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Abstract

To realize the full potential of cancer immunotherapy, the latest generation immunotherapeutics
are designed to harness the potent tumor-Kkilling capacity of T cells. Thus, to mobilize T cells, new
optimized bispecific antibody (BsAb) designs, enabling efficient polyclonal redirection of
cytotoxic activity through binding to CD3 and a Tumor Associated Antigen (TAA) and refined
genetically-modified T cells have recently expanded the arsenal of available options for cancer
treatment. This review presents the current understanding of the parameters crucial to the design of
optimal T cell redirecting BsAb and chimeric antigen receptor (CAR)-modified T cells. However,
there are additional questions that require thorough elucidation. Both modalities will benefit from
design changes that may increase the therapeutic window. One such approach could employ the
discrimination afforded by multiple TAA to significantly increase selectivity.

Introduction

The potential of immunotherapies to treat cancer has been recognized since Dr. William
Coley’s discovery that immune system stimulation can treat cancer [1]. For the last two
decades, monoclonal antibodies have been at the forefront as anti-tumor therapeutics.
However, they are unable to engage the most powerful agent of the immune system — T
cells. Thus, to mobilize T cells, new optimized bispecific antibody (BsAb) designs, enabling
efficient polyclonal redirection of cytotoxic activity through binding to CD3 and a Tumor
Associated Antigen (TAA) and refinements of genetically-modified T cells have recently
expanded the arsenal of available options for cancer treatment.
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In the last six years, two T cell redirecting BsAbs have received regulatory approval:
catumaxomab [2] for the treatment of malignant ascites and blinatumomab [3*] for acute
lymphoblastic leukemia. Numerous others are undergoing clinical investigation [4*, 5]. This
review presents the current understanding of selected parameters crucial to design of a
“perfect” T cell redirecting BsAb, which has undergone evolution in recent years; this
review will not cover all criteria that may influence the efficacy and potency of T cell
redirecting BsAb, nor will it recapitulate recent reviews of the numerous BsAb formats that
appear elsewhere [4*, 5].

Similarly, the field of genetically-modified re-directed T cells, particularly those engineered
with antibody-based chimeric antigen receptors (CARs), has grown tremendously. In the
past 5 years there have been over 800 publications; this figure does not include T cell
receptor-transduced T cells or those bearing fusion proteins that are not based on chimeric
antigen receptors, which are not a focus of this review. The key clinical observations
emerging in the past few years are that CAR T cells can be a highly effective therapy for B
cell-derived tumors, and are likely to be effective for other blood-based cancers. As with T
cell redirecting BsAb, the parameters for optimal CAR T design are still evolving.

These two modalities, redirection of cytotoxic T cells to tumor cells via BsAb and tumor
targeting of CAR T, both capitalize on the cytotoxic activity of these most potent effector
cells to treat cancer. In this review, we first survey T cell redirecting BsAb and then
therapeutic CAR T.

The rise of bispecific Abs and early T cell redirecting technologies

The first BsAb were produced by various chemical cross-linking protocols from two mono-
specific antibodies [6, 7]. In 1983, a modification of the hybridoma technology was
employed to produce hybrid-hybridoma (quadroma) from the fusion of two hybridomas
[8*]; this technology enabled the cellular production of “hybrid antibodies” as the early
BsAb were named. Both of these technologies were suboptimal; large-scale production of
homogeneous antibody preparations was challenging since the dominant species were
“mispaired” products. Thus, the BsAb field was of little interest to drug developers until the
advent of modern antibody engineering technologies allowed the production of full-length
and fragment BsAb. However, this did not prevent academic investigation of the polyclonal
redirection of T cells to induce potent lysis of cells bearing the second specificity by BsAb
[6, 7, 9-12]. Initially, this approach was used to circumvent the major histocompatibility
complex (MHC) restriction of the T cell receptor and engage a broad subset of endogenous
T cells for the eradication of tumor or infected cells. This seminal work foreshadowed
current successes in expanding the clinical application of tumor-targeted T cell redirecting
antibodies. In what follows, a discussion of the mechanism-of-action (MOA) of T cell
redirecting antibodies will inform a survey of recent contributions directed toward the
development of optimal therapeutics.
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MOA of T cell redirecting mAbs defines optimal functional characteristics

The accepted MOA of T cell redirecting BsAb is via the formation of an immunological
synapse [13, 14]; the initial recognition event of this process, and potential modulators of the
T cell response, is depicted in Figure 1. This BsAb-mediated cross-linking of CD3 receptor
and target cell TAA results in: the activation of T cells, the subsequent release of perforin
and granzyme from the cytotoxic granules into the milieu of the immunological synapse,
and the ultimate destruction of the target cell by the ensuing apoptosis. In the case of the
Bispecific T cell Engager (BIiTE), the immunological synapses formed appear
indistinguishable from those induced in the course of natural cytotoxic T cell recognition
[13]. Since delivery of these apoptotic mediators is accomplished by passive diffusion, the
size of the synapse, defined by the distance between the anti-CD3 and anti-TAA moieties of
the BsAb, are critical to cytotoxic potency. The distance between the TAA epitope and the
target cell membrane determines the activity of the BiTE [15, 16] and may explain the
differences in reported cytotoxic activity between different T cell redirecting BsAb formats
[17, 18], confirming that when the two cell membranes are in closest proximity the tumor
cell lysis is most efficient.

Further, the activated T cells produce interleukin (IL)-2 and interferon (IFN)-y that
facilitates their proliferation and expansion at tumor sites, making T cells the most potent
mediators of the immune response. CD8* cells are the earliest to proliferate and exert their
cytotoxic activity on target cells; however CD4* cells start, with a short delay, equally
contributing to observed cytotoxicity [19-21*].

Additionally, costimulation (e.g. via CD28, CD134, 4-1BB (CD137), etc. pathways)
significantly augments proliferation and cytotoxicity of the BsAb redirected T cells [22*,
23]. Moreover, studies [24] suggest that costimulation significantly expands the activation-
experienced memory T cell population. T cells having this phenotype, which is
costimulation-independent, facilitate the cytotoxicity of BiTEs in the absence of
costimulatory signaling [25, 26]. However, the broader role of costimulation has a long and
contradictory history in the field of T cell redirecting BsAb that should be further elaborated
because of its bearing upon the MOA of both BsAb and CAR T.

The role of costimulatory signaling pathways

Initially, both hybrid hybridoma and chemically linked T cell redirecting BsAb appeared to
function independently of costimulation [6, 10] because of the employ of cytotoxic T cell
clones as effectors. T cell redirecting experiments conducted later with resting T cells
exhibited little cytotoxic activity [27]. Subsequently, it was demonstrated that lytic activity
of T cell effectors depended upon either the engagement of costimulatory receptors (CD28)
[28] or IL-2 pre-activation of T cells [29, 30]; costimulatory engagement was presumed to
be a universal requirement for redirected T cell cytotoxic activity [31-33]. As later
generation formats (i.e. BiTE [34], Dual-Affinity Re-Targeting (DART) antibodies [17],
Tandem Diabodies (TandAb) [21*], and others [4*, 5]) advanced into pre-clinical and
clinical development, they appeared to potently eliminate targets expressing their TAA in the
absence of either costimulatory molecules or the presence of IL-2 pre-activated T cells [16,
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17, 21*, 25, 35-38*, 39]. As described above, a T cell population independent of
costimulatory signaling, those having the CD8" and CD4* memory phenotype, is the major
contributor to the cytotoxic potency of BiTEs, and this is probably also the case for the other
later generation formats (Figure 1). However, more recent findings suggest a nuanced view
of these results and the factors necessary for the optimal redirection and activation of T cells
for non—MHC-restricted cell lysis.

It has recently been reported that several mechanisms of cancer cell immune evasion (related
to programmed death-ligand (PD-L)1, IL-10, transforming growth factor (TGF)B, B cell
lymphoma (Bcl)-2, serpin proteinase inhibitor (PI)-9, adenosine, and indoleamine 2,3-
dioxigenase (IDO)) did not significantly affect the in vitro cytotoxic activity of a T cell
redirecting BiTE targeting epithelial cell adhesion molecule (EpCAM/CD3) [40]. Even
combination of multiple mechanisms of immune evasion did not completely neutralize the
activity of the T cell redirecting BsAb. However, caution is advised when drawing
conclusions based solely upon in vitro data; the clinical experience with BIiTEs, at least with
hematological malignancies, suggests immune evasion mechanisms may affect therapeutic
outcome in patients. Recent analysis of a case of B cell acute lymphaoblastic leukemia (B-
ALL) resistant to blinatumomab treatment revealed a 20-fold increase in the percentage of
PD-L1 positive blasts that resulted in a more than 10-fold reduction of in vitro CD19™ cell
lysis [41*]. Similarly, in a solid tumor setting, studies of a full-length HER2/CD3 BsAb
revealed that PD-L1 expression on tumor cells limited its in vivo activity, and that the
coadministration of anti PD-L1 antibodies could reverse this effect [42]. Finally, recent
studies demonstrate that agonism of costimulatory pathways (e.g. CD28 [43*], 4-1BB [23,
44]) or inhibition of inhibitory pathways (e.g. checkpoint inhibitory PD1 [43*] and cytotoxic
T-lymphocyte-associated protein (CTLA)4 [45]) can provide significant potentiation of
target cell lysis; thus, in some patients resistance to T cell redirecting therapy may be
overcome. These latter data suggest that although T cell redirecting BsAb can exhibit
substantial anti-tumoral clinical activity as monotherapy, clinical responses may be
significantly augmented by either providing positive stimulation or checkpoint blockade to
cytotoxic T lymphocytes (CTL).

In a Phase Il clinical study in relapsed and refractory B-ALL patients, complete responses
were achieved by treatment with a CD19/CD3 BITE single agent in 43% of the patients,
whereas 48% of patients exhibited no response to therapy; this was attributed to advanced
disease and high tumor burden [46]. Given the above data, one may speculate that co-
engagement of costimulatory pathways in this context could have redirected a broader
population of T cells (including naive) and may have benefited the clinical activity of the
molecule.

These examples emphasizing the importance of engaging costimulatory pathways in
addition to CD3 engagement are merely a restatement of fundamental T cell
immunobiology. One must wonder how it became initially accepted that the new CD3-
engaging BsAb obviated the requirement of the second signal to mobilize all possible T cell
populations. It is now understood that this is not the case [26], and that memory T cells are
the major contributors to the cytotoxic potency of BiTEs and perhaps the other T cell
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redirecting BsAb; in the future realizing the full clinical potential of these molecules may
require inclusion of costimulatory modalities.

The questions of optimal affinity and valency

Similar to the evolution of thinking regarding costimulatory signaling, there has been some
evolution of thought regarding the optimal CD3 affinity of T cell redirecting BsAbs and
whether bivalent binding to CD3 may negatively affect the function of such therapeutics.
Initially, low CD3 affinity (KD ~ 10~/ M and higher) was considered a requirement for
avoidance of non—tumor-target-specific activation of T cells [34] It was suggested that high
affinity (KD ~1072 - 1078 M and lower), bivalent binding to CD3 might lead to non—target-
specific T cell activation [16]. However, other reports suggested that non—target-specific
triggering of T cells was dependent on cross-linking or immobilization of the antibody by
FcyR™ cells, and was not directly a function of bivalency [28, 47-49]. Since higher affinity
to CD3 and bivalency were reported to mediate higher T cell proliferation and cytotoxicity
[28, Zhukovsky, et al., unpublished], a recent study [21*] revisited these questions. It
demonstrated that efficient T cell activation occurs in a target-specific fashion with fragment
BsAb that redirect T cells via CD3, and also with anti-CD3 IgG antibodies, such as OKT3,
when they cross-link T cells and FcyR™ immune cells via the Fc-domain. No activation of T
cells was observed with bivalent anti-CD3 1gG in homogeneous T cell preparations, but T
cells were potently activated in the presence of FcyR™ cells [21*, 50]. (Nevertheless, it is
plausible that for bivalent anti-CD3 antibodies, e.g. OKT3, at concentrations resulting in
saturated binding of cell-surface CD3, signs of T cell activation could be detected, even in
homogeneous T cell preparations. At low bivalent anti-CD3 concentrations, at which T cell
redirecting BsAb are dosed in the clinic, the preferential binding mode will be cis, i.e. on the
same T cell, but as the concentration of bivalent anti-CD3 increases, the binding mode is
likely to shift to trans, i.e. crosslinking different T cells; the latter would activate T cells in
the absence of TAA- or FcyR* cells.) Thus, high affinity or bivalent CD3 binding, at
clinically-relevant concentrations, did not induce non-target—specific T cell activation,
which requires cell-to-cell crosslinking as opposed to bivalent cis antibody engagement of
CD3. Although others have observed that bivalent binding to CD3 does not increase T cell
cytotoxic potency [51], current [21%*, 52, 53] and future T cell redirecting strategies are sure
to clinically evaluate whether high affinity CD3 binding results in optimal T cell redirection.

Optimization for solid tumors via costimulation and TAA selection: the next

challenge

Two Phase | clinical studies of activated T cells targeting human epidermal growth factor
receptor (HER2), which were armed with HER2/CD3 BsAb (produced by chemically cross-
linking trastuzumab and OKT-3), were conducted in stage IV breast cancer [54] and
castration-resistant prostate cancer [55]. During treatment, patients in both studies received
simultaneous low doses of (costimulatory) IL-2 and granulocyte-macrophage colony-
stimulating factor (GM-CSF). Multiple infusions were well-tolerated with no dose-limiting
toxicities reported. In the breast cancer study, 60% of patients achieved stable disease, and
for the entire cohort overall survival was extended relative to historical treatment data. In the
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prostate cancer trial, one patient achieved partial response, and approximately half exhibited
polarization towards Th1 proinflammatory cytokines, which persisted throughout treatment.
Both of these results are similarly promising in the realm of solid tumors, but not as
spectacular as the initial success of blinatumomab in hematological malignancies [25].

Another approach was recently proposed [56*] for the expansion of the clinical success of T
cell redirecting BsAb in hematological malignancies to solid tumors; the goal was
optimization of their cytotoxic efficacy for the destruction of solid tumors, which are less
likely than hematological tumors to express costimulatory pathway ligands. In that study, a
model system was developed combining BsAb-mediated T cell redirection with genetically
engineered T cells; the T cells expressed an immune receptor with an intracellular domain
constructed from the TCR intracellular domain fused in tandem with that of CD28, similar
to second generation CAR T. The difference relative to CAR T is that the extracellular
domain of this receptor is constructed from that of folate receptor alpha (FRa). To redirect
these genetically modified T cells to tumor cells expressing CD20 or HER2, two BsAb were
generated, anti-FRa/CD20 and FRa/HER2. The study reported superior production of pro-
inflammatory cytokines by the T cells competent for simultaneous CD28 and TCR
signaling, and hypothesized that this would create a favorable environment for redirection
and activation of endogenous immune cells, and a more robust anti-tumor response.

Selection of optimal TAAs for employ with T cell redirecting mechanisms is difficult. Due
to the high cytotoxic potency of T cells, the therapeutic window of T cell redirecting
approaches is rather narrow. Antigens overexpressed on tumor cells are also usually
expressed on healthy tissues, albeit at lower density. Many CD3-based T cell redirecting
BsAb target hematological malignancies, which express TAA (CD19, CD20) only in the
hematological compartment, thus limiting potential side effects; there is accumulated
clinical evidence that some blood cell types can be eliminated for extended periods of time
without life-threatening side effects [57]. Unfortunately, when targeting TAA on solid
tumors the high potency of T cell redirecting approaches is challenging [58] since they are
frequently expressed on vital tissues. One option is to employ antigens that are exclusively
expressed on tumor cells; such antigens (e.g., the oncogenic variant 111 mutation of the
epidermal growth factor receptor (EGFRvIII)) may arise due to some genetic alterations/
lesions and are not present in healthy tissues [59]. An alternative could employ a dual TAA-
targeting strategy [60] for the specific optimization of T cell redirecting applications for
solid tumors. Targeting a unique “signature” of two TAA, expressed exclusively on tumor
cells and absent from healthy cells, may enhance the selectivity and safety of T cell
redirecting antibodies and broaden their range of clinical indications. In this approach, the
affinity of a trispecific T cell redirecting antibody for each TAA is selected low to minimize
binding to healthy tissues expressing a single antigen, whereas the binding to cancer cells,
which express both TAAs, is substantially increased due to avidity. For this approach to
succeed, the selection of TAAs should be limited to those whose expression is known, or
expected, to be in close cell-surface proximity. Finally, this approach may also improve
clinical efficacy of T cell redirecting antibodies since targeting two TAA may also reduce
tumor escape mechanisms [61*].
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Optimal CD3* cell subset redirection and proliferation

Current T cell redirecting BsAb target CD3, and thus will mobilize all CD3* T cells at tumor
sites including CD4* and CD8* as well as undesirable Tregs, which when localized in target
tissues reduce the immune response and suppress CD4* and CD8™ effector cells by secreting
immunosuppressive cytokines and activating inhibitory pathways on CTL [62, 63]. Several
groups have reported that isolated Tregs can facilitate cytotoxic activity [64]. However, it has
also been demonstrated that the presence of Tregs facilitates in vivo tumor growth during
treatment with a T cell redirecting BsAb targeting prostate stem cell antigen (PSCA/CD3) in
a xenograft model [62]. Though one report indicates no proliferation of Tregs is observed in
human ex-vivo studies of a CD33/CD3 T cell redirecting BsAb [65], exclusive redirection of
CTLs may provide therapeutic benefit and further enhance the clinical efficacy of this class
of drugs. To this end, a study [66*] demonstrated that a PSCA/CD8 BIiTE molecule is
capable of eliciting a potent anti-tumor response, albeit only pre-activated CD8* T cells
exhibited cytotoxicity. More studies will be required to enable practical clinical applications
of CD3* subset redirection.

CAR T cells targeting CD19 can mediate rapid clinical responses in B cell

malignancies

Unlike BsAb, CAR T cells incorporate a single chain variable fragment directly fused to a
transmembrane domain and the signaling domains important for T cell activation (Figure 2).
The CAR itself is genetically encoded in the T cell genome following vector or plasmid
transduction. CAR T cells are therefore “living drugs,” with autonomous cell function and
persistence independent of the administration of a pharmacologic molecule. Although CAR
T cells were initially developed for solid tumors [67], several factors limited their efficacy at
that time, including poor transduction, inadequate costimulation, and limited persistence.
Multiple investigators addressed these issues by exploring different forms of gene transfer,
including transposon-based systems, retroviral vectors, and lentiviral vectors, and different
costimulatory molecules to enhance T cell activation. In 2011-2013, dramatic responses to
CAR T cell therapy were reported [68*—70*], mainly with second-generation CAR T cells
generated with viral vectors. Larger studies at multiple centers have now extended the
findings and demonstrated that this form of therapy is highly effective, particularly in
patients with acute lymphoblastic leukemia [71-73]. It can also be effective in chronic
lymphocytic leukemia [74*] and other B cell lymphomas [75]. Effective CAR T cell therapy
in these tumors is also associated with a generalized cytokine release syndrome, which
appears to be manageable in most cases with antibody therapy targeting the IL-6 receptor
[76]. However, as with any therapy that targets a single molecule, tumor escape variants have
been observed; mutations and splice variants that result in loss of the CAR targeted CD19-
binding epitope have been identified [77*].

Based on the success of CAR T cells developed against B cell tumors, CAR T cells are

thought to have a high likelihood of efficacy in other hematological malignancies. In the past
few years, several investigators have identified suitable targets for the malignant plasma cells
of multiple myeloma, including signaling lymphocytic activation molecule family member 7
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(SLAMF7/CS1) [78], B cell maturation antigen [79*], and CD44v6 [80]. These are all
expressed on mature B cells and plasma cells, but SLAMF7 is also expressed on normal
activated T cells, and CD44v6 is expressed on keratinocytes, which could make both of
these targets problematic for clinical use. Investigators have also identified other targets for
myeloid leukemias, particularly folate receptor beta [81], CD33 [82] and CD123 [83, 84],
which are now in clinical trials.

CAR T cells for solid tumors: discovering targets and overcoming the

tumor microenvironment

The two main obstacles for delivering on the promise of CAR T cells for solid tumors are
the identification of suitable target antigens and overcoming the effects of the tumor
microenvironment. Investigators are evaluating several antigens for solid tumors in pre-
clinical models and in early human trials; some of the targets include prostate specific
membrane antigen and prostate stem cell antigen, glypican 3 for lung and liver cancer,
mesothelin [85*] for mesothelioma or ovarian cancers, EGFRvIII [86*], and normal HER2
[87] and wild-type EGFR [88]. Because some of these antigens are expressed on normal
tissues, the affinity of the CAR has been reduced in these cases, and this has been shown to
be an effective mechanism to target tumor cells versus normal tissues in mouse models.

Although T cells can penetrate tissues, the immunosuppressive effect of the tumor
microenvironment in solid tumors is hypothesized to form a functional barrier to
endogenous T cells, and, by extension, may also inhibit CAR T cells [89]. Some
investigators have designed CAR T cells specifically to target the microenvironment, such as
CAR T cells direct to fibroblast activation protein [90] or chondroitin sulfate [91]. However,
it is not clear that targeting the tumor stroma will have an anti-tumor effect. Alternatively,
CAR T cells directly targeting the tumor can also be used as carriers to modulate the tumor
environment with certain cytokines or costimulatory molecules, such as 1L-12 [92] or CD40
ligand [93]. It will be interesting to determine whether targeting only the tumor
microenvironment has anti-tumor effects, or if it sensitizes the tumor to other forms of
immunotherapy; the most obvious combinations will include anti-stroma CAR T cells with
either anti-tumor CAR T cells or checkpoint blockade to enable endogenous T cell
responses. In mouse models, checkpoint blockade antibodies enhance CAR T cell function
[94], suggesting that both combinations are worth exploring.

Novel CAR designs and CAR tuning

The first CAR T cells that exhibited clinical effects are comprised of a high-affinity single-
chain variable fragment fused to the hinge and transmembrane domains of either CD8 or
CD28, and the intracellular domains of the costimulatory molecules 4-1BB or CD28,
followed by CD3C. However, the rules for optimal CAR design are still emerging. It is now
clear that inclusion of at least one costimulation domain is critical to allow the CAR T cells
to expand and persist and effectively kill tumor cells in vivo, and some costimulatory
molecules, such as 4-1BB, may be better than others [95] in certain respects, such as
facilitating long-term persistence; other aspects of CAR design are still being investigated.
For example, many solid tumor targets are employing low-affinity single-chain variable
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fragments, with the hypothesis that low-affinity CAR will only target cells with high levels
of target expression. The spacing of where the CAR binds the epitope is also important,

where the closer the CAR T cell can get to the target, the better [96*]; spacer domains such
as those derived from immunoglobulins may also be independently biologically active [97].

Some CAR engineering techniques aim to expand the possibility of targeting multiple
antigens, by using CAR T cells that will recognize two antigens and only become activated
by the correct combination [98—-100*, 101*]. In one case, CAR T cells were formed to re-
capitulate a 2-signal system, whereby one antigen delivers signal 1 with a first generation
CAR, and the second antigen delivers signal 2 by engaging a chimeric costimulatory CAR
(CCR) encoding only costimulation without CD3C. Finally, two highly novel CAR designs
have emerged quite recently: one has the backbone of a CAR, but with the extracellular
domain of CD16 rather than a single-chain variable fragment. In this case, the antigen-
specificity is conferred by binding of a soluble antibody to CD16 [102]. A second design is
based on a drug-activated CAR, where the signaling components of the CAR are divided
among different proteins that only come together in the presence of a drug that causes them
to dimerize and signal [103*].

As new targets and new CAR designs are tested, there is also great interest in developing
ways to control CAR T cell function after infusion into a patient, to mitigate either short-
term or long-term toxicity. Several investigators have designed “suicide genes,” which can
be co-introduced in a bi-cistronic vector along with the CAR. Examples of suicide genes are
(1) the coding sequences for herpes simplex virus thymidine kinase (HSV-tk), which will
render the transduced T cells susceptible to the drug ganciclovir (but also makes them
immunogenic); (2) natural self antigens, such as EGFR or CD20, which can be targeted with
available monoclonal antibodies; and (3) fusion proteins, such as inducible caspase 9
(iCaspase 9), which contain a domain that only dimerizes and induces apoptosis in the
presence of a specific chemical inducer of dimerization [104].

Alternative sources of T cells

Although CARs are not MHC-restricted, most work on CAR T cells has focused on
autologous sources of T cells for adoptive transfer. In cases where patients have already had
an allogeneic stem cell transplant, T cells derived from the healthy donor may offer healthier
T cells, though these have the potential of causing graft-vs-host disease [105-107]. With
new techniques of gene editing, some investigators are generating T cells from alternative
sources, which offers the tantalizing possibility of “off-the-shelf” T cell therapy. These T
cells can be derived from induced pluripotent stem cells [108] or from mature T cells from
allogeneic donors [109, 110].

The optimal subset of T cells to genetically modify is also a matter of investigation.
Although most investigators modify bulk, mature, peripheral blood lymphocytes, there is
also interest in selecting long-lived central memory T cells as the target population [111], or
virus-specific T cells with known antigen-specificity [106].
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Concluding remarks

The treatment of cancers was transformed by the introduction of therapeutic antibodies. A
large number of more generalized immunotherapeutic approaches for cancer treatment are
currently under development. The most promising of these approaches attempt to harness T
cells, the most potent tumor-Kkilling effectors. T cell redirection by BsAb and mobilization
by CAR T technologies have been key drivers of this progress.

For both of these immunotherapeutic modalities, future effort will focus on optimization of
functional design parameters. For both modalities it appears that the TAA binding epitope,
and its relationship to the size of the resulting immunological synapse, is key. Similarly, both
modalities are impacted by the role of costimulatory pathways, albeit BsAb to a lesser
extent. Also, both modalities will benefit from design changes that may increase the
therapeutic window. One such approach could employ the discrimination afforded by
multiple TAA to significantly increase selectivity, which may be easier to accomplish with
CAR T technology. This is because optimized CAR T designs incorporating CCR may
afford more reliable tuning to trigger cytolytic activity solely in the presence of the two-
component cell-surface signature. T cell redirecting BsAb, on the other hand, must be
redesigned as trispecific antibodies wherein the TAA affinities are selected below the
threshold necessary to ensure that avidity for targets expressing both TAAS triggers selective
cytolysis.

Many of the key parameters governing the optimal employ of T cell redirecting BsAb are
well understood. However, there are additional questions that require thorough elucidation.
Continuous T cell stimulation may result in anergy in the absence of costimulatory
signaling; therefore, are oscillating drug concentrations from periodic infusions preferable to
the constant concentrations resulting from continuous infusion? Current BsAb designs span
a large range of molecular weight (50 kDa — 150 kDa); would the smaller molecules have
better solid tumor penetration properties (neglecting the issue of TAA affinity) or is it
possible that the T cell-driven MOA is so potent that larger molecules may be equally
efficacious? Is it possible to optimize current BsAb technologies to selectively engage
desired cytotoxic CD3" populations while excluding immunosuppressive Tregs? Can one
increase therapeutic efficacy by increasing the available number, and cytotoxic potential, of
T cells in immunosuppressed cancer patients?

The optimal employ of CAR T is still in its infancy; we have learned that costimulation
increases the expansion and persistence of CAR T cells upon re-infusion into the patients,
and that both of these parameters are essential for effective clinical responses. Although
CD19-directed CAR T cells are well on their way to widespread clinical use, the largest
question in the field is whether this mode of immunotherapy will be effective in other
tumors. There are still many elements of the design itself that are being investigated,
including: is the single-chain variable fragment the optimal way to bind tumor antigens? Do
different scFv’s behave differently? Are other costimulatory domains useful or preferred?
Will multi-targeted CAR T cells be useful to target more antigens to enhance safety or to
prevent tumor escape? Finally, which combinations with existing therapies will optimize the
cure of multiple cancers?
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Though both immunotherapeutic modalities are undergoing continuous optimization, it is
evident that these powerful tumor-fighting technologies are moving into oncology standard-
of-care and shall revolutionize treatment and positively impact the prognoses and lives of
numerous patients.
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o T cell redirection is the most promising immunotherapeutic modality for cancer
treatment

e Many parameters for optimal activity of T cell-recruiting BsAb and of CAR T
are well understood

« Costimulatory pathways, TAA-binding epitopes, and antigen affinity are key for
both modalities

»  Both modalities will benefit from improved therapeutic window
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Depicted is the initial recognition event in the formation of an immunological synapse
between T cells and TAA-expressing target cells, mediated by T cell redirecting BsAb. (A)
Main interactions in the recognition event involving naive T cells. A T cell redirecting BsAb
(anti-TAA/anti-CD3) binds to CD3 on T cells and to TAA expressed on the cell surface of
target cells, leading to immunological synapse formation. This results in activation of
polyclonal T cells in a non-MHC-restricted fashion in the presence of appropriate
costimulatory signaling. The costimulatory signal is transmitted upon binding of
costimulatory receptors (CD28, OX-40, 4-1BB etc) to their cognate ligands (B7-1, B7-2,
0OX-40, 4-1BBL etc). Antibodies (anti-CD28, anti-4-1BB etc) may also facilitate activation
of T cells by triggering costimulatory receptors. The two signals transmitted through CD3
and costimulatory receptors facilitate activation of T cells with their subsequent
degranulation and release of perforin and granzyme, leading to target cell apoptosis. In
addition to costimulatory receptors T cells also express inhibitory receptors (CTLA4, PD-1,
etc), which when bound to their ligands (B7-1, B7-2, PD-L1, etc) on target cells inhibit
activation of T cells. Non-activating antibodies, which bind to either coinhibitory receptors
(anti-CTLAA4, anti-PD-1) or to their cognate ligands (anti-PD-L1), can block inhibitory
signaling on T cells. (B) Main interactions in the recognition event leading to the formation
of an immunological synapse involving antigen-experienced (memory) T cells. The
immunological synapse formed via memory T cells is similar to that of naive T cells except
that the former cells have already been activated previously and only require stimulation via
the CD3 signaling pathway to elicit a cytotoxic response. Effector memory cells are major
contributors to the anti-tumor activity exhibited by BiTE antibodies.
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Figure 2.
Chimeric antigen receptor design. The extracellular portion of a CAR consists of the

variable heavy (VH) and light (VL) chains of an antibody, linked together to form a single
chain variable fragment (scFv). The scFv is fused to a hinge domain and the transmembrane
domain of another molecule such as CD8 or CD28. First generation CARs include the
intracellular domain of CD3(, which contains 3 ITAM domains (red). Second generation
CARs also include the intracellular domain of a costimulatory molecule such as 4-1BB or
CD28, whereas Third generation CARs include 2 or more costimulatory domains in addition
to CD3C.
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