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Abstract

T cell therapies utilizing engineered T cells show great promise for cancer immunotherapy, as
illustrated by the CD19 paradigm. Much of the excitement about this approach, and second
generation CARSs in particular, is due to the dramatic clinical results recently reported by a few
centers, especially in acute lymphoblastic leukemia, and the applicability of this approach, in
principle, to a wide range of cancers. Extending the use of CAR therapies to cancers other than B
cell malignancies will require selective tumor targeting with minimal or acceptable “on-target, off-
tumor” effects. The identification of new CAR target antigens is thus one of the next big
challenges to address. Recognizing the paucity of currently available tumor-specific targets, we
have developed broadly applicable approaches to enhance the tumor selectivity and safety of
engineered T cells. Here we review two promising concepts. One is to improve tumor targeting
based on combinatorial antigen recognition. The other utilizes receptors that provide antigen-
specific inhibition, which we named iCARs, to divert T cells from the normal tissues one wants to
protect.

Introduction

Engineered adoptive T cell therapies that utilize exogenous receptors to redirect the
specificity and function of T lymphocytes are emerging as a promising cancer therapyl. The
targeting of tumor cells (or tumor stroma) may be mediated by expressing either a T cell
receptor (TCR) or a chimeric antigen receptor (CAR)23. In addition to mediating antigen
recognition, CARs that encode costimulatory domains have the capacity to augment T cell
function and persistence, extending the function of the transduced antigen receptor far
beyond what a TCR or first generation CAR can achieve3. Dual-signaling CARs not only
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redirect T cell specificity but also exert a broad range of immune-modulatory functions*>.
Such CARs, which we named “second generation CARs”, have recently induced remarkable
responses in patients with B cell malignancies®~10, most strikingly in patients with acute
lymphoblastic leukemiall-13,

In principle, any cell surface molecule can be targeted through a CAR, thus over-riding
tolerance to self-antigens and filling any gaps in the T cell repertoire. CARs are not HLA-
restricted, and may bind to any cell surface structure, whether a protein, carbohydrate or
glycolipid. Identifying appropriate targets for CAR therapy is critical as it is challenging to
identify targets that allow for complete tumor eradication, while avoiding damage to normal
tissues that express the same target antigen (“on-target, off-tumor effect”) complications
from reacting to target on normal cells. Over a decade ago, we provided proof-of-principle
of CAR T cell function utilizing human peripheral blood T cells targeted to CD19 in order to
eradicate a broad range of B cell malignanciesl4. CD19 is a cell-surface antigen found on
most B lineage lymphomas and leukemias®. We chose CD19 because it is highly expressed
in these tumors, uncommonly lost and, most importantly, only found amongst normal tissues
in the B cell lineage. Thus, a successful therapy would be expected to induce a B cell
aplasia, as is indeed observed in murine models'6-17 and in patients treated with CD19 CAR-
targeted T cells6-13. Most importantly, no cytotoxicity against another tissue or organ is
expected, and indeed none has been reported to date.

Other instances of “on-target, off-tumor” responses have been observed, sometimes with
serious consequences. Undesirable but manageable toxicities have been observed upon
targeting carbonic anhydrase 1X (jaundice) or MART-1 (ophthalmic and auditory
effects)18:19, The targeting of HER2 with a CAR and MAGE-A3 antigens with TCRs has led
to fatal complications caused by unanticipated reactivity in the cardiovascular or central
nervous systems20-23,

One therapeutic solution is to utilize suicide genes in the T cell therapy to be able to abort a
threatening undesirable response24-26, The downsides to this effective approach are that it is
reactive, rather than preventive, and further results in abrogating therapeutic benefits as all
infused T cells undergo ablation irrespective of their function or location. Approaches that
prevent rather than treat adverse effects would be much preferable. The simplest scenario is
to have an absolutely tumor-specific target. This is, however, seldom the case amongst
currently known candidates®27. Here we review two promising alternative approaches. One
is to improve tumor targeting based on combinatorial antigen recognition28. The other is to
utilize receptors that provide antigen-specific inhibition, which we named iCARs, to divert T
cells from the normal tissues one wants to protect2®.

Combinatorial antigen recognition

In order for CAR and TCR therapies to become a reality for the treatment of a spectrum of
cancers, approaches to finely control the targeting of the therapies are needed. This is a
challenge in the absence of an identified tumor-unique antigen for most tumors. We discuss
here one approach to achieve tumor selectivity despite not having access to a tumor-
restricted target. Thus, T cells may be rendered more selective through combinatorial
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antigen recognition, i.e. the requirement for recognizing a set combination of antigens in
order to undergo full activation. We recently described a strategy that integrates
combinatorial antigen recognition, split signaling, and balanced strength of T cell activation
and costimulations??,

This approach requires the coexpression of two types of receptors, each one recognizing a
different antigen and providing a different signal. T cell activation is provided through TCR
or CAR-mediated recognition of one antigen, while costimulation is independently mediated
by a chimeric costimulatory receptor (CCR)3C that is triggered by the presence of a second
antigen. Such dual-targeting and division of labor is required but not sufficient to achieve the
desired effect. Indeed, we found that T cells receiving both activating and costimulatory
signals at one tumor site acquire enhanced function resulting in greater activity against
tissues that only express the “activating antigen”28. Functionally, the dual-antigen expressing
tissue becomes equivalent to a secondary lymphoid organ, from where “recharged” T cells
that have received both activating and costimulatory signals may recirculate and thereafter
display enhanced activity at other sites without requiring further costimulation. This pattern
mirrors physiological responses wherein priming by professional antigen presenting cells
presenting antigen and providing costimulation is followed by effective peripheral reactivity
where costimulation is no longer required3L. This outcome is contrary to the purpose of
enhancing tumor selectivity and therefore needs to be prevented. Thus, for the dual-
targeting, split-signaling approach to succeed, one further needs to abolish this abscopal
effect and alter the activating signal. (Figure 1). To enforce tumor selectivity, we therefore
diminished the efficiency of T cell activation to a level where it is ineffective without rescue
provided by simultaneous CCR recognition of the second antigen.

In a prostate cancer model, we engineered CARs that provide an activation signal upon
recognition of prostate stem cell antigen (PSCA). Rather than providing costimulatory
support through the CAR itself, as is the case in second generation CARs32, we engineered
chimeric costimulatory receptors (CCRs), which do not signal in response to natural
costimulatory ligands but rather to an antigen, in this case prostate-specific membrane
antigen (PSMA). The CCR we used in this instance provided combined CD28 and CD137
signals, to provide costimulation when PSMA is coexpressed with PSCA. In isolation, the
binding of the CCR, which lacks a T cell activating domain and is therefore not a CAR, does
not result in an observable immune response. On the other hand, a first generation CAR can
direct significant cytotoxicity, albeit for short-term responses and without the potential to
support robust T cell proliferation and cytokine secretion. Thus, while the response against
target cells that only express the CCR-targeted antigen (PSMA) is unmeasurable, the CAR-
mediated response to PSCA can be significant when utilizing a standard Car. To abolish
reactivity against PSCA+, PSMA- tumors, representing a sum agate for normal tissue
expressing PSCA, we designed suboptimal PSCA-specific CARs and found we could
eliminate PSCA+ PSMA+ while sparing PSCA+ PSMA- and PSCA- PSMA+ tumors.

Several approaches to reducing the activity of the activating receptor may be considered.
These include epitope selection, binding affinity and activating motifs. Having too high a
function of the CAR or too high an affinity of a TCR will indeed predispose to higher
activity against tissues expressing the target antigen, including in this example normal
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tissues that express PSCA. In order to avoid this undesirable outcome, proper function and
affinity of the activating receptor must be identified.

In the case of the TCR, receptor affinity is a key determinant of the strength of T cell
activation, proliferation, cell surface expression of markers, polarity, asymmetric division,
differentiation, and ability to infiltrate tissues32. The weaker strength of activation requires
stronger costimulation, a paradigm we exploit in combinatorial antigen recognition by
rescuing a poor T cell activating receptor with a CCR specific for another antigen known to
be coexpressed in tumor cells.

In conclusion, the two-receptor CAR+CCR approach allows for targeting a combination of
antigens that individually have expression on different normal tissues, but are coexpressed
by cancerous cells. This control allows for rescuing the potential utility of target antigens
that on their own are inadequate targets because of the on-target, off-tumor toxicities they
may cause. Based on these principles, we can engineer T cell activation and costimulation to
selectively eradicate tumor cells, while avoiding destruction to normal tissues.

Dynamic switches through the iCAR approach

Recent clinical experiences indicate that specific targeting does not necessarily avert the
“on-target, off-tumor” toxicities of certain engineered receptors33. The observation that a
MAGE-A3- targeting TCR cross-reacted with an identical epitope in MAGE-A9 and a non-
identical epitope in MAGE-A12 leading to significant neurological toxicity underscores two
critical problems in using targeting to control toxicities34. It was previously unrecognized
that MAGE-A9/12 were expressed in human brain tissue, thus without reliable databases for
expression “surfaceomes” of individual cell types, a priori predictions of such toxicities are
impossible3%:36, The ability of TCR/CARSs to recognize nonidentical epitopes further
complicates ruling out toxicities, as each combinatorial targeting domain will potentially
increase this risk.

An alternative strategy is the use of a second receptor, the function of which is to control the
toxicities of the TCR/CAR, rather than expecting to accomplish this solely through
improvements in targeting of the TCR/CAR. This approach takes cues from the
physiological control of T cell autoimmunity, which requires lifelong positive/negative
thymic selection and immune regulation through a multitude of receptors to stop
inappropriate and toxic T cell responses3’. This would be especially attractive for receptors
that display potent tumor elimination with unfortunate concurrent toxicity against a critical
tissue, such as the neurotoxicity described above. The use of suicide genes is limited in these
situations, because of the potential for permanent or fatal damage from the toxicity and the
kinetics of the toxicity, which would require elimination of the therapeutic T cells before the
benefit of their antitumor effects. Using physiology as a guide, we can attempt to direct the
actions of engineered T cells in terms of what needs to be done (eradication of tumor cells)
and what should be avoided (toxicities).

A paradigm demonstration of this strategy is the use of inhibitory chimeric antigen receptors
(iICARs)38. These synthetic receptors provided a potent antigen specific inhibitory signal to
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limit the functions of T cells, thus when engaged these receptors induce dominant negative
signals over any activation cue the T cell experiences. When introduced into primary human
T cells, PD-1 and CTLA-4 based iCARs are able to suppress cytotoxicity, cytokine release,
and proliferation in T cells activated by endogenous TCRs or clinically relevant CARs.
Importantly, this inhibition was only initiated if the iCAR engaged its antigen, as the
reactivity of T cells against tissues not expressing the iCAR antigen was not affected.

If T cells were permanently inhibited by iCARs upon engagement of a normal tissue, this
would result in a “suicide gene” effect induced at the site of the toxicity (although an
improved one, since it would not requiring the appearance of symptoms before the toxicity
could be controlled). However, the ideal function of the iCAR strategy relies on the
reversible inhibition of the T cell function, so that T cells initially prevented by the iCAR
from damaging a normal tissue can still recirculate and deliver therapeutic functionally
against a tumor (Figure 2). This type of reversibly inhibited functionality in T cell has been
found physiologically in a variety of circumstances including pregnancy, tumor
microenvironments, and hypoxia39-41. Upon infusion into a patient, T cell will statistically
redistribute to target and off-target sites. One potential goal is to limit T cell interaction at
the off-target sites and encourage recruitment to on-target sites. PD-1 and CTLA-4 signaling
domains used in the iCAR design have been mechanistically implicated in altering the
motility “stop” signal of T cells, thus encouraging their migration to alternative targets?2:43,

We were able to demonstrate the reversible nature of the iCAR using two approaches. By
sequentially exposing iCAR positive T cells to target cells followed by off-target cells (as
well as the reverse sequence), we were able to demonstrate the continued function of both
the positive signal (TCR/CAR killing) and the negative signal (iCAR temporary inhibition),
independent of what cells the T cells had initially encountered. Our /n vivo experiments used
a mixture of hematological target and off-target cells that equally seeded the bone marrow of
a mouse, which challenged the iCAR T cells to discern what not to killin the same
microenvironment as what to kill, and crucially as they were simultaneously killing target
cells. By visualizing this choice with real time microscopy analysis of target and off target in
the same well, the iCARs showed potent and specific control of the T-cell response with
protection of off target cells at levels reaching 90%. Furthermore, we demonstrated that the
level of inhibition depended on the stoichiometry of the iCAR, the positive signal receptor,
and both respective ligands. Thus, clinical use of the iCARs could possess significant
potential for a personalized medicine strategy, where the potency of inhibition is tailored to
the specifics of each treatment.

The reversible nature of T cell regulation is sustained through receptor phosphorylation
states in the T cell, thus allowing for rapid dynamic behavioral changes through the
appropriate changes in phosphorylation states3%44, We analyzed the signaling induced by
the PD-1 iCAR, showing increased levels of phosphorylation of both SHP1 and SHP2,
which mediate reversible inhibition of T cell activation. Additionally, we have found several
other ITAM/ITIM-associated immunoreceptors being phosphorylated by the engagement of
the iCAR. Some of these are novel and we are following up to understand how iCARs can
be used to interrogate inhibitory signaling pathways in primary human T-cells.
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The majority of effector T cells co-express more than one immune inhibitory receptor4°46,
The signaling cascades downstream of inhibitory receptors are likely to overlap, but their
functions are not redundant3’47. The interplay among the inhibitory receptors plays diverse
roles in the control of activated T cells. Therefore, iCARs could be designed that combine
the signaling moieties of these molecules, much like the second generation CARs combined
killing and costimulation signals. For example, recent work has shown that tumor-specific T
cells from lymph nodes exhibited different reactivity due to differential expression of several
immune inhibitory receptors (upregulation of TIM-3, LAG-3 and CTLA-4 and down-
regulation of KLRG-1) as compared to cells with the same specificity in blood*’. As more
becomes known about inhibitory receptors, iCARs could be designed for situation specific
needs, and these layers will combine to allow for rational uses of the next generation of
iCARs.

The concept of universal targeting systems can also be applied to iCARs, potentially with
greater efficacy than positive CARs. The use of biotin-binding immune receptor or anti-
fluorescein isothiocyanate (FITC) CARs potentially allowing targeting of multiple antigens
labeled with biotinylated or FITC tagged antibodies, but have shown poor /n vivo tumor
control potentially from the difficulty of dosing the right amount of antibody#84%, These
problems are avoided in using a universal recognition domain with iCARs, since the aim is
to protect a normal tissue. The toxicity associated with CARs and TCRs has been shown to
be reactive against random tissues and therefore it is ideal to develop a “zip code” like
system of surface antigen receptors marking each physiologically critical tissue (brain, liver,
lung, heart, etc). A library of antibodies against each tissue could then offer protection of
normal tissues from any T cell based therapy toxicity using a universal iCAR approach.

The goal of the iCARSs is to provide engineered T cells with dynamic control over their
activation and function, while accepting that they are bound to engage bystander tissues due
to imperfections in the targeting. Rather than wait for the appearance of toxicities to
implement a static control strategy through suicide genes, iCARs attempt to take advantage
of T cell capacitates as a decision-making entity, utilizing a dynamic control strategy. For
example, considering the cross-reactivity of anti-MAGE-A3 TCRs with brain tissue is
inevitable, the use of an iICAR targeting a neuronal antigen absent on melanoma cells, would
cue T cells that an off-targeting event had occurred potentially preventing neurotoxicity.

Conclusion

Very few candidate targets identified to date are truly tumor-specific®2’. It is therefore
necessary to discover new targets, as well as to devise operational strategies that address the
risk of intolerable “on-target, off-tumor” effects. While tumor cell specific antigen
identification will improve with new proteomic and analytical technologies, current
CAR/TCR based T cell therapies will require systems to control and direct their reactivates
beyond the inherent targeting of their scFv. Greater understanding of physiological T cell
functionalities combined with advances in synthetic biology allow for new found capabilities
to explore how to best shape engineered T cell-mediated eradication of specific cell
populations based on cell surface phenotypes. Using a multiple logic gate approach through
novel synthetic receptor can facilitate or suppress T cell responses, and thus provides the
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power to unleash a robust immune response only when a particular combination of antigens
are identified by the T cells. We discussed two recent cell engineering methods to balance T
cell signaling to better control the robust immune responses to only cancerous cells. We
imagine that incorporation of additional receptors to further fine-tune this delicate balance of
signaling is necessary to advance engineered T cell therapies. These methods allow for
unlocking the true potential of immunotherapy to eradicate multiple types of cancers.
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Figure 1. Combinatorial Antigen Recognition Allows For Selective Tumor Eradication

By using a CAR to supply a CD3( signal (purple) upon binding respective antigen (“A”)
and a CCR to supply CD28 and CD137 signals (green and red) upon binding respective
antigen (“B”), selective tumor eradication can be accomplished. Engineered T cells will
remain unresponsive to cells not expressing either antigen specific to the CAR or CCR (A).
Upon binding of the CAR alone (B), T cells can receive only T cell activation that can result
in short-term cell lysis depending on the affinity or efficacy of the CAR binding alone. By
reducing the affinity or efficacy of the CAR, activity to single positive cells can be avoided.
Having only the CCR bind cells single positive cells (C) will engage T cell costimulation,
but without activation no response of CCR binding alone can be measured. Only when T
cells encounter tumor cells identified to be double positive for CAR and CCR respective
antigens (D) can both T cell activation and costimulation occur, resulting in complete

eradication of double positive tumor cells.

Cancer J. Author manuscript; available in PMC 2021 April 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fedorov et al.

TIME AFTER T CELL INJECTION

Page 11

WP

Legend v 1* exposure: inhibited

3 exposure: n/a
A ui

exposure: actived

Figure 2. iCARs Allow Dynamic T Cell Behavior At Tumor and Normal Tissue Sites
Each round of antigen exposure is schematically represented as blue for activation (driven by

the activating receptor) and red for inhibition (delivered through the iCAR). The rounds of
exposure are tracked in each individual cell by color changes (red->blue->red: inhibition-
>activation->inhibition). Initially, all the iCAR T cells seed both the tumor and off-target
normal tissue equally. During the first exposure in the tumor tissue, the T cells are activated,
while in the normal tissue they are repressed. The activation causes the T cells to expand, but
there is also recirculation between the two sites, so that upon the second exposure
redistribution has occurred. As the T cells continue to receive activating signals at the tumor
site, they continue to proliferate and destroy the tumor aided by T cells that initially
encountered the normal tissue. At the normal tissue, the iCAR continue to temporarily
inhibit most T cells with some potentially permanently anergized.
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