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Abstract

Universal immune receptors represent a rapidly emerging form of adoptive T-cell therapy with the
potential to overcome safety and antigen escape challenges faced by conventional chimeric antigen
receptor (CAR) T-cell therapy. By decoupling antigen recognition and T-cell signaling domains via
bifunctional antigen-specific targeting ligands, universal immune receptors can regulate T-cell
effector function and target multiple antigens with a single receptor. Here, we describe the
development of the SpyCatcher immune receptor, the first universal immune receptor that allows
for the post-translational covalent attachment of targeting ligands at the T-cell surface through the
application of SpyCatcher-SpyTag chemistry. The SpyCatcher immune receptor redirected primary
human T cells against a variety of tumor antigens via the addition of SpyTag-labeled targeting
ligands, both in vitro and in vivo. SpyCatcher T-cell activity relied upon the presence of both target
antigen and SpyTag-labeled targeting ligand, allowing for dose-dependent control of function. The
mutational disruption of covalent bond formation between the receptor and the targeting ligand
still permitted redirected T-cell function but significantly compromised antitumor function. Thus,
the SpyCatcher immune receptor allows for rapid antigen-specific receptor assembly, multiantigen
targeting, and controllable T-cell activity.
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INTRODUCTION

Chimeric antigen receptor (CAR) T cells can mediate dramatic responses in the treatment of
certain hematological malignancies, leading to the FDA approval of two CD19-targeting
CAR T-cell products, tisagenlecleucel for the treatment of relapse/refractory (r/r) B-cell
acute lymphoblastic leukemia (B-ALL) and diffuse large B-cell lymphoma (DLBCL) and
axicabtagene ciloleucel for the treatment of (r/ r) large B-cell lymphoma.1~" Due to high
remission rates and prolonged tumor-free survival of CD19 CAR T-cell-treated patients, the
field has expanded their use to other malignancies. Clinical trials of CAR T cells targeting
other B-cell-specific antigens, such as BCMA, CD20, and CD22,8-10 have produced
encouraging results, but several challenges, including those related to unique toxicities and
subsequent relapses, need to be addressed before the widespread success of CAR T-cell
therapy is achieved in hematologic malignancies and solid tumors.11

CARs are composed of an extracellular antigen targeting domain, such as an scFv, attached
to intracellular T-cell signaling and costimulatory domains (e.g., 41BB and/or CD28 in
tandem with CD3(), allowing for antigen-specific, MHC-independent T-cell targeting.12
This design, though effective for use in single-antigen targeting, presents inherent limitations
to broadening the use of CAR T cells across multiple tumor types, as well as the potential
for serious adverse events and toxicities.

While most drugs allow dose adjustment and follow predictable pharmacokinetics and
pharmacodynamics, conventional CAR T-cell therapies are living drugs that cannot be easily
controlled following their infusion. Upon recognition of target antigen, the administered
CAR T cells can rapidly proliferate to large numbers in the recipient and release
proinflammatory cytokines, in some cases leading to severe and sometimes fatal side effects
such as cytokine release syndrome (CRS),3 neurotoxicity, and cerebral edema,13 which
require medical management. In some cases, CAR T cells target and destroy nonmalignant
tissues that also express the targeted antigen, leading to potentially fatal on-target, off-tumor
toxicity. 1415
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In addition to these challenges, the rigid CAR architecture also restricts targeting to a single
tumor-associated antigen (TAA). Though this approach can be effective when targeting a
ubiquitous pan-B cell marker such as CD19, its effectiveness is compromised when targeting
tumors with heterogeneous TAA expression or in the setting of a relapsed antigen-negative
tumor. About 35% of tisagenlecleucel CD19 CAR T-cell recipients relapse after treatment,
and more than half of relapsed disease is associated with a genetic mechanism of CD19
antigen loss due to protein truncation with a nonfunctional or absent transmembrane domain.
16 Alternative mechanisms of antigen loss include the emergence of antigen splice variants
lacking the targeted antigenic epitope, tumor cell lineage switching, trogocytosis of the
CD19 antigen, and, in one rare case, the unintentional introduction of the CAR gene into a
leukemic B-cell.17=22 Single antigen targeting is also problematic in the treatment of solid
tumors, which are often composed of tumor cells with varying antigen expression patterns.
In this case, selective targeting of a single antigen can cause incomplete clearance and
adaptive resistance, as has been reported in the targeting of EGFRvII1.23

In order to expand the prototypic CAR architecture to allow for temporal and quantitative
control of T-cell effector function, we created the first ever tag-specific receptor capitalizing
on the interaction between biotin and avidin.2* This receptor, called the biotin-binding
immune receptor, belongs to a rapidly expanding class of orthogonal receptors termed
universal immune receptors (UIRs).25-3% UIRs are composed of two split but interactive
parts: (i) standard intracellular T-cell signaling domains attached to an extracellular adaptor
protein and (ii) targeting ligands that are able to bind the adaptor protein. The targeting
ligand acts as an immunologic bridge, binding both the TAA on-target cells and the
extracellular adaptor on the receptor, eliciting antigen-specific T-cell effector function.

By decoupling TAA recognition from T-cell signaling, UIRs can address several issues
currently faced by CAR T cells. UIRs rely on the presence of antigen-specific targeting
ligands to drive T-cell effector function, therefore allowing dose-dependent control of T-cell
effector function25 and the mitigation of toxicities seen with CAR T cells due to rapid
activation and expansion, such as CRS.33 Additionally, UIRs provide modular platforms
capable of targeting multiple TAAs with a single-cell product via the use of multiple
targeting ligands, addressing issues of TAA heterogeneity and relapse associated with single
antigen loss.

At present, all UIRs rely on noncovalent interactions between the targeting ligand and the
UIR. Here, we detail the development of a next-generation UIR system that allows for the
post-translational covalent attachment of targeting domains to the receptor via the use of
SpyCatcher-SpyTag chemistry. Developed by Zakeri et al., the interaction between the
SpyCatcher protein and its cognate peptide SpyTag leads to the rapid and spontaneous
formation of a covalent amide bond.38 The reaction between the peptide—protein pair occurs
across a range of physiologically relevant temperatures and pH levels, making it a potential
candidate for use in vivo.36 SpyCatcher-SpyTag has also been used to label membrane-
resident receptors in live mammalian cell culture, as well as in transgenic C. elegans,
endogenously expressing proteins containing SpyCatcher and SpyTag domains.3” Taken
together, the broad range of robust reactivity conditions, coupled with its use in both
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mammalian cells and live organisms, makes the SpyCatcher-SpyTag system a favorable
choice for the de novo assembly of UIR architectures that mimic CARs.

We have developed a SpyCatcher immune receptor that contains the SpyCatcher protein as
its extracellular domain attached to standard second-generation CAR intracellular signaling
domains. The addition of TAA-specific targeting ligands labeled with SpyTag allows for the
on-demand formation of a CAR-like receptor through spontaneous, autocatalytic isopeptide
bond formation. Primary human T cells expressing the SpyCatcher immune receptor can be
quantitatively loaded with targeting ligands, allowing for dose-titratable control of redirected
T-cell effector function and tumor cell lysis. Even as a single-cell product, SpyCatcher
immune receptor T cells can recognize an array of tumor antigens via the addition of
clinical-grade antibodies site-specifically labeled with SpyTag, as well as targeting ligands to
which SpyTag is genetically fused. The results described here demonstrate the flexibility and
efficacy of the SpyCatcher immune receptor system.

EXPERIMENTAL SECTION
Cloning of A24-Protein G-SpyTag (A24-PGST), SpyCatcher, and DARPin-SpyTag

Constructs.

The HTB1 domain of protein G containing an amber codon in the 24th amino acid position,
fused to a 7xGGS linker and SpyTag, was cloned into the pSTEPL vector via the Ndel and
Agel cloning sites as detailed in previous studies.38:39 myc-DARPIN9.26-SpyTag, myc-E01-
SpyTag, and myc-Ec1-SpyTag were synthesized (GeneArt) and cloned in the pSTEPL vector
via Ndel and Agel cloning sites.*0-42 To generate Flag-E01-SpyTag, polymerase chain
reaction (PCR) extension was used to add an Ndel cut site and Flag-tag at the 5" end of the
E01-SpyTag construct. Flag-E01-SpyTag was then cloned into the pSTEPL vector following
the methods detailed above. Myc-RFP-SpyTag was generated via the PCR amplification of
RFP using primers to add an Ndel cut site and myc-tag at the 5" end and an Xhol cut site at
the 3" end and was subsequently cloned into the pSTEPL vector upstream of a 7xGGS-
SpyTag using the added cut sites. SpyCatcher-Venus was generated via PCR amplification of
Venus using primers to add an Nhel cut site at the 5 end and Xhol cut site at the 3" end and
was subsequently cloned into the pSTEPL vector downstream of a SpyCatcher-7xGGs
domain using the added cut sites.

To generate SpyTag-DA versions of the above constructs, QuickChange site-directed
mutagenesis (Agilent) was used, along with a forward (5'-
GCATATCGTTATGGTCGCTGCTTACAA-GCCAACGA-3") and reverse (5'-
TCGTTGGCTTGTAAGCAG-CGACCATAACGATATGC-3") primer to introduce an A to C
point mutation in the SpyTag coding region, mutating Asp!” to Alall7.36

All plasmid sequences were sequence Vverified.

Expression and Purification of Bacterially Expressed Proteins.

The pSTEPL plasmid containing the A24-protein G-SpyTag (A24-PGST) sequence and
pEVOL-pBpF were cotrans-formed into T7 Express Competent E. coli (New England
Biolabs). Bacterial starter cultures in lysogeny broth (LB) with 100 mg/mL ampicillin and
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25 mg/mL chloramphenicol were grown for 8 h in a shaking incubator (230 rpm, 37 °C).
Starter cultures were then diluted 1:1000 in an autoinduction medium (Formedium)
containing 100 gg/mL ampicillin, 25 gg/mL chloramphenicol, 500 4/M L-
benzoylphenylalanine (Bachem), 0.1% w/v L-(+)-arabinose (Sigma-Aldrich), and 0.5% v/v
glucose and grown for 16h in a shaking incubator (230 rpm, 37 °C).

All pSTEPL plasmids containing DARPin and RFP constructs were transformed into T7
Express Competent £. colif (New England Biolabs). Cultures were grown as stated above in
an autoinduction media (Formedium) containing 100 mg/mL ampicillin and 0.5% v/v
glucose.

Cultures were pelleted at 7000 rpm for 10 min. Pellets were resuspended in B-PER lysis
buffer supplemented with 0.4 mg/mL lysozyme, 4 1g/mL DNase, and EDTA-free cOmplete
protease inhibitor cocktail (Roche) in a ratio of 5 mL of buffer per 0.8-1 g of pellets. Lysate
was rotated at room temperature for 1 h, followed by a 30 min freeze at —80 °C. Cell lysate
was then thawed at room temperature, followed by centrifugation at 15 000g for 10 min at 4
°C. The aqueous layer of the lysate was collected and incubated for 1 h at room temperature
in a 10 mL Poly-Prep chromatography column containing Talon 50/50 metal affinity resin (1
mL of 50/50 resin/100 mL bacterial culture; Clontech). Lysate was allowed to pass through
the column, and the resin beads were washed with 5 column volumes of sterile 1xPBS
without magnesium and calcium (Corning).

Sortase cleavage purification was run as previously described.38 Briefly, 1xPBS containing 2
mM triglycine and 50 M calcium chloride was added to each column (500 L buffer per 1
mL of 50/50 resin) and incubated for 2 h at 37 °C. Elutions were collected, filter sterilized,
and stored at 4 °C for later use.

A BCA assay kit (Pierce) was used to determine the protein concentration. To test the
functionality of the SpyTag domain, proteins were mixed with excess SpyCatcher-Venus and
incubated for 30 min at room temperature. Samples were run on SDS-PAGE reducing gels
(Bio-Rad) to confirm isopeptide bond formation. For in vivo studies, endotoxin was
removed using a 1% Triton X-114 phase separation method.*3 Endotoxin levels were
confirmed to be <10 endotoxin units/mL using the Endosafe-PTS system and limulus
amebocyte lysate (LAL) test cartridges (Charles River Laboratories).

Light-Activated Site-Specific Conjugation of A24-Protein G-SpyTag to Clinical Grade 1gGs.

A24-Protein G-SpyTag (A24-PGST) was cross-linked to clinical-grade 1gGs (trastuzumab,
rituximab, and cetuximab) following methods previously described by Hui et al.3° Briefly,
after A24-PGST purification, small pilot conjugation tests were conducted to determine the
volume of A24-PGST needed to fully cross-link 1 pg of 1gG. Conjugation was run for 2 h at
4 °C under UV light, and samples were run on SDS-PAGE reducing gels (Bio-Rad) to
confirm the conjugation of the IgG heavy chains with A24-PGST. The volume/weight ratio
determined to achieve maximal conjugation was then used for large batch production
following the same steps.
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To remove excess A24-PGST, samples were centrifuged in 100 kDa MWCO spin-filtration
columns (Millipore Sigma) at 14 000g, followed by a 5x column volume wash with 1xPBS.
The protein concentration was determined via a BCA assay kit (Pierce). Samples were
stored at 4 °C for later use.

Sodium dodecyl sulfate polyacrylamide gel electro-phoresis was performed to determine the
expression of proteins, the cross-linking of Protein G-SpyTag and IgG heavy chains, and the
covalent bond formation between SpyTag-labeled targeting ligands and SpyCatcher
reagents. Samples were boiled at 95 °C for 5 min in the presence of 2-mercaptoethanol and
loaded onto 4-15% gradient Tris/glycine gels (Bio-Rad). Gels were stained for 1 h with
SimplyBlue SafeStain (Invitrogen), followed by overnight destaining with water.

Cloning of Lentiviral Constructs and Lentiviral Packaging.

Cell Lines.

A gene fragment encoding the truncated version of SpyCatcher (SpyCatcherA)*4 was
synthesized (GeneArt) and digested with restriction enzymes BamHI and Nhel. The inset
was ligated into a third-generation replication-incompetent lentiviral vector containing either
CD28-CD3( or 41BB-CD3( or lacking functional intracellular T-cell signaling domains
(delta zeta, AC) intracellular domains. A region encoding GFP and a T2A site were upstream
of the receptor, allowing for the detection of transgene expression using GFP as a surrogate
marker. The same methodology was used to clone anti-Her2 chimeric antigen receptors
using the Herceptin-derived scFv 4D54° containing either CD28-CD3( or 41BB-CD3(C
intracellular signaling domains. The expression of all receptors was driven by the EFla
promoter.46

HER2 WT was a gift from Mien-Chie Hung (Addgene plasmid no. 16257; https://
www.addgene.org/16257 RRID:Addgene_16257).4” EGFR WT was a gift from Matthew
Meyerson (Addgene plasmid no. 11011; https://www.addgene.org/11011
RRID:Addgene_11011).48 The Her2 and EGFR sequences were amplified via PCR and
digested with restriction enzymes Xbal and Sall. Gene sequences were ligated into a third-
generation replication-incompetent lentiviral packaging vector downstream from an EFla
promoter.

Replication-incompetent lentivirus was produced using HEK293T cells (Invitrogen) as
previously described.* Briefly, pELNS transfer plasmid and lentiviral packaging plasmids
pVSV (VSV glycoprotein expression vector), pRSV.REV (Rev expression vector), and
pMDLg/ p.RRE (Gag/Pol expression plasmid) were transfected into HEK293T cells using
Lipofectamine 2000 (Invitrogen). Supernatants were harvested at 24 and 48 h, and virus was
pelleted via ultracentrifugation at 25 000 rpm for 2 h. Concentrated virus was stored at —80
°C until use. The viral titer (IU/mL) was determined using viral transduction of HEK293T
cells through measurement of the surrogate marker GFP.

Established human tumor cell lines SKOV3, MDA-MB-468, A1847, CRL5803, MDA-
MB-361, Ramos, and HEK293T were purchased from the American Type Culture
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Collection (ATCC). Cells were cultured in complete medium (CM) composed of RPMI 1640
(GIBCO) supplemented with 10% FBS (VWR), 100 U/mL of penicillin, and 100 tg/mL of
streptomycin at 37 °C and 5% CO». All cell lines were routinely tested for mycoplasma.

To generate Ramos-Her2 and Ramos-EGFR lines, Ramos cells were transduced with
lentivirus containing the coding sequence of either protein. Cells were then propagated,
stained with either anti-Her2 (APC; BioLegend) or anti-EGFR antibody (PE; BioLegend),
and sorted for protein expression using fluorescence-activated cell sorting (FACS).

To generate SKOV3-SpyCatcher-BB(C, SKOV3 cells were transduced with lentivirus
containing the coding sequence for the GFP-T2A-SpyCatcher-BB(. Cells were propagated
and sorted for GFP expression using FACS.

Healthy donor primary human T cells were purchased from the Human Immunology Core
(University of Pennsylvania). CD4+ and CD8+ T cells were combined in equal amounts and
stimulated with anti-CD3/CD28 beads (Invitrogen) in a 3:1 ratio. During the expansion
process, T cells were maintained in CM at 37 °C and 5% CO,. After 24 h, lentivirus was
added at a multiplicity of infection (MOI) of 5-10. Seven days after activation, the anti-
CD3/CD28 beads were removed from culture via magnetic separation. T cells were cultured
for an additional 7 days at a density of (0.5-1) x 108 cells/mL. CM was supplemented with
50-100 1U/mL IL-2 (Prometheus Therapeutics and Diagnostics) after lentivirus addition and
maintained until 2 days before T-cell use in functional assays. The T-cell count and volume
were continually tracked during the expansion process using a Coulter Counter (Beckman
Coulter). The transduction efficiency was detected by flow cytometry for the expression of
GFP.

SpyCatcher T-Cell Arming, Detection of Armed Receptors, and Detection of Surface

Proteins.

SpyCatcher-expressing T cells were resuspended in CM containing various concentrations
of SpyTag-labeled targeting agent. Cells were incubated for 30—60 min at 37 °C and 5%
CO5, and then washed two times with CM. To stain 1gG-SpyTag-armed T cells, goat
polyclonal antihuman IgG (Sigma-Aldrich) conjugated with LightningLink APC
(Expedeon) was used. To stain myc-or Flag-DARPin-SpyTag-armed T cells, either anti-
Myc-Alexa647 (Cell Signaling Technologies) or anti-FLAG-BV421 (BioLegend) was used.
Stained cells were analyzed by flow cytometry.

For receptor turnover experiments, T cells were expanded and rested to an average volume
of <300 fL and then armed with either SpyTag-labeled 1gG or SpyTag-labeled DARPIn, as
described above. For basal turnover, T cells were maintained in CM and stained for loaded
receptor every 24 h for a total of 96 h. For antigen-induced turnover, T cells were combined
at a 3:1 effector to target ratio and stained after 24 h in culture.

The expression of 4D5-BB( and 4D5-28( receptors was detected through incubation with
soluble Her2-his protein (Sino Biological), followed by staining with anti-His-PE antibody
(BioLegend). Her2 expression and EGFR expression were detected using anti-Her2-APC
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(BioLegend) or anti-EGFR-PE (BioLegend), respectively. Stained cells were analyzed by
flow cytometry.

Western Blot.

SKOV3-SpyCatcher-BB( cells were incubated with either 2000 nM myc-RFP-SpyTag or
myc-RFP-SpyTag-DA for 1 h at 37 °C. Cells were lysed using RIPA lysis buffer with
protease-inhibitor cocktail (Roche, cat. no. 5892970001) and centrifuged for 5 min. Lysate
was then collected, and protein concentrations were quantified using a BCA assay (Thermo
Scientific). Protein samples (80 4g) were mixed with loading buffer (Lammeli buffer;
BioRad) containing 5% B-mercaptoethanol (BioRad) and incubated at 95 °C for 5 min.
Samples were loaded in 4-15% Minigels protean TGX (BioRad) and run at 150 V for 1 h. A
protein ladder (BioRad) was run along with the samples. Protein samples were transferred to
a PVDF membrane (Millipore) at 100 V for 1 h. The membranes were washed with TBST
(1% Tween; BioRad) and incubated with primary and secondary antibodies, including
purified mouse anti-human CD3( (BD Pharmigen; 1:1000), anti-human/mouse/rat GAPDH,
(R&D; 1:20 000), and peroxidase AffiniPure goat anti-mouse IgG (Jackson Immunology;
1:10 000). Membranes were washed three times in between the primary and secondary
antibody incubation steps. Membranes were developed using the ECL prime Western
blotting detection reagent (GE Healthcare no. RPN2236) and imaged using a GE
ImageQuant LAS 4000 series imaging system.

Testing Effector Functions of SpyCatcher T Cells.

For cytokine secretion assays, Herceptin-ST proteins were diluted in coating buffer
(BioLegend) and incubated in a flat-bottom MaxiSorp plate (Sigma) overnight at 4 °C. Wells
were washed twice with PBS, and 70 000 immune receptor-(+) cells were added to each
well. Plates were covered with a breathable seal and incubated at 37 °C in 5% CO, for 16 h.
Harvested supernatant was stored at —20 °C for later use. IFN y secretion levels were
assessed using the human IFNy ELISA kit (BioLegend) following the included protocol.

End-point testing of the lytic function was done using the Luc-Screen Extended-Glow
Luciferase Reporter Gene Assay System (Applied Biosystems). For armed SpyCatcher T-
cell lysis, SpyCatcher T-cells were incubated with precise concentrations of the appropriate
SpyTag-labeled targeting ligand as described above. Armed SpyCatcher T cells and click
beetle green luciferase (CBG)-expressing tumor cells were combined ina 7:1 E:T ratio in
200 i of phenol-free CM and incubated overnight at 37 °C and 5% CO». Plates were
centrifuged at 1200 rpm for 5 min, 100 L of medium was removed from each well, and
luciferase buffer was added according to the manufacturer’s protocol. Luciferase readings
were obtained using a microplate reader. For on-demand lysis, SpyCatcher T cells, targeting
ligand, and tumor cells were combined simultaneously in phenol-free CM. All other steps
were carried out in the same manner as for armed lysis. Cytotoxicity was calculated using
the following equation: [1 — (T cells + targeting ligand + target cell)/(target cells alone) — 1
— (T cells + target cell)/(target cells alone)] x 100.

Real-time lysis analysis was carried out using the xCELLigence Real Time Cell Analysis
instrument (ACEA Biosciences). Adherent tumor cells were plated and incubated in the

JAm Chem Soc. Author manuscript; available in PMC 2021 April 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Minutolo et al. Page 10

instrument overnight at 37 °C with 5% CO,. SpyCatcher T cells were then added after
arming as described above. For on-demand lysis, SpyCatcher T cells were added to the
tumor cells and incubated for 4 h, followed by targeting ligand addition. Cytotoxicity
calculations were made using RTCA software (ACEA Biosciences).

Xenograft Models.

NOD-scid IL2R ™! mice were purchased from the Stem Cell and Xenograft Core
(University of Pennsylvania). Female mice (6—12 weeks old) were kept in a pathogen-free
environment following protocols approved by the University of Pennsylvania Institutional
Animal Care and Use Committee. For intraperitoneal (I.P.) tumor models, mice were
injected I.P. with 1 x 106 SKOV3-CBG+GFP tumor cells. After 7 days, 12.5 x 10°
SpyCatcher immune receptor T cells were armed with 1000 nM Herceptin-ST and injected
I.P. SpyTag-labeled targeting ligand was injected I.P. 1 day after T-cell injection, followed by
subsequent injections every 3 days until treatment cessation. Tumor progression was
measured via bioluminescence imaging as described previously®® and quantified as the
average radiance, gated on the abdomen between the fore and hind limbs. Mice were
sacrificed upon gaining 20% body weight due to ascites formation. Mice that formed
palpable subcutaneous (S.C.) tumors at the site of injection by day 11 post-tumor injection
were excluded from all groups.

Blood samples were collected via retro-orbital bleeds by the Stem Cell and Xenograft Core
(University of Pennsylvania). Peripheral blood T cells were quantified using Trucount Tubes
following the provided protocol (BD Biosciences). The staining panel consisted of
antihuman CD3 (brilliant violet 605; BioLegend), antihuman CD45 (PE; eBiosciences), and
antihuman CD8 (APC-H7; BD Biosciences).

For S.C. tumor models, mice were subcutaneously injected in the flank with 1 x 10°
SKOV3-CBG+GFP tumor cells. After 6 days, 12.5 x 108 SpyCatcher immune receptor T
cells were armed and I.P. injected. SpyTag-labeled targeting ligand was I.P. injected 1 day
after T-cell infusion, followed by subsequent injections every 3 days until treatment
cessation. Tumor progression was measured via caliper measurement and quantified using
the formula volume = 3.14/6(length x (width)2), with length being the longest diameter and
width being the shortest diameter.

Statistical Analysis.

Data are reported as mean + standard deviation (SD) unless otherwise noted. Statistical
analysis was performed using an unpaired 2-tailed #test unless otherwise noted. GraphPad
Prism 8.0 software was used for statistical analysis. £ < 0.05 was considered to be
significant.

RESULTS
Generation of SpyTag-Labeled Tumor Antigen Targeting Ligands.

The SpyCatcher immune receptor system is composed of two main components: targeting
ligands containing a SpyTag domain and T cells expressing the SpyCatcher immune receptor
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(Figure 1A). We used two approaches to generate SpyTag-containing targeting ligands: site-
specific conjugation and genetic fusion. Site-specific attachment of SpyTag to clinical-grade
IgGs was achieved using a light-activated site-specific conjugation (LASIC) adaptor protein
developed by Hui et al.3° This adaptor protein is derived from protein G, an IgG-binding
bacterial cell wall protein that interacts with the Fc portion of human IgGs at the CH2-CH3
junction.51 Using an amber-tRNA suppressor aminoacyl-synthase pair, Protein G-SpyTag
was expressed with the unnatural amino acid benzoylphenylalanine (BPA) incorporated at
the A24 amino acid position. When combined with 1gGs, A24-Protein G-SpyTag binds to
the Fc domain of the IgG noncovalently. Upon exposure to UV light (365 nm), the BPA
molecule is activated and covalently cross-links the Protein G-SpyTag site-specifically to the
Fc domain (Figure 1A). The final IgG molecule thus contains two covalently linked Protein
G-SpyTag molecules, one on each side of the Fc domain (Figure 1A).

An analysis of clinical-grade antibodies cross-linked with Protein G-SpyTag by reducing
SDS-page gel demonstrated nearly full cross-linking of the 1gG heavy chain for Herceptin
(Figure 1B), cetuximab, and rituximab as demonstrated by a band shift equal to the
combined masses of the two proteins (~60 kDa combined) (Figure S1A). To demonstrate the
maintained functionality of the SpyTag domain after UV exposure, we incubated Herceptin-
SpyTag with excess SpyCatcher-Venus (38 kDa). We observed the formation of a shifted
band that was maintained under boiling and reducing conditions at the approximate
combined mass of both proteins (100 kDa) as well as the loss of the single heavy chain-
Protein G band, indicating the formation of a covalent bond between the two proteins
(Figure 1B). In order to further broaden the repertoire of targeting ligand types, we
expressed Her2 (DARPin9.26; 22.5 kDa)*? (Figure 1C), EGFR (E01; 22.4 kDa),*! or
EpCAM (Ecl; 22.8 kDa)*2 (Figure S1B) targeting the designed ankyrin repeat proteins
(DARPIns) containing a C-terminal SpyTag domain using the sortase-tag-expressed protein
ligation (STEPL) system.38 SpyTag functionality was again validated via conjugation with
excess SpyCatcher-Venus, demonstrating the formation of a shifted band resistant to
degradation under boiling and reducing conditions at the approximate combined molecular
weights of the two protein components (61 kDa; Figure 1C and Figure S1B).

Previous studies have demonstrated that the reaction of a SpyTag variant containing an
aspartic acid to alanine mutation (SpyTag-DA) abolishes covalent bond formation with
SpyCatcher while still allowing for the formation of a noncovalent complex with a Kj of 200
nM.36 To serve as a negative control for covalent bond formation, Herceptin-STDA and
9.26-STDA targeting ligand were also produced (Figure 1B,C).

Cloning, Expression, and Detection of the SpyCatcher Immune Receptor.

The truncated, 84 amino acid version of SpyCatcher* was cloned into previously
validated®0:52 |entiviral constructs containing either 4-1BB or CD28 costimulatory domains
in tandem with CD3( to produce SpyCatcher-BB( and SpyCatcher-28C immune receptors.
A SpyCatcher receptor lacking intracellular signaling domains was also generated to serve
as a negative control (SpyCatcher-AC; Figure 2A). All constructs contained eGFP upstream
of a T2A self-cleaving peptide, allowing for the coexpression of GFP and the receptor as
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separate proteins, as well as the use of GFP as a surrogate marker for primary human T-cell
transduction.

To determine whether SpyTag can covalently link to a SpyCatcher immune receptor
expressed on the cell surface, an immortalized cancer cell line, SKOV3, was transduced to
express the SpyCatcher-BB( construct (Figure S2A) and then incubated with the soluble
RFP-SpyTag protein. Incubation resulted in the formation of a shifted band that was resistant
to degradation under reducing conditions when assessed via Western blot staining for CD3C,
confirming covalent bond formation between the two proteins (Figure 2B). The remaining
unshifted band between 50 and 37 kDa likely represents intracellular receptor since the
whole cell lysate was loaded onto the gel. Incubation with RFP-SpyTag-DA protein showed
that the mutation of the critical aspartic acid residue in SpyTag to an alanine abolished its
ability to form a covalent bond with SpyCatcher (Figure 2B). Next, primary human T cells
were transduced to express the SpyCatcher immune receptor and incubated with Herceptin-
ST at various concentrations, which resulted in dose-dependent loading (“arming”) of the
receptor, as detected via staining with APC antihuman 1gG polyclonal antibody (Figure 2C).
Additionally, covalent bond formation between the SpyTag-conjugated targeting ligand
(9.26-ST) and the SpyCatcher receptor was necessary to achieve maximum targeting ligand
arming, especially at low concentrations (Figure 2D).

In Vitro Efficacy of SpyCatcher T Cells.

In order to determine if SpyTag engagement of the SpyCatcher immune receptor on primary
human T cells would induce specific activation, SpyCatcher T cells were incubated in the
presence of various amounts of immobilized Herceptin-ST. Both SpyCatcher-BB( and
SpyCatcher-28C T cells, but not SpyCatcher-AC T cells, secreted IFN-y in the presence of
immobilized Herceptin-ST in a dose-dependent fashion (Figure 2E), with SpyCatcher-28C T
cells being more immunologically sensitive than SpyCatcher-BBC T cells (P < 0.001).

Since the SpyCatcher immune receptor is the first universal immune receptor that can be
covalently armed with targeting ligands, permanently affixing antigen specificity to the
receptor until it is degraded, we evaluated the lytic capabilities of prearmed SpyCatcher T
cells in the absence of excess targeting ligand. Here, we sought to determine if a sufficient
amount of targeting ligand could be used to covalently arm the receptors at the cell surface
to elicit T-cell lysis of cancer cells upon antigen recognition (Figure 3A, left). SpyCatcher-
BB( and SpyCatcher-28C T cells armed with Herceptin-ST lysed Her2+ SKOV3 tumor
cells, while untransduced and SpyCatcher-AC T cells armed with Herceptin-ST showed
minimal lytic activity after 20 h of coculture (Figure 3B). Lysis occurred in a dose-
dependent manner, with increasing Herceptin-ST arming concentration correlating with
increased lytic capacity (Figure 3B), corresponding with the dose-dependent receptor
loading observed previously (Figure 2C). The observation of lytic function using live cell
imaging confirmed these results while also demonstrating the arming of dose-dependent T-
cell clustering (Videos S1-S4). Tumor cell lysis and T-cell clustering were not observed with
SpyCatcher-AC T cells armed with 1000 nM Herceptin-ST, demonstrating that lysis and
clustering are activation-dependent (Video S5).

JAm Chem Soc. Author manuscript; available in PMC 2021 April 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Minutolo et al.

Page 13

Additionally, dose-dependent arming also impacted the ability of SpyCatcher T cells to
recognize tumor cells expressing various levels of target antigen. SpyCatcher-BBC T cells
were capable of lysing tumor cells expressing high levels of antigen in an arming-
concentration-dependent manner, but lost functionality against cell lines expressing lower
levels of Her2 (Figure S3A,B). In contrast, SpyCatcher-28C T cells with high-dose arming
were capable of targeting tumor cells with high or low levels of Her2, with lytic capacity
correlating with the level of Her2 expression. When the arming concentration was lowered,
the SpyCatcher-28C T cells lost efficacy against tumor cell lines expressing lower levels of
Her2 (Figure S3A,B).

SpyCatcher-BB( and SpyCatcher-28C T cells were also able to lyse EGFR+ or CD20+
tumor cells when armed with EGFR-targeting antibody Cetuximab-ST or CD20-targeting
antibody Rituximab-ST, respectively (Figure 3C). The site-specific labeling method used for
the off-the-shelf clinical-grade antibodies led to the addition of a SpyTag peptide to both IgG
heavy chains, as was previously shown by Hui et al. and further indicated by the nearly
complete shift in the heavy-chain band post-conjugation (Figure 1B).3% This multivalent
labeling method could potentially cause antigen-independent activation if two SpyCatcher
immune receptors were cross-linked by the two SpyTag peptides on the same antibody or if
two SpyCatcher T cells were tethered with each other by SpyTag peptides on the same
antibody. However, SpyCatcher T cells armed with the nontargeting control antibodies
identically conjugated with two SpyTag peptides did not mediate significant lysis,
demonstrating that bivalent SpyTag labeling of targeting ligands does not cause appreciable
antigen-independent activation of T cells upon arming (Figure 3C). Bivalently labeled
antibodies were able to induce T-cell activation when adhered to a plate, indicating the need
for the immobilization of the soluble protein to induce activation, as has been seen with
other bivalent activating molecules®® (Figure 2E). Covalent loading of SpyTag containing
designed ankyrin repeat proteins (DARPIns) targeting tumor antigens Her2, EGFR, and
EpCAM also led to the specific lysis of antigen-expressing tumor cells, demonstrating the
potential to use multiple targeting ligand types with T cells bearing the SpyCatcher receptor
(Figure 3D).

Upon antigen recognition and CAR T-cell activation, CARs are internalized, leading to
lower detectable levels at the cell surface.>* To evaluate the rate of armed SpyCatcher
receptor loss on the T-cell surface in the setting of antigenic stimulation, SpyCatcher T cells
were armed, washed, and cocultured with or without antigen-expressing tumor cells. In the
absence of antigen-expressing tumor cells, moderate armed receptor loss occurred, with
SpyCatcher-28C T cells experiencing more rapid loss within 24 h relative to SpyCatcher-
BBC T cells. Similar to CARs,>* when stimulated with antigen-expressing cancer cells,
armed receptor expression was not detected on either SpyCatcher-BB( or SpyCatcher-28C T
cells at the same time point (Figure 3E). However, both SpyCatcher-BB( and
SpyCatcher-28C T cells were amenable to rearming, demonstrating that the expression of
SpyCatcher receptors by T cells is maintained and capable of binding newly introduced
targeting ligand (Figure 3E). In order to determine the rate of armed receptor loss from the
cell surface in nonactivated cells, SpyCatcher T cells were rested, then armed with
Herceptin-ST, and subsequently analyzed for a detectable, armed receptor via flow
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cytometry every 24 h. Results show that armed receptor levels are gradually depleted over
time, with full loss occurring approximately 96 h after arming (Figure S4).

On the basis of the finding that armed, but not unarmed, SpyCatcher T cells are capable of
targeting and killing antigen-expressing tumor cells, we hypothesized that the unarmed
SpyCatcher T-cell effector function could be temporally triggered upon later addition of
targeting ligand to unarmed SpyCatcher T cells in coculture with antigen-expressing tumor
cells (Figure 3A, right). To test for “on-demand” cancer cell lysis, unarmed SpyCatcher T
cells were incubated with SKOV3 (Her2+) tumor cells for 4 h in the absence of targeting
ligand. Herceptin-ST was added after 4 h of induced rapid tumor cell lysis in cultures
containing either SpyCatcher-BB( or SpyCatcher-28C T cells (Figure 3F). Compared to
SpyCatch-er-BB( T cells, SpyCatcher-28C T cells reacted more rapidly upon addition of
Herceptin-ST, lysed target cells at lower targeting ligand concentrations, and reached a
higher level of maximum lysis. This observation is consistent with prior findings showing
that the use of the CD28 costimulatory domain in CARs leads to more potent T-cell effector
function than 4-1BB in vitro.%> Though equivalent levels of maximum lysis were achieved
with SpyCatcher-28C T cells at different doses of Herceptin-ST, the initial lysis kinetics
occurred in a dose-dependent fashion (Figure 3F). SpyCatcher-BB(C T cells displayed a more
titratable response, with lower maximal lysis at lower Herceptin-ST doses. The induction of
“on-demand” lysis was also observed using live cell imaging, where unarmed SpyCatcher-
BBC( T cells reamined inactive until addition of exogenous Herceptin-ST (Video S6).

Testing the Effects of Covalent Bond Formation on Lytic Function.

To test the effect of covalent bond formation on receptor arming and T-cell activation, both
“arming” and “on-demand” lysis experiments were performed comparing Herceptin-ST and
Herceptin-STDA, or the anti-Her2 DARPins 9.26-ST and 9.26-STDA, respectively (Figure
3F,G). SpyCatcher-BB( and SpyCatcher-28C T cells armed with 9.26-ST lysed Her2+
SKOV3 tumor cells, while those armed with 9.26-STDA exhibited reduced lysis or no lysis
(Figure 3G). This result corresponds to previous data demonstrating that covalent bond
formation is necessary for maximal loading of the SpyCatcher receptor, particularly at lower
arming concentrations (Figure 2D). Covalent bond formation also impacted on-demand
lysis. Herceptin-STDA addition led to slower lysis Kinetics and lower maximal lysis
compared to Herceptin-ST at equivalent doses (Figure 3F). In all cases, SpyCatcher-28C T
cells exhibited increased effector function, compared to SpyCatcher-BBC T cells, when
armed or cocultured with excess Herceptin-STDA (Figure 3F,G).

Simultaneous Receptor Arming and Dual Antigen Targeting.

One advantage of covalent universal immune receptor loading is the ability to affix multiple
targeting ligands with different specificities onto receptors at the T-cell surface, creating a
single-cell product with the capability of targeting multiple antigens simultaneously (Figure
4A). To test this, Her2-targeting (9.26-ST) and EGFR-targeting (E01-ST) DARPins
containing unique tags for detection by flow cytometry were loaded onto SpyCatcher T cells
either alone or in combination in a 1:1 molar ratio (Figure 4B). Tag staining and flow
cytometric analysis revealed that single DARPIn loaded SpyCatcher T cells were stained for
only a single tag, while SpyCatcher T cells coincubated with both DARPins displayed

JAm Chem Soc. Author manuscript; available in PMC 2021 April 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Minutolo et al.

Page 15

equivalent staining for each tag and thus equivalent arming (Figure 4B). These dual armed T
cells were capable of lysing both Her2+/EGFR-and EGFR+/Her2-Ramos cells (Figure S2B),
while SpyCatcher T cells armed with a single DARPIn targeting ligand were capable only of
lysing cells expressing the prescribed target antigen. Levels of specific cell lysis mediated by
dual-armed T cells were similar to those of their single-armed counterparts, demonstrating
the capacity of this single-cell product to simultaneously target multiple antigens (Figure
4C). SpyCatcher-AC T cells remained inactive regardless of the arming agent (Figure 4C).

To assess the capability of combined the targeting ligand arming enhancing SpyCatcher T-
cell function against cancer cells that coexpress two distinct antigens, SpyCatcher-BBC T
cells were armed with low doses of either 9.26-ST or EO1-ST, or both in combination, and
then cocultured with the Her2+/ EGFR+ SKOV3 tumor line (Figure S3C). Dual-armed
SpyCatcher-BB( T cells achieved increased tumor lysis relative to single-armed cells alone
(Figure S3D).

In Vivo Efficacy in Xenograft Tumor Models.

We next tested the effectiveness of the SpyCatcher T-cell system in xenograft tumor models
using nonobese diabetic (NOD)-scid gamma (NSG) mice. Though our in vitro results
showed that SpyCatcher-28C T cells displayed more potent effector function than
SpyCatcher-BB(C T cells, we chose to move forward with preclinical models using the
SpyCatcher-BB( receptor, as previous studies have demonstrated the enhanced prolonged
survival capabilities of T-cell-bearing CARs containing the 4-1BB costimulatory domain in
Vivo.55.56

We tested the in vivo efficacy of SpyCatcher-BB(C T cells using an intraperitoneal model of
ovarian cancer. Her2+ SKOV3 ovarian cancer tumor cells were injected into the peritoneal
cavity (I.P.) and allowed to establish for 7 days. On day 7, mice received an I.P. injection of
SpyCatcher-BB(C T cells armed with Herceptin-ST at a concentration of 1000 nM. One
group was administered armed SpyCatcher-AC T cells to control for any tumor reduction
caused by T-cell infusion or targeting ligand administration independent of antigen-
dependent T-cell stimulation. Beginning on day 8, additional targeting ligand was
administered, followed by continual dosing every 3 days during the dosing window (Figure
5A, orange box).

Treatment with SpyCatcher-AC T cells coadministered with a 25 pg dose of Herceptin-ST
was similar to the vehicle control, demonstrating that the tumor was not sensitive to
targeting ligand alone or the infusion of signaling-deficient T cells (Figure 5A,B).
SpyCatcher-BB(C T cells coadministered with a 25 £g dose of Herceptin-ST were able to
clear detectable tumor in three of the four mice, which resulted in prolonged survival relative
to all other treatment groups (Figure 5A—-C). Tumor relapse was seen in one mouse
beginning 30 days after the cessation of targeting ligand treatment. SpyCatcher-BB( T cells
coadministered with a 12.5 pg dose of Herceptin-ST showed a transient reduction of tumor
burden in some mice, but did not maintain efficacy over the course of treatment,
demonstrating that sufficient levels of targeting ligand must be provided to drive tumor
clearance. Peripheral blood T-cell levels were detected on day 7 after T-cell infusion in all
groups, with signaling-enabled SpyCatcher-BB( T-cell counts exceeding those in the
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SpyCatcher-AC group (Figure 5D). Human T-cell counts in SpyCatcher-BB( T-cell groups
were similar between the two targeting ligand dose groups, implicating targeting ligand
availability as one limitation to effective treatment. Additionally, weight loss due to toxicity
was not seen in treatment groups, while weight gain was seen in control group mice due to
ascites formation during tumor progression (Figure S5). To assess the systemic delivery of
the SpyCatcher system, preclinical testing was performed in a rapidly growing, highly
aggressive subcutaneous Her2+ SKOV3 tumor model. Results showed that I.P.-injected
SpyCatcher-BBC T cells coadministered with Herceptin-ST lead to a reduction in tumor
volume out to day 22 post-tumor inoculation, compared to SpyCatcher-BB( T cells alone
(Figure S6).

DISCUSSION

Universal immune receptors (UIRs) are an emerging technology aimed at improving
standard CAR T-cell therapies and addressing limitations in therapeutic design.2> Through
the use of a targeting ligand to redirect T cells against antigen expressing tumor cells, UIRs
allow for the dose-dependent control of the T-cell effector function while also enabling the
use of a single-receptor, single-cell product to target multiple tumor antigens. Current UIR
platforms rely on noncovalent interactions between their extracellular adapter protein and
targeting ligand tag, rendering them unable to be covalently loaded with antigen specificity
prior to infusion.

In this study, we developed a novel UIR platform that allows for the post-translational
covalent attachment of targeting ligands to an immune receptor via SpyCatcher/SpyTag
chemistry, mediating the redirection of T cells against multiple tumor-associated antigens.
We generated two functional SpyCatcher immune receptor constructs containing
extracellular SpyCatcher domains and either CD28-CD3( or 4-1BB-CD3( intracellular
domains and demonstrated their expression in primary human T cells. To redirect the
SpyCatcher immune receptor expressing T cells against target tumor antigens, we used two
methods of targeting ligand production. Using the LASIC adaptor protein method developed
by Hui et al., we were able to site-specifically label off-the-shelf clinical-grade antibodies
with SpyTag moieties.3? This methodology allows for a potentially advantageous pairing of
SpyCatcher T cells and clinical-grade antibodies in patients who do not benefit from or
become resistant to antibody monotherapy alone, if the resistance in not due to antigen loss.
57.58 We further generated monovalent targeting ligands through the genetic fusion of the
SpyTag to various designed ankyrin repeat proteins (DARPiIns). We demonstrated the
capability of the SpyCatcher immune receptor to target multiple tumor antigens in vitro. The
transfer of SpyCatcher T cells, along with SpyTag targeting ligands, led to the control of
outgrowth in aggressive subcutaneous tumors and the clearance of established
intraperitoneal disease in immunodeficient mouse xenograft models.

Notably, the formation of a covalent bond between SpyCatcher and SpyTag was critical for
optimal T-cell effector function. The transient bond formed between the SpyTag-DA mutant
and SpyCatcher receptor (Ky = 200 nM) led to a substantial loss of receptor loading (Figure
2D), and this in turn resulted in decreased lytic capacity (Figure 3G). In instances where the
targeting ligand was added directly to the culture, the inability to form a covalent bond
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greatly diminished or completely abolished the effector function at low concentrations
(Figure 3F). This indicates that covalent bond formation between the targeting ligand and
the receptor may be important in instances where targeting ligand concentrations are low.

When compared to standard CAR T cells, armed SpyCatcher T cells achieved similar
activity at high E/T ratios but were less effective at low E/T ratios (Figure S7A,B). While
CAR T cells displayed enhanced potency, we have shown that the SpyCatcher immune
receptor system is capable of addressing some of the limitations currently facing CAR T-cell
therapy. One of these limitations is the inability to control CAR T cells post-infusion. Upon
binding to target antigen, CAR T-cell activation and proliferation can occur at a rapid rate
and can lead to issues such as CRS or the on-target, off-tumor lysis of normal tissue.314.15
We have shown that the effector function of SpyCatcher T cells is titratable based on the
amount of targeting ligand either covalently loaded onto the receptor prior to tumor exposure
or injected post-infusion, and that SpyCatcher T cells without targeting ligand are unable to
target tumor cells (Figure 3B,F). We saw that suboptimal doses of targeting ligand led to
tumor outgrowth in our I.P. mouse model, indicating that the continued administration of
targeting ligand at sufficient levels is necessary for prolonged T-cell function (Figure 5A-C).
The ability to escalate, decrease, or withdraw the targeting ligand dose as a means of
attenuating the T-cell effector function with the SpyCatcher system could allow for the
mitigation of on-target, off-tumor toxicity. SpyCatcher T cells function with the use of
antibodies, as well as DARPIns, and have the potential to be expanded further for the use of
scFvs, Fabs, and small-molecule conjugates. This could allow for another potential layer of
control, as targeting ligands with short half-lives would lead to the more rapid cessation of
SpyCatcher T-cell effector function. Patients who receive CD19 targeted CAR T-cell therapy
sustain long-term B-cell aplasia due to the continual elimination of CD19+ normal B cells.
SpyCatcher T cells are unreactive in the absence of targeting ligand and therefore could
allow for the re-establishment of a normal B-cell population after tumor clearance via
discontinuation of the targeting ligand.

The outgrowth of an antigen-negative tumor population is another issue facing single-
antigen-targeting T-cell therapy. This can occur for a multitude of reasons, which include
heterogeneous tumor antigen expression, the down regulation of tumor antigens,
trogocytosis, or the expression of splice variants.17=22 To overcome tumor escape via antigen
loss, other groups have proposed the expression of multiple CARs in a single T-cell product,
59 the expression of CARs with multiple epitope binding domains,%%-62 or making a
combined T-cell product containing two distinct CAR populations.®3 While these
approaches may help mitigate antigen loss, they do not address safety and toxicity concerns
and still limit the total number of targetable antigens. SpyCatcher T cells are capable of
lysing a broad range of tumor antigens, with a proof of principle established here for Her2,
EGFR, EpCAM, and CD20. We have further demonstrated the ability to arm SpyCatcher
immune receptor T cells with multiple targeting ligands simultaneously, allowing for the
creation of a single vector and single-cell product capable of targeting multiple tumor
antigens simultaneously (Figure 4A—C). The turnover of armed receptors coupled with the
continual expression of new SpyCatcher receptor by the T cells enables rearming with
targeting ligand (Figure 3E) and the potential for sequential antigen targeting, as we have
demonstrated with a biotin-binding immune receptor.24
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Though the SpyCatcher immune receptor system has shown promise both in vitro and in
vivo, it is important to acknowledge the potential limitations of its expanded use. The
SpyCatcher/SpyTag system itself was derived from the second immunoglobulin-like
collagen adhesin domain (CnaB2) of Streptococcus pyogenes fibronectin-binding protein
FbaB. The bacterial origin of these proteins means that they are potentially immunogenic
and therefore may be suppressed by the patient’s immune system. A similar issue has
plagued CARs with murine-derived scFv domains, against which patients develop human
antimouse antibodies (HAMA).84 However, previous studies have tested the SpyCatcher
immunogenicity in immune-competent mice and have reported that truncated versions of the
SpyCatcher protein, similar to that used here, induced significantly lower antibody levels.5

The SpyCatcher immune receptor and UIRs in general present an exciting new avenue for
therapeutic investigation. However, much like in the field of CAR T-cell therapy, optimal
clinical translation will rely on facing unique challenges related to UIRs. For instance, the
ability to target multiple antigens with a single receptor relies upon the discovery, validation,
and safety profiling of tumor-associated antigens and clinical-grade targeting ligands against
those antigens. To target some antigens, there may also be challenges in designing an
optimal universal immune receptor and their targeting ligand pairs since the optimal
targeting ligand size and receptor hinge domain spacing can vary on the basis of the targeted
antigenic epitope.33:34 The shedding of target antigen by tumor cells is another potential
issue facing both UIR and CAR T cells. We previously showed that conventional CAR T
cells can mediate highly efficient cancer cell attack even in the presence of high
concentrations of soluble targeted antigen secreted by solid tumors.%9 To what degree UIR
systems are impacted by shed antigen is not fully understood; however, the SKOV3 cell line
used in our studies sheds HER2 antigen,%6 and HER2-redirected SpyCatcher T cells mediate
the efficient killing of SKOV3 ovarian cancer cells in vitro and in vivo, suggesting that UIR
T cells can function in the presence of soluble antigen with proper targeting ligand dosing.
In addition, the clinical production of UIR T cells will rely upon patient T cells as the
starting source cell material, akin to CAR T-cell therapy. Accordingly, UIR therapies will
also need to address the shared issues of pre-existing T-cell exhaustion and senescence, poor
proliferation, persistence after infusion, and the lack of T-cell infiltration into solid
tumors*67-69 that can limit otherwise effective CAR T-cell therapy in certain indications.

In conclusion, the SpyCatcher immune receptor described here is the first universal immune
receptor to allow for post-translational covalent loading of targeting ligands for subsequent
redirection of T cells against an array of tumor antigens in vitro and in vivo. This platform
technology provides a method for single-vector, single-receptor targeting of multiple
antigens simultaneously while also allowing for continual rearming to generate, regulate,
and diversify a sustained T-cell response over time.
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Figure 1.
Development of SpyCatcher immune receptor targeting ligands. (A) Schematic

representation of Protein G-ST cross-linking to clinical-grade human 1gGs. (B) Cross-
linking of Herceptin with Protein G-ST or Protein G-STDA, followed by subsequent
reaction with SpyCatcher-Venus analyzed by SDS-Page gel under reducing conditions with
coomassie staining. (C) DARPiIn9.26-ST and DARPIin9.26-STDA reacted with SpyCatcher-
Venus analyzed by SDS-Page gel with Coomassie staining.
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Figure2.
SpyCatcher immune receptor is expressed and capable of covalent loading with SpyTag-

labeled ligands. (A) Schematic of the lentiviral SpyCatcher immune receptor constructs. (B)
SpyCatcher immune receptor-expressing SKOV3 cells were incubated in culture medium
containing 2000 nM RFP-ST or RFP-STDA.. Covalent bond formation between the two
components was detected via SDS-Page gel under reducing conditions and Western blot
staining for total CD3( protein. (C) SpyCatcher T cells were armed with varying amounts of
Herceptin-ST for 1 h at 37 °C. Herceptin-ST loading onto the SpyCatcher immune receptor
was detected by staining with APC polyclonal antihuman 1gG and flow cytometric analysis.
(D) Comparison of covalent (DARPin9.26-ST) vs noncovalent (DARPiIn9.26-ST) maximal
loading of the SpyCatcher immune receptor at various concentrations. (E) SpyCatcher T
cells were incubated in wells containing various amounts of immaobilized Herceptin-ST for
16 h. Supernatant was harvested and analyzed for IFNy by ELISA. Error bars represent the
mean + standard deviation. Data points are the averages of three replicates. A representative
T-cell donor is shown. *P< 0.05, **P< 0.01, and ***P < 0.001.
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Figure3.

SpgyCatcher T cells are capable of in vitro lytic function against a host of different antigen-
expressing tumor lines. (A) Schematic representation of armed SpyCatcher immune receptor
lysis (left) and on-demand lysis (right). (B) SpyCatcher or untransduced (Unt) T cells were
armed with various concentrations of Herceptin-ST and cocultured in the presence of
SKOV3 (Her2+) tumor cells. (C) SpyCatcher T cells were armed with antigen-specific and
nonspecific 1gGs and cocultured with either MDA-MB-468 (EGFR+/Her2-) or Ramos
(CD20+/EGFR-) tumor cells. (D) SpyCatcher T cells armed with antigen-specific DARPins
were coculture with SKOV3, MDA-MB-468, or A1847 (EpCAM+) tumor cells expressing
luciferase. (E) DARPIn9.26-ST armed SpyCatcher T cells were incubated with or without
SKOV3 tumor cells (E/T = 3:1) for 24 h, removed from culture, and incubated in media +
2000 nM DARPIN9.26-ST. Receptor arming was analyzed via anti-myc staining and flow
cytometric analysis. (F) Unarmed SpyCatcher T cells were incubated with SKOV3 tumor
cells for 4 h followed by the addition of Herceptin-ST or Herceptin-STDA (time = 0). (G)
SpyCatcher T cells were armed with either DARPin9.26-ST or DARPiIn9.26-STDA at
various concentrations and cocultured with SKOV3 tumor cells expressing luciferase. (B, C:
MDA-MB-468, F) Lysis was measured using real-time cell analysis. (C: Ramos, D, G)
Residual luciferase expression was calculated after 20 h. All cocultures were carried out
using a 7:1 E/T ratio. Error bars represent the mean + standard deviation. Data points are
averages of three replicates. A representative T-cell donor is shown. *P< 0.05, **£< 0.01,
and ***P< 0.001.
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Figure 4.
Simultaneous arming of SpyCatcher T cells with two targeting ligands generates a single

cell product capable of dual antigen targeting. (A) Schematic representation of single vs dual
targeting ligand loading. (B) SpyCatcher T cells were armed with either 2000 nM myc-9.26-
ST (aHer2; red), 1000 nM Flag-E01-ST (aEGFR; blue), or both simultaneously at 12000 nM
each (green). Receptor loading was detected with a combination of fluorescently conjugated
anti-myc and anti-flag antibodies and assessed via flow cytometry. (C) Single- or dual-armed
SpyCatcher T cells were cocultured with Ramos cells expressing either Her2 or EGFR and
luciferase. Residual luciferase expression was calculated after 20 h. All cocultures were
carried out using a 7:1 E/T ratio. Data points are averages of three replicates. A
representative T-cell donor is shown.
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Figure5.

SpyCatcher-BB(C T cells prevent tumor growth in vivo. NSG mice (7= 4 per group) were
injected intraperitoneally with 1 x 108 SKOV3 tumor cells expressing luciferase on day 0,
followed by 12.5 x 108 Herceptin-ST armed SpyCatcher-BB( T cells on day 7. Herceptin-
ST was administered on day 8, followed by injections every 3 days during the dosing
window, indicated by either an orange box (A) or red line (B). Injection amounts indicate the
dose per mouse. (A) Tumor growth was monitored by luminescence and plotted as the
average radiance for each individual mouse. (B) Luminescence images of treated mice. (C)
Survival curve for mice treated in (A). (D) TruCount analysis of total human T cells (CD3+/
CDA45+) on days 7 and 21 post-T-cell injection. Error bars represent the mean + standard
deviation (D). *£< 0.05, **P< 0.01, and ***P < 0.001.
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