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Goldilocks and the three TILs
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In this issue of JEM, Shakiba et al. (2021. J. Exp. Med. https://doi.org/10.1084/jem.20201966) tell a tale of three tumor
infiltrating lymphocytes (TILs). The first TIL was too strong and became exhausted. The second TIL was too weak and became
inert. The third TIL lost CD8, and this made it just right.

Shakiba et al. (2021) explore the relation-
ship between TCR signal strength, gene ex-
pression programs, and tumor control in a
mouse model to get at relevant mechanisms.
The outcome of immunotherapy in solid
tumors with T cells that can kill tumor cells
in vitro is still difficult to predict, such that a
better understanding of how TCR signal
strength relates to tumor control is impor-
tant. Their work reveals distinct genetic
programs for strong and weak TCR en-
gagement, including the coreceptor contri-
bution. T cells with too strong a TCR entered
a nonfunctional exhausted state, and T cells
with too weak a TCR were stuck in a func-
tionally capable but inert state in the tumor
(see figure, A and B). They hypothesized
that a balance might be struck between the
triggering capacity of the strong TCR and
the functional genetic program of the weak
TCR to enable tumor control by TIL. An-
other way to test this hypothesis was to at-
tenuate the TCR signal through elimination
of the coreceptor, CD8. In combination with
a classical strong TCR (OT1 TCR recognizing
SIINFEKL bound to MHC class I allele H-
2Kb), the loss of CD8 enables clearance of
B16 mouse melanoma tumors expressing the
SIINFEKL epitope in the presence of anti-
PD1, which was not possible with OT1
T cells expressing CD8 (see figure, C and D).
In the absence of CD8, the strong TCR acti-
vated a functional genetic program like the
weak TCR with CD8, but the strong TCRwas
able to execute the functional program and
control an aggressive tumor without CD8.

This work suggests a general strategy for
T cell engineering to target mutated tumor
antigens for which strong TCR can develop
or be engineered. The work raises a number
of interesting questions.

First off, how did they look at TCR signal
strength? Shakiba et al. (2021) perform the
initial analysis on a mouse tumor antigen
model. In this model, an H-2Db restricted
peptide SAINNYAQKL from SV40 large T
antigen epitope 1 (TAG), which induces
transformation of cells and is a type of viral
tumor antigen, is recognized by the TAG-H-
2Db–specific TCR carried by T cells isolated
from B6 background transgenic mice. Al-
tered peptide ligands (APLs) used in addi-
tion to the strongly recognized natural
peptide sequence, referred to as N4, were F6
(SAINNFAQKL), with an 18-fold lower po-
tency for T cell stimulation, and low-affinity
D4 (SAIDNYAQKL), with a 560-fold lower
potency. They also demonstrated that all the
APLs bind similarly to H-2Db, such that the
lower potency of APLs likely relates to af-
finity for the TCR or other properties that
impact potency (Sibener et al., 2018). The
TAG APLs were expressed in the MCA205
fibrosarcoma lines for T cell activation and
tumor rejection studies. Through in vivo
studies using the APL expressing tumors,
Shakiba et al. revealed that there is no ob-
vious discrimination in TCR signal strength
when it comes to many parameters of TCR
activation, proliferation, and effector dif-
ferentiation on naive tumor-specific T cells
in the draining lymph node. In fact, earlier

studies in acute infection models revealed
highly functional responses across a range
of TCR signal strengths (Zehn et al., 2009).
But the situation in tumors was different.
Analysis of signaling pathways and epi-
genetics showed discrimination based on
signal strength specifically at the tumor site.
These differences were translated to gene
expression. N4 and F6 drove the expression
of genes associated with T cell dysfunction
and exhaustion and the down-regulation
of memory/effector function. Although D4

drove distinct gene expression consistent
with functional effector capacity, the TILs
were unable to kill tumor cells presenting
D4. Together, these findings astutely un-
cover two nonredundant mechanisms of
tumor escape at high and low TCR strength
(see figure, A and B). Negative regulatory
receptors PD1 and LAG1 were expressed in
both settings, but 2B4 and CD39 served as
surface markers for the exhausted pheno-
type. The effector program elicited by D4

included GZMA, a key component of the
cytotoxic machinery (Bálint et al., 2020).
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Given these two extremes of tumor immune
evasion, the authors reasoned that there
could be a Goldilocks zone of intermediate
strength of TCR-pMHC interaction where
tumor-specific T cells could maintain their
functionality and not be driven to rapid ex-
haustion, but the TCR signal would retain the
ability to activate the effector programs
needed for tumor control or eradication. Such
peptides may exist between F6 and D4, but it
would be a large undertaking to identify them
in this new APL system and it might not lead
to an actionable therapeutic strategy. So they
didn’t formally identify this sweet spot, but
it’s possible that finding this Goldilocks zone
for TCR–peptide-bound MHC (pMHC) is a
requisite for autoimmunity (Correa and
Dustin, 2021; Dressel et al., 1997).

How did they find the Goldilocks zone?
Faced with the challenge of reducing TCR
signal strength that could be applied in a
T cell immunotherapy setting, the authors
asked if removal of the CD8αβ coreceptor
would generate the necessary attenuation of
the strong TCR signal to find the Goldilocks
zone. This would then provide an opportu-
nity for any high-affinity T cells generated
against mutated self-proteins, where high
affinity is likely, to be rescued. The current
model for CD8 function is that it generates
a relatively long-lived tetrameric complex
of TCR, pMHC, Lck, and CD8 itself that
enhances the TCR signaling platform
(Stepanek et al., 2014) and enables single
molecule sensitivity of the TCR (Irvine et al.,
2002). Using CRISPR, Shakiba et al. knocked

out the CD8α gene in the OT1 T cells, a dis-
tinct TCR transgenic system that recognizes
chicken egg OVA peptide SIINFEKL pre-
sented by MHC class I allele H-2Kb, which is
widely used as a model antigen. Interest-
ingly, the attenuation of the dose response
for the SIINFEKL peptide due to loss of CD8
in the OT1 T cells is similar to the difference
between the N4 and F6 peptides in the
presence of CD8 for the TAG T cells (Shakiba
et al., 2021). However, the shape of the re-
sponse curve is different with greater co-
operativity evident for SIINFEKL in the
absence of CD8, which is characteristic of
TCR signaling without a coreceptor (Irvine
et al., 2002). Thus, there are differences in
the quality of the signal that may make the
loss of CD8 more impactful than a simple
tuning down of TCR–pMHC affinity by ∼10-
fold. This was clearly the case, as the gene
expression program of the CD8-deficient
OT1 T cells responding to SIINFEKL-H-2Kb

was similar to the CD8-sufficient TAG T cells
exposed to the low-strength D4 ligand. How-
ever, its known that OT1 T cells can kill targets
expressing the SIINFEKL-H-2Kb complexes in
the absence of CD8 (Yachi et al., 2006). Con-
sistent with this, CD8-deficient OT1 T cells
were able to control OVA expressing B16 tu-
mors, in the presence of anti-PD1 antibodies,
confirmed that they had found the Goldilocks
zone for this system (see figure, C and D).
While PD1 blockadewas required for control of
B16 tumor in this setting, the CD8 expressing
OT1 T cells were unable to control the tumor
growth even in the presence of anti-PD1 due to

their exhausted epigenetic program. Of course,
it will be interesting to determine in the future
if this can be generalized to strong polyclonal
T cell repertoires against tumors expressing
mutated proteins. Additionally, there may be
further potential to use CD8 engineering to
potentially boost low-strength TCR–pMHC
into the Goldilocks zone from the other di-
rection (Clement et al., 2021). This may be
helpful in situations where the TCR repertoire
available in a patient is skewed toward lower
affinity overexpressed self-antigens rather
than higher affinity TCR to mutated proteins.

The finding that T cell responses against
a tumor can be improved by removing CD8
would have seemed counter-intuitive before
the finding that there are two distinct fail-
ure modes faced by TILs (Shakiba et al.,
2021). This finding may also have im-
plications for design of chimeric antigen
receptor T cells (CAR-T), which are subject to
exhaustion (Waldman et al., 2020). Synthetic
biologists have started to engineer co-
receptors to work with CAR-T, and this effort
might be shaped by Shakiba et al.’sfindings; it
may be useful to have custom synthetic
coreceptors that complement a given CAR-
tumor antigen system to ensure they operate
together to keep the T cells in the Goldilocks
zone. Could particular anti-CD8 antibodies
help to move endogenous TILs with strong
TCR signaling into this Goldilocks zone?
Schietinger and colleagues have provided
an interesting new paradigm for T cell
dysfunction in tumors that challenges cur-
rent thinking and opens new opportunities.
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Finding the Goldilocks zone for TILs. (A) Exhausted TILs elicited by strong antigen recognition fail to
control MCA205 fibrosarcoma. (B) Weak antigen recognition leads to effector TILs but can’t trigger
MCA205 killing. (C) Replication of result in A with B16 melanoma model in the presence of anti-PD1.
(D) Loss of CD8 from A resulted in just-right effector TILs that were able to kill B16 in the presence of
anti-PD1—the Goldilocks zone.
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