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Abstract

Adoptive transfer of T cells can be an effective anti-cancer treatment. However, uncontrolled or
unpredictable immediate or persistent toxicities are a source of concern. The ability to
conditionally eliminate aberrant cells in vivo therefore is becoming a critical step for the
successful translation of this approach to the clinic. We review the evolution of safety systems,
focusing on a suicide switch that can be expressed stably and efficiently in human T cells without
impairing phenotype, function or antigen specificity. This system is based on the fusion of human
caspase 9 to a modified human FK-binding protein, allowing conditional dimerization in the
presence of an otherwise bioinert small molecule drug. When exposed to the synthetic dimerizing
drug, the inducible caspase 9 (iC9) becomes activated and leads to the rapid apoptosis of cells
expressing this construct. We have demonstrated the clinical feasibility and efficacy of this
approach after haploidentical hematopoietic stem cell transplant (haplo-HSCT). Here we review
the benefits and limitations of the approach.

Introduction

Cellular immunotherapies, including T cells genetically modified to selectively target
malignant cells, are a promising cancer treatment as they augment the host immune response
[1-4]. Antigen-specific T cells such as virus-specific cytotoxic T lymphocytes can expand in
vivo, actively traffic to tumor sites, expand upon exposure to antigens, and persist long term.
Moreover, activated T cells can recruit additional and distinct sets of cellular and cytokine-
mediated effector mechanisms once antigen is recognized [5-8]. Given the desirable
properties of these cell therapies, there has been great interest in adoptively transferring T
cells capable of recognizing and destroying human tumors. In clinical trials, T cells modified
to recognize specific tumor-associated antigens have produced activity against malignant
cells and have led to impressive clinical responses [9-15]. Clinical trials, however, have also
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shown that antigen-specific T cells can have severe, even fatal, toxicities due to lack of
control over their activation, expansion and persistence /n vivo. Both on-target (e.g.
CD19_CAR-T cells) and off-target toxicities (e.g. using affinity enhanced T cell receptors)
have been reported [16-20]. Adverse events following T cell-based therapies may be
immediate or delayed, mild or severe, and may persist or worsen over the lifespan of the
infused T cells. This ability to persist long-term even in the absence of additional T cell
doses distinguishes toxicities associated with adoptive T cell transfer from the pattern of
toxicity associated with most small-molecule pharmaceuticals. Thus, how to effectively
ablate or control adoptively transferred cells should unwanted effects occur remains a major
challenge for cell therapy using conventional antigen-specific T cells.

On-target toxicities may result acutely from excessive cytokine release or from tumor lysis
syndrome due to massive activation and proliferation of the infused cells when they
encounter tumor [21-24]. On-target but off-tumor toxicities result from damage to normal
tissues that share the targeted antigen, for example the hypogammaglobulinemia that follows
the prolonged depletion of normal CD19+ B cells by long-lived T cells engineered to
express chimeric antigen receptors (CAR) specific for CD19 (CD19-CAR T-cells). In other
conditions, cross-reactivity with unrecognized expression of shared/cross-reactive epitopes
can lead to severe or fatal neurologic and cardiac toxicities [19,20,25-28]. Thus, there is
considerable interest in developing approaches to control the activation, expansion and
persistence of infused cells over time. One approach is to use biodegradable cells, in which
T lymphocyte transcribed RNA leads to high but transient expression of CAR on T cells
[29-31]. In this review, we will instead focus on the ability to conditionally eliminate
engineered T cells through the activation of cellular safety switches.

The ideal safety switch has a number of desirable characteristics. The switch should not
itself be immunogenic, activation should use an otherwise inert agent that causes no damage
to recipient endogenous cells or organs and that does not exacerbate the toxic effects of the
cells to be destroyed. The ability for the switch/activating drug to function as a titratable
“rheostat” is also desirable, as it would allow very low doses of the drug to be given to
control adverse effects without complete abrogation of therapeutic benefit.

Several safety switches have been developed over the past decade but none has every desired
characteristic. One set of switches targets surface molecules (CD20, EGFR) [32-37], while a
second uses a transgenic enzyme to activate a cytotoxic pro-drug (HSV-thymidine kinase
gene + GCV or cytosine deaminase + 5FC) [38—44]. Engineering therapeutic T cells with a
peptide-specific antibody-based switch is another strategy to control the activation and
expansion of these cells [45].

Evolution of safety switches

Monoclonal antibody-mediated suicide gene

Genetically modifying cells to produce a membrane-expressed protein allows for cell
depletion after administration of a specific monoclonal antibody. Human CD20 can be used
in this way, inducing cell death by the widely available CD20 mAb, Rituximab. In the
presence of Rituximab, up to 90% of CD20 transduced cells are depleted [32—-35]. However,
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normal B cells are also destroyed by this approach and since Rituximab is widely used as a
treatment for B cell Non-Hodgkin lymphomas (NHL), the persistence of this antibody in
vivo after treatment would lead to inadvertent destruction of any CAR T cells using CD20 as
the suicide gene infused to NHL patients after previous Rituximab treatment. An alternative
approach uses truncated human epidermal growth factor receptor (EGFR; ErbB-1, HER1 in
humans), which is a tyrosine kinase receptor for the ErbB family of growth factor receptors
that is not expressed by cells of the hematopoietic and lymphopoietic systems. A truncated
EGFR co-expressed with T cells enables cell selection, tracking and ablation /in vivo after
systemic anti-EGFR monoclonal antibody administration. As yet, we do not know how
effective this approach will be in humans [36,37].

Transgenic enzymes and prodrug therapy

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is the most widely used
adoptive immunotherapy to treat cancer and the only curative treatment for some high-risk
hematological malignancies. However, the incidence of disease relapse and post-transplant
infection in patients receiving an unmanipulated transplant is lower than in patients receiving
a T-cell-depleted graft, indicating that mature T cells present in the donor graft can both
protect against viral infection and reactivation and produce a graft versus tumor (GVT)
effect [46—49]. Investigators have shown that the post-transplant infusion of small numbers
of donor T lymphocytes depleted of recipient-reactive T cells can improve immune
reconstitution and antiviral immunity in HSCT recipients [50-54]. Engineered T cells with
safety switches have been developed to increase the feasibility of infusing higher numbers of
donor-derived T cells whilst providing a tool to control the increased risk of acute graft-
versus-host disease (GvHD) that would otherwise be associated with any incomplete
abrogation of alloreactivity.

To improve the safety profile of cellular products after allogeneic HSCT, the herpes simplex
virus thymidine kinase (HSV-TK) gene was transferred into donor T cells. HSV-TK enzyme
has 1000 times greater affinity for substrates such as gancyclovir (GCV) and acyclovir than
host cell thymidine kinase. HSV-TK phosphorylates GCV to the active moiety, which
interferes with DNA synthesis, thereby killing dividing cells. Thus, HSV-TK can be used as
a suicide gene in the presence of GCV. The first clinical application of this safety switch was
its expression in allogeneic donor T cells administered after allo-HSCT to enhance immune
recovery. If patients developed acute GvVHD, they received GCV as a prodrug. This approach
resulted in abrogation of the adverse effects while sparing the anti-viral activity of the
infused T cell product [38,39]. Subsequent studies and clinical trials have supported the
effectiveness of this approach, which is now in a Phase 11 clinical trial [55-60].

Although HSV-TK is an effective safety switch for acute GvHD due to transfer of donor T
cells after HSCT, it has significant drawbacks that may limit its value as a more broadly used
safety gene for other cellular therapies. First, the immunogenicity of HSV-TK can lead to the
induction of an immune response to HSV-TK transduced T cells, an effect that will likely be
even more common in circumstances when the transduced T cells are administered to more
immunocompetent hosts. These immune responses may compromise the persistence of the
infused T cells. Secondly, HSV-TK-mediated cell death requires GCV or similar
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compounds, which are important pharmacological agents for the prophylaxis and treatment
of cytomegalovirus infection in immunocompromised hosts. Administration of the prodrug
to treat these infections necessarily leads to concomitant and undesired elimination of the
transduced cell population. Finally, HSV-TK-mediated killing primarily affects dividing
cells and takes several days or even weeks to reach maximum effectiveness, a delay that may
be excessive for patients who develop more acute toxicities after treatment with T cell
therapies [61-63].

Other investigators have used cytosine deaminase (CD) gene transfer, which converts the
antifungal drug 5-fluorocytosine (5-FC) into the cytotoxic 5-fluorouracil (5-FU) [40,41] by
catalyzing the hydrolytic deamination of cytosine into uracil and by the further conversion of
5-FU into potent anti-metabolites (5-FAUMP, 5-FdUTP, 5-FUTP) by cellular enzymes.
These compounds inhibit thymidylate synthase and the production of RNA and DNA,
resulting in cell death. Although these approaches have looked promising in some pre-
clinical models, the low efficiency of bacterial CD to convert 5-FC into 5-FU limited the
overall therapeutic response. Recently, Ghosh et al. have mutated CD to increase its affinity
to 5-FC and reduce the amount of 5-FC required as prodrug [42—44].

Inducible dimerization by small molecules

To improve upon the above approaches by reducing immunogenicity and toxicity while
increasing speed and efficacy, we developed an approach that exploited the control of
cellular signaling through ligand-mediated dimerization of intracellular proteins. We used
cell-permeable synthetic ligands that bind to FK506 binding protein 12 (FKBP12). FKBP12
belongs to the immunophilin family of receptors, a physiological function of which is to
bind to and inactivate calcineurin [64—66]. Calcineurin inhibition leads to impaired T-cell
receptor signaling and consequent immunosuppression [67]. In order to create a cellular
control switch without the unwanted physiological and toxic effects of calcineurin
inhibition, Clackson and colleagues redesigned the ligand-FKBP12 interface. They created a
specificity-binding pocket in FKBP12 by substituting the bulky phenylalanine with the
smaller valine residue (FKBP12-F36V). The redesigned ligand has high affinity and
selectivity for FKBP12-F36V and interacts minimally with endogenous FKBP [68]. In 2001,
a dimeric form of this ligand, called AP1903, underwent safety testing in healthy volunteers
without significant adverse effects [69].

Based on these studies, we devised a safety switch for T cells that exploits dimerization of a
modified caspase 9 molecule, a component of the intrinsic (mitochondrial) apoptotic
pathway. Under physiological conditions, caspase 9 is activated by the release of cytochrome
C from damaged mitochondria. Activated caspase 9 then activates caspase 3, which triggers
terminal effector molecules leading to apoptosis (Figure. 1). The optimized inducible
caspase 9 molecule (iC9) consists of an FKBP12-F36V domain linked via a flexible Ser-
Gly-Gly-Gly-Ser linker to Acaspase 9, which is caspase 9 without its physiological
dimerization domain (caspase activation domain (CARD)). These inducible apoptotic
components are followed by a selectable marker, truncated CD19 (ACD19), linked by a 2A-
like sequence encoding a cleavable peptide. Inducible caspase 9 has low dimerizer-
independent basal activity and can be stably expressed in human T cells without impairing
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their phenotype, function or antigen specificity [70,71]. A single 10nM dose of AP1903,
also referred to as chemical inducer of dimerization (CID), induces apoptosis in up to 99%
of iC9-transduced cells selected for high expression of the transgenic CD19 marker in vitro
and in vivo [70-73]. The killing efficiency is significantly lower in cells with low or
intermediate levels of transgene expression. We will discuss below the implications of this
decreased Killing for multiple rounds of AP1903 treatment in patients [74].

Clinical applications of iC9 safety switch post HSCT

Ex vivo allodepletion of donor T cells—As described above (Transgenic enzymes
and prodrug therapy), hematopoietic stem cell transplants contain a high frequency of
alloreactive T cells. Even when donor and recipient are haploidentical at the HLA loci, the
frequency of T cells recognizing the non-shared HLA haplotype can be as high as 10%. To
avoid lethal GVHD, it is necessary to extensively deplete T-cells from the donor graft either
by positive selection of CD34-positive HSCs or by negative selection of T cells. Although
extensive T-cell removal of the graft effectively prevents graft rejection and GvHD, the
process also causes prolonged and profound post-transplant immunodeficiency with
compromised antiviral immunity, in addition to the increased the risk of relapse as described
above. As a consequence, infections remain a significant cause of morbidity and mortality
and are a frequent cause of treatment failure after haploidentical transplantation [52-54]. We
and others have demonstrated that haploidentical donor T cells can be returned to patients
after T cell-depleted allografts with a low incidence of severe GvHD, provided those donor
T cells are first depleted of the recipient-reactive component. Preclinical and clinical studies
have shown several approaches by which alloreactive T cells can be depleted [51,52,75-77].
Our own studies focused on the use of a CD25 immunotoxin that recognizes the CD25
activation-associated marker expressed on alloreactive donor T cells after in vitro exposure
to recipient antigen presenting cells [78,79]. Infusion of these allodepleted T cells improved
immune reconstitution and antiviral immunity at doses as low as 3x10° per kg [52,72].
Nonetheless, incorporation of the iC9 safety gene provides the ability to conditionally
eliminate these allodepleted T cells in the event of unanticipated GvHD and greatly
improves the safety of T-cell addback. We also considered that the feasibility of using iC9 as
the sole safety mechanism for haploidentical donor T cell infusions not first subjected to
allodepletion.

From an abundance of caution, we started the first clinical trial using the iC9 system on
allodepleted haploidentical donor T cells. Patients who had undergone CD34-selected haplo-
HSCT were administered escalating doses (1x108—1x107/Kg) of iC9-modified allodepleted
T cells from day 30 after transplant. The iC9-T cells expanded and were detected in the
peripheral blood as early as 7 days after infusion. Four patients out of ten developed acute
GVHD grade 1-2 of the liver and/or skin. When GvHD occurred, >90% of the iC9-T cells
were eliminated within 2 hours of dimerizer administration, and GvHD was rapidly (within
24 hours) and permanently resolved. Remarkably, residual iC9-T cells were able to re-
expand; these remaining cells contained pathogen-specific precursors and persisted long-
term without recurrence of GvVHD [80]. Hence, a single dose of AP1903 can rapidly and
permanently control of GvHD, and the kinetics of endogenous T-cell reconstitution appeared
identical to those observed in patients in whom we did not activate the iC9 transgene.
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However, the iC9-T cells infused in this study had already been depleted of alloreactive
precursors by ex vivo culture with recipient B cell lymphoblastoid cell lines followed by
negative selection of responding (alloreactive) donor T cells. This lengthy and complex
process takes about 3 months and so is impractical for patients requiring urgent
transplantation, while its complexity makes the process unsuited for scaling to general
clinical use.

In vivo allo-depletion of donor T cells

Toxicity

To make the iC9 suicide gene more clinically practicable, we investigated whether /C9
activation alone is sufficient to produce both rapid and long-term control of GvHD caused
by alloreplete haploidentical donor T cells /n7 vivo. This new method greatly shortened the
manufacturing time to less than 2 weeks. In a subsequent clinical trial, we demonstrated that
alloreplete iC9-T cells can engraft, persist at least two years and provide effective antiviral
immunity. The iC9-T cells enabled more rapid immune reconstitution than reported after
haplo-HSCT without adoptive T cell transfer. Consistent with a previous study in which
patients received ex vivoallodepleted iC9-T cells, in this clinical trial the absolute count of
endogenous CD3+ T cells was greater than 500 cells per pl at 4 months after iC9-T cell
infusion (approximately 5.5 months post-transplantation), while similar T cell counts are
reached only between 9-12 months after haplo-HSCT if patients do not receive T
lymphocyte add-back [73,80].

In general, the iC9 transgene and dimerizer appear to be non-toxic, although one patient who
received multiple doses of the drug (see below: Single versus serial activation) had mild and
transient pancytopenia (Grade 2) that was present immediately after each administration of
AP1903 and resolved within 72 hrs. This response was not observed in the Phase I/11 studies
on healthy volunteers or in other treated patients. The mechanism underlying this
idiosyncratic reaction is unclear, but it is likely not attributable to direct toxicity to marrow
or blood cells since it lasted less than 3 days after each administration of the drug [74].

Broader application of iC9 gene

As described in the introduction, one setting in which a safety genes would be particularly
useful is to control severe on or off-target toxicities from gene modified T cells. Although
patients who receive T cell addback after HSCT do not develop the same severe cytokine
release syndrome (CRS) as seen after administration of CAR T cells, a milder variant of the
disorder is seen with high circulating cytokine levels associated with high fevers and
respiratory compromise. One of our patients developed acute GvHD and this became
associated with a CRS, as manifested by hyperpyrexia and a high level of circulating
cytokines. Through this patient, we were able to determine the potential impact of iC9
activation on CRS. Within 2 hours of AP1903 administration and in the absence of
additional therapy the patient’s temperature normalized, skin rash dramatically improved
and the elevated plasma cytokine levels declined [73].

We do not yet know whether the iC9 system can be activated in every tissue in which T cell
toxicity might be manifest, but there is evidence that AP1903 can effectively deplete iC9-
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transduced T cells in the CNS as well as in the skin, gut and liver if these organs are affected
by GvHD. For instance, one patient developed acute GvHD after VZV meningitis, and was
given dimerizing drug with complete response. Comparison of iC9/CD19+ T cells in the
CSF before and after dimerizer administration showed a level of depletion equivalent to that
seen in peripheral blood.

Thus, iC9 in vivo allodepletion can be achieved by single dose of CID administration, with
resolution of associated signs and symptoms of GvHD within 6 to 48 hours. Importantly,
there was no recurrence of GvHD associated with the gradual recovery of iC9-T cells
following AP1903 administration.

Benefits and limitations

Long-term follow-up revealed that the /n7 vivo persistence of iC9-T cells benefits patients
through immediate and sustained protection from major pathogens in the absence of acute or
chronic GvHD. This restored immunity is mediated initially by the infused cells themselves,
and subsequently by an apparently accelerated reconstitution of endogenous naive T
lymphocytes [80].

Spontaneous dimerizer-independent apoptosis is a potential drawback of iC9, but we have
not observed any significant impact on in vivo expansion. Dimerizer-mediated elimination of
iC9-T cells requires a minimum expression level for the iC9 transgene. Expression is
determined in large part by the site of transgene integration and the level of cell activation.
At the time of onset of GvHD, most of the contributing alloreactive T cells will have
activated TCR signaling and will therefore express a higher mean level of iC9 than resting
cells. As a consequence alloreactive cells contributing to GvHD be even more likely to be
eliminated than the bulk T cell population [71,72,74,81]. Nonetheless a small population of
alloreactive T cells will likely survive exposure to dimerizing drug, but in clinical studies to
date these have been insufficient in number or activity to cause resurgent GvHD. It is
possible, however, that a larger treatment series will show occasional failures of elimination
and persistence or resurgence of GvHD.

Single vs serial activation

Although a single dose of dimerizing drug can immediately control the symptoms and signs
of short-term toxicities induced by adoptively transferred cells, a small number of low
expressing residual cells persist, and we observed that these iC9-T cells can subsequently
expand and repopulate patients. Although this resurgence does not lead to a recurrence of
GVHD, likely because the alloreactive T cells causing GVHD are among the highest
expressing population due to their activation state, a resurgence of the transduced population
may be undesirable in any setting in which control of the adverse effects requires more
sustained T cell ablation. We have shown that under these circumstances repeat
administration of CID alone or in combination with other agents may be feasible and safe.
After multiple doses of CID, there is additional depletion of T cells, although the percentage
of killing is progressively lower with each dose. Nonetheless, up to 85% of iC9-T cells were
eliminated from peripheral blood after the third CID treatment in one patient.
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Multiple mechanisms likely contribute to the dimerizer resistance of the small population of
iC9+ T cells that remain after multiple CID treatments. These factors include proviral
integration sites that favor low gene expression, transgene silencing by promoter
hypermethylation, high expression of anti-apoptotic proteins in the apoptosis pathway, and
sporadic nonsense mutations of the iC9 transgene [74,81-83]. Substituting potent internal
promoters and introducing the transgene into lentiviral vectors may help overcome these
limitations, as may the use of specific gene editing into consistent sites in the host cell DNA
to ensure high levels of constitutive expression. Likely, a variety of these approaches will
need to be combined for there to be sustained susceptibility of iC9 in all cells.

Immunotherapy is one of the most promising approaches for cancer treatment and the iC9
system can rapidly and safely control a broad range of toxicities from adoptively transferred
T cells. Our approach exploits a drug that is bio-inert rather than a therapeutically relevant
pro-drug, and it may be less immunogenic than the HSV-TK system in immunocompetent
recipients. Successful clinical validation of the iC9 safety switch has suggested a number of
possible applications in cellular therapies for both hematological diseases and solid tumors.
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Highlights
. iC9 safety switch is designed to increase the safety of immunotherapy.
. It is based on the fusion of human proteins and non-immunogenicity.
. Activation of iC9 can rapidly and safely control a broad range of
toxicities.
. Serial activation of iC9 safety switch /n vivo is feasible and safe.
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Figure 1. The structure of the iC9 suicide gene
(A) The transgene consists of an inducible caspase 9 (iC9), and a selectable marker,

truncated CD19 (ACD19), linked by a 2A-like sequence, which encodes a cleavable peptide.
iC9consists of a drug-binding domain (FKBP12-F36V) connected via a short linker
(SGGGS) to human caspase 9. (B) Conditional Caspase 9 dimerization is induced in the
presence of CID (AP1903), cleaving caspase 3 and leading to cell apoptosis.
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