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Abstract

CD8™ cytotoxic T lymphocytes play a crucial role in targeting virus-infected and cancer cells.
Although other cytotoxic lymphocytes such as CD4* T and NK cells, as well as CAR-T cells, can
also identify and destroy aberrant cells, they seem to be significantly less potent based on available
experimental data. Here, | contemplate the molecular mechanisms controlling the sensitivity and
kinetics of granule-mediated CD8* T cell cytolytic responses. | posit that the clustering of MHC-I
molecules and TCRs on the cell surface, as well as the contribution of the CD8 co-receptor, are
major factors driving exceptionally potent cytolytic responses. | also contend that CD8* T cells
with known specificity and engineered TCR-T cells might be among the most efficient cytolytic
effectors for treating patients suffering from viral infections or cancer.

A model for the cytotoxic potency of CD8* T lymphocytes

Cytotoxic lymphocytes contain cytolytic granules, i.e., “poison pills”, that can be released
to kill target cells. Granule delivery is controlled by establishing a unique contact between
the two cellular membranes called the immunological synapse or synaptic interface. The
interface structure and the dynamics of its formation and stability play an essential role in
the efficiency of granule delivery. The latter is essential for the host in winning the race
against the spread of aberrant or infectious cells. In this opinion, | hypothesize that for CD8*
T cells, the clustering of MHC-1 and TCR molecules and the binding of CD8, significantly
contribute to the potency of CTL cytotoxicity, based on the sensitivity and kinetics of these
interactions for granule delivery. | argue that antigen-specific CD8* T cells and engineered
TCR-T cells might be among the most efficient cytotoxic cells. Below, | compare several
factors contributing to the regulation of CD8* and CD4"* cytotoxic lymphocyte effector
functions.

CD8* versus CD4* cytotoxic T lymphocytes

CD8* T cells evolved to destroy virus infected and cancer cells by delivering cytotoxic
granules [1, 2]. Although other lymphocytes such as CD4* T cells and NK cells can
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also exercise cytolytic activity, CD8* T cells appear to be much more sensitive and
efficient killers [3, 4]. Indeed, our group previously showed that even a very few cognate
peptide-MHC ligands presented on target cells would be sufficient for CD8" cytotoxic T
lymphocytes (CTL) to recognize and destroy such target cells [5]. Although the recognition
parameters of the peptide-MHC-1 by the TCR on CD8* CTLs are thought to be important
for mediating the induction of efficient T-cell responses [6, 7], the contribution of the

CD8 co-receptor that binds to the non-polymorphic domain of MHC class-1 is known

to play a key role in enabling recognition and enhancing cytotoxic responses [8, 9]. In

fact, CD8 knockout mice (Ca8™~) harbor very few Ca8-deficient T cells with a potential
for CD8* lineage differentiation and in which the Ca4 locus is shut down [10]. Indeed,
there is a limited number of such T cells that are detectable in mouse peripheral lymph
nodes. Moreover, the CD8" T cells from Ca&”~ mice can respond to allogeneic but not
syngeneic target cells, suggesting that missed CD8 co-receptor contribution diminishes the
recognition of syngeneic ligands; this has been attributed to low avidity of the TCR due

to the absence of CD8, while higher TCR avidity permits recognition of allogeneic target
cells [10]; indeed, very few Ca8~ T cells were recovered from lymph nodes and spleen
[10]. These data indicated that the CD8 co-receptor plays an essential role in contributing
to CTL function. By contrast, CD4 knockout mice (Ca4'") harbor a relatively high number
of CD4-deficient T cells that have been differentiated into the CD4 lineage and can be
found in peripheral lymph nodes; these show diminished helper activity for B cell antibody
production compared with Cd4*'* T cells [11]. These T cells, however, have been shown

to respond to syngeneic stimulation, and the absence of CD4 in this mouse model did not
alter the ability of such T cells to mount antiviral cytolytic responses and produce IL-2,
suggesting that absence of the CD4 co-receptor is less critical for Ca4™/~ T cell effector
function [11]. Even though both CD8 and CD4 co-receptors can deliver the lymphocyte
specific tyrosine protein kinase p56lck in close proximity to TCRs, the coreceptors are
engaged by either peptide-MHC class | (pMHC-I) or pMHC-I11 ligands [12-14] and the
CD8-MHC-I binding is much stronger than that of CD4-MHC-II; this suggests that the CD4
co-receptor may be more dispensable [15, 16]. Moreover, despite the similar functions of
CD4 and CD8 co-receptors in T cells, I argue that the contribution of CD8 to the CTL
cytolytic response, seems to be more important than that of CD4; however, this remains
conjectural. Of note, CD8 has been reported to significantly accelerate CD8* CTL-mediated
cytotoxicity in contrast to CD4* CTL (for illustrative purposes only see Figure 1) and
increase the sensitivity of the response that is essential for rapid elimination of aberrant
cells, thus winning the race against the proliferation of the former [17, 18].

Noteworthy, engagement of the CD8 co-receptor also limits the affinity of the TCR for
pMHC-I ligands, called “affinity ceiling”, indicating that the contribution of CD8 binding to
the complex, eliminates a requirement for stronger TCR-pMHC-I interactions to ensue for
activation [19]. One research group produced a TCR that recognized cognhate pMHC ligands
on tumor cells with very high affinity, and which was above the “affinity ceiling” [20].
Specifically, genes encoding a specific TCR were transduced into polyclonal T cells and the
engineered TCR-T cells, both CD8* and CD4*, were injected into mice to target a tumor.
Analysis of these T cells derived from lymphoid organs and those infiltrating the tumor
showed complete absence of CD8* T cells, while CD4* T cells expressing high-affinity TCR
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were still present in both lymphoid organs and the tumor, consistent with a significantly
weaker binding of CD4 to MHC-I1 as opposed to a CD8-MHC-I interaction which would
induce T cell death [20]. The authors determined that the TCR with enhanced affinity bound
to the same cognate pMHC ligand with 1000-fold higher affinity compared to the natural
TCR. Under these conditions, TCR-mediated signaling was too strong because of high
affinity for the TCR, and which was further enhanced by the CD8 co-receptor which bound
to the same cognate pMHC ligand on the cell surface, ultimately leading to T cell death [20].

It is well established that naive CD4* T cells can differentiate into various subsets with
distinct functions [21]. This includes Thl and Th2 T cells as well as Th9 and Th17 T

cells. CD4* T cells can also develop into regulatory T cells (Tyeg) either during selection

in the thymus or in the periphery. Other CD4" T cells include follicular T helper cells,
(Tth), that play a pivotal role in B cell activation, affinity maturation of antibodies, and
germinal center formation. In contrast to MHC-I-restricted CD8* T cells that are present on
all nucleated cells, MHC class Il-restricted CD4" T cells are expressed only on specialized
antigen-presenting cells (APC), such as monocytes and dendritic cells (DC). However,
MHC-I1 expression on these cells, particularly activated APC, is significantly higher than
MHC-I expression on target cells; this is necessary to engage a large number of TCRs on
CD4* T cells to be sufficient for T cell activation [22, 23]. Indeed, upon DC activation, the
expression of long-lived pMHC-I11 is significantly increased at the cell surface to trigger the
activation of naive CD4* T cells [24]. However, even at a very high level of presentation,
naive CD4* T cells must make many encounters with APC to induce the activation of the
former [25]. This appears to be true for the activation of both MHC-I and MHC-I1 restricted
T cells [26]. However, in contrast to CD8* T cells, CD4* T cells typically respond to

target cells that present a higher number of pMHC-I1 ligands [27]. This has been generally
attributed to a low affinity of TCR-pMHC-II interactions [15]. Thus, higher amounts of
pMHC-II on target cells that are recognizable by CD4" T cells ensure the engagement of

a sufficient number of TCRs to initiate strong enough signaling to achieve a productive
CD4* T cell response. Accordingly, very weak interactions of CD4 with MHC-II have
been reported to barely contribute to productive TCR engagement on live CD4* T cells by
pMHC-II [28]. Consistent with this, cytotoxic CD4™ T cells have been found to be less
efficient killers and to require a longer time to destroy the same target cells compared with
CD8* CTL [17] (and Figure 1 which is shown for illustrative purposes). Taken together, it
seems that an efficient response from a CD4* T cell relies on the engagement of a larger
number of TCRs compared to that required for a CD8* T cell.

On the mechanism of granule release

Our laboratory group showed that efficient killing by cytotoxic lymphocytes is linked to a
short pathway of cytolytic granule delivery to the T cell/target cell interface [3]. The latter
is regulated by the rapid kinetics of Ca2* mobilization upon T cell activation; intracellular
Ca%* mediates the activity of dynein motors that move granules (i.e., specialized lysosomes
containing a “poison pill”’) along microtubules towards the microtubule organizing center
(MTOC) [29, 30]; this is followed by MTOC polarization to the T cell membrane contact
interface with a target cell [31, 32] (Figure 2). Subsequently, this leads to lysosome
membrane fusion with the T-cell membrane allowing the release of cytolytic granules
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[33, 34] Analysis of the patterns of Ca2* mobilization initiated by different strengths of
stimulation in CTLs shows that a strong stimulatory signal results in rapid and sustained
increase of intracellular Ca2*, while weak stimulation initiates delayed Ca?* mobilization,
leading to an inefficient T cell response [3]. Thus, variations in the signaling strength
regulating the kinetics of Ca2* mobilization determine the dynamics of granule movements
along microtubules and ultimately, the pattern of granule release at the T cell membrane
contact with the target cell [3]. Granules can be released in the middle of the synaptic
interface; specifically, inside the peripheral ring junction of the immunological synapse
that does not contain highly polymerized actin, membrane fusion is facilitated and granule
release ensues, as evidenced from previous findings [3]. This seems to be the most efficient
pathway of granule delivery to target cells that has been observed for highly potent CD8*
T cells. However, for cytotoxic CD4* T cells, granule release within the peripheral ring
junctions is delayed because of a ‘long path’ to granule delivery; specifically, the latter

is mediated by slow kinetics of Ca?* mobilization induced by the initiation of weak TCR-
mediated signaling in CD4* T cells [3]. This in turn, can delay granule movement along
microtubules by dynein motors toward MTOC, while recruitment of the MTOC to the
contact membrane might still remain rapid [35, 36]. In this scenario, granules can move to
the periphery of the synaptic interface where microtubules are attached to the polymerized
actin [37] and then cross to the peripheral ring junction to reach the middle of the interface
to be released. Such a longer pathway of granule delivery may account for less efficient
CD4* T cells cytolytic responses compared with CD8* T cells [3, 34-37]. The synaptic
interface formed by NK cells is usually less well organized compared to the interface formed
by T cells because complete segregation of polymerized actin is often not achieved, and
cytolytic granules are usually delivered and released in small areas across the interface that
is devoid of highly polymerized actin [38]. Such patterns of granule release by NK cells
have been associated with incomplete actin segregation and perhaps might be linked to less
potent cytolytic responses compared with T cells.

Another significant factor that controls the efficiency of CD8* T cell responses is the
extent of clustering of TCR molecules on T cells and pMHC-I ligands on target cells.

For instance, the extent of TCR clustering depends on the stage of T cell differentiation:
Naive T cells display small size nanoclusters that do not include CD8 co-receptors, while
activated T cells present large clusters of TCR molecules that co-cluster with CD8 [39]. In
addition, TCR and CD8 co-clustering enhance the recognition of a very small number of
cognate pMHC-I, facilitating the initiation of signaling within a cluster where only a few or
perhaps even a single TCR are bound to stimulatory pMHC-I ligands [5, 40]. Thus, closely
positioned TCR and CD8 molecules [39] mediate signal spread within clusters, resulting

in the activation of TCRs that are bound to self pMHC-I ligands, and not necessarily to
stimulatory pMHC-I (Figure 3). This has been documented to lead to signal amplification
and enhanced sensitivity of the CD8* T cell response [40]. It is well-established that
clustering of pMHC-1 on target and APCs further facilitates CD8" T cells responses [41].
Our group exploited nanoparticles to assemble pMHC-I on the surface of such nanoparticles;
these were used to mimic membrane patches presenting pMHC-I at various densities [42,
43]. CD8* T cells stimulation with the pMHC-1/nanoparticle cluster to model membrane
clusters demonstrated the dependence on the density of pMHC-I ligands displayed on
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nanoparticles was associated with the efficiency of T cell responses, as evidenced from

the kinetics and patten of Ca2* mobilization [42, 43]. Thus, clustering of antigen-specific
receptors on T cells and their ligands on antigen-presenting and target cells as well as the
contribution of the CD8 co-receptor play essential roles in facilitating the efficiency of T cell
responses [40, 43].

Engineering T cells

The repertoire of available antigen-specific receptors on T cells is unique in every individual.
Therefore, certain individuals harbor T cells that are more efficient at controlling viruses

and transformed cells compared to others [44, 45]. Indeed, selected individuals from this
category bear exceptionally potent T cells recognizing virus-infected cells (e.g. HIV-1),
precluding the typical symptoms of infection, termed “elite controllers” [46]. The repertoire
of the receptors available on T cells in other individuals may not mediate an efficient
response against unwanted cells, resulting in the development of a severe infection. Even
though similar considerations might be applied to T cells identifying and destroying

tumor cells, other factors such as tumor microenvironment may negatively influence T cell
functions [47].

One way to overcome the problem of an inefficient response is to engineer potent T cells
with the specificity of interest. Indeed, engineered T cells endowed with either chimeric
antigen receptor (CAR-T cells) or T-cell receptor (TCR-T cells) have been produced to
target aberrant cells in the human body — a technology that has emerged in recent years

to fight cancerous and infected cells. However, the efficiency of these T-cells remains to

be further and rigorously studied. The TCR expression on natural T cells can vary from
30,000 to 100,000 per cell depending on stage of differentiation and other factors [48].
However, the expression of CARs on T cells might not always be thoroughly measured.
Our research group reported that the transduction of human polyclonal T cells derived from
cord blood with second generation CARs that were specific for High Molecular Weight
Melanoma Associated protein (HMM-MAA) from melanoma cells, led to the expression
of 10,000 CARs per CD8* T cell and was similar to the expression of transgenic TCR

on CD8* T cells, i.e., 12,000 TCRs per cell [49]. This was significantly lower than the
expression of endogenous TCR on T cells but the reasons for lower expression of CAR

and transgenic TCR molecules on T cells remain to be dissected. A study comparing the
efficiency of CD8" T cell cytolytic responses with those of CAR-T cells in a standard CTL
assay against HLA-A2-positive uveal melanoma cells (CMO006) revealed a large difference
in the sensitivity of T cells responses mediated by either CAR or endogenous TCR [49].
Specifically, our group compared the extent of lysis of CMO006 cells that presented 120,000
HMM-MAA ligands/cell that were recognizable by CAR-T cells, with the killing of the
same cells presenting less than 7,000 pHLA-A2 ligands/cell, recognized by specific CD8*
CTL cells at the same effector-to-target ratio (5:1) [49]. Importantly, the intrinsic affinity of
the CAR for HMM-MAA (2x107 L/M) was significantly higher than the affinity of the TCR
for cognate pMHC (2.4%10° L/M). Less than 20% of the target cells displaying 120,000 |
HMM-MAA molecules/cell were killed by CAR-T cells while about 30% the same target
cells presenting about 7,000 cognate pHLA-A2 ligands/cell were destroyed by CD8* CTL.
These data indicated that the engagement of a larger number of CARs was necessary to
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initiate T-cell cytotoxic responses as opposed to a relatively small number of engaged TCRs.
This led us to suggest that the sensitivity of CAR T cell responses might be significantly
lower than that of CD8" T cell responses [49], although this warrants further investigation.

I hypothesize that this is reminiscent of differences in the sensitivity of cytotoxic responses
between CD8" and CD4* T cells [43], and argue that the responsiveness of CAR-T cells
might be similar to that of CD4* T cells, although this again, remains conjectural.

In the same study, our group also compared engineered TCR-T cells with ‘natural’

CD8™* T cells responding to the same CM006 melanoma cells [49]. A greater CD8*

CTL sensitivity for cytotoxicity was observed, suggesting that engaging natural TCR

could initiate significant signal amplification (see Figure 3), although this remains to be
directly demonstrated. Therefore, even though transgenic TCR induced more sensitive CTL
responses compared to CAR-T cells, the TCR-T cell response remained less sensitive than
that of natural CD8" T cells [49]. It is currently unclear whether lower transgenic TCR
expression is solely responsible for a less sensitive TCR-T cell cytotoxic response compared
with that of natural CD8* T cells. A thorough and robust comparison of the triggering
mechanisms initiated by transgenic TCR, CARs, and natural TCRs might help clarify the
functional differences between different engineered T cells.

Concluding remarks

Effector cells, particularly CD8* T cells from some individuals, are potent cytotoxic cells
that attack virus-infected or transformed cells, while other individuals fail to control infected
or transformed cells with the same potency. One endeavor to improve immune defenses is
to engineer efficient cytolytic effector cells capable of killing aberrant target cells. Some of
these engineering approaches requires the determination of the best ways to express genes
encoding a and B TCR in CD8" T cells. Random transduction of the TCR of interest into
freshly isolated T cells generally results in low transgenic TCR expression compared to
endogenous TCR. Moreover, it is well recognized that genes encoding transduced TCR are
randomly incorporated into the genome, resulting in heterogeneity of TCR expression and
distribution on the T cell surface. In addition, this might lead to mispairing of endogenous
and transduced a and B TCR chains, further diminishing the expression of the TCR of
interest. | posit that this strategy might be potentially improved by removing endogenous
TCR genes to allow increased expression of the TCR of interest, ideally eliminating
competition between natural and transgenic TCRs (see outstanding questions). Of note,

one of the latest strategies has been to replace endogenous TCR genes with TCR genes of
interest [50, 51]. Also, one research group utilized the same strategy to replace genes of a
natural TCR with the gene encoding a CAR; CAR expression on peripheral blood CD8* and
CD4* T cells was more uniform than randomly transduced CAR, and these CAR-T cells
demonstrated a greater potency against tumor cells compared to conventional CAR-T cells
[52]. Thus, I propose that a thorough analysis of the targeting potency of engineered TCR-T
and CAR-T cells vs natural CD8* (or CD4™) T cells against unwanted cells might pave

the way to selection of the most potent cytolytic effectors for testing their ability to control
aberrant cells in animal models and clinical trials.
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Outstanding Questions

. What specific factors determine the differential cytolytic potencies of
cytotoxic lymphocytes?

. How can these presumed differences across CD4*, CD8* and NK cytotoxic
lymphocytes be leveraged to better engineer chimeric antigen receptor
(CAR)-T cells CAR-NK and specific TCR-T cells for therapeutic benefit?

. What are the best approaches to removing endogenous TCR genes to allow
increased expression of specific TCRs for engineered T cells?

. Can eliminating the competition between natural and transgenic TCRs be
realistically achieved in engineered T cells? If so, how?

. What are the best experimental methods for modulating the cytotoxic
potencies of engineered TCR-T and CAR-T cells vs natural CD8* or CD4* T
cells?
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Highlights

Ligands on cell surfaces are recognized by specialized receptors on immune
cells and serve as an indicator for immunosurveillance by the host.

The expression amounts of ligands and receptors and the extent of their
clustering seems to be essential to modulate the strength of T cell stimulation
and the quality of response.

These receptor-ligand interactions at the T-cell/target cell interface
significantly contribute to the fine-tuning mechanism controlling T cell
cytolytic activity.

Lymphocytes that include CD8* and CD4* T cells as well as NK cells
exploit two major tools to attack aberrant cells. These include the production
of cytokines, which regulate the activities of lymphocytes, and delivery of
granule “‘poison pills’ to kill target cells.

Available data suggest that the sensitivity and potency of lymphocyte
responses cover a very wide range. Sensitivity and potency depend on the
efficiency of the response exercised by each kind of lymphocyte.

| posit that there are various factors controlling the potency of different
cytotoxic lymphocytes and that antigen-specific CD8" T cells may be among
the most cytotoxic Killers.
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Significance

Virus-infected or transformed cells in the body carry significant danger. Generally,
infection and transformation of healthy cells cannot be reversed, and these cells must
be eliminated to stop their spread. Efficient destruction of unwanted cells depends to a
large extent on the potency of cytolytic lymphocytes. Even a relatively small number
of highly potent cytolytic effectors might be sufficient to eliminate aberrant cells. Thus,
characterizing the differential potencies of cytotoxic lymphocytes such as CD8* T cells
becomes essential for advancing therapeutic endeavors.
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Figure 1. CD8" T cells can exhibit greater potency to fight aberrant cells than CD4™ T cells.
For illustrative purposes only, a previously published experiment is shown [17].

Lymphoblastoid T2 cells displaying both HLA-A2 and HLA-DR1 were sensitized with two
different stimulatory peptides at concentrations required for half-maximal lysis. Each target
cell was exposed to either CD8* or CD4* human cytotoxic T cells (CTL), respectively. This
study concluded that target cells were destroyed much fasted by CD8* CTL than by CD4*
cytolytic effector cells [17].
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Figure 2. Mechanism of granule delivery to the T cell synaptic interface.
It is well-established that strong T cell stimulation by cognate peptide-MHC on the surface

of a target cell leads to Ca?* influx activating cytoplasmic dynein motors that are linked to
microtubules via Rab7, a member of the RAB family of RAS-related GTP-binding proteins.
Activated dynein moves secretory lysosomes containing cytolytic granules from the plus
end of microtubules towards the microtubule organizing center (MTOC). At the same

time, another variant of the dynein motor linked by adhesion- and degranulation-promoting
adapter protein (ADAP) to highly polymerized actin at the peripheral supramolecular
activating cluster (pSMAC) functions as a fishing rod that reels in microtubules, pooling
MTOC toward the center of the T cell/target cell interface, i.e., central supramolecular
activating cluster (cSMAC). Diacylglycerol (DAG) that is produced as a result of the
hydrolysis of a membrane lipid PIP, (phosphatidylinositol 4,5-bisphosphate) during T cell
activation facilitates MTOC recruitment to the contact interface [31-37]. This seems to be
the most efficient pathway of cytolytic granule delivery by CD8* CTL to target cells.
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Figure 3. On the mechanism of signal spread within TCR clusters.
Interaction of clustered TCRs on T cells with peptide-MHC ligand clusters displayed on

nanolipoprotein particles has led to the engagement of a single stimulatory peptide-MHC by
a TCR [43]. It is well-established that recruitment of activated tyrosine kinases (p56/°<) by
CD45 protein initiates phosphorylation of the CD3 cytoplasmic tails of the engaged receptor.
Binding of CD8 co-receptor to MHC-1 further facilitates recruitment of p56/°k [12-14]. At
the same time, CD3 ITAM motifs of other TCRs bound to self-peptide-MHC ligands that are
in a very close proximity can also become phosphorylated by the p56!° that is recruited to
activated TCR, spreading the signal within the cluster. Thus, clustering of MHC-1 and TCR
and CD8 on the T cells leads to productive engagement of the TCRs facilitating potency of
CD8™ T cell responses [12]15].
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