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Proximity-induction of cell-cell interactions via small mole-
cules represents an emerging field in basic and translational sci-
ences. Covalent anchoring of these small molecules represents a
useful chemical strategy to enforce proximity; however, it re-
mains largely unexplored for driving cell-cell interactions. In
immunotherapeutic applications, bifunctional small molecules
are attractive tools for inducing proximity between immune
effector cells like T cells and tumor cells to induce tumoricidal
function. We describe a two-component system composed of
electrophilic bifunctional small molecules and paired synthetic
antigen receptors (SARs) that elicit T cell activation. The mol-
ecules, termed covalent immune recruiters (CIRs), were de-
signed to affinity label and covalently engage SARs. We evalu-
ated the utility of CIRs to direct anti-tumor function of human
T cells engineered with three biologically distinct classes of
SAR. Irrespective of the electrophilic chemistry, tumor-target-
ing moiety, or SAR design, CIRs outperformed equivalent
non-covalent bifunctional adapters, establishing a key role
for covalency in maximizing functionality. We determined
that covalent linkage enforced early T cell activation events in
a manner that was dependent upon each SARs biology and
signaling threshold. These results provide a platform to opti-
mize universal SAR-T cell functionality and more broadly
reveal new insights into how covalent adapters modulate cell-
cell proximity-induction.
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INTRODUCTION
Bifunctional proximity-inducing small molecules, aka molecular
glues, are being used increasingly in therapeutics modalities. Natural
agents like cyclosporin A, rapamycin, and FK506 have inspired syn-
thetic designs, such as PROTACS, Bicycles, and ARMs. We are par-
ticulary interested in the use of such bifunctional molecules to bridge
components of the immune system with tumor cells to mediate anti-
tumor immune function.1,2

Engineering immune cells to express synthetic antigen receptors
(SARs), such as the well-described chimeric antigen receptor
Molecular
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(CARs), has revolutionized cell therapy for cancer and is rapidly being
deployed for non-malignant diseases.3–8 Conventional SARs are
introduced into therapeutic T cells via genetic engineering; however,
target specificity is typically limited to one, or two, tumor target(s).
Given the potential for tumors to escape SAR-engineered T cell
(SAR-T cell) treatment by antigen loss, and the heterogeneous nature
of many tumor types, multi-targeted engineered T cell products are of
significant interest.9 However, given the vast number of potential tar-
gets10,11 and the high cost of T cell manufacturing, generating multi-
ple separate SAR-T cell batches per patient is an ineffective solution.
A flexible platform that minimizes T cell manufacturing while maxi-
mizing the spectrum of antigen targets is highly desirable. “Universal”
SARs are programmed with target specificity after the engineered
T cells are manufactured through molecular adapters that link the
SAR-expressing T cells to the tumor.12,13 By creating a library of mo-
lecular adapters, a T cell engineered with a single universal SAR can be
directed against multiple tumor targets and tailored to the antigenic
repertoire of the tumor, thereby reducing the need for multiple engi-
neering runs to produce T cells with distinct antigen specificity. Pre-
clinical studies have confirmed the utility of this strategy in the treat-
ment of hematologic and solid tumor models using a variety of donor
moieties14–31 and the approach is currently being tested in clinical
trials.

Numerous molecular adapter approaches have been evaluated for
templating ternary complexes that bridge universal CARs with tu-
mor antigens.14–31 Bifunctional small molecule adapters are attrac-
tive tools for directing universal CARs due to their ease of produc-
tion, high tumor penetrance, and low immunogenicity. We
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reasoned that covalent attachment of the small molecule adapter to
a universal receptor could enhance functionality of the receptor. In
this article, we describe a universal synthetic receptor system de-
signed to pair with electrophilic bifunctional adapters that bind
covalently to the receptor through affinity-induced labeling with
no enzymatic requirement. Termed covalent immune recruiters
(CIRs) (Figure 1A), these adapters are composed of (1) a “donor”
domain that binds to an “acceptor” (e.g., scFv), (2) a reactive elec-
trophile domain, and (3) a tumor-targeting domain (Figure 1A).
CIRs bind to an acceptor group through their donor domain, result-
ing in binding-induced covalent labeling via the electrophilic cova-
lent chemistry that reacts with a nucleophilic amino acid within the
binding pocket of the acceptor (Figure 1B). The modular design of
CIRs offers a great deal of functional flexibility as different chemis-
tries can be used to tune reaction kinetics and adapter stability,
while a wide range of ligands can be used to direct CIRs, including
small molecules, peptides, etc.

To date, only universal CARs have been described, so it remains un-
known whether other classes of SARs would be suitable for combina-
tion with molecular adapters. Two other receptors of interest are the
T cell antigen coupler (TAC) receptor developed by our group32 and a
KIR2DS2-based receptor that transmits the intracellular signal via as-
sociation with DAP12 (KIR-CAR).33 The various SARs manifest
some similarities in terms of eliciting T cell cytotoxicity against tumor
targets, but they also display distinct biologies with regard to long-
term functionality and persistence of the engineered T cells. Whether
the different activation requirements of conventional CAR, TAC, and
KIR-CAR platforms influence their ability to be “universalized” with
molecular adaptors remains to be determined.

Here, we describe CIRs based on two distinct electrophilic chemis-
tries, acylimidazole esters and aryl sulfonyl fluorides (SuFEX), for
use with universal SARs based on CAR, KIR-CAR, and TAC scaf-
folds. We demonstrate that the CIRs can direct engineered T cell
function in a highly selective manner. Irrespective of the chemistry,
tumor-targeting moiety, or synthetic antigen receptor design, the
CIRs outperformed their non-covalent counterparts in all situations.
Moreover, through detailed assessment, we determined that covalent
attachment of the molecular adapters enhanced the functionality of
all universal SARs tested when compared with adapters that do not
achieve covalent attachment. We expect these results will be relevant
to all bifunctional adapter molecules, irrespective of whether they
bind synthetic receptors or natural receptors.
Figure 1. Anti-DNP SAR ab T cell production and CIR interaction

(A) General structure and components of CIR (upper left) and a generic acceptor (lower ri

a balance of bound/unbound CIR/(N)CIR. In the case of the CIR, a subsequent covalent l

to a nucleophilic amino acid. Covalent attachment of the CIR to the acceptor molecule le

molecule. (C) Structure of the DNP-acyl imidazole-glutamate-urea-lysine CIR (PSMA-C

ceptor design and selection. All receptors employ the same anti-DNP as the acceptor. (E

Cells were gated on singlets > CD4+/CD8+ >Myc+. Both CD4 and CD8 T cell population

for gating and repeats). (F) Analyzed intracellular cytokine levels of TNF-a and IFN-g of

signaling of each receptor.
RESULTS
CIRs efficiently covalently engage universal SARs

Here, we sought to characterize the utility of CIRs to direct T cells en-
gineered with SARs. The CIR design is shown in Figure 1A, left side. A
matched bivalent molecule that lacks the covalent binding group ([N]
CIR) is included in all experiments to assess the biological importance
of covalency. The amount of (N)CIR bound to a given acceptor is a
function of the equilibrium dissociation constant (Figure 1B, lower
schematic), whereas covalent attachment of the CIR to the acceptor
group leads to a predominance of the “bound” state upon reaction
completion, independent of the dissociation constant but influenced
by the reaction kinetics (Figure 1B, upper schematic). Using an anti-
DNP scFv derived from an antibody that was validated as a CIR
acceptor in our previous work,34 we designed a series of universal
SARs using the following scaffolds: second-generation CD28-con-
taining CAR, DAP12-based CAR (KIR-CAR), and TAC receptor
(Figure 1D). Primary human ab-T cells were engineered to express
these universal SARs and surface expression was determined through
myc-tag detection (present in all SARs). While the DNP-KIR-CAR
and DNP-CAR were expressed at similar levels on the engineered
T cell, the DNP-TAC was expressed at a lower level (Figures 1E
and S1). Despite comparable surface expression, we observed mini-
mal tonic signaling in T cells engineered with the DNP-KIR-CAR,
whereas T cells engineered with the DNP-CAR displayed substantial
tonic signaling as evidenced by basal tumor necrosis factor (TNF)a
and interferon (IFN)g cytokine production (Figure 1F).

To confirm that CIRs can selectively bind universal SARs, we labeled
engineered T cells using a CIR equipped with an acyl imidazole reac-
tive electrophile and desthiobiotin in place of a tumor-targeting
ligand (AI-DTB CIR; Figure 2A). CIR labeling of DNP-specific
TAC receptor-engineered T cells was measured by flow cytometry.
To address the contribution of covalent binding group in the CIR,
we included a matched adaptor that lacks the reactive electrophile
(DTB-(N)CIR; Figure 2A). T cells were incubated with 1 mM CIR
or (N)CIR overnight at 4� to prevent receptor internalization and
washed prior to staining to assess binding to the DNP-TAC. Only
the combination of AI-DTB CIR and anti-DNP-TAC produced a
shift in fluorescence relative to TAC-T cells that were not labeled
with CIR (Figures 2B and S2C). We observed no increase in fluores-
cence when TAC-T cells were incubatated with DTB-(N)CIR. The
(N)CIR, which still binds anti-DNP scFv with low nm affinity and
nearly saturates all receptors at equilibrium (>95% receptor occu-
pancy), also dissociates on the timescale of the T cell washing steps
ght). (B) Steady-state interaction between the donor moiety and an acceptor leads to

abeling step occurs when the covalent reactive chemistry is placed in close proximity

ads to a state where the tumor binding domain is irreversibly bound to the acceptor

IR) and the DNP-Sufex-uPAR peptide CIR (uPAR-CIR). (D) An illustration of the re-

) Expression of the anti-DNP scFv containing TAC, KIR-CAR, and CAR on ab T cells.

showed the same results, CD4-positive T cells are shown in this figure (see Figure S1

each universal SAR-engineered T cell when cultured in media alone to assess tonic
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Figure 2. CIRs produce selective antigen-specific activation of universal SARs

(A) Structure of the DNP-acyl imidazole-desthiobiotin (AI-DTB CIR) and DNP-desthiobiotin (DTB (N)CIR). (B) DNP-TAC-T cells were labeled with AI-DTB CIR or AI-DTB CIR

followed by streptavidin-PE. Non-anti-DNP scFv-containing cells (Control TAC-T cell) and non-engineered T cells were also labeled with AI-DTB and streptavidin-PE. As

negative controls, DNP-TAC T cells were incubated with streptavidin-PE without prior labeling with CIR (No CIR) or the DNP-TAC T cells were labeled with AI-DTB CIR in the

presence of 200-fold excess DNP (CIR +200X DNP). Both CD4 and CD8 T cell population showed the same results, CD8 T cell population used for this figure (see Figure S2

for gating and repeats). (C and D) Analysis of AI-DTB CIR rate of labeling over 3 h at a range of concentrations with TAC-, KIR-CAR-, and CAR-engineered T cells. DTB (N)CIR

control is also included to show importance of covalent binding. Cells were gated on singlets > CD4+/CD8+ > streptavidin-PE+, y axis corresponds to% of T cells labeled with

(legend continued on next page)
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in this experiment. These observations support the importance of a
covalent linkage to stabilize the attachment of the molecular adapter
to the universal TAC. To confirm selectivity, the AI-DTB CIR was
incubated with (1) non-engineered T cells and (2) T cells expressing
a TAC that does not bind DNP. Neither control T cell bound the CIR
(Figure 2B), confirming that CIR selectively engages the anti-DNP-
TAC receptor. Finally, the anti-DNP-TAC-T cells did not bind the
CIR in the presence of excess competitor DNP (Figure 2B), which
supports the selectivity of the CIR for the anti-DNP acceptor. The
same results were observed in the context of DNP-CAR and DNP-
KIR-CAR constructs (Figure S2B).

Next, using the AI-DTB CIR and DTB-(N)CIR, we measured the
rate of adapter loading across a range of concentrations (10 nM–1
m M; Figures 2C, 2D, and S3B) at room temperature over 3 h. In
these experiments, incubations with CIR gave rise to time-depen-
dent increases in cell fluorescence consistent with covalent bond for-
mation, in contrast to control experiments using (N)CIR. We
observed both 1 mM and 100 nM CIR labeled the majority of the
engineered T cells within a few minutes and >90% of engineered
T cells within 3 h, supporting rapid covalent labeling kinetics
(Figures 2C, 2D, and S3B). Even at the lowest concentration of
CIR (10 nM), 40% of the T cells were labeled within the first few
minutes and approximately 80% of the T cells were labeled within
3 h, independent of the universal SAR that was tested
(Figures 2D and S3B). As in Figure 2B, the DTB-(N)CIR failed to
remain bound to the TAC receptor, whereas DTB-(N)CIR remained
bound to the DNP-KIR-CAR and DNP-CAR on some of the engi-
neered T cells (Figures 2C and S3B) at 1 m M. This binding, how-
ever, saturated early and did not increase over time, whereas the AI-
DTB CIR demonstrated a time-dependent increase in labeling of
both DNP-KIR-CAR and DNP-CAR. Enhanced loading of the uni-
versal SARs by CIR relative to (N)CIR was observed across all con-
centrations (Figure S3C).

CIRs selectively activate universal SARs in a tumor antigen-

dependent manner

Upon verification that CIRs can selectively, covalently engage all three
universal receptors, we evaluated their ability to activate T cells engi-
neered with the universal SARs. We used a previously validated CIR
that employs the acyl imidazole labeling chemistry and glutamate-
urea-lysine group to target prostate specific membrane antigen
(PSMA) (Figure 2E).34 A matched (N)CIR that contains the DNP
and glutamate-urea-lysine but lacks the reactive chemistry was
included to probe the effects of covalent stabilization (Figure 2E). En-
gineered T cells were co-cultured with PSMA-expressing target cells
(293-PSMA) and 100 nM CIR for 4 h and T cell activation was
measured based on expression of CD69, a key marker in early
CIR or (N)CIR. CD4 and CD8 labeling results were averaged and graphed (see Figure S

lysine CIR (PSMA-CIR) and DNP-glutamate-urea-lysine (N)CIR (PSMA-(N)CIR). (F) Ant

incubated with either wild-type or PSMA-engineered HEK-293 cells and CD69 and Nu

CD8+. The fraction of T cells expressing only CD69 or CD69 and Nur77 is shown in each

the same results. The CD4 T cell population is shown in this figure.
T cell lymphocyte activation, and Nur77, a transcription factor taken
as a measure of integrated immunoreceptor signaling (Figure 2F).35

The basal activation state for each engineered T cell product was
measured by culturing T cells in media alone and by co-culturing
T cells with 293-PSMA cells in the absence of CIR. As a control for
off target activation, T cells and CIR were co-cultured with wild-
type 293 cells (293-WT) which do not express PSMA. We observed
little change in activation markers on T cells cultured in medium,
co-cultured with 293-PSMA alone or co-cultured in 293-WT + CIR
(Figure 2F). In contrast, when T cells were co-cultured with
293-PSMA in the presence of CIR, we observed robust upregulation
of CD69 and Nur77 on all engineered T cell populations (Figure 2F),
confirming the antigen-selectivity of the universal SAR/CIR combina-
tion. The greatest activation was observed on DNP-CAR-T cells. The
difference in activation is likely due to the high basal activation state
of the DNP-CAR-T cells (13% of T cells express CD69 and Nur77 in
medium alone) compared with DNP-KIR-CAR T cells and DNP-
TAC T cells (only 1%–2% of T cells express CD69 and Nur77 in
medium alone). High basal activation of the DNP-CAR-T cells is
consistent with tonic CAR signaling and the basal production of cyto-
kine observed in Figure 1F.

Covalent engagement of universal SARs enhances engineered

T cell function

To determine whether the activation induced by CIR and (N)CIR
engagement correlates with functional outcomes, we assessed anti-
gen-dependent cytokine production, cytotoxicity, and proliferation
of SAR-engineered T cells. The frequency of SAR-engineered
T cells stimulated to produce effector cytokines TNFa and IFNg
was measured following a 4-h co-incubation of the T cells with
293-PSMA cells and a range of CIR/(N)CIR concentrations (1 nM–

100 nM) (Figure 3A). Notably, the (N)CIR was unable to elicit cyto-
kine production from TAC-T cells at any concentration, whereas the
CIR displayed a dose-dependent capacity to activate cytokine produc-
tion. With the DNP-KIR-CAR, the 100-nM (N)CIR could enable
T cells to produce cytokine; however, 100-nM CIR facilitated a signif-
icant increase in cytokine production. At lower concentrations, (N)
CIR was markedly less effective than CIR at eliciting a cytokine
response from KIR-CAR T cells. In the case of DNP-CAR-T cells,
both CIR and (N)CIR elicited comparable cytokine production at
100 nM, but the CIR promoted cytokine production in a significantly
higher number of DNP-CAR-T cells at limiting concentrations
(1 nM, 10 nM). To control for antigen specificity, SAR-engineered
T cells were co-cultured with (1)100 nM CIR in media alone, (2)
100 nM CIR in the presence of 293-WT cells, or (3) 293-PSMA cells
without adapter. DNP-TAC- and DNP-KIR-CAR-T cells displayed
nominal cytokine production in these control conditions, which rein-
forces the antigen-specific nature of the CIR/(N)CIR activation. As
3 for gating and repeats). (E) Structure of the DNP-acyl-imidazole-glutamate-urea-

i-DNP SAR-engineered ab T cells with 100 nM PSMA-CIR, or media alone, were

r77 were measured by flow cytometry. Data were gated on live > singlets > CD4+/

flow plot (see Figure S8 for gating). Both the CD4 and CD8 T cell population revealed
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observed in Figure 1E, the DNP-CAR-T cells consistently displayed
higher levels of cytokine production in all controls.

We next assessed SAR-T cell cytotoxicity against LNCaP prostate
cancer cells, which endogenously express PSMA. The SAR-T cells
were incubated with LNCaP tumor cells for 3 days in the presence
of varying concentrations of CIR or (N)CIR (Figure 3B). Consistent
with the previous data, the (N)CIR did not elicit cytotoxic function
from DNP-TAC-T cells, while significant tumor killing by DNP-
TAC-T cells was observed at 10 nM and 100 nM of CIR. High con-
centrations of (N)CIR (100 nM) elicited modest cytotoxicity by the
DNP-KIR-CAR-T cells, but no cytotoxicity manifested at lower con-
centrations. In contrast, at concentrations of 100 nM and 10 nM,
the CIR elicited maximal cytotoxicity from KIR-CAR T cells and
significant cytotoxicity was measured at 1 nM CIR. Consistent
with the results of the cytokine production assay (Figure 3A),
both CIR and (N)CIR elicited comparable cytotoxicity from the
DNP-CAR-T cells at high concentrations, while at lower doses,
the CIR triggered greater cytotoxicity from the DNP-CAR-T cells,
revealing an approximate 10-fold enhancement in activation poten-
tial based on the amount of CIR/(N)CIR required to achieve 50%
cytotoxicity. Similar outcomes were observed with SAR-T cells pro-
duced from two other donors (Figure S4A), as well as when
targeting PC3 prostate cancer cells engineered to express PSMA
(Figure S4B).

We hypothesized that covalent functionalization of the SAR would
enable loading of SAR-T cells with the molecular adapter prior to
co-culture with the tumors. To test this hypothesis, we exposed
DNP-TAC-, DNP-KIR-CAR-, and DNP-CAR-engineered T cells
to saturating levels of CIR or (N)CIR (1 mM) for 1 h at 37�C. Cells
were washed thrice and co-cultured with LNCaP cells to measure
cytotoxicity using live cell imaging (Figure 3C). T cells pre-incu-
bated in media alone were used as a control to assess basal cytotox-
icity. Only functionalization with the CIR rendered the SAR-T cells
capable of killing LNCaP cells. Loading of the SAR-T cells with (N)
CIR failed to promote cytotoxicity above baseline (Figure 3C;
T cell only).
Figure 3. Functional testing of CIR programmed T cells

(A) T cells were incubated with PSMA-CIR (1 nM, 10 nM, 100 nM), PSMA-(N)CIR (1 nM, 1

interferon gamma (IFN g) and TNF alpha (TNF a); increasing CIR/(N)CIR concentration

incubated in medium alone (Media), wild-type 293 and 100 nM PSMA-CIR (CIR +293-W

were gated on singlets > CD4+/CD8+ > cells producing either IFN g or TNF a. Both CD4 a

CD8+ T cells (see Figure S9 for gating). (B) LNCaP tumor cells expressing Nuclight Red

concentrations of PSMA-CIR (blue symbols) or PSMA-(N)CIR (red symbols) and tumor g

tumor growth curves was used to determine% cytotoxicity. (C) Anti-DNP SAR-engineere

alone (gray bar) for 1 h followed by three washes to remove any unboundmolecule. The la

of 8:1) for cytotoxicity analysis as in (B). (D) Anti-DNP SAR-engineered ab T cells were

100 nM), PSMA-(N)CIR (1 nM, 10 nM, 100 nM), and 293-PSMA cells; increasing CIR

controls, T cells were incubated in medium alone (Media), wild-type 293 and 100 nM

PSMA + T cell). Flow cytometry data were gated on live > singlets > CD3+ >CD4+/CD8+.

Figure S10 for gating). The % of CD8+ T cells that divided over the course of the expe

histograms for 100 nM conditions in (D). Statistical analysis for (A) and (C) was performed

with correction for multiple comparison (Tukey test) (*p % 0.05, **p % 0.01, ***p % 0.0
Finally, we assessed SAR-T cell proliferation by loading the T cells
with CellTrace Violet (CTV) and stimulating with 293-PSMA cells
in the presence of varying concentrations of CIR or (N)CIR (Fig-
ure 3D). In the case of DNP-TAC-T cells, proliferation was only
observed in the presence of 100 nM CIR and only 20%–30% of the
T cells were stimulated to divide. DNP-KIR-CAR T cells were stimu-
lated to proliferate at all concentrations of CIR; in fact, 60%–80% of
the population was stimulated to proliferate at 1 nM CIR. In contrast,
the (N)CIR was largely ineffective at promoting a proliferative
response fromDNP-KIR-CAR-T cells where only the highest concen-
tration of (N)CIR (100 nM) was able to stimulate proliferation in
�40% of the population. No significant difference in proliferation
was observed in the context of CD28-CAR-T cells comparing CIRs
with (N)CIRs (Figure 3E). These results highlight an important differ-
ence between the DNP-KIR-CAR and the DNP-CAR as both stimu-
late comparable cytokine production and cytoxcity in the presence of
limiting concentration of CIR, but the KIR-CAR is more effective in
promoting a proliferative response at limiting CIR concentrations.
Collectively, these data support that covalent engagement of SARs
via CIRs can enhance the activation and anti-tumor function of uni-
versal T cells compared with non-covalent analogs.

Covalency remains critical for activating SAR-engineered T cells

with a molecular adapter directed against a distinct uPAR tumor

antigen

To probe untility of the SAR-CIR platform across different cancer tar-
gets, we designed a novel CIR targeting urokinase type plasminogen
activator receptor (uPAR) (Figure 4A), an antigen overexpressed
across several solid tumor indications.36 Here, we employed a peptide
targeting ligand for uPAR,36,37 and a distinct labeling chemistry, sul-
fonyl fluoride exchange chemistry (SuFEX), which has displayed
increased hydrolytic stability.38,39 The specifity of the SuFEX labeling
chemistry for the anti-DNP scFv was confirmed using a biotinylated
CIR version similar to that which was used in Figure 2B (SuFEX-DTB,
Figure 4A). DNP-TAC-T cells were incubated in the presence of the
CIR at 1 mMovernight at 4oC prior to labeling with a streptavidin-PE
conjugate for detection of bound adapter via the biotin handle. The
AI-DTB CIR and DTB (N)CIR (Figure 2A) were also included as
0 nM, 100 nM) in the presence of 293-PSMA cells and stained intracellularly for both

is shown as a blue or red triangle, respectively. As negative controls, T cells were

T), or PSMA-expressing 293 in the absence of CIR (293-PSMA + T cell). The data

nd CD8 T cell populations revealed the same results and the data in the figure reflect

were co-cultured with anti-DNP SAR-engineered ab T cells (E:T of 8:1) and various

rowth was monitored using live cell imaging. The area under the curve of the LNCaP

d ab T cells were labeled with either 1 mMof CIR (blue bar), (N)CIR (red bar), or media

beled T cells were co-cultured with LNCaP tumor cells expressing Nuclight Red (E:T

stained with CellTrace Violet (CTV) and co-cultured with PSMA-CIR (1 nM, 10 nM,

/(N)CIR concentration is shown as a blue or red triangle, respectively. As negative

PSMA-CIR (CIR +293-WT), or PSMA-expressing 293 in the absence of CIR (293-

FCS Express analysis software was used to determine the proliferation statistics (see

riment is shown. The results for CD4+ T cells were similar but not shown. (E) CTV

using ordinary one-way ANOVA, while (D) was performed with a two-way ANOVA, all

01, ****p % 0.0001, ns = not significant).
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positive and negative controls, respectively. In these studies, both CIR
probes (SuFEX-DTB and AI-DTB) resulted in positive signal (Fig-
ure 4B). We observed no change in MFI relative to control (no
CIR) when cells were incubated with the (N)CIR, or when CIR was
incubated with non-engineered T cells lacking a DNP SAR. Consis-
tent with selective covalent engagement, no MFI shift was observed
when the SuFEX CIR was incubated in the presence of excess DNP
competitor.

To determine whether the SuFEX-based covalent molecular adapter
can functionalize universal SAR-T cells to target uPAR-expressing tu-
mor cells, we co-cultured anti-DNP SAR T cells with uPAR-express-
ing A172 glioblastoma tumor cells in medium alone or medium con-
taining 100 nM CIR/(N)CIR. After a 4-h co-incubation, TNFa- and
IFNg-producing cells were enumerated by flow cytometry (Fig-
ure 4C). We observed that only the CIR could elicit cytokine produc-
tion by the SAR-T cells, regardless of the SAR that was used, whereas
(N)CIR failed to produce cytokine production above the negative
controls (medium, tumor cell only) (Figure 4C). Universal T cells
functionalized with CIR were also tested against CRISPR-generated
A172 uPAR knockout cells and failed to produce cytokines, support-
ing the targeting selectivity of adapter-mediated uPAR-targeting uni-
versal T cells (Figure S5).

Next, we investigated the cytotoxic potential of DNP SAR T cells
programmed with the SuFEX-based CIR. DNP SAR T cells were
co-cultured with A172-GFP cells in the presence of varying con-
centrations of the uPAR-targeting CIR or (N)CIR (Figure 4D). Un-
like the results with PSMA-directed molecular adapters, cytotox-
icity was only observed with all receptors in the context of the
CIR. Similar to the results with the PSMA-directed molecular
adapter, only modest cytotoxicity was observed with DNP-TAC-
T cells. In contrast, both DNP-KIR-CAR-T cells and DNP-CAR-
T cells programmed with CIR demonstrated robust cytotoxicity
at 10 nM and 100 nM CIR (Figure 4D). These finding were consis-
tent when SAR-T cell products were generated from two addi-
tional, biologically distinct, PBMC donors (Figure S6). These re-
sults, in an entirely different setting, reaffirm the functional
enhancement that accompanies covalent stabilization of molecular
adapter/SAR engagement. Furthermore, we demonstrate that, in
some cases, universal SAR function is entirely dependent on cova-
lent attachment of the molecular adapter.
Figure 4. Testing SuFEX CIR labeling and targeting of uPAR

(A) Structures of the DNP-SuFEX-Desthiobiotin (SuFEX-DTBCIR), DNP-Sufex-uPAR pe

cells were labeled with SuFEX-DTB CIR or AI-DTB CIR followed by streptavidin-PE. N

negative controls, DNP-TAC T cells were incubated with streptavidin-PE without prior lab

the presence of 200-fold excess DNP (CIR +200X DNP). Both CD4 and CD8 T cell po

Figure S2 for gating strategy. (C) SAR-engineered T cells were incubated with uPAR-CIR

and stained intracellularly for both interferon gamma (IFN g) and TNF alpha (TNF a). As ne

(Media+CIR; dark gray bars) or A172 cells without uPAR-CIR (A172 control; light gray ba

TNF a. Both CD4 andCD8 T cell populations revealed the same results and the data in th

were co-cultured with anti-DNP SAR engineered ab T cells (E:T of 8:1) and various conce

wasmonitored by live cell imaging. The area under the curve of the A172 growth curves w

ordinary one-way ANOVA with correction for multiple comparison (Tukey test) (*p % 0.
Mechanistic investigations into the origins of covalent

functional enhancement

We hypothesized that the functional difference between the CIR and
(N)CIR adapters studied in this work could be due to one or a com-
bination of the following: (1) a difference in the frequency of T cell to
tumor cell conjugation events or (2) enhanced SAR signaling due to
receptor residence time increases that accompany covalent receptor
engagement. To test the first hypothesis, we employed confocal mi-
croscopy to compare the number of T cell:tumor cell conjugates in
the presence of CIR and (N)CIR. DNP-TAC-, DNP-KIR-CAR-,
and DNP-CAR-T cells were preloaded with either PSMA-CIR or
PSMA-(N)CIR (100 nM or 10 nM) and co-cultured with K562 tumor
cells engineered with a PSMA-mCherry fusion protein. Confocal im-
ages were used to enumerate the number of T cells (Figure 5A) and
T cell:tumor cell conjugates (Figure 5B). In general, we observed com-
parable degrees in conjugate formation in the presence of either CIR
or (N)CIR (Figure 5B) although more conjugates were observed with
the DNP-TAC T cells at limiting concentrations (Figure S7).

To address the second hypothesis, we assessed the impact of covalent
binding on the formation of an immunological synapse. Here we
quantified CD45 phosphatase exclusion at the point of contact be-
tween the T cell and the tumor cell.40 In parallel, we quantified tyro-
sine phosphorylation (p-Tyr) at the synapse as a measure of cellular
activation (for example see images in Figure 5C). There was no signif-
icant difference in CD45 exclusion between cells conjugated in the
presence of CIR or (N)CIR (Figure 5D). Despite comparable synapse
formation, conjugates formed in the presence of CIR exhibited a
higher p-Tyr signal than those formed in the presence of (N)CIR.
This suggests that covalent attachment of the molecular adapter
drives a stronger activating signal (Figure 5E). Notably, this enhanced
p-Tyr was only observed in the context of the DNP-KIR-CAR- and
DNP-CAR-engineered T cells.

To further investigate the influence of covalent ligation of the molec-
ular adapter on early activation events, we measured phosphorylation
of ERK, a kinase immediately downstream of ITAM-based signaling
receptors, including SARs (Figure 6A), at early time points following
the co-culture of SAR-T cells and 293-PSMA cells in the presence of
either CIR or (N)CIR. T cells were pre-incubated with the molecular
adapter for 1 h and then co-cultured with 293-PSMA tumor cells in
the presence of CIR or (N)CIR. At various time points (see Figure S12
ptide CIR (uPAR-CIR), and DNP-uPAR peptide NCIR (uPAR-(N)CIR). (B) DNP-TAC-T

on-engineered T cells were also labeled with SuFEX-DTB and streptavidin-PE. As

eling with CIR (No CIR) or the DNP-TAC T cells were labeled with SuFEX-DTB CIR in

pulations showed the same results, CD4 T cell population used for this figure. See

(100 nM; blue bars), uPAR-(N)CIR (100 nM; red bars) in the presence of A172 cells

gative controls, T cells were incubated in medium and uPAR-CIR without A172 cells

rs). The data were gated on singlets > CD4+/CD8+ > cells producing either IFN g or

e figure reflect CD8+ T cells (see Figure S9 for gating). (D) A172 cells expressing eGFP

ntrations of uPAR-CIR (blue circles) and uPAR-(N)CIR (red circles) and tumor growth

as used to determine % cytotoxicity. Statistical analysis for (C) was performed using

05, **p % 0.01, ***p % 0.001, ****p % 0.0001, ns = not significant).
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Figure 5. Mechanistic studies of adapter-mediated targeting

(A) Example of a portion of a tiled 20� confocal microscopy image used to identify T cell:tumor cell conjugates. Anti-DNP SAR-engineered ab T cells were co-incubated with

K562 tumor cells engineered to express a PSMA-mCherry fusion protein (red cells). The cells were co-cultured for 30 min, fixed, and stained for CD45 on the T cells (cyan),

and nuclear DNA (blue). Qupath software was used to classify and count the number of T cells per image. (B) T cell-tumor cell conjugates were identified manually and

combined with the total T cell counts to determine the % of conjugated T cells. (C) Example of a 60� confocal microscopy image used to quantify CD45 phosphatase

exclusion and tyrosine phosphorylation at the interface of T cell-tumor cell conjugates. As in (A) and (B), SAR-T cells were co-cultured with 100 nM CIR and NCIR with K562

PSMA-mCherry tumor cells, fixed, and stained for CD45 (cyan), phosphorylated tyrosine (green), and the nuclear DNA (blue). Channels were analyzed individually to assess

CD45 exclusion from the synapse (D) and the intensity of tyrosine phosphorylation (E). Statistical analysis for (B) was performed using two-way ANOVA with correction for

multiple comparison (Tukey test). Statistical analysis for (D) and (E) was performed using a non-parametric t test (Mann-Whitney test) (*p% 0.05, **p% 0.01, ***p% 0.001,

****p % 0.0001, ns = not significant).
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for gating strategy and validation), cells were collected and the fre-
quency of T cells with phosphorylated ERK expression was deter-
mined using flow cytometry (Figure 6B). Across all receptors and
adapter concentrations, the CIR induced ERK phosphorylation in a
higher fraction of cells than the (N)CIR. The ERK phosphorylation
data strongly parallel the results observed with the functional assays
in Figures 3 and 4. The data furthers the observations that only the
CIR elicited a response from DNP-TAC-T cells, both CIR and (N)
10 Molecular Therapy: Oncology Vol. 32 September 2024
CIR could elicit a response from DNP-KIR-CAR-T cells with
the CIR eliciting a much stronger response. The DNP-CAR-T cells
were activated with both CIR and (N)CIR at more similar frequencies,
although the CIR reproducibly prompted ERK phosphorylation in a
higher fraction of T cells.

To investigate events farther downstream, we compared Nur77 and
CD69 upregulation (Figure 6A) following co-culture of SAR-T cells
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Figure 6. CIR-mediated anti-DNP SAR T-cell activation and tonic signaling

(A) Brief overview of signaling cascade in T cells. (B) Anti-DNP SAR-engineered ab T cells were co-incubated with 293-PSMA cells in the presence 100 nM (dark colors; upper

panels) or 10 nM (light colors; lower panels) of PSMA-CIR (blue) or PSMA-(N)CIR (red). Cells were fixed, permeabilized, and stained for phosphorylated ERK. The percentage

of pERK-positive cells was plotted over a 45-min time course (see Figure S11 for gating). (C) Anti-DNP SAR engineered ab T cells were co-cultured with PSMA-CIR (1 nM,

10 nM, 100 nM), PSMA-(N)CIR (1 nM, 10 nM, 100 nM) and 293-PSMA cells; increasing CIR/(N)CIR concentration is shown as a blue or red triangle, respectively. As negative

controls, T cells were incubated in medium alone (Media Only), PSMA-expressing 293 in the absence of CIR (293-PSMA Control) or wild-type 293 and 100 nM PSMA-CIR

(CIR +293-WT). CD69 and Nur77 were measured by flow cytometry. The y axis reflects the fraction of cells expressing both CD69 and Nur77. Three independent donors

were tested—each donor is shown as an individual symbol (triangle, square, circle). Both CD4 and CD8 T cell population revealed the same results. Data for CD8+ T cells is

shown here (see Figure S8 for gating). Statistical analysis for (C) was performed using two-way ANOVAwith correction for multiple comparison (Tukey test) (*p% 0.05, **p%

0.01, ***p % 0.001, ****p % 0.0001, ns = not significant).
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with 293-PSMA cells in the presence of varying doses of CIR and
(N)CIR (Figure 6C). These data confirm differences in T cell activa-
tion in the presence of CIR vs. (N)CIR. In the case of DNP-TAC
T cells, only the CIR could enable T cell activation at any concen-
tration of adapter. DNP-KIR-CAR T cells displayed similar levels
of activation in the presence of 100 nM CIR and (N)CIR, whereas
the CIR was much more effective at producing T cell activation at
limiting concentrations (most notably at 1 nM where the (N)CIR
Molecular Therapy: Oncology Vol. 32 September 2024 11
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had no activity). The DNP-CAR-T cells were the least affected by
covalent attachment and differences between CIR and (N)CIR
were only observed at the lowest concentration (1 nM). These
data demonstrate that covalent engagement of SARs by the molec-
ular adapter enhances activation of all SARs compared with non-co-
valent engagement. Collectively, the data in Figures 5 and 6 suggest
that CIR functional enhancements are not due to an increased fre-
quency of cell-cell conjugates or synapse formation, but rather a
more robust activation signal being delivered through the SAR by
covalent engagement.

DISCUSSION
We have described a novel non-enzymatic method to covalently atta-
ch molecular adapters using affinity-induced labeling chemistries that
should have broad utlity across numerous bifunctional molecular
adapter designs, including small molecules, proteins, and non-protein
ligands. We have also extended the universal SAR platform to a vari-
ety of SAR scaffolds (TAC, CAR, and KIR-CAR). Our results clearly
establish the value of covalent anchoring of the molecular adapter to
the SAR.We have employed reactive electrophiles with differing reac-
tive rates, rates of hydrolysis, and target amino acid specificity. While
lysine reactive acylimidazole esters react faster, the more hydrolytical-
ly stable SuFEX group enables additional labeling of tyrosine and
tryptophan residues; both chemistries display highly selective labeling
of our universal SARs. Additionally, our results support the general
utility and modularity of CIR design to target diverse tumor antigens
and to enhance T cell tumoricidal function.

To date, the design of universal SARs has been limited to second-gen-
eration CARs, and for the most part, generated ternary complex with
tumor cells using molecular adapters that employed non-covalent
binding to elicit a response. Recent reports have described the
use of large molecular weight bifunctional adapters (antibodies,
DARPins) that form covalent bonds with the CAR through enzymatic
linkage14,16,31 and argued that the covalent linkage provides a func-
tional advantage, although they have not provided robust mechanistic
data to explain the value of covalent ligation of the molecular adapter.
Our work extends the existing knowledge through intensive charac-
terization of the influence of covalent ligation via molecular adapters
using multiple covalent chemistries, multiple targeting ligands, and a
variety of SARs.

We observed no difference in the frequency of conjugates being
formed between T cells and tumor targets when programmed via
CIRs or (N)CIRs, consistent with comparable ternary complex for-
mation. However, we noted differences in the propagated signal in-
tensity mediated by the two adapters revealing a novel role for cova-
lency in the context of bifunctional molecular adapters beyond
occupancy-driven effects. Mechanistically, the TAC, KIR-CAR, and
CD28 CAR may initiate T cell signaling through different pathways,
but all rely on adequate interaction time and ligation-dependent me-
chanical force to initiate activation of the T cell. We hypothesize the
covalent bond formed between the SARs and the CIRs increases T cell
activation through improved mechanics. On-going studies are assess-
12 Molecular Therapy: Oncology Vol. 32 September 2024
ing receptor movement, recycling, and clearance to further under-
stand the adapter-receptor interaction.

With regard to the SARs themselves, these findings provide new
insight into differential activation requirements, which reveal unex-
pected aspects of their biology. CARs display varying levels of basal
signaling in the absence of antigen; a feature known as “tonic
signaling,” which has been well described in the literature,41,42 while
it has been reported that TAC and KIR-CAR have little tonic
signaling.32,33 In our experience, CAR-mediated tonic signaling raises
the basal activation state, making the CAR-engineered cells easier to
trigger relative to TAC-engineered cells (Moogk et al., unpublished
data). A direct comparison of basal CD69 and Nur77 expression
and spontaneous cytokine production betweeen SARs was used to
define the following hierarchy for tonic signaling: CD28-CAR >
KIR-CAR R TAC. Interestingly, this trend paralleled the relative
sensitivity of these SARs to activation by (N)CIRs and is inversely
related to the magnitude of covalent functional enhancement via
CIRs. These results cannot be explained on the basis of differences
in receptor occupancy arguments alone, since both (N)CIR and
CIRs engage a comparable fraction of SARs at the concentrations
and timescales used in these assays. The DNP-CAR-T cells displayed
the least benefit of covalent linkage to the molecular adapter in the
context of the PSMA-directed molecular adapters, where the differ-
ence between the CIR and (N)CIR versions were significant but small.
We believe this lower dependence on covalent linkage is a result of the
higher tonic signaling observed with the CAR-T cells. It has been sug-
gested that the tonic signal may be due to the presence of CARs at the
cell surface in microclusters that are primed to activate,42 as such,
weaker interactions, such as those achieved with the (N)CIR may
be sufficient to elicit anti-tumor effector functions and receptor
signaling. This reduced threshold of signaling did not manifest in
the context of a different tumor ligand (uPAR), where all SARs
were critically reliant upon covalent attachment of the molecular
adapter. Whether this difference was related to the tumor target itself,
the uPAR ligand (a short peptide), or the chemistry used for that se-
ries of adapters remains to be determined. Regardless, the studies with
the uPAR-directed CIR demonstrate that covalent attachment of the
molecular adapter can greatly enhance the performance of a universal
CAR-T cell, which is consistent with results using the SpyTag/
SpyCatch system where enzymatic attachment of the molecular
adapter enhanced cytotoxicity of CAR-T cells.14

DNP-TAC-T cells and DNP-KIR-CAR-T cells displayed an absolute
benefit of covalent attachment in all experiments. Of these two plat-
forms, the KIR-CAR platform is of greatest interest for further devel-
opment. First, there is no measurable tonic signaling from the KIR-
CAR similar to the TAC. Given that tonic signaling has been linked
to premature exhaustion of engineered T cells and impaired thera-
peutic efficacy,20 these two receptors would be preferable to a
CAR. Second, while both TAC and KIR-CAR display no tonic
signaling, T cell activation resulting from ligation of the KIR-CAR
to a target cell via CIR leads to markedly enhanced effector functions
over the TAC/CIR combination. This enhancement is most notable
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in the context of proliferation, a key measure linked to improved
therapeutic outcome. Whereas DNP-TAC T cells displayed very lit-
tle proliferation at even the highest concentrations of CIR (100 nM),
DNP-KIR-CAR T cells were activated to proliferate at the lowest
concentration of CIR tested (1 nM); at this limiting concentration,
the KIR-CAR outperformed all other SARs. For these reasons, our
future work will focus on the KIR-CAR platform and we will opti-
mize the SAR and CIR in parallel through iterative experimentation.
The ultimate test of the SAR/CIR combination will come from in vivo
models. We are presently developing ligands that are suitable for
syngeneic and xenograft tumor models to enable a better under-
standing of T cell and CIR pharmacokinetics as it relates to thera-
peutic effect.

In conclusion, we have described a new class of small molecules
that allow for affinity-induced labeling and functionalization of
SARs toward tumor targets. We have shown that CIRs can be
used in conjunction with a variety of SAR-T cells, including
TAC, KIR-CAR, and CD28 CAR-T cells, as well our mechanistic
interrogation of the molecular origins underlying covalent func-
tional enhancements in receptor signaling reveal a unique benefit
for covalency in drug development. These findings will guide the
optimization of next-generation chemical immunotherapeutic
technologies.

MATERIALS AND METHODS
Cell lines

LnCap cells (human prostate cancer cell line, obtained from ATCC)
were cultured in RPMI 1640 (Gibco), supplemented with 10% FBS
(Gibco), 2 mM L-glutamine (BioShop), 100 U/mL penicillin (Gibco),
and 100 mg/mL streptomycin (Gibco). To generate nuclear red pro-
tein-expressing cell lines, parental LnCap cell lines were transduced
with Nuclight Red lentivirus (Sartorious) encodingmKate2 and puro-
mycin N-acetyltransferase at an MOI 3 and selected in culture media
supplemented with 2.5 mg/mL puromycin (InvivoGen).

K562 and PC3 cell lines were cultured in RPMI 1640 (Gibco),
supplemented with 10% FBS (Gibco), 2 mM L-glutamine
(BioShop), 100 U/mL penicillin (Gibco), and 100 mg/mL strepto-
mycin (Gibco), 10 mM HEPES (Roche Diagnostics), 1 mM sodium
pyruvate (Sigma-Aldrich), 1 mM non-essential amino acids (Gibco),
and 55 mM b-mercaptoethanol (Gibco). To generate cells for micro-
scopy, parental K562 cell lines were transduced with lentivirus encod-
ing PSMA fused to mCherry. These cells were flow sorted according
to tNGFR transduction (co-transduction marker) using the BD
FACSAria III.

HEK293T-WT, HEK293T-PSMA, PG13, and A172 eGFP cells were
cultured in DMEM (Gibco), supplemented with 10% FBS (Gibco),
2 mM L-glutamine (BioShop), 10 mM HEPES (Roche Diagnostics),
100 U/mL penicillin (Gibco), and 100 mg/mL streptomycin (Gibco).
HEK293 cells used for virus production were alternatively supple-
mented with 0.1 mg/mL normocin (InvivoGen). All cells were
cultured at 37�C, 95% ambient air, 5% CO2.
Receptor generation and gammaretrovirus production

The SPE7 variable heavy-variable light scFv was first designed using
the crystal structure (PDB: 1OAU) and synthesized by Genescript.
The human CD8a signal peptide was used for the TAC, DAP12
SAR, and CD28 CAR constructs. The anti-DNP scFv containing en-
gineered receptors was cloned into the pRV100G vector. Gammare-
trovirus was generated to be used for subsequent engineering of
T cells. Briefly, PLAT-E cells were first transduced with the anti-
DNP SAR containing plasmids (15 mg) and pCl Eco (15 mg) using
using Opti-MEM (Gibco) and Lipofectamine 2000 (Thermo Fisher
Scientific). Ecotropic gamma retrovirus was concentrated by centrifu-
gation using Amicon Ultra-15 100 kDA centrifugal filter tubes (Milli-
pore Sigma) and stored at �80�C. This ecotropic gammaretrovirus
was then used to transduce PG-13 cells. PG-13 cells received 3 days
of consecutive transduction. The PG-13s were scaled up and subse-
quently the virus containing supernatant produced by these cells
was then filtered through a 0.45-mm filter (Thermo Scientific) and
stored at �80�C to be used for T cell engineering.

Engineering of human T cells

Peripheral blood mononuclear cells (PBMCs) were obtained from
healthy donors. In some cases, PBMCs were collected from commer-
cial leukapheresis products (HemaCare and StemCell Technologies).
PBMCs were isolated by Ficoll-Paque-Plus gradient centrifugation
(GE Healthcare) and cryopreserved in inactivated human AB serum
(Corning), containing 10% DMSO (Sigma-Aldrich), or Cryostor
CS10 (Stemcell).

To produce primary human ab T cells, 1 � 106 PBMCs were seeded
in a 24-well plate and stimulated with ImunnoCult CD3/CD28/CD2
soluble activator (Stemcell) at a concentration of 25 mL/mL and
cultured in RPMI 1640 (Gibco) containing 10% FBS (Gibco), 2 mM
L-glutamine (BioShop), 10 mM HEPES (Roche Diagnostics), 1 mM
sodium pyruvate (Sigma-Aldrich), 1 mM non-essential amino acids
(Gibco), 55 mM b-mercaptoethanol (Gibco), 100 U/mL penicillin
(Gibco), 100 mg/mL streptomycin (Gibco), 100 IU/mL recombinant
human interleukin (rhIL)-2, and 10 ng/mL rhIL-7 (PeproTech).
Forty-eight hours later, cells were transferred to a 24-well non-tissue
culture-coated plate (Falcon) that was pre-coated with retronectin
(10 mg/mL) and anti-DNP scFv SAR gamma retrovirus for transduc-
tion. Twenty-four hours later, 1 mL of T cell media supplemented
with rhIL-2 (100 IU/mL,1.5 ng/mL) and rhIL-7 (10 ng/mL)
(PeproTech) was added to each well. Forty-eight hours after media
addition, the cells were washed with PBS and scaled into a larger
vessel. Cells were cultured for a total period of 14 days prior to cryo-
preservation. T cells were cryopreserved in Cryostor CS10 (StemCell
Technologies) according to the manufacturer’s instructions.

Receptor expression determination via flow cytometry

Surface expression of SAR constructs was determined by staining
with mouse anti-Myc (cat. no. 2276S, Cell Signaling Technology), fol-
lowed by PE-conjugated goat anti-mouse immunoglobulin (Ig)G (cat.
no. -115-116-146, Jackson ImmunoResearch). For ab T cells, other
phenotypic markers were detected with Pacific Blue-conjugated
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mouse anti-human CD4 (cat. no. 558116, BD Pharmingen),
AlexaFluor700-conjugated mouse anti-human CD8a (cat. no. 56-
0086-82, Invitrogen), and VioBright FITC-conjugated mouse anti-
human NGFR (cat. no. 130-113-423, Miltenyi Biotec). Flow cytome-
try data were collected with BD LSRII (BD Biosciences) or Cytoflex
LX (Beckman Coulter) cytometer and analyzed using FlowJo vX
(FlowJo) or FCS Express software (De Novo Software).
Receptor labeling analysis with CIR/(N)CIR

ab T cells (1 � 106 cells) were labeled overnight at 4� in T cell media
with 1 mM DNP-acyl imidazole-desthiobiotin (DTB CIR), DNP-
Desthiobiotin (DTB (N)CIR), or just media. DNP-Glycine compet-
itor was also added to some conditions at 200 mM as a competitor
to assess labeling specificity. After the overnight incubation, the sam-
ples were washed three times with FACS buffer to remove any non-
covalently bound molecule and stained with streptavidin-PE to assess
labeling. The samples were also stained with Live/Dead Fixable Near-
IR stain (cat. no. L10119, Invitrogen), Pacific Blue-conjugated
mouse anti-human CD4 (cat. no. 558116, BD Pharmingen), and
AlexaFluor700-conjugated mouse anti-human CD8a (cat. no. 56-
0086-82, Invitrogen), allowing for appropriate gating on live ab

T cells. The samples were assessed for streptavidin-PE labeling via
flow cytometry. Flow cytometry data were collected with BD LSRII
(BD Biosciences) or Cytoflex LX (Beckman Coulter) cytometer and
analyzed using FlowJo vX (FlowJo) or FCS Express software (De
Novo Software).

For labeling time course studies, T cells were incubated with varying
concentrations (10 nM, 100 nM, 1 mM) of either DTB CIR or DTB-
(N)CIR for different time periods up to 3 h at room temperature in
FACs buffer. The “0”-hour time point was the final time point and ac-
counts for the 5-min period needed to spike in CIR/NCIR and spin
down to stop labeling. After adding DNP-DTB CIR or DTB-(N)
CIR to all time points, the cells were washed three times and stained
for flow cytometry analysis as described above.
Nur77 and CD69 activation assessments

A total of 5� 105 engineered anti-DNP SAR T cells and 5� 105 Hek-
293 PSMA or HEK293WT tumor cells per sample were incubated for
0, 1, 2, 3, and 4 h at 37�C and 5% CO2 with varying concentrations of
PSMA-CIR, corresponding to PSMA-(N)CIR (1 nM, 10 nM, and
100 nM), or media alone. Cell surfaces were stained with Pacific
Blue-conjugated mouse anti-human CD4 (cat. no. 558116, BD Phar-
mingen) and AlexaFluor700-conjugated mouse anti-human CD8a
(cat. no. 56-0086-82, Invitrogen), VioBright FITC-conjugated mouse
anti-human NGFR (cat. no. 130-113-423, Miltenyi Biotec), and anti-
huCD69 (cat. no. 563835, BD Horizon), fixed, and permeabilized
then fixed and permeabilized using the FoxP3 Transcription Factor
Staining kit (cat. no. 00-5523-00, ThermoFisher), and stained intra-
cellularly with PE-conjugated mouse anti-mouse Nur77 (cat. no.
12-5965-82, Invitrogen). Flow cytometry data were acquired and
analyzed as indicated above. Three separate donor repeats were
completed.
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Cytokine production analysis

A total of 4 � 105 engineered T cells were stimulated with 4 � 105

HEK293T-PSMA, or HEK293T WT cells for 4 h at 37�C and 5%
CO2 in the presence of varying concentrations of PSMA-CIR or cor-
responding PSMA-(N)CIR (1 nM, 10 nM, 100 nM) and GolgiPlug
(cat. no. 51-2301Kz, BD Biosciences). Cells were stained for surface
expression of CD4 (BD Pharmingen) and CD8 (eBioscience), fixed,
and permeabilized in Cytofix/Cytoperm buffer (cat. no. 51-2090KZ,
BD Biosciences), and stained with APC-conjugated mouse anti-hu-
man IFN-g (cat. no. 554702, BD Pharmingen), PE-conjugated rat
anti-human IL-2 (cat. no. 554566, BD Pharmingen), and FITC-con-
jugated mouse anti-human TNF-a (cat. no. 554512, BD Pharmin-
gen). Flow cytometry data were acquired and analyzed as indicated
above. The assay was repeated with A172 and A172 uPAR CRISPR
knockout (A172 uPAR KO) cell lines with uPAR-CIR and corre-
sponding uPAR-(N)CIR.
In vitro cytotoxicity assay

LNCaP prostate cancer cells were engineered with Nuclight Red lenti-
virus (Sartorius, cat. no. 476). A172 glioblastoma cells were engi-
neered with eGFP lentivirus made in house. In these experiments
5E3 tumor cells per well were pre-plated in a 96-well flatbottom plate
overnight. The next day anti-DNP SAR ab T cells were added to the
tumor cells at an effector-to-target ratio of 8:1. Also added to the wells
were the appropriate tumor-targeting CIRs or (N)CIRs at various
concentrations (1 nM, 10 nM, 100 nM). The three components
were co-cultured for 3–4 days at 37�C and 5% CO2 in the Sartorius
Incucyte S3 Live cell imaging system with nine images per well taken
every 8 h. Three separate PBMC donor samples were analyzed with
each donor sample run in triplicate. The number of LnCap cells per
well at each time point was calculated using the Incucyte cell-by-
cell analysis software and plotted to observe tumor growth. For the
A172 eGFP cells, the green image mean for each image was used to
determine tumor cell growth. The area under the growth curve
(AUC) was analyzed using PRISM GraphPad and used as a metric
for tumor cell growth for these data. The larger the area, the greater
the tumor cell growth that occurred over the incubation period.
The area under the curve for the tumor alone control control and
each condition were used to calculate the % cytotoxicity.

Percent cytotoxicity was calculated as follows:

% Cytotoxicity =

�
AUC Tumor Alone � AUC Sample

AUC Tumor Alone

�
� 100%

To assess cytotoxicity of pre-labeled anti-DNP SAR T cells, we used
an assay following the experimental setup as described above. The dif-
ference being that instead of co-culturing tumor cells, T cells, and
adapter together over the duration of the experiment, cells were
pre-incubated for 1 h at 37� with either 1 mM PSMA-CIR, PSMA-
(N)CIR, or media without adapter, and washed three times with
T cell media prior to seeding with tumor cells. These were then seeded
with LnCap Nuclight Red tumors cells in the same manner as
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described above. Live cell imaging and data analysis was performed in
the same manner as described above.

Proliferation assay

Anti-DNP SAR-engineered T cells (5E5 cells) labeled with CTV dye
(cat. no. C34557, Invitrogen) were incubated with PSMA-CIR or
PSMA-(N)CIR, and with HEK293TM-PSMA or HEK293-WT tumor
targets at an effector:target ratio of 1:1, or left unstimulated in media.
All proliferation assay samples were incubated for 3 days at 37�C and
5% CO2. Cells were then stained with live/dead fixable near-IR stain
(cat. no. L10119, Invitrogen), PerCP-Cy5.5-conjugated mouse anti-
human CD8a (cat. no. 45-0088-42, eBioscience), Alexa Fluor
700-conjugated mouse anti-human CD4 (cat. no. 56-0048-82, eBio-
science), VioBright FITC-conjugated mouse anti-human NGFR
(cat. no. 130-113-423, Miltenyi Biotec), and BV605-conjugated
mouse anti-human CD3 (cat. no. 300460 BioLegend). Flow cytometry
data were acquired as indicated above. Results were analyzed with
FCS Express (De Novo Software) by determining the starting gener-
ation peak based on the unstimulated sample and using the software
proliferation package for fitting a proliferation model and collecting
corresponding statistics, such as percent divided. FlowJo analysis soft-
ware was used to generate histogram CTV dilution curves.

Microscopy studies

Microscopy studies were completed on the Nikon A1R Inverted
confocal microscope. To study conjugation events, anti-DNP SAR
T cells were pre-incubated with 200 nM PSMA-CIR, PSMA-(N)
CIR, or media alone for 1 h at 37�C and 5% CO2. These T cells
were then co-incubated with K562 tumor cells engineered to express
a PSMA-mCherry fusion protein. T cells and tumor cells were co-
cultured at an E:T of 3:2 in 200 mL in a 1.5-mL Eppendorf tube
with final concentration of 100-nM adapter. The cells were spun up
to 16,000 � g, quickly stopping the spin to perform a quick pellet
of the cells. These cell pellets were then incubated at 37�C for
10 min in a water bath. Following this incubation, the pellets were
gently resuspended in serum-free media and plated into m-Slide
8-well microscope slides (cat. no. 80826, Ibidi) for 20 min at 37�C
and 5% CO2. Each well was gently washed with 200 mL of PBS and
then fixed with 200 mL of 2% PFA in PBS for 20 min at 4�C, subse-
quently stained with Alexa Fluor 647-conjugated mouse anti-human
CD45 (cat. no. 304056, Biolegend), and stored in mounting medium
containing DAPI (cat. no. 50011, Ibidi). To analyze the percentage of
T cells conjugated to a tumor cell, tiled 8 � 8 images were collected
using a �20 objective and a Hamamatsu Orca Flash 4.0 V3 sCMOS
with 82% High Quantum Efficiency camera. Images were analyzed
using QuPath image analysis software.43 Using the classification
tool built into QuPath, T cell counts were generated using total cell
count subtracted by tumor cell count. Each large image was manually
analyzed for enumeration of cell conjugates. The number of conju-
gates was divided by the total T cell count to yield percentage of con-
jugated T cells.

To study both CD45 clearance and tyrosine phosphorylation at the
immune synapse, samples were prepared in the same method as
above but fixed with Cytofix (cat. no. 554655, BD Biosciences),
stained with Alexa Fluor 647-conjugated mouse anti-human CD45
(cat. no. 304056, Biolegend), permeabilized with perm/wash buffer
(cat. no. 554723, BD Biosciences), followed by staining with Alexa
Fluor 488-conjugated mouse anti-phosphotyrosine (cat. no. 309306,
Biolegend). Images were collected on the Nikon A1R Inverted
confocal microscope with a �60 oil immersion objective and laser
scanning confocal acquisition - A1-DU4G HD with 4-channel
PMT (2 GAASP high-sensitivity PMT; 2 PMT). Images of all conju-
gated cells were taken with 0.17-mm resolution. Single-plane images
were taken where the cells were found to be in focus. The FIJI image
analysis package44 was used to analyze the images. Background sub-
traction was performed on all images prior to analysis. For quantifi-
cation of CD45 clearance, the mean intensities of the Alexa Fluor
647 signal along a line drawn at the synapse and four other regions
around the cell membrane were extracted using the line tool.
The mean intensity of the four regions around the cell were
averaged to yield the base intensity on the membrane of the
cell. The percent of CD45 clearance was then calculated as

%CD45 Clearence = 1 �
�

MFI Synapse
Average MFI Cell

�
� 100%. For p-Tyr anal-

ysis, the rectangle tool was used to draw a box around the cell-to-cell
contact region. The integrated intensity of the Alexa Fluor 488 within
this region was extracted for each cell and compared between CIR
and NCIR.

pERK phosphoflow

Anti-DNP engineered T cells were pre-incubated with 200 nM or
20 nM of PSMA-CIR, PSMA-(N)CIR, or media alone for 1 h at
37�C and 5% CO2. A total of 5 � 105 engineered anti-DNP T cells
were stimulated with 5� 105 HEK293T-PSMA cells in a 24-well plate
for 15, 30, and 45 min at 37�C and 5% CO2 in the presence of either
100 nM or 10 nM final concentration of adapter. Cells were fixed at
37�C and 5% CO2 with Cytofix (cat. no. 554655, BD Biosciences)
for 10 min, followed by permeabilization on ice with pre-chilled
perm buffer III (cat. no. 558050, BD Biosciences) for 30 min, and sub-
sequent staining with Alexa Fluor 647 Mouse anti-ERK 1/2
(pT202,pY204) (cat. no. 612593, BD Biosciences). Data were collected
on the Cytoflex LX (Beckman Coulter) cytometer and analyzed using
FCS Express software (De Novo Software).
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