent with the fact that HEK293T cells express a basal level of endogenous SENP138
(Figure 2c). In contrast, the vast majority of GrB content in cells co-transfected with SUMO-
GrB and SENP1 was in the mature form (Figure 2d), confirming SENP1-dependent cleavage
of the SUMO peptide inside transfected cells. To verify that the cleaved GrB was
functionally active, we performed Ac-IEPD-pNA cleavage assays using the same cell lysates
as used in the western blots. We observed significantly higher enzymatic activity in cells that
were transfected with SENP1, after normalizing by the amount of total GrB (SUMO-GrB
plus mature GrB) present in each sample (Figure 2e). These results confirm SENP1-specific
activation of SUMO-GrB in the intracellular environment. It was noted that HEK293T cells
co-transfected with SUMO-GrB and SENP1 contained significantly less total GrB compared
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to cells transfected with SUMO-GrB alone, suggesting that the activation of SUMO-GrB by
SENP1 may have led to toxicities that compromised the cells’ health and ability to produce
transgenic proteins at high levels. This hypothesis is supported by the observation that
HEK?293T cells transfected with mature GrB yielded even lower levels of total GrB
expression (Figure S2, Supporting Information). We next sought to confirm whether the
presence of active GrB indeed results in cytotoxicity.

SUMO-GrB selectively triggers apoptosis of SENP1-overexpressing cells

The effect of GrB expression in HEK293T cells was first established using wild-type GrB as
a positive control. Surprisingly, the results indicated a lack of overt cytotoxicity based on
high transfection efficiency (i.e., no depletion of transfected cells due to toxicity of
transgenic construct), as well as lack of staining by the viability dye 7-AAD and the
apoptosis marker Annexin V (Figure S3, Supporting Information). Although GrB is the main
cytotoxic molecule with which T cells trigger target-cell apoptosis, T cells typically release
GrB together with other effector molecules such as perforin, a pore-forming protein, during
degranulation3®. The absence of these accessory proteins may account for the drastic
reduction in cytotoxicity observed in cells transfected with GrB alone. Nevertheless, closer
inspection of GrB-transfected cells revealed a marked change in cell physiology as
evidenced by the appearance of a distinct cell population exhibiting low forward scatter
(FSC), which is characteristic of late-apoptotic cells with reduced cell size?%41 (Figure 3a
and Figure S4, Supporting Information). Furthermore, we observed a loss of cell adherence
resulting from GrB expression, suggesting compromised integrity of GrB-transfected cells
(Figure Sb5a, Supporting Information).

Next, HEK293T cells were transiently transfected to express SUMO-GrB plus either the
fluorescent protein TagBFP or SENP1 fused to TagBFP via a 2A peptide, and the physiology
of transfected (TagBFP+) cells was analyzed by flow cytometry. SUMO-GrB-expressing
cells showed significant reduction in FSC only in the presence of SENP1 (Figure 3),
indicating SENP1-induced apoptosis. Concurrent loss of cell attachment was also observed
in SUMO-GrB-expressing cells in the presence of SENPL1, albeit to a lesser extent compared
to cells transfected with wild-type GrB (Figure S5b, Supporting Information). Importantly,
control samples transfected with GrB S183A showed no change in FSC or cell-detachment
patterns regardless of the presence of SENP1, confirming that SENP1 does not have any
intrinsic toxicity (Figure S5c, Supporting Information). Taken together, these results indicate
that SUMO-GrB selectively triggers cell apoptosis in a SENP1-specific manner.

The COVERT architecture is modular and compatible with diverse proteases

Given the evidence supporting the predicted mechanism of SUMO-GrB activation, we
hypothesized that the basic COVERT architecture could be systematically adjusted to
accommodate different N-terminal fusion partners and, consequently, different protease
specificities. To explore the potential for extending the COVERT platform to additional
protease targets, we designed COVERT molecules that are specifically activated by
enterokinase (EK) and tobacco etch virus protease (TEVp). Since EK cleaves at the end of
the Asp-Asp-Asp-Asp-Lys (DDDDK) motif, it is readily compatible with the COVERT
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architecture—i.e., a direct N-terminal fusion of DDDDK to lle16 of GrB generates an EK-
responsive GrB zymogen, termed DDDDK-GrB.

In contrast, TEVp cleaves its canonical recognition sequence Glu-Asn-Leu-Tyr-Phe-GIn-Gly
(ENLYFQG) between the P1-GIn and P1’-Gly residues, such that an N-terminal fusion of
the entire ENLYFQJG sequence would leave an N-terminal Gly residue attached to GrB
upon cleavage by TEVp, thus rendering the wild-type TEVp cleavage sequence
incompatible with COVERT activation. However, prior studies have demonstrated enzymatic
promiscuity by TEVp, which can process sequences containing alternative, non-proline
residues in the P1” position, albeit with reduced efficiency#2. Therefore, we rationalized that
fusing the first six residues of the TEVp cleavage sequence in front of Ile16 of GrB would
constitute a ENLYFQ/ I cleavage site in the resulting COVERT molecule, termed ENLYFQ-
GrB, which enables activation in response to TEVp-mediated cleavage.

The conditional activation of DDDDK-GrB and ENLYFQ-GrB were characterized by
quantifying their rates of Ac-IEPD-pNA cleavage before and after exposure to their cognate
proteases. Secreted, His-tagged DDDDK-GrB and ENLYFQ-GrB were purified from the
supernatant of transiently transfected HEK293T cells and co-incubated with increasing
amounts of purified EK and purified TEVp, respectively. The results showed efficient, dose-
dependent activation of DDDDK-GrB by EK, with a linear, 647-fold increase in GrB
activity (R2 = 0.994) over an 80-nM range of EK input concentrations (Figure 4a). As
anticipated, ENLYFQ-GrB was also activated by TEVp in a dose-responsive manner,
showing linear correlation between GrB activity and TEVp concentration up to 150 nM (R?
= 0.944) (Figure 4b). However, the rates of activation, calculated as GrB activity per mole of
target-protease input, indicate that EK is 7.52-fold more efficient than TEVp at activating its
cognate COVERT molecule (Figure 4c). This finding is consistent with reports indicating
reduced cleavage activity of TEVp against the non-canonical ENLYFQ! I target sequence®2.

To further investigate the versatility of the COVERT platform, ENLYFQ-GrB was evaluated
for its ability to selectively mediate cytotoxicity against HEK293T cells expressing TEVp.
In contrast to SENP1, TEVp is not mammalian in origin, and its forced expression mimics a
state of viral infection. Transient expression of GrB in HEK293T cells resulted in marked
changes in cell physiology regardless of whether the cells co-expressed TEVp (Figure 5a).
In contrast, ENLYFQ-GrB elicits the appearance of the low-FSC population only in the
presence of TEVp (Figure 5b). This population is again absent in cells transfected with GrB
S183A (Figure 5c¢), indicating that the cytotoxicity in the ENLYFQ-GrB plus TEVp sample
can be attributed to selective COVERT activation rather than any potential toxicity directly
resulting from TEVp expression. Along with the SUMO-GrB data, these results support the
modularity and versatility of the COVERT platform for targeting proteolytic markers of a
variety of disease states.

GrB-based cytotoxic switches are mechanistically compatible with adoptive T-cell therapy

The ability to selectively trigger cell apoptosis in response to intracellular antigen expression
would substantially expand the pool of targetable disease markers for adoptive T-cell
therapy. As a step toward engineering T cells that deploy COVERT molecules to sense and
respond to intracellular disease targets, we first verified that engineered GrB molecules are
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efficiently expressed and properly stored by human T cells. As a highly potent cytotoxic
molecule, wild-type GrB is naturally packaged and stored in lytic granules, both to prevent
self-killing and to enable trafficking and subsequent release into the immunological
synapse®3. To confirm that engineered GrB molecules are compatible with endogenous
packaging mechanisms, human Jurkat T cells were nucleofected to express a recombinant
GrB molecule fused to a fluorescent mCherry tag via a short peptide linker, and visualized
by confocal microscopy. The images reveal a punctate distribution of GrB-mCherry
throughout the cytoplasm, indicating granular sequestration (Figure 6a).

To verify that engineered GrB molecules are efficiently trafficked in response to antigen
stimulation, we nucleofected Jurkat T cells to co-express a CD19 CAR and GrB-mCherry,
and subsequently co-incubated the Jurkat cells with Raji target cells that naturally express
CD19 antigen. Time-lapse images show that GrB-mCherry is present in dispersed lytic
granules inside the Jurkat cell prior to target-cell conjugation, and that the granules rapidly
traffic to the immunological synapse following target-cell conjugation (Figure 6b and Movie
S1, Supporting Information). In a subsequent experiment, Jurkat T cells expressing CD19
CAR and GrB-mCherry were pre-loaded with the calcium indicator Fluo-4, and activated
Jurkat cells, identified by Fluo-4 signals, exhibited high levels of sustained GrB-mCherry
polarization consistent with directional lytic granule release** (Figure 6c). These images
indicate that GrB molecules can be engineered to interface with the same storage
compartments and trafficking mechanisms that human T cells use to deploy wild-type GrB.

Despite clear visuals of granule trafficking to the immunological synapse, no GrB-mCherry
signal was detected within target cells by confocal microscopy, possibly because the absence
of perforin (Pfn) expression by Jurkat T cells precluded efficient delivery of lytic granule
contents into target cells. In contrast to Jurkat T cells, activated human CD8+ T cells
naturally express ample amounts of Pfn, which is degranulated alongside GrB, and
facilitates GrB entry into the target-cell cytoplasm3°. To verify the transfer of recombinant
GrB molecules from T cells into target cells, we first transduced primary human CD8+ T
cells with a retroviral construct encoding a CD19 CAR and GrB-mCherry. The transduced
cells were co-incubated with CD19+ Raji target cells, and analyzed by flow cytometry. The
results show a significant increase in the percentage of CD19+/mCherry+ target cells (Figure
7a,b) as well as a concurrent reduction in the mCherry MFI of the T cells following co-
incubation (Figure 7c,d), suggesting GrB-mCherry release by T cells and uptake by target
cells. Together, these results confirm T cells’ ability to produce, package, and deliver
engineered GrB molecules and demonstrate the mechanistic compatibility of the COVERT
platform with existing surface-receptor technologies for adoptive T-cell therapy.

The lack of disease-exclusive surface targets has been a major obstacle to the development
of safely targeted therapies, including adoptive T-cell therapy. In this study, we developed a
protein-based therapeutic platform that directly addresses this limitation by enabling the
interrogation of intracellular antigen expression prior to unleashing cytotoxicity. By taking
advantage of the zymogen behavior of wild-type GrB, we were able to apply an N-terminal
fusion strategy to construct synthetic GrB zymogens, termed COVERT molecules, that can
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be activated by a variety of target proteases, including SENP1, EK, and TEVp. Each
evaluated COVERT molecule displayed a robustly dose-dependent and protease-specific
activation profile, confirming the modularity of the N-terminal fusion architecture. The
ability to systematically engineer COVERT molecules responsive to researcher-specified
inputs highlight the versatility to target a wide array of previously unexploited disease
markers, including those found in cancers as well as viral infections.

In particular, dysregulation of SENP1 expression is frequently implicated in multiple
cancers33-35 and SENP1 overexpression is strongly correlated with poor prognosis of
prostate cancer patients*. We demonstrated that SUMO-GrB molecules can be engineered
to selectively trigger apoptotic phenotypes in human cells that overexpress SENP1.
Importantly, basal SENP1 expression levels result in minimal activation and SUMO-GrB-
mediated cytotoxicity, corroborating the promise of such engineered GrB molecules as safe,
targeted therapeutics. In addition, we demonstrated that SUMO-GrB is remarkably sensitive
to physiological differences in SENP1 expression among a panel of seven human cell lines,
suggesting additional utility as a SENP1-detection agent during cancer-biomarker screening
of patient samples. Standard screening protocols routinely involve RT-PCR or
immunohistochemistry, both of which are labor-intensive and prone to variability in sample
preparation or scoring#647. SUMO-GrB enables rapid quantification of SENP1 levels
directly from biological samples, potentially offering shorter turnaround times and increased
detection accuracy.

The structural modularity of the COVERT platform suggests that novel diagnostic and
therapeutic proteins can be systematically generated for a variety of protease targets. The
only requirement for compatibility with the COVERT platform is an N-terminal peptide that
can be specifically cleaved by the target protease to reveal an N-terminal 1le16 residue for
GrB. Each COVERT molecule we have evaluated thus far exhibits highly efficient
production in human cells, suggesting robust protein folding of recombinant GrB.
Nevertheless, protease cleavage efficiency is an important parameter to be considered, as it
dictates the dynamic range of GrB activation. For example, we observed that the highly
efficient EK could elicit a >600-fold induction in DDDDK-GrB activity, whereas TEVp
could only achieve a 3.3-fold induction in ENLYFQ-GrB activity due to the limited cleavage
efficiency of TEVp against the ENLYFQI motif. Despite this limited dynamic range detected
by Ac-IEPD-pNA cleavage assays, we were still able to observe significant changes in cell
physiology in the presence versus absence of TEVp, highlighting the importance of cell-
based evaluations. The fact that proteases such as TEVp can recognize multiple target
peptides with different efficiency levels provides a potential method by which to calibrate
the sensitivity of COVERT molecules, a flexibility that may be critical in therapeutic
applications.

Beyond establishing the selective activation and cytotoxicity of COVERT molecules, our
investigation also provides evidence that engineered GrB molecules can readily interface
with pre-existing T-cell delivery mechanisms to gain entry into target cells. However, in
order for engineered T cells to specifically target intracellular antigens with COVERT
molecules, the endogenous cytotoxic payloads, including wild-type GrB, must be silenced.
Herein lies a major technical challenge for COVERT applications in adoptive T-cell therapy.
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Since granzymes are non-chromogenic intracellular proteins, their elimination does not lead
to easily detectable changes that are compatible with currently available cell-sorting
strategies. As a result, any gene-editing attempt would need to either achieve sufficiently
high knockout efficiency as to eliminate the need for cell sorting, or achieve sufficiently high
homologous recombination efficiency as to enable cell sorting based on an inserted marker.
At this time, T-cell genome editing technologies are not yet able to achieve this goal.
Nevertheless, recent advances in T-cell gene modification as well as high-throughput
genome editing of primary human cells suggest that such capabilities will likely become
available in the not-too-distant future48:49,

The cytotoxic switch architecture developed in this study sets the foundation for a new class
of protein-based therapeutics that complements exciting frontier technologies in targeted
therapy. In addition to compatibility with T-cell therapy, the COVERT architecture can also
be combined with a variety of C-terminal antibody conjugations previously reported to
direct GrB molecules to specific cell types26:27. By including both N- and C-terminal
fusions, one could engineer AND-gate molecules that perform the first step of target
identification at the cell surface via antibody-mediated protein uptake, followed by a second
interrogation step inside the target cell prior to activation of GrB’s enzymatic activity. Such
engineered GrB molecules would require both a surface-bound antigen and an intracellular
protease to trigger target-cell apoptosis, thereby increasing targeting specificity and the
safety profile of GrB-based therapeutics. By enabling biologics and cellular therapies to
sense and respond to intracellular tumor antigens, the COVERT platform can serve to bridge
the gap between omics-mediated biomarker discovery and the transformative promise of
precision medicine.

METHODS

Cell Lines

HEK?293T, MCF7, Jurkat E6, and H9 cells were obtained from ATCC (Manassas, VA) in
2011, and RWPE-1 and PC-3 were obtained from ATCC in 2014. ATCC verified the identity
of each purchased cell line by short tandem repeat analysis prior to shipment. Raji cells were
a generous gift from Dr. Michael C. Jensen (Seattle Children’s Research Institute); the cell
line was originally obtained from ATCC in 2003 and was authenticated again by short
tandem repeat profiling at the University of Arizona Genetics Core in 2015. RWPE-1 cells
were cultured in Keratinocyte serum-free medium (K-SFM) supplemented with 0.05 mg/mL
bovine pituitary extract (BPE) and 5 ng/mL recombinant human epidermal growth factor
(rhEGF), purchased from Life Technologies (Grand Island, NY). Other cell lines were
cultured in F-12K (PC-3), DMEM (HEK293T and MCF7), or RPMI-1640 (Jurkat, H9, and
Raji) supplemented with 10% heat-inactivated FBS (HI-FBS). All mammalian cell cultures
were maintained at 37°C and 5% CO5.

DNA Constructs

DNA was chemically synthesized as oligonucleotides or gBlocks by Integrated DNA
Technologies (Coralville, 1A) and assembled using standard molecular cloning techniques.
Unless otherwise indicated, all constructs were cloned into the epHIV7 lentiviral expression
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vector®0, although expression was induced by transient DNA transfection in the absence of
viral packaging. The QPY variant of human GrB was used in this study, and the S183A
mutant was generated by introducing a TCT to GCC codon mutation via isothermal DNA
assembly. The DNA sequences for the three COVERT molecules and associated GrB control
constructs are included in Text S1, Supporting Information. pFLAG-SENP1 was obtained
from Addgene (plasmid 17357), and the SENP1 gene was subsequently cloned as a T2A
fusion to TagBFP or mCherry. The TEVp gene was constructed from gBlocks. The CD19
CAR was constructed as previously reported®?, and fused to GrB-mCherry via a 2A peptide
using isothermal DNA assembly. The MSCV-IRES-EGFP retroviral vector and pHIT60 and
RD114 retroviral packaging vectors were generous gifts from Dr. Steven Feldman (National
Cancer Institute). EF1a-CD19 CAR-T2A-GrB-mCherry was downstream of the 5 LTR in
the MSCV vector via isothermal DNA assembly, and a woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE) was subsequently inserted at the Clal site by
restriction-ligation cloning.

Cell Transfection

HEK?293T cells were seeded at 2.5 x 104 cells/0.25 mL/well in 48-well plates, 24 hours prior
to transfection with 250 ng plasmid DNA and 15 nmol linear polyethylenimine (PEI, 25
kDa). For co-transfection experiments, plasmids were mixed at 1:1 mass ratio. The resulting
DNA mixture totaling 250 ng was complexed with PEI, incubated at room temperature for
15 min, and then applied to seeded HEK293T cells. Jurkat T cells (5 x 10°) were
resuspended in 100 pL of Amaxa Cell Line Nucleofector™ V Solution (Lonza, Walkersville,
MD) and electroporated with 5 pug plasmid DNA using Program X-001 of the Nucleofector ™
2b Device (Lonza), according to the manufacturer’s protocol.

Retrovirus Production

HEK293T cells were seeded at 6.5 x 10° cells/10 mL/dish in 10-cm tissue-culture dishes
and culture medium was replaced with fresh DMEM plus 10% HI-FBS immediately before
transfection with 3.8 pg retroviral construct, 3.8 ug pHIT60, and 2.4 pg RD114 using linear
PEI. Sixteen hours post-transfection, cells were washed with 10 mL of phosphate buffered
saline (PBS) and cultured in DMEM plus 10% HI-FBS, 20 mM HEPES, and 10 mM sodium
butyrate for 8 hours before media change to DMEM plus 10% HI-FBS and 20 mM HEPES
(no sodium butyrate). Viral supernatants were harvested on each of the two subsequent days
post-media change, and filtered through a 0.45-um low—protein-binding filter immediately
prior to transduction of primary human T cells.

Primary Human T-cell Isolation and Retroviral Transduction

Primary human CD8+ T cells were isolated from healthy donor blood samples obtained
from the UCLA Blood & Platelet Center using the RosetteSep CD8+ Human T-cell
Enrichment Cocktail (Stemcell Technologies, Vancouver, Canada), according to the
manufacturer’s protocol. Freshly isolated T cells were seeded at 1 x 108 cells/mL in T-cell
media (RPMI-1640 supplemented with 10% HI-FBS), and stimulated with anti-CD3/CD28
Dynabeads (Life Technologies, Carlshad, CA) at 1:1 cell:bead ratio. Cultures were
supplemented with 50 U/mL IL-2 (Life Technologies) and 10 ng/mL IL-15 (Peprotech,
Rocky Hill, NJ) every 48 hours. At 48 and 72 hours post-isolation, T cells (1 x 105) were
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transduced with 1.8 mL of fresh retroviral supernatant supplemented with 5 pg/mL
polybrene (Sigma-Aldrich, St. Louis, MO) via spinfection at 800 x g for 90 min at 32°C.
Immediately following each spinfection, 1.8 mL of transduction supernatant was replaced
with 1.8 mL of fresh T-cell media.

Ni2*-affinity Protein Purification

HEK293T cells were seeded at 15 x 10° cells/25 mL/flask in T-150 flasks and transfected
via the linear PEI method. Culture media were changed to serum-free DMEM 16 hours post-
transfection, and supernatants were harvested at 48 and 72 hours post-media change.
Supernatants from different collection times were pooled, and His-tagged proteins were
batch-bound to Ni-NTA resin (Life Technologies) in binding buffer (500 mM NaCl, 20 mM
Tris, pH 8.0) for 1 hour prior to being washed three times with binding buffer supplemented
with 20 mM imidazole (Fisher Scientific, Hampton, NH), and then eluted with binding
buffer supplemented with 500 mM imidazole through a chromatography column. Eluted
proteins were buffer-exchanged into storage buffer (50 nM NaCl, 20 mM Tris pH7.4, 10%
glycerol) by successive concentration and resuspension steps in Amicon centrifugal columns
(10 kDa; EMD Millipore, Billierica, MA) following manufacturer’s recommendations.
Purified proteins were then aliquoted and frozen at —20°C.

Western Blot

Lysates were prepared by incubating cells in lysis buffer (150 mM NaCl, 20 mM Tris pH7.2,
1% (v/v) Triton-X) on ice for 45 min, and clarified of nuclear debris by centrifugation at
20,000 x g for 10 min. The protein concentration of the supernatant was determined via
Bradford assay (Bio-Rad, Hercules, CA). For the SUMO-GrB cleavage assay, 30 ug of mock
or SENP1-overexpressing HEK293T lysate was co-incubated with 2.5 pmol of purified
SUMO-GrB for 2 hours at 37°C. Protein samples were resolved on 4-12% bis-tris SDS-
PAGE gels, blotted onto nitrocellulose membranes, and probed with antibodies for GrB
(clone 2C5; Santa Cruz Biotech, Dallas, TX) or SENP1 (clone C12; Santa Cruz Biotech),
followed by staining with an anti-mouse secondary antibody conjugated to horseradish
peroxidase (HRP; Jackson ImmunoResearch, West Grove, PA). Blots were visualized using
SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific).

Ac-IEPD-pNA Activity Assay

SUMO-GrB was activated by co-incubating 30 pg of target cell lysate with 2.5 pmol of
purified SUMO-GrB in 50 pL of lysis buffer for 30 min at 37°C. Samples were then diluted
with 50 pL of assay buffer (50 mM HEPES pH 7.5, 10% (w/v) sucrose, 0.05% (w/v)
CHAPS, 5 mM DTT) containing 200 uM Ac-IEPD-pNA substrate (Enzo Life Sciences,
Farmingdale, NY), as described by Ewen et al.52. Purified EK (New England Biolabs,
Ipswich, MA) and purified TEVp (prepared in-house) were added at the indicated
concentrations to 2.5 pmol of DDDDK-GrB and ENLYFQ-GrB, respectively. Absorbance at
405 nm was measured every minute for 4 hours on an EONC microplate reader (BioTek,
Winooski, VT). Activity was calculated by using the LINEST function in Excel to determine
the line of best fit for the initial rate (dOD4gs/min) by the least squares method.
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Flow Cytometry

For cytotoxicity experiments, transiently transfected HEK293T cells were harvested for
analysis at 24 hours (SUMO-GrB) or 48 hours (ENLYFQ-GrB) post-transfection. Culture
media containing any dislodged cells were collected in centrifuge tubes before adherent cells
were trypsinized and subsequently collected into the same tubes. The cells were washed
twice with PBS prior to staining with 7-AAD (Life Technologies), DRAQ7 (eBioscience,
San Diego, CA), or Annexin V-FITC (BioLegend, San Diego, CA), according to
manufacturer’s protocols. For GrB-mCherry delivery experiments, primary human T cells
expressing CD19 CAR and GrB-mCherry were co-cultured with 20,000 Raji cells at 3:1
effector:target ratio for 45 min. Co-cultures were then suspended by rigorous pipetting and
stained with CD8-VioGreen (clone BW135/80; Miltenyi Biotec, San Diego, CA) and CD19-
VioBlue (clone LT19; Miltenyi Biotec) prior to data acquisition on a MACSQuant VYB
flow cytometer (Miltenyi Biotec). Compensation and data analysis were performed using
FlowJo Data Analysis software (TreeStar, Ashland, OR).

Live-cell Confocal Microscopy

Statistics

Raji target cells were resuspended to 3 x 10% cells/50 pL in imaging media (RPMI-1640
without Phenol Red and L-glutamine supplemented with 10% HI-FBS and 20 mM HEPES)
and seeded into 48-well glass plates (MatTek, Ashland, MA) to settle for 15 min. For T-cell
activation experiments, Jurkat T cells were pre-loaded with calcium indicator by incubation
with 1 uM Fluo-4 (Life Technologies) in imaging media containing 0.02% (w/v) Pluronic
F127 (Sigma-Aldrich) at room temperature for 20 min. Cells were then washed extensively
to remove excess dye and resuspended in fresh imaging media. Jurkat cells expressing CD19
CAR and GrB-mCherry were resuspended to 2x 104 cells/25 pL and added to each well
immediately prior to imaging with a C2+ confocal microscope (Nikon, Melville, NY).

Statistical significance was determined via two-tailed, homoscedastic Student’s #test with a
p-value cutoff of 5E-3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
N-terminal fusion of SUMOL to mature GrB yields a SENP1-activated zymogen. (a) Crystal

structure of mature GrB (PDB #11AU) shows the requisite salt bridge interaction between
the N-terminal Ile16 (blue) and Asp194 (green), which forms the oxyanion hole between the
nitrogen atoms of Gly193, Asp194, and Ser195, and activates the catalytic triad of His57,
Aspl02, and Ser195 (red). (b) Replacement of the wild-type GrB propeptide with SUMO1
renders SUMO-GrB inactive as a synthetic zymogen that cannot be properly processed by
cathepsin C (CatC). Encounter with SENP1 and removal of SUMO1 generates a free 1le16
N-terminus, which enables SUMO-GrB to undergo the conformational change necessary to
achieve an active state.
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Figure 2.
SUMO-GrB is efficiently processed and activated by SENP1 in a dose-responsive manner.

(a) Cleavage of purified SUMO-GrB following co-incubation with mock or SENP1-
overexpressing HEK293T lysates. Percent mature GrB was calculated by normalizing the
intensity of the 32-kDa mature GrB band by the total intensity of the 43-kDa SUMO-GrB
and the mature GrB bands on the western blot. Purified mature GrB was included as a
control, which was unaffected by the presence of SENPL1. (b) Enzymatic activity of GrB
molecules as quantified by Ac-IEPD-pNA cleavage. Purified SUMO-GrB was co-incubated
with mock or SENP1-overexpressing HEK293T lysates as in (a). Percent GrB activity was
calculated as the rate of Ac-IEPD-pNA cleavage normalized to the rate of cleavage by
mature GrB. (c) SENP1 dose-responsive activation of purified SUMO-GrB following co-
incubation with lysates from a panel of seven human cell lines. SENP1 protein level in each
cell line was quantified via western blot, and GrB activity was quantified via the Ac-IEPD-
pNA cleavage assay. GrB activity and SENP1 protein level for each sample were normalized
to those of RWPE-1 to enable clear visualization of the data spread. The red dotted line
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indicates the SENP1 expression level of HEK293T cells transiently transfected with SENP1-
encoding plasmids. Western blots corresponding to x-axis values are shown in Figure S1,
Supporting Information. (d) Intracellular cleavage of SUMO-GrB by SENP1. HEK293T
cells were transiently transfected with SUMO-GrB plus plasmids encoding either TagBFP-
T2A-SENP1 or TagBFP alone. Cell lysates were collected 24 hours post transfection and
probed for GrB by western blot. Total GrB refers to the sum of the 43-kDa SUMO-GrB and
32-kDa mature GrB bands, and % mature GrB was calculated as described in (a). (€)
Enzymatic activity of SUMO-GrB-transfected cell lysates as quantified by Ac-IEPD-pNA
cleavage. Twenty-five pg of the same cell lysates as shown in (d) were reacted with 200 uM
Ac-IEPD-pNA. The rate of Ac-IEPD-pNA cleavage was normalized by the amount of total
GrB in each lysate based on western blot results shown in (d). All plotted values indicate the
mean of triplicate samples and error bars represent +1 standard deviation (s.d.). * p < 5E-3;
**kp < BE-5; ****p< S5E-12.
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Figure 3.
SUMO-GrB selectively triggers apoptosis of SENP1-overexpressing HEK293T cells.

HEK?293T cells were transiently transfected to co-express either TagBFP or TagBFP-T2A-
SENP1 plus wild-type GrB, SUMO-GrB, or GrB S183A, which is an inactive GrB mutant.
(a) Side scatter (SSC) vs. forward scatter (FSC) plot of transfected (TagBFP+) and 7-AAD-
cell populations (see Figure 3—supplementary figure 2 for gating strategy). Marked
reduction in FSC was observed among cells expressing wild-type GrB regardless of SENP1
presence, as well as among cells expressing SUMO-GrB specifically in the presence of
SENPL1. Plots shown are representative of two independent experiments, each with triplicate
samples. (b) Quantification of the % viability among samples shown in (a), **p < 5E-4. All
plotted values indicate the mean of triplicate samples and error bars represent £1 s.d.
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N-terminal fusion architecture can accommaodate diverse inhibitory motifs to yield unique
COVERT molecules that are specifically activated by cognate proteases. (a,b) DDDDK-GrB
and ENLYFQ-GrB were purified from the supernatant of transiently transfected HEK293T
cells and co-incubated with EK and TEVp, respectively. The resulting GrB activity of (a)
DDDDK-GrB and (b) ENLYFQ-GrB against Ac-IEPD-pNA substrates was quantified by

the rate of increase in absorbance at 405 nm. (c) GrB activity

per mole of target protease (i.e.

EK or TEVp) was calculated to compare the relative rate of COVERT activation. All values
indicate the mean of triplicate samples and error bars represent £1 s.d.
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Selective induction of apoptosis in TEVp-overexpressing HEK293T cells by ENLYFQ-GrB.
HEK?293T cells were transiently transfected to co-express either mCherry or TEVp (each
tagged with mCherry) plus (a) wild-type GrB, (b) ENLYFQ-GrB, or (c) GrB S183A. Co-
expression of ENLYFQ-GrB and TEVp resulted in the appearance of a small, but significant,
population of cells exhibiting decreased FSC, signifying the specific induction of GrB-
mediated cytotoxicity. Contour plots show the SSC vs. FSC scatter of transfected (mCherry
+) and DRAQ7- cell populations. Plots shown are representative of triplicate samples.
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Figure 6.
Engineered GrB-mCherry molecules are efficiently expressed, packaged into lytic granules,

and trafficked to the immunological synapse by human T cells. (a) Jurkat T cells
nucleofected to express a GrB-mCherry fusion (red) and stained with the nuclear dye
DRAQS5 (purple) display a punctate and cytoplasmic distribution of GrB-mCherry,
consistent with the packaging and storage of wild-type GrB in lytic granules. (b) Time-lapse
confocal microscopy of Jurkat T cells co-expressing a CD19 CAR and GrB-mCherry (red)
reveals rapid movement of GrB-mCherry to the immunological synapse upon encounter with
Raji target cells (green) that naturally expresses CD19. Time signatures indicate
minutes:seconds, with 0:00 set to the time of initial cell-cell contact. (c) Jurkat T cells co-
expressing CD19 CAR and GrB-mCherry (red) were pre-loaded with the calcium indicator
Fluo-4 and co-incubated with CD19+ Raji cells pre-labeled by Hoechst 33342 staining
(blue). Fluo-4 signal (green) indicates T-cell activation triggered by target-cell engagement,
which was accompanied by rapid and sustained GrB-mCherry polarization to the
immunological synapse in preparation for directional release toward the target cell.
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Figure7.
CD19 CAR-T cells successfully delivered engineered GrB-mCherry molecules into CD19-

expressing Raji target cells. Primary human CD8+ T cells from two healthy donors were
transduced to co-express a CD19 CAR and GrB-mCherry and then co-incubated with
CD19+ Raji at 3:1 effector:target ratio. Prior to resuspension and analysis via flow
cytometry, samples were stained for CD8 and CD19 to distinguish singlet T cells and target
cells from T-cell/target-cell conjugates. (a) GrB-mCherry uptake was detected in CD19+/
CD8- gated Raji target cells following co-incubation with CD19 CAR-T cells. (b) %
mCherry+ of co-cultured Raji cells was calculated by Overton histogram subtraction, with
Raji cells cultured in the absence of T cells serving as the reference. (c,d) Degranulation of
GrB-mCherry was reflected in a decrease in median mCherry intensity in CD8+/CD19-
gated T cells following co-incubation with Raji target cells. T-cell-only samples were
assayed in duplicate and error bars represent the range. All other values indicate the mean of
triplicate samples and error bars represent £1 s.d. *p < 5E-3; ***p < 5E-5.
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