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Abstract

Cell-based therapies are emerging as effective agents against cancer and other diseases. As
autonomous “living drugs,” these therapies lack precise control. Chimeric antigen receptor (CAR)
T cells effectively target hematologic malignancies but can proliferate rapidly and cause toxicity.
We developed ON and OFF switches for CAR T cells using the clinically approved drug
lenalidomide, which mediates the proteasomal degradation of several target proteins by inducing
interactions between the CRL4CRBN E3 upiquitin ligase and a C2H2 zinc finger degron motif. We
performed a systematic screen to identify “super-degron” tags with enhanced sensitivity to
lenalidomide-induced degradation and used these degradable tags to generate OFF-switch
degradable CARs. To create an ON switch, we engineered a lenalidomide-inducible dimerization
system and developed split CARs that required both lenalidomide and target antigen for activation.
Subtherapeutic lenalidomide concentrations controlled the effector functions of ON- and OFF-
switch CAR T cells. In vivo, ON-switch split CARs demonstrated lenalidomide-dependent anti-
tumor activity, and OFF-switch degradable CARs were depleted by drug treatment to limit
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inflammatory cytokine production while retaining anti-tumor efficacy. Together, the data showed
that these lenalidomide-gated switches are rapid, reversible, and clinically suitable systems to
control transgene function in diverse gene- and cell-based therapies.

One sentence summary:

Two chemical genetic control systems were engineered to regulate CAR T cell function with
lenalidomide.

Introduction

Genetically-engineered cell-based therapies are emerging as transformative agents against
cancer, autoimmune disease, and monogenetic disorders (1, 2). These therapies are
complicated by variable pharmacokinetics and effector functions (3). For example, the
population of T cells genetically retargeted with chimeric antigen receptors (CARS) against
tumor-associated antigens, such as CD19, dramatically expands and contracts in patients in
response to antigen. The profound clinical successes of CAR T cell therapies targeting
relapsed or refractory B cell malignancies have been achieved in spite of the risk of toxicity
from T cell hyperactivation syndromes (4, 5). However, in some patient populations, such as
adults with acute lymphoblastic leukemia, the toxicities associated with CAR T cells have
stalled further clinical development, despite early signs of efficacy (6, 7). Control systems
have the potential to improve the safety, efficacy, and accessibility of future cell-based
therapies.

Chemical genetic control of protein stability enables rapid perturbation of biologic processes
(8). Multiple systems now exist to regulate protein degradation, including the incorporation
of destabilization domains (9), or sequences triggering auxin-induced degradation (10),
ligand-induced degradation (11), and small molecule-assisted shutoff (12), or dTags (13).
Although these systems are invaluable research tools and models for future cell-based
therapies, there is a clinical need for chemical genetic control systems that are engineered
from non-immunogenic human polypeptide sequences, are controlled by FDA-approved and
non-immunosuppressive drugs, and afford robust ON- and OFF-switch control of protein
stability. To satisfy each of these principles of clinical suitability, we endeavored to create
control systems gated by thalidomide analogs for cell-based therapies.

Thalidomide, lenalidomide, and pomalidomide are effective and clinically approved
therapies for multiple myeloma, subtypes of non-Hodgkin lymphoma, and myelodysplastic
syndrome with chromosome 5q deletion. Thalidomide analogs act as molecular glues,
bridging interactions between the CRL4“REN E3 ubiquitin ligase and disease-relevant
proteins that are subsequently ubiquitinated and degraded by the proteasome, resulting in
therapeutic efficacy (14-16). Lenalidomide and pomalidomide are structurally related
analogs in broad clinical use; pomalidomide has clinical efficacy in patients with multiple
myeloma refractory to lenalidomide, which is largely explained by more effective
degradation of a nearly identical range of substrate proteins (17, 18). A set of Cys2-His2
(C2H2) zinc fingers is a recurrent degron motif mediating drug-dependent interactions with
CRLA4CRBN (18-21). We hypothesized that these small, modular, human C2H2 zinc finger
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domains could be engineered and repurposed to induce drug-dependent OFF-switch
depletion of engineered proteins. Further, for ON-switch control, we hypothesized that the
CRBN-thalidomide analog-zinc finger ternary interaction could be uncoupled from the
ubiquitin-proteasome system to generate a stable lenalidomide-inducible dimerization
system.

As proof of concept for cell-based therapies controlled by lenalidomide-gated switches, we
engineered chemically controllable systems into CARs to address an unmet clinical need.
Although demonstrating remarkable efficacy culminating in clinical approvals for the
treatment of B cell acute lymphoblastic leukemia and diffuse large B cell lymphoma (22),
CARs pose a risk from toxic T cell hyperactivation (23). Whereas the current management
of cytokine release and immune cell-associated neurologic syndromes consists of supportive
care, tocilizumab, with or without high-dose corticosteroids (4), we propose that these
hyperactivation syndromes would be more easily managed if clinicians could rapidly and
reversibly control CAR degradation and signaling. Here, we report the engineering of two
chemical genetic control systems gated by lenalidomide, with proof of concept application
to CAR T cells.

Design of lenalidomide OFF-switch degradable CARs and ON-switch split CARs

We designed an OFF switch triggered by lenalidomide-induced CAR degradation (Fig. 1A).
CAR T cells are engineered to activate upon recognition of a target tumor antigen. To turn
off CAR signaling, lenalidomide (or another thalidomide analog) would induce CRL4CRBN.
mediated ubiquitination and proteasomal degradation (24) of the degron-tagged CAR. As
levels of the small molecule controller fall, translation of CAR protein restores CAR
signaling.

To test whether transmembrane receptors incorporating a lenalidomide-dependent degron
tag were depleted from the cell surface, we engineered Jurkat T cells expressing either a
CAR with an extracellular domain that recognizes CD19, a single transmembrane domain,
and intracellular signaling domains from 4-1BB and CD3z (“conventional” CAR) or the
same CAR plus the lenalidomide-dependent degron from IKZF3 (18) as a C-terminal tag.
Whereas conventional CAR expression was insensitive to lenalidomide, the degradable CAR
was depleted 14-fold from baseline (absence of lenalidomide) after incubation with 1 pM
lenalidomide (Fig. 1B), supporting the use of targeted protein degradation for
posttranslational regulation of CAR abundance.

We next designed an ON switch mediated by lenalidomide-inducible dimerization to control
a two-component split CAR (Fig. 1C). In this construct, one subunit of the CAR included
the CD19 recognition domain, CD28 transmembrane and intracellular signaling domains
along with the lenalidomide-dependent zinc finger from IKZF3. The other subunit included
CD8 alpha hinge and transmembrane domains, a CD28 domain, a mutated CRBN, and a
CD3z signaling domain. As a model for T cell activation, Jurkat T cells expressing
conventional or split CARs were evaluated for the percent of cells positive for the early
activation marker CD69 (25) after co-culture with K562 target cells transduced to express
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CD19 or empty vector and treatment with either lenalidomide or vehicle control. CD19-
dependent activation of the conventional CAR T cells was insensitive to lenalidomide.
However, CD19-dependent activation of the split CAR T cells was increased by 5-fold with
lenalidomide, supporting the use of lenalidomide-inducible dimerization as an ON switch to
regulate CAR T cell activation (Fig. 1D).

To design the lenalidomide-inducible dimerization, we reasoned that variants of CRBN and
IKZF3 could be engineered so that their ternary interaction with lenalidomide no longer
results in degradation. Within the CRL4CRBN E3 ubiquitin ligase complex, the substrate
adapter DDB1 mediates the interaction with the substrate receptor CRBN. Crystallographic
analyses of complexes containing DDB1, CRBN, and a thalidomide analog indicate that the
domain of CRBN responsible for neosubstrate and drug binding is separate from the domain
of CRBN that interacts with DDB1 (26-28). Thus, we hypothesized that the DDB1-binding
domain within CRBN is dispensable for drug-induced interactions with substrate proteins
such as IKZF3. Indeed, CRBN variants lacking the DDB1-binding domain exhibited a
pomalidomide-dependent interaction with a fragment of IKZF3 in bioluminescence
resonance energy transfer (BRET) cellular proximity-based assays (Fig. 2A). CRBNA3 was
the variant with the strongest pomalidomide dependency for IKZF3 interaction. Ligand-
inducible proximity was enhanced by incorporation of CRBNA3 and the IKZF3 degron
fragment into cell surface-localized components of a split CAR (29, 30), in which antigen-
binding and signaling domains are encoded in separate proteins (Fig. 2B). To protect from
degradation by endogenous CRL4CRBN following exposure to lenalidomide, all intracellular
lysine residues in the IKZF3 and adjacent CD28 costimulatory domain were replaced with
arginine residues, which further enhanced the signal in the induced-proximity system (Fig.
2C). In summary, an E3 ubiquitin ligase-molecular glue-substrate ternary interaction was
converted into a lenalidomide-inducible dimerization system for ON-switch regulation of a
split CAR.

A hybrid zinc finger screen identifies super-degrons

Although the IKZF3-based degradation and dimerization switches demonstrated efficacy at
drug concentrations that are used therapeutically, we sought to engineer more sensitive
synthetic components that could act at subtherapeutic drug concentrations to minimize other
effects of the thalidomide analogs. Multiple zinc fingers in human proteins are individually
capable of mediating drug-dependent degradation at different efficiencies (18, 20). We
hypothesized that zinc finger domains could be engineered to mediate drug-dependent
degradation more efficiently than any present in the human proteome (hereafter termed
“super-degrons”). We created a library composed of all possible N-terminal beta-hairpin and
C-terminal alpha-helix combinations from 22 C2H2 zinc fingers that we previously
determined to mediate thalidomide analog-dependent binding to CRBN (18) and encoded
this library into a lentiviral degradation reporter vector wherein the zinc finger is tagged to
enhanced green fluorescent protein (eGFP) and followed by an internal ribosome entry site
(IRES)-mCherry element (18). The ratio of tagged eGFP to untagged mCherry fluorescence
indicates zinc finger degradation status.
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To screen for the synthetic zinc fingers that mediate drug-dependent degradation most
efficiently, we transduced Jurkat T cells with the hybrid zinc finger library and then treated
the cells with vehicle control or a thalidomide analog: lenalidomide, pomalidomide,
avadomide, or iberdomide (Fig. 3A). Fluorescence-activated cell sorting (FACS) was used to
isolate cells depleted of GFP-tagged zinc fingers (Fig. 3B), and the relative frequency of
individual zinc fingers was quantified by next-generation sequencing (data file S1). Zinc
fingers demonstrating drug-dependent degradation were enriched in drug-treated versus
control-treated eGFP!°W populations. With lenalidomide, the 21 most enriched zinc fingers
were hybrid forms, and 20 of these 21 candidate super-degrons were composed from the
matrix of 5 N-termini (ZN653, ZN827, ZFP91, ZN276, IKZF3) with 7 C-termini (ZN787,
ZN517, IKZF3, ZN654, PATZ1, E4F1, and ZKSC5) (Fig. 3C). Similar findings were
identified for pomalidomide (fig. S1), avadomide (fig. S2), and iberdomide (fig. S3). The
preferred N-terminal beta-hairpins converged on a similar sequence containing residues with
crystallographic evidence of side chain-drug interactions (18) but were otherwise
molecularly diverse (Fig. 3D). Through this analysis, we identified a group of zinc finger
subdomains that promiscuously combine to form lenalidomide-dependent hybrid super-
degrons more efficiently degraded than their parent zinc fingers.

To characterize individual super-degrons suited for synthetic biology applications, we
investigated 6 hybrid zinc fingers in further detail. We transduced Jurkat cells to express
each of the 6 hybrid and 8 associated parent zinc fingers and subjected the cells to a range of
doses of lenalidomide, pomalidomide, avadomide, and iberdomide. The ZN653-PATZ1
hybrid, for example, demonstrates more efficient pomalidomide-dependent degradation than
either parent zinc finger (fig. S4A). The half maximal degradation concentration (DC50) by
lenalidomide or pomalidomide was lower for the 6 hybrid zinc fingers than for the
corresponding parent zinc fingers (fig. S4B). Because the flanking sequence around the
IKZF1 zinc finger degron augments affinity for CRBN-pomalidomide (18), we tested
degrons extended by 60 amino acids to optimize the efficiency of our candidate super-
degrons (Fig. 3E-G). In this extended format, the DC50 of the most efficient super-degrons
was 2 — 6-times lower than that of the native IKZF3 degron across the tested thalidomide
analogs. Among several comparable sequences, we chose ZFP91-I1KZF3 for further study in
both ON- and OFF-switch CARs.

A hybrid zinc finger improves control of ON-switch split CARs

The enhanced degradation enabled by super-degrons indicated more efficient zinc finger-
lenalidomide-CRBN interactions. Increasing the drug-mediated interaction efficiency should
improve ON-switch CAR performance. Therefore, we compared split CARs with
dimerization domains engineered from IKZF3 or ZFP91-1KZF3 (split CAR, and split
CARy, respectively) (Fig. 4A). Both zinc finger-containing sequences included mutations of
all intracellular Lys residues to Arg residues to prevent ubiquitination. When Jurkat T cells
expressing these split CARs were exposed to CD19+ target cells and a range of lenalidomide
concentrations, the EC50 to increase the percent of CD69-positive cells was 7-fold lower for
split CARy compared to split CAR; (Fig. 4B); therefore, we focused on split CARy in
subsequent experiments.
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Lenalidomide ON-switch control of split CAR T cell function

To evaluate whether effector functions of primary T cells could be controlled by
lenalidomide, we transduced primary human T cells with vectors for split CARR. The split
CAR components were delivered by two separate lentiviral vectors with different fluorescent
protein markers. Thus, we used FACS to purify cells expressing neither, one, or both
components (Fig. 4C). NALM6 B-ALL target cell killing was restricted to T cells expressing
both components of the split CAR and exposed to 1 uM lenalidomide (Fig. 4D). Compared
to a control second generation CAR, cytotoxicity of the split CAR was similar at high and
moderate effector:target ratios but was lower than the control CAR once target cells
exceeded the number of effector cells (Fig. 4E). When tested across a range of lenalidomide
concentrations, the EC50 for cytotoxicity and interferon-gamma (IFN-y) production induced
by split CARy were 1 — 2 orders of magnitude below the 1.9 pM maximum plasma
concentration of lenalidomide in multiple myeloma patients with 25 mg per day dosing (31)
(Fig. 4F). Proliferation of split CAR T cells cultured with NALM® target cells was
dependent on lenalidomide (Fig. 4G). In summary, split CAR T cells demonstrated titratable
T cell activation, tumor cell killing, proliferation, and cytokine release at clinically relevant
lenalidomide concentrations, albeit at lower potency than the highly active conventional
CAR control.

We evaluated lenalidomide ON-switch split CAR T cells in vivo for both anti-tumor potency
and reversibility of drug regulation. Nonobese scid common gamma chain knockout (NSG)
mice were engrafted with CD19+ luciferase+ JeKo-1 mantle cell lymphoma cells. Six days
later, CAR or untransduced control T cells were injected, after which mice were left
untreated or treated daily with 50 mg/kg pomalidomide for 11 consecutive days (Fig. 4H).
Pomalidomide, which has similar activity and toxicity as lenalidomide and the same degron
specificity (17, 18), was used for in vivo experiments because it has a longer in vivo half-life
than lenalidomide. The control conventional CAR T cells mediated the most rapid and
complete tumor depletion (Fig. 41), consistent with their higher potency in vitro. With the
split CARy, we observed a reduction in overall tumor burden (Fig. 41-J) and enhanced
expansion of the T cell population (Fig. 4K) during pomalidomide treatment. After cessation
of pomalidomide treatment, residual tumor burden expanded, and the population of human T
cells contracted in the peripheral blood. At the endpoint of the study, the percentage of
human T cells in the spleen and bone marrow was comparable for the split CARy with or
without pomalidomide (Fig. 4L). In summary, split CARy T cells demonstrated reversible
lenalidomide ON-switch control of anti-tumor activity and T cell proliferation both in vitro
and in vivo.

A super-degron improves control of OFF-switch degradable CARs

To test whether the super-degron also improved OFF-switch CAR control, we transduced
Jurkat cells to express CD19-targeted CARs with either 4-1BB or CD28 costimulatory
domains and lacking a degron (CAR) or containing the IKZF3 degron (ID-CAR), the
ZFP91-1KZF3 super-degron (SD-CAR), or the super-degron with a Cys-to-Ala substitution
at the zinc-chelating position in ZFP91 (mutSD-CAR), which confers drug insensitivity (fig.
S5A). With either costimulatory domain and in response to either lenalidomide or
pomalidomide, SD-CAR was more efficiently degraded than ID-CAR (fig. S5B, S5C, S5D).
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Furthermore, these differences were reflected by differential effects on functional activity,
measured as reduction of CD69+ cells and reduced secretion of interleukin-2 (IL-2). As
expected, the cells expressing the mutSD-CAR were not affected by either thalidomide
analog. Lenalidomide had greater efficacy in reducing the abundance of the CAR and the
percent of CD69+ cells in cells expressing 4-1BB-based CARs than in cells expressing
CD28-based CARs (compare fig. S5B and S5D). Therefore, we focused primarily on 4—
1BB-bhased CARs.

We confirmed lenalidomide dose-dependent depletion of 4-1BB degradable CARs by
Western blotting (Fig. 5B). Little of SD-CAR was detectable in cells exposed to 1 nM
lenalidomide. In contrast, ID-CAR was readily detected at the same concentration.
Degradation of the canonical endogenous substrate IKZF3 was evident with 100 nM
lenalidomide. To confirm that degradation involved a Cullin-RING ligase-dependent
mechanism (14, 15), we examined cells expressing SD-CAR for stabilizing effects of an E1
inhibitor (MLN7243), a neddylation inhibitor (MLN4294), and lysosomal acidification
inhibitors (chloroquine or bafilomycin A). CAR degradation was inhibited by MLN7243 and
MLN4294 (Fig. 5B) and was insensitive to chloroquine or bafilomycin A (fig. S6).

We also examined the kinetics of OFF-switch CAR depletion after the addition of
lenalidomide. Half-maximal depletion of SD-CAR occurred in ~20 minutes (fig. S7TA). We
examined the dynamics of CAR re-synthesis after washout of lenalidomide. Half-maximal
recovery of degradable CAR abundance occurred after ~3.6 hours (fig. S7B). In sum, we
established that posttranslational control of degradable CAR protein abundance was rapid
and reversible, consistent with the degradation kinetics of other thalidomide analog substrate
proteins (17). These findings demonstrated reversible pharmacologic control of CAR
abundance.

Lenalidomide controls degradable CAR T cell effector functions in vitro

We next evaluated whether effector functions of degradable CAR T cells could be controlled
with lenalidomide. Primary human T cells were transduced to express conventional CAR or
SD-CAR. Lenalidomide selectively mediated degradation of SD-CAR in both CD4+ and
CD8+ cells (Fig. 5C). Conventional CAR abundance was insensitive to lenalidomide. In
coculture assays in which NALMBG target cells and lenalidomide were pre-mixed and then
simultaneously added to T cells, 200 nM lenalidomide completely inhibited target cell
killing by SD-CAR T cells at all effector:target ratios tested (Fig. 5D). Complete inhibition
of cytolysis indicated rapid kinetics of functional inhibition, consistent with the rapid
kinetics of CAR depletion (fig. S7A). We then analyzed cytokine production in response to
antigen stimulation. As expected, cells expressing conventional CAR increased production
of IL-2 when cocultured with target cells in the presence of lenalidomide (Fig. 5E).
Conversely, lenalidomide reduced the secretion of all evaluated cytokines from SD-CAR T
cells cocultured with target cells, indicating reduced T cell activation. Inhibition of
cytotoxicity and release of all evaluated cytokines indicated OFF-switch function in both
CD8 and CD4 T cell subsets. When tested across a range of lenalidomide concentrations,
half-maximal inhibition of cytotoxicity and cytokine production from SD-CAR T cells were
observed at approximately 1/100 of the maximum plasma concentration of lenalidomide
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with 25 mg per day dosing in patients (Fig. 5F). Proliferation of SD-CAR T cells stimulated
with NALMBG target cells was inhibited by lenalidomide (Fig. 5G). In summary, addition of
the super-degron enabled lenalidomide OFF-switch control of CAR T cell effector functions.

We evaluated cytolytic activity, cytokine secretion, and T cell proliferation for conventional
CAR and SD-CAR T cells cocultured with low antigen NALMG6 clones (fig. S8A). SD-CAR
T cells retained similar cytolytic capacity as conventional CAR T cells in the setting of
reduced antigen stimulation (fig. S8B). Only a modest reduction in cytokine release
differentiated SD-CAR versus conventional CAR T cells (fig. 8C). CAR- or SD-CAR-
expressing cells exhibited similar proliferation when cultured with either antigen-low
(CD19!%W) or parental wild-type target cells (fig. 8D). To test degradable CARS against an
alternative target antigen, we generated SD-CARs targeting the antigen BCMA. We
confirmed lenalidomide reduced the abundance of the BCMA-targeted SD-CAR (fig. S9A).
When cocultured with BCMA+ RPMI 8226 myeloma cells, Ienalidomide reduced anti-
BCMA SD-CAR T cell cytotoxicity, cytokine production, and proliferation (fig. S9B, S9C,
S9D). In summary, SD-CAR T cells were generalizable to multiple target antigens and target
antigen densities.

CD28 costimulatory domain-specific effects on degradable CARs

CAR T cells using 4-1BB or CD28 costimulatory domains are clinically approved, and have
well-characterized differences in signal transduction, effector functions, and persistence
(32). CARs with CD28 costimulation enforce strong T cell activation, resulting in rapid anti-
tumor effect but also T cell exhaustion and limited persistence (33). We generated SD-CAR
constructs with CD28 transmembrane and intracellular domains, along with the CD3z
signaling domain (fig. SLOA). Surprisingly, in this context, the super-degron resulted in
markedly reduced cell surface abundance of the SD-CAR in both CD4+ and CD8+ cells
compared with the abundance of conventional CAR, even in the absence of lenalidomide
(fig. S10B). Despite this low abundance, CD28 SD-CAR T cells exhibited cytotoxicity
against NALMBG target cells, which was partially inhibited with 1000 nM lenalidomide (fig.
S10C). In this co-culture assay, 1000 nM lenalidomide partially inhibited the release of
multiple cytokines, including IL-13, granulocyte-macrophage colony-stimulating factor
(GM-CSF), IFN-y, and IL-18, from CD28 SD-CAR T cells (fig. S10D). Of note, without
drug treatment, cytokine release was on average higher from the conventional versus the SD-
CAR T cells (data file S1).

Although the CD28 SD-CAR was relatively hypofunctional in vitro, in vivo control of
Jeko-1 lymphoma cells in mice was greater than that of conventional CAR T cells, when
evaluated either as tumor bioluminescence (fig. S10E, S10F) or as tumor cell burden in
harvested spleen (fig. S10G). Furthermore, T cell persistence in the bone marrow was higher
for CD28 SD-CAR T cells versus those with conventional CAR (fig. S10H). In summary,
these findings showed that the super-degron reduced the abundance of a CAR with the CD28
costimulatory domain, yet these degradable CARs demonstrated lenalidomide OFF-switch
regulation and retained anti-tumor activity in vivo.
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CAR degradation is reversible in vivo

We next evaluated the kinetics of degradable CAR depletion in vivo. We generated CAR-
luciferase fusions tagged with either the super-degron or, as a negative control, mutated
super-degron to monitor CAR abundance with bioluminescent imaging (Fig. 6A). As
expected, after exposure to lenalidomide, we observed a dose-dependent decrease in
luminescence from Jurkat cells expressing degradable but not control luciferase-tagged
CARs (fig. S11). Target antigen stimulation is required for primary human CAR T cell
engraftment in immunocompromised mouse models, but antigen-dependent CAR signaling
results in endocytosis of the receptor and would confound measurement of drug-dependent
CAR degradation. To overcome this issue, we measured in vivo pomalidomide-induced
degradation of SD-CARs by engrafting NSG mice with Jurkat T cells transduced with
luciferase-tagged CARs. The engraftment, proliferation, and receptor kinetics of these cells
are independent from the cognate antigen of the CAR. After establishing detectable
engraftment of Jurkat cells expressing luciferase-tagged CARs by bioluminescent imaging,
we administered a single 10 mg/kg pomalidomide dose by oral gavage (Fig. 6B). Six hours
after drug treatment, luminescence from SD-CAR was reduced by 5-fold compared to that
of the mutSD-CAR (Fig. 6C,D). After 24 hours, luminescence had recovered to amounts
similar to that prior to drug administration and both mutSD-CAR and SD-CAR abundance
was similar (Fig. 6C, D). Thus, the in vivo kinetics of degradation and re-appearance of SD-
CARs were consistent with our in vitro findings, and suggested that daily dosing of
lenalidomide or pomalidomide would transiently abrogate CAR expression, with recovery of
CAR abundance upon drug discontinuation.

Super-degron degradable CAR T cells exhibit anti-tumor activity

Subtle sequence changes to CARs have been associated with intended and unintended
consequences for CAR T cell efficacy and toxicity in clinical trials, as well as in pre-clinical
models (34—-36). Therefore, we determined whether addition of the zinc finger super-degron
impacts CAR T cell activity in a mantle cell lymphoma xenograft model. We engrafted NSG
mice with CD19+ luciferase+ JeKo-1 mantle cell lymphoma cells. One week later, we
injected 4-1BB-based CAR, SD-CAR, or untransduced control T cells (Fig. 7A). Tumor
burden was followed by bioluminescent imaging (Fig. 7B). Tumor burden and T cell
persistence were comparable between animals receiving cells with SD-CARs or
conventional CARs (Fig. 7C, D, E). Thus, in this setting the super-degron appeared a neutral
change for in vivo CAR T cell function.

Pomalidomide suppresses cytokine release from super-degron degradable CAR T cells

We evaluated whether degradable CAR T cell cytokine release was controlled with
pomalidomide in vivo, ideally at a drug concentration that spares anti-tumor effect. Having
identified a pomalidomide treatment dose and schedule that did not significantly alter anti-
tumor activity (fig. SI2A-E), we then used this regimen in a high-level tumor engraftment
model that provoked robust CAR T cell cytokine release. NALMBG cells were engrafted in
NSG mice one week before injection of SD-CAR or untransduced control T cells. On days 3
— 5 after T cell transfer, mice were either left untreated, treated daily, or treated twice daily
with 30 mg/kg pomalidomide (Fig. 7F). On the afternoon of day 5, serum concentrations
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were measured for a panel of human T cell cytokines. Compared with amounts in untreated
mice, IFN-y concentrations were reduced four-fold with daily and six-fold with twice-daily
pomalidomide treatment (Fig. 7G). IL-2 concentrations were reduced four-fold with daily
treatment (Fig. 7H. Thus, pomalidomide limited cytokine release, the major driver of CAR T
cell hyperactivation toxicities.

Discussion

Here, we established chemical genetic control of CAR T cells using human sequences and a
clinically approved, non-immunosuppressive small molecule controller. Regulated transgene
function has the potential to improve diverse gene- and cell-based therapies. User control of
therapeutics could enable use of highly active therapeutic proteins that would be toxic if
constitutively present (37). Although many synthetic gene regulation tools have been
developed (38), most use non-human components, small molecule controllers that have not
been clinically validated or immunosuppressive drugs, such as rapamycin, that may limit
CAR T cell efficacy.

The ternary complex interactions between ubiquitin ligases, targeted protein degraders, and
polypeptide degrons are a rich starting point to engineer synthetic control modules. For
clinical use, engineering efficient molecular switches regulated by subtherapeutic
lenalidomide doses is important to minimize the risk of drug side effects, including
myelosuppression (39). We performed a systematic screen to engineer super-degrons that are
depleted in the presence of low concentrations of lenalidomide. Whereas previous efforts
engineered the DNA sequence specificity of zinc fingers by altering DNA-contacting
residues (40), here we leveraged the modularity of beta-hairpin and alpha-helix subdomains
to build a library of hybrid zinc fingers. We were surprised that almost 5% of the hybrid zinc
fingers were more efficiently degraded than the parent zinc finger degrons that had
previously been discovered through screens of all C2H2 zinc fingers in the proteome for
thalidomide analog-induced degradation (18). Scalable functional genomic and directed
evolution approaches may uncover the sequence and structural determinants for enhanced
CRBN-drug interactions, as well as even higher affinity, bio-orthogonal super-degrons that
can be depleted at lenalidomide doses that spare endogenous substrates. Already, SD-CAR
was depleted at ~ 100-fold lower lenalidomide concentrations than those required to deplete
endogenous IKZF3.

As a proof of concept, we tested our chemical genetic switches in CARs to address a clinical
need and the challenge of regulating sensitive and highly active receptors that require near-
complete control for robust switch-regulatable function. We engineered a lenalidomide-
inducible dimerization system, which we used to gate two-component split CARs. These
ON-switch split CARs demonstrated tunable anti-tumor activity in vitro and in vivo. We also
developed lenalidomide-OFF-switch degradable CARs, which demonstrated control of T
cell effector functions at or below therapeutic drug doses. The particular robustness of the
degradable CAR may be due to “substoichiometric” pharmacologic effects of targeted
protein degraders, wherein a single molecule can induce the degradation of many target
proteins through serial docking interactions with CRL4CREN and substrate proteins (41). In
vivo, cells with degradable and conventional CARs exhibited similar anti-tumor activity and
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T cell persistence. A single dose of pomalidomide induced time-limited CAR degradation,
and a short course of pomalidomide inhibited inflammatory cytokine release.

With respect to limitations, lenalidomide ON-switch split CAR T cells were slightly less
active than conventional CAR T cells. Controllable, less potent CAR T cells may prove to be
safe at higher cell doses and could be tested against target antigens associated with safety
concerns. The addition of a degron had variable effects on CAR abundance. In our
experience, all evaluated degradable CAR constructs were active and controllable with
lenalidomide. In future applications, if necessary, effects of degron or dimerization domains
on receptor function could be mitigated by altering gene dosage or per-molecule signaling
strength along established lines (34, 36, 42, 43).

Numerous approaches to mitigate CAR T cell toxicities have been proposed (38). Rapalog-
based pharmacologic ON switches have achieved graded activation and temporal control
(29). Protein-based ON switches enable flexible antigen targeting from a single cellular
product (44). A suicide switch, such as a small molecule-inducible caspase system (45), can
terminate a CAR T cell response. Dasatinib inhibits proximal signaling downstream of the T
cell receptor (46, 47) and CAR (48, 49). Importantly, dasatinib can reversibly control CAR T
cell effector functions and alleviate cytokine production in models of cytokine release
syndrome (48, 49), demonstrating the potential therapeutic value of proximal CAR signal
inhibition. Whereas only nonspecific therapies like corticosteroids or dasatinib can regulate
the currently marketed CAR T cells, lenalidomide-gated chemical genetic switches offer the
unique benefits of (i) specific CAR inhibition that spares normal T cell receptor signaling
and (ii) generalizability to regulate diverse transgenes. Many of these approaches may prove
complementary.

In the near-term, one critical aspect of the development of drug-regulated CARs will be
defining the clinical and biomarker parameters that clinicians should use to decide when to
turn the CAR on or off. Initially, development of OFF-switch CARs could be tested in well-
defined entities such as cytokine release syndrome, for which the typical time course is days
to weeks soon after CAR T cell infusion. In contrast, ON-switch CARs may be of greatest
initial use in advancing novel targets that have not been fully validated in the clinic, and may
have low-level abundance in normal tissues, including CARs for most solid tumors. In this
case, cessation of the drug would liberate the patient from long-term use of both the drug
and the CAR activity.

Beyond mitigating toxicity, lenalidomide-gated CARs enable novel therapeutic
opportunities. Using dasatinib or a destabilization domain, transient rest from CAR signaling
protects against T cell exhaustion (50); future work may establish whether lenalidomide ON-
or OFF-switch control enhances the phenotype and function of exhaustion-prone CARs.
Future work will also determine the effect of lenalidomide-based control on CAR T cells
after prolonged exposure to various disease-specific tumor microenvironments. Third
generation CARs, switch receptors (51, 52), armored CARs (53), and other approaches to
enhance T cell effector functions and persistence could be controlled by dimerization or
degradation. The potent immunomodulatory and anti-tumor effects of lenalidomide may be
useful in some situations. Already, lenalidomide enhances the function of second-generation
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CAR T cells targeting multiple myeloma and glioblastoma multiforme (54-56). For
lenalidomide- or pomalidomide-sensitive malignancies, the CAR and the controller drug
could together mediate dual orthogonal mechanisms of tumor targeting. Together, our split
and degradable CAR T cells may combine favorable effects on T cell signaling, phenotype,
and tumor targeting.

Materials and Methods

Study design

The objective of the study was to engineer lenalidomide-induced degradation and
dimerization molecular switches using pooled, sequencing-based assays for protein
degradation as well as bioluminescence resonance energy transfer assays for protein
dimerization. These molecular switches were then used to design lenalidomide ON- and
OFF-switch CARs incorporating multiple tumor-targeting and signaling domains. Switch-
regulated CARs were functionally evaluated in Jurkat and primary human T cell models
using assays for T cell activation, cytotoxicity, cytokine release, and proliferation. In mouse
models, tumor growth was measured by bioluminescence, human T cells were enumerated
in the blood, bone marrow, and spleen, and human cytokine abundance was measured in
plasma samples. Cell line experiment replicates were variable and are indicated in the figure
legends. In vitro and in vivo primary cell experiments were performed multiple times with T
cells derived from a variety of normal human donors, with the exception of the in vivo SD-
CAR cytokine release model, which was performed once with multiple drug conditions in
parallel. For in vivo experiments, mice were randomly assigned to groups on the basis of
tumor burden. The study was not blinded.

C2H2 zinc finger hybrid degron library screen

Jurkat cells expressing a library of 440 C2H2 zinc fingers in an eGFP/mCherry protein
degradation reporter vector were treated with DMSO or a thalidomide analog for 16 hours.
mCherry*eGFP!oW cell populations were isolated by FACS in triplicate, and the relative
abundance of individual zinc fingers was quantified with next-generation sequencing. The
relative abundance of each zinc finger was then ranked, summed, and compared to a
simulated normal distribution. For validation, Jurkat cells were engineered to express
individual zinc fingers in the protein degradation reporter; the eGFP:mCherry ratio was
determined by flow cytometry after 16 hour incubation with varying concentrations of
thalidomide analogs.

Construction of chimeric antigen receptors

Transgenes were synthesized and cloned into lentiviral vectors. Split CAR component A was
constructed using the CSF2RA signal sequence, Myc tag, anti-CD19 scFv (FMC63), and the
CD28 hinge, transmembrane, and co-stimulatory domains, along with the zinc finger
dimerization domain, a P2A element, and mCherry. Split CAR component B was
constructed using the CD8 alpha signal sequence, hinge, and transmembrane domains,
CD28 costimulatory domain, CRBNA3, CD3z intracellular domain, and eGFP. A number of
degradable CAR constructs were generated, encoding the CD8 alpha signal sequence, Myc
tag, scFv targeting CD19 or BCMA, hinge domain from IgG4 or CD8 alpha, transmembrane
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domain from CD28 or CD8 alpha, co-stimulatory domain from CD28 or 4-1BB, and CD3z
domain. Transduced cells were detected by eGFP or mCherry expression.

NanoBRET proximity-based assays

Transgenes were synthesized and cloned into plasmids in frame with NanoLuc or HaloTag
(Promega). Plasmids were co-transfected into 293T cells, and 24 hours later cells were
treated with pomalidomide or vehicle control, as well as MG132 (10 pM) in some
experiments. 2 hours thereafter, the HaloTag 618 ligand was added and both NanoLuc and
HaloTag ligand emission was measured with an EnVision plate reader (PerkinElmer). mBU
(miliBRET units) = HaloTag ligand emission / Nanoluc emission x 1,000.

Jurkat CAR protein degradation and functional assays

Jurkat cells transduced with lentiviral vectors encoding CARs were cocultured for 16 hours
with either K562 target cells or K562 cells engineered to express CD19 in a 5:1 ratio. Jurkat
CAR T cells were then assessed by flow cytometry for CAR (anti-Myc tag; Cell Signaling
Technology, 2233) and CD69 abundance (Biolegend, 310920). Normalized CAR abundance
was calculated by subtraction of the mean fluorescence intensity of unstained cells and
normalization to the signal intensity of vehicle control-treated cells. IL-2 concentration in
the coculture supernatant was assessed by IL-2 ELISA (BD Biosciences, 555190).
Luciferase-tagged CAR luminescence was measured with an EnVision plate reader
(PerkinElmer).

T cell culture transduction

Human T cells were purified (Stem Cell Technologies, 15061) from anonymous human
healthy donor leukopacs obtained from the Massachusetts General Hospital blood bank
under an Institutional Review Board-approved protocol. Primary T cell stimulation,
transduction, and expansion was performed as previously described (57).

Cellular cytotoxicity, cytokine, and proliferation assays

Primary human CAR T effector cells were cocultured with target cells engineered to express
click beetle green luciferase. Cells were cocultured at the indicated ratios for 16 hours.
Luciferase activity was measured with a Synergy Neo2 luminescence microplate reader
(Biotek). Cell culture supernatant from these experiments was analyzed for soluble
cytokines (Luminex or BD Biosciences Cytometric Bead Array). Primary human CAR T
effector cells were covalently labeled with CellTrace Violet (ThermoFisher), cocultured with
target cells for 3 — 5 days, and analyzed by flow cytometry.

In vivo studies

All animal procedures were performed in accordance with Federal and Institutional Animal
Care and Use Committee requirements under protocols approved at the Broad Institute or
Massachusetts General Hospital. Mice were treated with the indicated pomalidomide dose.
Pomalidomide was solubilized in DMSO, and then diluted in PBS immediately prior to
treatment. Bioluminescence imaging was performed using an 1VVIS Spectrum in vivo
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imaging system. Serum cytokine assays were performed per manufacturer’s instructions
(Luminex or BD Cytometric Bead Array).

Statistical analysis

Data are presented as means + SD. The alpha level was 0.05. Statistical analyses were
performed in GraphPad Prism, using two-tailed Student’s #tests or two-way analysis of
variance (ANOVA) as indicated. The Tukey method was used to correct for multiple
comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: Engineering lenalidomide ON- and OFF-switch controllable CAR T cells.
(A) Schematic of the OFF-switch degradable CARs and their degradation induced by

lenalidomide (Ien) or other thalidomide analogs. The double line represents the plasma
membrane with extracellular above the line and intracellular below the line. (B)
Characterization of surface CAR abundance by flow cytometry using an antibody against the
Myc tag (not shown in the schematic). Jurkat cells were engineered to express an anti-CD19
CAR (left) or the same with addition of the zinc finger degron from IKZF3 (Degradable
CAR, right) and exposed to 1 uM lenalidomide or vehicle control overnight. UTD,
untransduced. (C) Schematic of the ON-switch split CARs incorporating a lenalidomide-
inducible dimerization domain composed of portions of CRBN in one subunit and IKZF3 in
the other and their activation by lenalidomide or other thalidomide analogs. (D) Jurkat cells
were engineered to express a conventional CAR (CAR) or a split CAR, co-cultured
overnight with either K562 cells or K562 cells engineered to express CD19 and 1 M
lenalidomide or vehicle control, and the percentage of cells positive for the early activation
marker CD69 was quantified by flow cytometry. Data representative of 1 of 2 independent
experiments performed in technical duplicate (B) or triplicate (D). Error bars indicate mean
+ SD of triplicate wells. Two-tailed ~test, #### P < 0.00005; ns, £> 0.05.
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Fig. 2: Engineering of a lenalidomide-inducible dimerization system and ON-switch split CAR.
Bioluminescence resonance energy transfer (BRET) was used to measure the association

between the indicated NanoLuc luciferase and HaloTag fusion proteins in 293T cells. (A)
BRET analysis of IKZF3 interaction with CRBN deletion variants. IKZF3 = amino acids
(AA) 130-189 of IKZF3. NTD, N-terminal domain; LLD-N, Lon-like domain (N-terminal
portion); LLD-C, Lon-like domain (C-terminal portion); TBD, thalidomide-binding domain.
(B) BRET analysis of IKZF3-CRBNAS3 incorporated into cell surface-localized fusion
proteins. 1928 = FMC63 scFv — CD28 hinge, transmembrane, and costimulatory domains.
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CD8-CD28 = CD8 hinge and transmembrane domain and CD28 co-stimulatory domain.
PD1 = PD1 transmembrane and cytoplasmic domain. LYN-CD28 = LYN myristoylation and
palmitoylation motif — CD28 costimulatory domain. MG132 was included in experiments A
and B. (C) BRET analysis of CD8-CD28-CRBNA3 and 1928-1KZF3 with or without
intracellular Lys — Arg mutations (iK0). mBU, miliBRET units. Individual values and
nonlinear regression are shown. Data represent one independent experiment performed in
technical duplicate. Two-way ANOVA, **** p< (.0001.
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Fig. 3: A screen of 440 hybrid zinc fingers identifies “super-degrons” targeted by subnanomolar

concentrations of thalidomide analogs.
(A) Schematic for the design and screening of a hybrid zinc finger (ZF) library encoded in

eGFP-tagged protein degradation reporter lentivector that also expressed mCherry as a

a

control for lentivector transgene expression. Jurkat cells were transduced with the lentivirus

library and then exposed to various thalidomide analogs or vehicle control (DMSO). FACS

was used to isolate eGFP!W cells, and next-generation sequencing (NGS) was used to

quantify the relative abundance of each sequence with and without drug treatment. (B) Flow

plot for Jurkat cells transduced with the eGFP-tagged zinc finger library after overnight
incubation with 1 uM lenalidomide or vehicle control. (C) Fold-enrichment of sequencing

read counts (lenalidomide/DMSO, scale 0 — 20) and corresponding empirical rank-sum test

Pvalues (0 — 5). Average of nine replicates is presented (library of triplicate barcoded

sequences assayed with triplicate independent biologic replicates). (D) Sequence features for

N- and C-terminal domains present in top candidate super-degrons. Amino acid positions
with prior crystallographic evidence of side-chain interactions with pomalidomide (open
circle) or CRBN (green circle) are noted. Jurkat cells were engineered to express the
indicated zinc finger constructs and treated with various thalidomide analogs. (E and F)
Degradation of GFP-tagged zinc fingers was assessed by flow cytometry from the vehicle
control-normalized eGFP/mCherry fluorescence ratio in Jurkat cells after treatment with
lenalidomide (E) or iberdomide (F). Individual values and nonlinear regression are shown.

Experiment was performed once in technical duplicate. (G) Nonlinear regression was used

to calculate half maximal degradation concentration (DC50) values for zinc finger
degradation by each drug.
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Fig. 4: Lenalidomide ON-switch control of split CAR function.
(A) Schematic of split CAR constructs. Each split CAR is composed of the indicated

antigen-binding part (part A) and the CD3z-containing part (part B). In part A, the
dimerization module is encoded either by amino acids (AAs) 130-189 of IKZF3, including
the minimal drug- and CRBN-interacting zinc finger (AAs 146-168) and adjacent sequences
that further enhance CRBN binding (split CAR)), or by the ZFP91-1KZF3 hybrid zinc finger,
which incorporates ZFP91 AAs 450-460 in place of IKZF3 AAs 146-156 (split CARp).
The intracellular domains of each part A are protected from CRL4CRBN ypiquitination by
Lys— Arg “K0” substitutions. In part B, CRBNAS3 is a deletion variant lacking the DDB1-
interacting domain from AAs 194-247. CAR indicates the second generation receptor
FMC63-CD28-CD3z. To detect transduced cells by flow cytometry, part A includes a P2A
element followed by mCherry, and part B includes in-frame eGFP. (B) Percent of CD69-
positive Jurkat CAR T cells after overnight coculture with K562-CD19 cells and a range of
lenalidomide concentrations. The maximum plasma concentration for once daily 25 mg
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lenalidomide in multiple myeloma patients is indicated by the dotted line. (C) FACS
purification of the indicated populations of primary T cells six days after transduction with
lentivectors encoding parts A and B of split CARy. (D) Cytotoxic activity of each sorted cell
population after overnight coculture with NALMG6 target cells at the indicated effector:target
ratios and lenalidomide or vehicle control. The comparison of AB versus UTD
(untransduced) control cells is noted. (E) NALMBG6 cytotoxic activity of split CARy versus
CAR and UTD. (F) Cytotoxic activity or IFN-y concentration (measured by bead array)
from the indicated CAR T cells after overnight coculture with an equal number of NALM6
cells and a range of lenalidomide concentrations. (G) CAR T cell proliferation after 5 days
of coculture with NALM® cells. For in vitro experiments, error bars indicate mean + SD of
triplicate wells in all cases except proliferation, which shows individual values and means of
duplicate wells. (H) Experimental design of in vivo study. (I) Bioluminescence flux
(photons/s) of whole mice in each group, indicating tumor burden. (J) Bioluminescence at
representative time points. ANOVA of split CAR with versus without lenalidomide is
indicated. (K) Blood T cell quantification at representative time points. £tests of split CAR
with versus without lenalidomide treatment at each timepoint are indicated. (L) Percent of
human CD3+ cells in the spleen and bone marrow at day 23 (D23). For in vivo experiments,
error bars indicate mean + SD of pentuplicate groups. Data represent 1 of 2 independent
experiments. Two-way ANOVA, * P< 0.05; ** P< 0.005; **** P< 0.0001; ns, A> 0.05.
Two-way ttest, ## P < 0.005; ### P < 0.0005; ns, 2> 0.05.
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Fig. 5: Subtherapeutic lenalidomide concentrations trigger super-degron OFF-switch degradable
CARs with 4-1BB and CD3z signaling domains.

(A) Degron-containing CAR constructs. The IKZF3 degron (ID) is encoded by the fragment
of IKZF3 from amino acid (AA) 130-189. The ZFP91-IKZF3 super degron (SD)
incorporates ZFP91 AAs 450-460 in place of IKZF3 AAs 146-156. The mutated super-
degron (mutSD) has a C452A mutation in the ZFP91 fragment that abolishes drug binding.
(B) Jurkat cells expressing the indicated CARs were drug treated overnight and then
analyzed by Western blot for CAR (using an antibody recognizing CD3z) and other
specified targets. (C) Surface CAR abundance (detected with antibody recognizing the Myc
tag) on CD4+ and CD8+ CAR T cells after overnight incubation with lenalidomide or
vehicle control. UTD, untransduced. (D) Cytotoxic activity of primary human CAR T cells
after overnight coculture with NALMG target cells and lenalidomide or vehicle control. (E)
Cytokine concentrations in coculture supernatants measured by bead array (9:1 CAR
T:NALMG ratio). (F) Cytotoxic activity of or IFN-y secreted from the indicated CAR T
cells after overnight coculture with an equal number of NALMBG cells and a range of
lenalidomide concentrations. IFN-y was normalized to the concentration without
lenalidomide for each construct. (G) CAR T cell proliferation after 5 days of coculture with
NALMBG cells. Data represent 1 of 2 independent experiments. Error bars indicate mean +
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SD of triplicate wells. Individual values and means are shown for multiplexed cytokine
analysis and proliferation, which were performed in duplicate. Two-way ANOVA, **** p<
0.0001; ns, P> 0.05. Two-way &test, ## P< 0.005; ns, £> 0.05.
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Fig. 6: Reversible lenalidomide OFF-switch control of a degradable CAR in vivo.
(A) Schematic of luciferase-tagged CAR constructs. (B) Experimental design for in vivo

CAR depletion analysis: NSG mice were injected intravenously with 5 x 10% Jurkat cells
expressing the SD or mutSD CAR reporter; after engraftment, bioluminescent imaging was
performed before and after one dose of 10 mg/kg pomalidomide administered by oral
gavage. (C) Luminescence 24 hours before, 6 hours after, and 24 hours after pomalidomide.
Two-way ttest, ## £ < 0.005 at 6 hours post, Z> 0.05 at other timepoints. (D)
Bioluminescence flux (photons/s) of whole mice in each group, indicating CAR protein
abundance. Data represent 1 of 2 independent experiments.
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Fig. 7: Degradable CAR function and cytokine OFF-switch in vivo.
(A) Experimental design: NSG mice were injected intravenously with 1 x 108 GFP+/

luciferase+ JeKo-1 tumor cells. At day 0, mice were randomly assigned on the basis of
tumor burden to receive 1 x 108 untransduced, CAR, or SD-CAR T cells. (B)
Bioluminescence of whole mice in each group, indicating tumor burden. (C)
Bioluminescence flux (photons/s) at representative time points. Two-way ANOVA, ns, P>
0.05. (D, E) Percent of JeKo-1 and human CD3+ cells in the bone marrow and spleen at day
35 (D35). Error bars indicate mean + SD of pentuplicate groups. (F) Experimental design
for in vivo CAR T cell cytokine release analysis: NSG mice were injected intravenously
with 1 x 108 NALMS cells. At day 0, mice were randomly assigned on the basis of tumor
burden to receive 2 x 10° untransduced or SD-CAR T cells. From days 3 — 5, mice received
no treatment, once daily, or twice daily 30 mg/kg pomalidomide by oral gavage. On the
afternoon of day 5, serum was analyzed by bead array for human cytokines. (G, H) Serum
IFN-y and IL-2 concentrations. QD, daily. BID, twice daily. Two-way #test, # < 0.05; ns,
P>0.05.
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