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CRASH-IT Switch Enables Reversible and
Dose-Dependent Control of TCR and CAR T-cell Function
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Adoptive transfer of genetically modified or donor-derived
T cells can efficiently eradicate human tumors but is also
frequently associated with major toxicity. There are several
switches that can be used to kill the infused cell pool in the case
of major toxicity, but the irreversible nature of these suicide
switches means that the therapeutic effect is lost when they are
used. To address this issue, we engineered a small-molecule
responsive genetic safety switch that in the absence of drug
robustly blocked cytotoxicity and cytokine expression of primary
human T cells. Upon administration of drug, T-cell functions

Introduction

Over the past few years, a number of adoptive T-cell therapies have
been developed for the treatment of both hematologic cancers and
solid tumors (1, 2). Donor lymphocyte infusion (DLI) was developed
following the discovery of the antitumor effect of donor-derived T cells
upon allogeneic hematopoietic stem cell transplantation (3). More
recently, T cells modified with chimeric antigen receptors (CAR) and
T-cell receptors (TCR) have been utilized to provide patients with
tumor-reactive T-cell populations, and the clinical activity of CD19-
and BCMA-targeted CAR T cells in patients with hematologic malig-
nancies (4, 5) led to the approval of these T-cell products for B-cell
acute lymphoblastic leukemia, diffuse large B-cell lymphoma, and
multiple myeloma.

Broader applicability of adoptive T-cell therapies in cancer is
presently limited by safety concerns. Specifically, on-target but off-
tumor toxicity is often observed when the antigens that are targeted by
the adoptively transferred T-cell pool are also expressed in healthy
tissue (6). Although substantial effort has been made to discover truly
cancer-specific markers, strictly cancer-specific markers that are
expressed by tumors of a large fraction of patients have proven
extremely rare. In addition, unexpected cross-reactivity of genetically
modified T cells with self-antigens that show low-level expression in
vital tissues is associated with severe toxicity (7). Finally, even when
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were restored in a reversible and titratable manner. We showed
that this T-cell switch was universal, as it could be combined
with endogenous or transduced T-cell receptors (TCR), as well as
chimeric antigen receptors. The modular nature of the Chem-
ically Regulated - SH2-delivered Inhibitory Tail (CRASH-IT)
switch concept, in which inhibitory domains are brought to
activating immune receptors in a controlled manner, makes it
a versatile platform to regulate the activity of cell products
that signal through immunoreceptor tyrosine-based activation
motif (ITAM)-containing receptors.

fully tumor-specific activation of the infused cells is achieved, cytokine
release upon T-cell recognition of a large tumor mass can form a safety
concern (8), and strategies to tune the strength of T-cell activation are
actively being sought.

The substantial risk of treatment-induced toxicity upon adoptive
T-cell therapy led a number of groups to develop genetically encod-
ed suicide switches, such as the HSV-TK, iCas9, and CD20-based
cell-surface marker suicide switches, which can be triggered by drug
administration or antibody administration at the moment that
major toxicity is observed (9). Such suicide switches have pri-
marily found use in the setting of DLI. However, the binary nature
of these switches does not allow a titration of T-cell functions
and these systems have found limited use in the context of TCR/
CAR-modified T cells. Emerging evidence suggests the tyrosine
kinase inhibitor dasatinib can be used to control the function of
CART cells (10), but with the caveat that the activity of endogenous
T cells reactive against, for instance, persisting herpesviruses or
tumor antigens is also abrogated.

In additional work, safety switch technologies that can reversibly
control CAR T cells have been engineered (11-13). Fusion of CARs
with protein stability control domains allows creation of small-
molecule mediated OFF switches (14-16), and incorporation of the
PD1 signaling domain in CAR designs is used to repurpose the CARs
as NOT gates (17). However, a small-molecule regulated generic ON
switch that does not require covalent modification of the antigen
receptor, and hence can be combined with any TCR or CAR, has not
been reported to our knowledge.

Materials and Methods

Retroviral DNA constructs

All DNA constructs were generated in the MP71 retroviral expres-
sion vector backbone (a kind gift from Christopher Baum, Hannover
Medical School, Hannover, Germany; ref. 18). In brief, codon-
optimized DNA sequences were synthesized by Integrated DNA
Technologies, Inc. as gene fragments and cloned into the MP71 vector
by Gibson assembly using the Gibson Assembly Master Mix
according to the manufacturer’s instructions (NEB, catalog no.
E2611L; ref. 19). Detailed description of the Chemically Regulated -
SH2-delivered Inhibitory Tail (CRASH-IT) switch variants and the
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codon-optimized DNA sequences encoding switch molecules were
given in Supplementary Table SI. Genetically engineered TCR and
CAR constructs were expressed from a separate plasmid. A second-
generation CD19-specific CAR (20) was subcloned into the MP71
backbone from the SFG-19-28z vector in an IRES-truncated human
EGFR (huEGFRt) reporter (21) configuration by Gibson assembly.
The HLA class I-restricted CDK4 TCR (TCR 17) and the HLA class I-
restricted NY-ESO-1 TCR (TCR 1) have been described previously
(22, 23). The variable domain sequences of the HLA class II-restricted
CMV-pp65 TCR (24) were kindly provided by M.H. Heemskerk
(LUMG, Leiden, the Netherlands) and were cloned into the TCR flex
MP71 vector (23).

Cell lines and cell culture

FLYRDI8 (in-house), T2 (in-house), K562 (in-house), Raji (in-
house), NKIRTIL006 (in-house; ref. 25), MM90904 (a kind gift from
Marco Donia in 2012, Herlev Hospital, Herlev, Denmark), Mel526 (a
kind gift from Steven Rosenberg in 2006, NIH, Bethesda, MD; ref. 26),
Daudi (received in 2018 from ATCC, catalog no. CCL-213) and CBH
5477 (a kind gift from M.H. Heemskerk in 2018, LUMC, Leiden, the
Netherlands) cells were cultured in Iscove’s modified Dulbecco’s
medium (IMDM; Thermo Fisher Scientific, catalog no. 21980065),
8% FCS (Sigma-Aldrich, catalog no. F7524-500ML), and penicillin-
streptomycin (100 ITU/mL penicillin, 100 pg/mL streptomycin, Sigma-
Aldrich, catalog no. 11074440001), which was considered standard
culture medium. FLYRD18, MM90904, Mel526, and NKIRTIL006
cells were passaged every 2 to 3 days with trypsin-EDTA (Thermo
Fisher Scientific, catalog no. 15400054). All cell lines were tested for
Mycoplasma using PCR-based screening using primers described
previously (27), and they were found to be negative. Cell lines were
authenticated using the short tandem repeat (STR) method in the past
year according to the instructions from the manufacturer of the kit
(Promega, catalog no. DC6530) by comparison with reference
sequences in ATCC database where available, or the STR profiles
from the earliest available record. Passage numbers are kept at
minimum by using frozen stocks from earliest possible date available
and culturing cells from these stocks for up to 10 passages.

Retrovirus production

Retroviral particles were produced in FLYRD18 packaging cells.
In brief, 700,000 FLYRD18 packaging cells were plated per 10 cm
dish in standard culture medium 1 day prior to transfection. The
next day, cell culture medium was refreshed with IMDM supple-
mented with 8% FCS without antibiotics. A total of 25 uL of
X-tremeGENE 9 (Roche, catalog no. 6365809001) was mixed with
800 UL Opti-MEM (Thermo Fisher Scientific, catalog no. 11058-021)
and incubated at room temperature for 5 minutes. Subsequently,
the Optimem-X-tremeGENE 9 mixture was added on top of 1:1
mixture of two retroviral plasmids that separately encoding indi-
cated antigen receptor and CRASH-IT switch constructs (10 ug
total DNA) dissolved in water and incubated for 15 minutes, and
the resulting transfection mixture was added dropwise onto the
packaging cells. The supernatant containing retrovirus was har-
vested 48 hours after transfection and immediately used or snap-
frozen in liquid nitrogen.

T-cell isolation and activation

Peripheral blood mononuclear cells (PBMC) were isolated from
buffy coats from healthy donors (Sanquin) by Ficoll-Isopaque density
centrifugation at 500 x g (GE Healthcare, catalog no. 17-1440-03;
ref. 23) and were stored frozen until further use. To generate activated
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T-cell populations, PBMCs were thawed in PBS containing 5% FCS,
counted, and mixed with CD3/CD28 Dynabeads (Cell Signaling
Technology, catalog no. 40203D) at a 1:1 cell:bead ratio, at a density
of 1 x 107 cells/mL. Following a 30-minute incubation at room
temperature on a tumbler, the mixture was put on a magnet and
unbound cells were removed. Bead-bound T cells were resuspended in
RPMI (Thermo Fisher Scientific, catalog no. 11875-093), 10% human
serum (Sigma-Aldrich, catalog no. H3667-100ML), penicillin-
streptomycin containing 100 IU/mL IL2 (Novartis, catalog no.
05060229220264) and 5 ng/mL IL15 (Peprotech, catalog no. 200-
15), and plated at a density of 0.75 x 10° cells/mL.

Spin-transduction of T cells

Twenty-four-well nontreated cell culture plates were covered with
10pg/mL retronectin (Takara, catalog no. T100B) overnight at 4°C.
The next day, the retronectin solution was removed and wells were
blocked with 2% BSA (Sigma-Aldrich, catalog no. A9418-500g) in PBS
for 30 minutes. Activated T cells (0.25 x 10° cells/mL in RPMI, 10%
human serum, penicillin-streptomycin, 200 IU/mL IL2 and 10 ng/mL
IL15) were then mixed with retroviral supernatant at a 1:1 ratio
(volume:volume) in retronectin coated 24-well plates and centrifuged
at 2,000 RPM for 90 minutes at room temperature.

Sorting and rapid expansion of T cells

Culture medium of CRASH-IT switch-expressing cells was sup-
plemented with 0.5 umol/L dTAG-13 PROTAC (Tocris, catalog no.
6605) or 10 umol/L asunaprevir (MedChemExpress, catalog no. HY-
14434), starting 1 day before cell sorting until 4 days before >’ Cr assays.
Primary human T cells modified with the CDK4 TCR plus either the
CRASH-IT switch or IRES-EGFP vector control were sorted on a
Beckman Coulter Moflo Astrios. Cells were cultured in RPMI, 10%
human serum, penicillin-streptomycin, 100 IU/mL IL2 and 5 ng/mL
IL15 plus 0.5 pmol/L dTAG-13 PROTAC or 10 umol/L asunaprevir
for 7 days. After this, cells were expanded using a rapid expansion
protocol (REP). In brief, a mixture of 2 X 102 feeder cells (PBMCs from
three donors isolated by Ficoll-Isopaque density centrifugation) was
generated by irradiation at 4,000 rad (Gammacell 40 Exactor) and
resulting feeder cells were then mixed with 1 x 10° sorted T cells, and
4.5 ug OKT3 (Invitrogen, catalog no. 16-0037-85), IL2 (3,000 IU/mL)
in 150 mL 20/80 T-cell Mixed Media (Thermo Fisher Scientific,
catalog no. 041-96658P), penicillin-streptomycin (Invitrogen), and
0.5 umol/L dTAG-13 PROTAC or 10 umol/L asunaprevir. At day 6,
culture medium was refreshed, and cultures were subsequently split
into two every 3 days with fresh medium. At day 12, cells were switched
to standard T-cell culturing conditions (RPMIL, 10% human serum,
penicillin-streptomycin, 100 IU/mL IL2, and 5 ng/mL IL15) for
4 to 8 days, until use in >'Cr assays.

Peptide loading

For use as T-cell targets, T2 and CBH 5477 cells were loaded with the
indicated concentrations of HLA-A*02:01 restricted mutant CDK4
peptide (ALDPHSGHFV), HLA A*02:01 restricted NY-ESO-1 peptide
(SLLMWITQA), or HLA-DR1-restricted CMV peptide (KYQEFFW-
DANDIYRI) in IMDM for 1 hour at 37°C. Cells were washed once and
used in coculture experiments. All peptides are kind gifts from Huib
Ovaa, Leiden University, Leiden, the Netherlands).

Activation of T cells with immobilized anti-CD3 or
anti-CD3/CD28

Ninety-six-well plates were coated with 1:200 diluted (in PBS)
anti-CD3 (eBioscience, catalog no. 16-0037-85) or anti-CD3/CD28
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(eBioscience, catalog no. 16-0289-85) overnight. Subsequently, anti-
body solution was removed and plates were washed twice with PBS
before cells were plated to the antibody-coated plates for activation of
endogenous TCR complexes.

Cytokine release assay and antibody staining

T cells were pretreated with the indicated concentrations of asu-
naprevir, the FDA-approved HCV NS3/4A inhibitor grazoprevir
(MedChemExpress, catalog no. HY-15298), dTAG-13 PROTAC or
DMSO control in T-cell medium (RPMI, 10% human serum,
penicillin-streptomycin, 100 IU/mL IL2, and 5 ng/mL IL15) for
24 hours before coculture experiments. A total of 100,000 T cells and
100,000 of the indicated tumor cells were mixed in T-cell medium
supplemented with golgi-plug (1:1,000 dilution, BD Biosciences, cat-
alog no. 51-2301KZ) and anti-LAMP1-APC (1:100 dilution, BioLe-
gend, catalog no. 328620) in the presence of the indicated drugs or
DMSO control in 96-well plates and incubated for 5 hours at 37°C.
After incubation, cells were washed once with PBS and stained with IR
dye (Invitrogen, catalog no. L34976) at 1:400 dilution for 5 minutes at
4°C. Subsequently, cells were washed once with FACS buffer (PBS plus
0.5% BSA) and stained with anti-CD8-PerCP Cy5.5 (1:20 dilution, BD
Biosciences, catalog no. 341050), anti-CD4 BV711 (1:50 dilution,
BioLegend, catalog no. 317440), anti-murine constant TCR-PE (in
experiments using TCR-transduced T cells, 1:200 dilution, BD Bios-
ciences, catalog no. 553172) or cetuximab-PE (in experiments using
CAR-transduced T cells that expressed the huEGFRt, 1:200 dilution,
R&D Systems, catalog no. FAB9577P) for 20 minutes at 4°C. Cells were
then washed once with FACS buffer and fixed with BD fixation and
permeabilization solution (catalog no. 51-2090KZ) for 20 minutes at
4°C. Following permeabilization, cells were washed twice with BD
perm/wash buffer (catalog no. 51-2091KZ) and stained with anti-
IFNy-BV421 (1:100 dilution, BD Biosciences, catalog no. 564791),
anti-IL2-PE-Cy7 (1:100 dilution, BD Biosciences, catalog no. 560707),
and anti-TNFa-BV650 (1:100 dilution, BioLegend, catalog no.
502938) diluted in perm/wash buffer for 20 minutes at 4°C. Cells
were then washed twice, resuspended in 100 pL FACS buffer and
analyzed directly on a Fortessa Special Order analyzer. For the
detection of HA-tag fusion proteins, T cells were intracellularly stained
with anti-HA-AF647 (1:200 dilution, Cell Signaling Technology,
catalog no. 3444S). For the detection of CD19 cell-surface expression,
K562, Raji, and Daudi tumor cells were cell surface stained with
anti-CD19-PE (1:200 dilution, BD Biosciences, catalog no. 345789)
or isotype control (BioLegend, catalog no. 400111), using the same
staining protocol.

51cr assays

One day prior to °'Cr assays, T cells were pretreated with 0.5 umol/L
dTAG-13 PROTAC, 10 umol/L asunaprevir or DMSO in standard
T-cell culturing conditions (RPMI, 10% human serum, penicillin-
streptomycin/100 IU/mL IL2, and 5 ng/mL IL15). A total of 5 x 10°
tumor cells were resuspended in 100 UL media, mixed gently with
100 uCi 1Cr (PerkinElmer, catalog no. NEZ030002MC) and then
incubated at 37°C for 45 minutes. In parallel, 100 uL of dilutions of
T cells treated with either dTAG-13 PROTAC, asunaprevir or DMSO
control were aliquoted into 96-well plates. 100 L medium only (spon-
taneous release) and 100 UL 1% Triton solution (maximal release) were
used as controls. After labeling, target cells were washed, resuspended at
50,000 cells/mL, and added to the 96-well plates at 100 UL per well. Plates
were incubated at 37°C for 4 hours, and counts in supernatant were
determined using TopCount NXT(PerkinElmer). Experimental values
were normalized using spontaneous and maximal release controls.
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Reversible Control of TCR/CAR T-cell Function

Statistical analyses

Flow cytometry data were analyzed with FlowJo 10.7.1 software and
data visualization and statistical analyses were performed using
GraphPad Prism 8.4.3 software.

Results and Discussion

To develop a system that can reversibly control the activity of
infused T-cell pools that express any antigen receptor of interest, we
hypothesized that we would need a strategy in which an inhibitory
signal is brought to the activating (e.g., CAR or TCR) signaling
complex in a titratable manner. A shared property of CARs and TCRs
is that signaling through these receptors leads to the phosphorylation
of immunoreceptor tyrosine-based activation motifs (ITAM) and the
subsequent recruitment of the Zap70 kinase, which binds to the
phosphorylated ITAMs via its SH2 domains. We postulated that
if signaling domains derived from inhibitory receptors could be
shuttled to activated antigen receptors by fusion to the Zap70 SH2
domains, this would attenuate TCR/CAR signaling. To provide proof
of concept for SH2 domain-assisted inhibitory tail delivery, we
focused on the PD1 intracellular domain, because the inhibitory effect
of PD1 signaling on cytokine production and cytotoxicity is revers-
ible (28) and the physical proximity of PD1 to TCR microclusters is
crucial for T-cell suppression (29). Therefore, we generated a Zap70
2xSH2 domain-PD1 tail fusion protein (from here on abbreviated as
Zap70-PD1), with the aim to bring the inhibitory domain of PD1 in
close proximity to the TCR complex (Fig. 1A and B).

To assess the effect of Zap70-PD1 on T-cell activation, primary
human T cells were transduced with a high-affinity CDK4 neoantigen-
specific MHC class I-restricted TCR (22), together with either the
Zap70-PD1 fusion, the Zap70 SH2 domains without inhibitory tail
(Zap70 2xSH2), the PD1 intracellular domain (PD1 tail), or a vector
control. Analysis of T-cell cytokine production (IFNy, IL2, and TNFo)
and T-cell degranulation (LAMP-1 cell-surface expression) upon
incubation with T2 target cells loaded with the CDK4 neoantigen
demonstrated that expression of the free PD1 tail did not substan-
tially alter T-cell functionality (reduction in percentage IFNy™ cells
at 10 nmol/L peptide concentration relative to vector control:
1.4-fold, P = 0.000049; Fig. 1C and D). Expression of the Zap70
2xSH2 domains without the PD1 tail resulted in a modest inhib-
ition of T-cell functions (reduction in percentage IFNy" cells at
10 nmol/L peptide concentration relative to vector control: 5.8-fold,
P <0.000001; Fig. 1C and D) that may be explained by competition
with wild-type Zap70 (30). When the intracellular domain of PD1
was linked to the Zap70 SH2 domains, a highly efficient suppression
of both T-cell cytokine production and T-cell degranulation was
observed (reduction in percentage responding cells at 10 nmol/L
peptide concentration: IFNYy: 104-fold; IL2: 110-fold; TNFou
81-fold; cell surface LAMP1: 40-fold, all relative to vector control;
Fig. 1C and D). Inhibition of T-cell functionality was both observed
for CD8* and CD4™" T cells. Furthermore, comparison of the degree
of inhibition of T-cell activity in gene-modified cell populations
with different levels of EGFP reporter expression revealed that the
level of Zap70-PD1 expression correlated with inhibitory activity
(Fig. 1E-I), suggesting that regulation of Zap70-PD1 protein levels
could be used to modulate T-cell function.

To achieve pharmacologic control over Zap70-PD1 protein levels,
we subsequently generated fusion proteins with the small molecule—
assisted shutoft (SMASh) tag (Fig. 2A and B; ref. 31), which consisted
of the HCV NS3/4A protease plus a degron that results in rapid protein
degradation by the proteasome. In the absence of a hepatitis C virus
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Figure 1.

Efficient suppression of T-cell function by Zap70 SH2-mediated PD1 tail recruitm:

ent. A, Schematic diagram of early steps in the TCR signal transduction pathway.

B, Schematic diagram of Zap70 SH2-mediated recruitment of the PDI tail to the activated TCR complex and resulting inhibition of TCR signaling. ITIM,
immunoreceptor tyrosine-based inhibitory motif; ITSM, immunoreceptor tyrosine-based switch motif. C and D, Primary human T cells modified with the MHC

class I-restricted CDK4 TCR and either Zap70-PD1, Zap70 2 x SH2 domains, PD1 tail

,or vector control were cocultured with CDK4 peptide-loaded T2 cells. Data depict

IFNY, IL2, TNFa: production, and cell-surface LAMP1 expression of CDK4 TCR* EGFP-high CD8" (C) and CD4* (D) T cells. E, Gates used to define EGFP-high,
-intermediate, -low, and -negative populations of CDK4 TCR™ T cells modified with the Zap70-PD1-IRES-EGFP vector. F-1, Zap70-PD1-IRES-EGFP-expressing T cells

from the dataset as in € analyzed using the EGFP expression gates in E. Error bar:

(HCV) protease inhibitor, the HCV protease cleaves the linker
between the protein of interest and the degron, thereby preventing
protein degradation. In the presence of a protease inhibitor, the full-
length fusion protein is degraded by the proteasome. To test whether
the level of Zap70-PD1 fusion protein could be controlled in this
manner, we introduced an N-terminal HA-tagged Zap70-PDI-
SMASh fusion protein into human T cells. Analysis of fusion protein
levels by intracellular staining revealed that inhibition of protease
activity by the HCV NS3/4A protease inhibitor asunaprevir resulted in
a reduction in fusion protein level in primary human CD8* and CD4*
cells, with half-maximal inhibition observed around 0.2 pmol/L
(Fig. 2C and D). The Zap70-PD1-SMASh fusion protein retained the
capacity of the Zap70-PD1 fusion protein to prevent T-cell activation,
and this inhibition of T-cell function was reverted by the addition of
asunaprevir for both primary human CD8* T cells (Fig. 2E) and CD4*
T cells (Supplementary Fig. S1A). Specifically, relative to DMSO-
treated cells, CD8" T-cell activation by peptide-loaded target cells
(10 nmol/L) was boosted 8.8 %, 11.5x%, 6.3%, and 6.6 x-fold for IFNy,
IL2, TNFo and cell surface LAMPI expression, respectively. As a
control, the effector function of T cell negative for the Zap70-PD1-
SMASh fusion protein was unaltered by protease inhibitor (Fig. 2F;
Supplementary Fig. S1B). The effect of asunaprevir on the function of
Zap70-PD1-SMASh-modified T cells was profound (Fig. 2E), even
though its effects on fusion protein levels were modest (Fig. 2C),
suggesting that the signal amplification properties of the TCR signaling
pathway make it highly sensitive to signal strength.
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s represent SD (n = 3). Data are representative of two independent experiments.

We next tested the flexibility of the CRASH-IT switch system, of
which the Zap70-PD1-SMASh construct was the first embodiment,
using T cells that were either modified with a second-generation CAR
or an intermediate affinity MHC class I-restricted TCR. When human
T cells modified with the anti-CD19-CD28-CD3( chain CAR (20)
were cocultured with CD19" Raji or Daudi cells, (Fig. 3) cytokine
production and degranulation of the CAR T cells was efficiently
suppressed by the Zap70-PD1-SMASh construct, and recovered upon
drug addition. Likewise, the functional activity of CD8" T cells
modified with a TCR specific for NY-ESO-1 (23) was prevented by
the CRASH-IT switch and restored by addition of asunaprevir (Sup-
plementary Fig. S2).

A safety switch used in adoptive T-cell therapies should ideally be
titratable and reversible. A dose-dependent recovery of T-cell func-
tionality was demonstrated by analyzing the effect of increasing
asunaprevir concentrations in cocultures of antigen-loaded target
cells and CDK4-specific T cells modified with the Zap70-PD1-SMASh
construct (Supplementary Fig. S3A-S3C), revealing that T cells can be
tuned to reach a desired antigen sensitivity.

To understand whether the CRASH-IT platform could act as a
reversible regulator of T cells, to switch them from an active to an
inactive state and back, asunaprevir-treated and control-treated T cells
were washed and cultured for 72 hours in the absence of drug.
Subsequently, T cells were again treated with asunaprevir or left
untreated and were then exposed to antigen loaded target cells
(experimental scheme in Supplementary Fig. S3A). Zap70-PDI-
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C and D, Intracellular HA staining of primary human T cells modified with an N-terminal HA-tagged Zap70-PD1-SMASh construct or vector control. Effect
of prior asunaprevir exposure on HA signal is depicted for EGFP-high CD8™ (C) and CD4™ (D) T cells. MFI, mean fluorescence intensity. E and F, Primary human
T cells modified with the MHC class I-restricted CDK4 TCR and either the Zap70-PD1-SMASh construct (E) or vector control (F) were pretreated with 10 umol/
L asunaprevir (ASUNA) or DMSO control. Data depict intracellular IFNy, IL2, TNFa and cell-surface LAMP1 expression of CDK4 TCR™, EGFP-high, CD87 T cells
upon coculture with CDK4 peptide-loaded T2 cells in the continued presence or absence of asunaprevir. Error bars represent SD (n = 3). Data are

representative of two independent experiments.

SMASh-modified T cells showed substantial activity only when
exposed to asunaprevir during the time of tumor coculture, regardless
of whether the cells had previously been exposed to asunaprevir or not.
In other words, prior triggering of the CRASH-IT switch did not alter
outcome during subsequent use, demonstrating reversibility of the
platform (Supplementary Fig. S3D). Small molecule-induced recovery
of T-cell function was also demonstrated in coculture experiments
using the Mel526 and NKIRTIL0O06 melanoma cells, which endoge-
nously express the mutant CDK4 neoantigen, and control MM90904
melanoma cells, which express the wild-type CDK4 gene (Supplemen-
tary Fig. S4). To characterize the protein domains required to achieve
reversible T-cell inhibition, we compared SMASh-tagged versions of
Zap70 2xSH2 and Zap70-PD1, and also a SMASh-tagged version of
Zap70-PD1 that lacked the degron domain (Supplementary Fig. S4A-
$4D). As was observed for protein switches that lacked the SMASh
domain (Fig. 1C and D), the presence of the PD1 tail was essential to
achieve tight control of TCR signaling, and restoration of T-cell activity
upon triggering of the CRASH-IT switch required the presence of the
degron that induces proteasomal degradation.

AACRJournals.org

The efficiency of asunaprevir-induced protein degradation was
higher in CD8" than CD4™" cells (Fig. 2C and D). Potentially because
of this, asunaprevir-induced restoration of T-cell function was more
profound for CD8" T cells than for CD4" T cells (Supplementary
Fig. S2; Supplementary Fig. S3B and S3C). To explore the feasibility of
creating variant CRASH-IT switch systems with an optimized dynam-
ic range for different immune-cell types, we created a modified version
of Zap70-PD1-SMASh (Supplementary Fig. S5A) that showed a
slightly less stringent T-cell suppression in the absence of asunaprevir
in CD8" cells. This tuned Zap70-PD1-SMASh (tuZap70-PDI-
SMASh) switch retained the capacity to efficiently suppress the
function of CD4™ T cells modified with the CDK4 TCR, and recovery
of T-cell functions upon asunaprevir addition was substantially
improved (Supplementary Fig. S5B). To test whether this switch
system could also be used to control CD4" T-cell activation at the
moment the CD4 coreceptor was coengaged, we cotransduced
primary human CD4" T cells with the tuZap70-PD1-SMASh con-
struct and an HLA class II-restricted CMV-specific TCR, and co-
cultured these cells with peptide-loaded CBH 5477 cells. Antigen
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Figure 3.

Control of CAR T-cell function by CRASH-IT. A, Schematic diagram of second-generation anti-CD19-CD28-CD3({ CAR interacting with the Zap70-PD1-SMASh
construct. B, CD19 expression on K562, Daudi, and Raji tumors. Cells were stained with anti-CD19-PE (red line) or isotype control-PE (black line). C-F, Primary
human T cells modified with the anti-CD19-CD28-CD3{ CAR and either Zap70-PD1-SMASh (C and E), or vector control (D and F) were pretreated with 10 umol/L
asunaprevir (ASUNA) or DMSO control. Data depict intracellular IFNy, IL2, TNFoand cell-surface LAMP1 expression of CAR™, EGFP-high, CD8" (C and D) and CD4™"
(E and F) T cells upon coculture with CD19~ K562 tumor cells, or CD19* Daudi or Raji tumor cells in the continued presence or absence of asunaprevir. Error bars

represent SD (n = 3). Data are representative of two independent experiments.

sensitivity was reduced by approximately 1,000-fold by introduction of
the tuned Zap70-PD1-SMASh construct, and asunaprevir treatment
resulted in a near-complete recovery of CD4" T-cell functions (Sup-
plementary Fig. S5C and S5D), demonstrating how optimized
CRASH-IT systems can be created for specific cell types.

A central aspect of CRASH-IT is its modular nature, allowing to the
identification of optimized combinations of protein-stability domains,
receptor-targeting domains, and inhibitory domains. To understand
whether the concept of small molecule-controlled delivery of inhib-
itory domains can be extended to other systems, we explored prote-
olysis targeting chimera (PROTAC)-mediated protein control
(Fig. 4A and B). To this end, the Zap70-PD1 domain was fused to
the FKBP125*¢V domain, to achieve control over CRASH-IT protein
levels using the heterobifunctional dTAG-13 molecule that induces
CRBN E3 ligase—dependent proteasomal degradation (32). Notably,
FKBP12™¢V-based CRASH-IT switches allowed very tight control
over CD8" T-cell function, with near absent production of IFNy, IL2,
TNFa, and cell-surface LAMP1 in the absence of drug (1.08 & 0.20%,
0.39 £ 0.02%, 0.96 = 0.09%, 0.82 = 0.35%, respectively), and induction
to high levels (75.43 £ 0.29%, 54.80 = 1.81%, 80.17 & 0.31%, 41.53 +
1.53% at 0.5 umol/L dTAG-13, respectively) when inhibitory tail-
degradation was induced (Fig. 4C-E). Using sorted CDK4 TCR and
Zap70—PD1—FKBP12F 36V (EGFP) cotransduced CD8™ T cells, control
over T-cell function by drug addition was demonstrated in cytotoxicity
assays, whereas the activity of vector-modified T cells was unaltered
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(Fig. 4F and G). As compared with SMASh-based switch-expressing
cells, use of the FKBP12"%V-based CRASH-IT switch substantially
improved control of restoration of cytokine production in CD4 cells
(Supplementary Fig. S6A-S6C) and improved control of cytotoxicity
by CD8" T cells (Fig. 4F and G; Supplementary Fig. S6D and SGE),
emphasizing that the overall performance of these switch systems can
be enhanced by altering their constituent modular domains.

Intracellular staining of HA-tagged Zap70-PD1-FKBP127¢V-
expressing cells revealed PROTAC-mediated degradation of fusion
protein (Supplementary Fig. S7A and S7B), but a substantial HA-
protein pool remained detectable at drug concentrations that induced
restoration of T-cell functions in NKIRTIL0O06 tumor coculture
experiments (Fig. 4E). Likewise, residual HA positivity was observed
in experiments using SMASh-based switch—expressing cells (Fig. 2C).
Collectively, these results suggest that partial degradation of switch
molecules or dislocation of the switch away from ITAM receptors may
contribute to restoration of T-cell functions. Like cells expressing the
SMASh-based switch (Supplementary Fig. S3D), FKBP127*V-based
switch-expressing cells tolerated prior exposure to small molecule,
with fully preserved control over T-cell activity after multiple prior
rounds of PROTAC treatment (Supplementary Fig. S7C-S7E).

To assess the utility of CRASH-IT platform to control T cells
employing endogenous TCR complexes, we modified primary human
T cells with Zap70-PD1-FKBP12"**V and stimulated endogenous TCR
complexes using immobilized anti-CD3 or anti-CD3/CD28. T-cell
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A PROTAC-based CRASH-IT system. A and B, Schematic diagram of the Zap70-PD1-FKBP12738Y fusion protein in the absence (A) or presence (B) of dTAG-13
PROTAC. Primary human T cells modified with the CDK4 TCR and either Zap70-PD1-SMASh, Zap70-PD1-FKBP127*%Y, or vector control were pretreated with
the indicated concentrations of the HCV NS3/4A protease inhibitors asunaprevir (C) or grazoprevir (D), or the dTAG-13 PROTAC (E). Data depict intracellular
IFNy, IL2, TNFo: and cell-surface LAMP1 expression of CDK4 TCR*, EGFP-high CD8™ T cells upon coculture with NKIRTILOO6 tumor cells in the continued
presence of the indicated concentrations of asunaprevir, grazoprevir, or dTAG-13. Regulation of T-cell cytotoxicity with a small-molecule controlled
Zap70-PD1-FKBP127*Y switch. Primary human T cells modified with the MHC class I-restricted CDK4 TCR and either Zap70-PD1-FKBP127*¢V (F) or vector
control (G) were sorted for CD8 and high EGFP expression, expanded by REP, and then pretreated with 0.5 pmol/L dTAG-13 or DMSO. Data depict Sicr
release from labeled NKIRTILOO6 tumor cells upon coculture with sorted CD8" CDK4 TCR* EGFP-high T cells in the continued presence or absence of
dTAG-13. E:T ratio, effector:target ratio. Data depict EGFP (H) and transgenic TCR (l) expression profiles of cells at the end of rapid expansion protocol. Error
bars represent SD (n = 3). Data are representative of two independent experiments.

functionality was again suppressed by CRASH-IT and regained by
drug addition (Supplementary Fig. S8).

When T cells were stimulated with anti-CD3/CD28 beads prior to
transduction with the CRASH-IT switch and expanded in vitro in the
absence of small molecule, a reduction in the fraction of EGFP™ cells
emerged after 3 to 4 weeks. In parallel experiments, long-term
outgrowth of T cells in the presence of small molecule resulted in
T-cell expansion without outgrowth of EGFP™ cells (Fig. 4H and I).
Together these results indicate that strategies that guarantee stable
expression of CRASH-IT switches, for instance through the use of
single vector systems (33) that combine CAR or TCR and switch, or
through combination of CRASH-IT with an in vivo selection sys-
tem (34), may be attractive to avoid loss of switch expression. In
addition, intermittent/low-dose application of small molecule might
be desirable to allow long-term engraftment of switch-modified cells
in vivo. Intermittent dosing would result in a situation akin to the
cyclical tonic TCR signaling that T cells receive in vivo, in which low
level tonic TCR signaling appears to occur in lymphoid organs but not
in blood (35). In addition, the constitutive tonic signaling associated
with certain CAR constructs has been linked to excessive proliferation
and exhaustion (35), and it would be interesting to assess whether the

AACRJournals.org

negative effects of this type of tonic signaling may be reduced by
intermittent drug administration.

CRASH-IT is a titratable and reversible safety switch platform that
is agnostic to the nature of the activating antigen receptor, as shown by
its use together with high and intermediate affinity MHC class I-
restricted TCRs, MHC class II-restricted TCRs, and CARs. The
flexible nature of CRASH-IT has the potential to be of value in settings
in which fine control over T-cell sensitivity is desirable. Furthermore,
combination of CRASH-IT with existing CARs does not require a
structural redesign of CARs, and this ability to retrofit is of particular
value for CAR designs that have already shown activity in clinical
studies.

From a conceptual point of view, CRASH-IT switches contain three
functional elements that induce proximity to the antigen receptor,
provide the inhibitory signal, and offer the possibility to regulate the
strength of this inhibitory signal. In the design that we have developed,
these three functional elements are formed by the Zap70 SH2 domains,
the PDI tail and the SMASh tag or FKBP12"*V domain, respectively.
In future work, it will be of interest to investigate whether this blueprint
can achieve optimal control in other cells, such as natural killer cells,
and whether it is possible to achieve inhibition of other activating
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immune receptors. In addition, it will be of interest to explore
alternative inhibitory domains from receptors containing immunor-
eceptor tyrosine-based inhibitory motifs (ITIM) or immunoreceptor
tyrosine-based switch motifs (ITSM) as a means to vary the level of
T-cell suppression, or to potentially direct such suppression to specific
T-cell output signals. Akin to the development of novel generation
CAR receptors, we envision that such optimization of functional
modules will increase the clinical utility of the CRASH-IT system. In
this regard, development of systems that allow control with a clinically
improved small-molecule ligands (16) will also be of interest.
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