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ABSTRACT

Background Optimizing T cell activation strength is
emerging as a critical factor in improving adoptive cellular
therapy (ACT). We previously reported that neoantigen-
specific T cell receptor (TCR) clonotypes from a patient
with metastatic melanoma exhibited enhanced resilience
to repeated stimulation when initially activated at
moderate levels.

Methods Building on these observations, we applied
transient, low-dose MEK inhibition (MEKI) to fine-tune T
cell signal strength during early activation. We evaluated
this combinatorial strategy in vitro using co-cultures of
CD8+ T cells engineered with patient-derived neoantigen-
specific TCRs, alongside chimeric antigen receptor-T
cells, bispecific T cell engagers, and non-engineered
tumor-infiltrating lymphocytes (TILs). In vivo efficacy was
evaluated in a xenograft model with intravenous TCR-T cell
transfer and systemic low-dose MEKi.

Results MEKi co-treatment induced a more tempered
activation profile that enhanced T cell proliferation, fitness,
and persistence under strong stimulation. These effects
were consistent across various in vitro and in vivo models
for engineered T cells as well as primary melanoma-
derived TILs. MEKi dampened the pro-inflammatory T

cell activation profile, most notably diminishing tumor
necrosis factor (TNF) secretion, mechanistically driven

by coordinated and selective disruption of the key
transcriptional regulators nuclear factor kappa-light-chain-
enhancer of activated B cells (NFkB) and nuclear factor of
activated T cells (NFAT) while partly preserving activator
protein 1 (AP-1) activity.

Conclusion These findings highlight moderate activation
as a critical determinant of engineered T cell long-term
performance. Low-dose MEKi offers a therapeutic tool for
fine-tuning T cell activation and enhancing ACT efficacy.

BACKGROUND

Adoptive cellular therapies (ACT) employing
genetically engineered T cells have become
increasingly important for the treatment of
refractory cancer patients. Alongside estab-
lished chimeric antigen receptor (CAR)-T
cell therapies for B cell malignancies,'
recently, the first T cell receptor (TCR)-based
T cell therapies were approved for clinical
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Moderate T cell activation enhances the durabil-
ity and function of neoantigen-specific T cell re-
ceptor (TCR)-based T cells during repeated tumor
stimulation.

WHAT THIS STUDY ADDS

= Transient, low-dose MEK inhibition (MEKi) selec-
tively tempers activation strength, promoting T cell
persistence and improving therapeutic performance
across ACT platforms.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= MEKi-based signal tuning emerges as a clinically
accessible strategy to optimize T cell activation and

enhance outcomes in adoptive cell therapy.

use.”” Further clinical studies of TCR-T cells
promise potential for broader implementa-
tion in therapeutic regimens and earlier lines
of therapy.”™® TCR-based therapies target
numerous groups of antigens spanning the
entire tumor cell peptidome presented on
major histocompatibility complexes (MHC),
including non-mutated tumor-associated
self-antigens’ or mutated neoepitopes.” ® 5
However, repertoires of tumor-specific TCR-
clonotypes® ' ' raise the question about the
optimal ‘goldilocks’ signal strength of TCRs
for use in ACT. While previous therapeutic
approaches prioritized receptors with high
functional avidity,” ""'° we recently reported
an inverse relationship of TCR-T cell activa-
tion levels and resilience on rechallenge. TCR-
transgenic (tg) T cells with more moderate
initial activation and lower functional
avidity showed improved T cell persistence
upon repeated tumor encounter.'’ Similar
avidity-dependent patterns were observed in
different murine models, suggesting higher
levels of exhaustion and ineffective antitumor
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activity in high-avidity TCR-clonotypes.'® '” Leveraging

insights from these TCR repertoires, we hypothesize that
transient, low-level inhibition of TCR signaling during
early activation can enhance the performance of strongly
activated, TCR-engineered T cells.

To achieve transient inhibition rather than perma-
nent genetic modification, we employed small-molecule
kinase inhibitors. Previous data showed that application
of several kinase inhibitors during ex vivo expansion of
CAR-T cells prevented tonic signaling and promoted
memory phenotypes.m_% Moreover, the combination of
CAR-T cells with the Src tyrosine kinase inhibitor dasat-
inib (DASA) as a pharmacological off-switch for steering
CAR-T cell activity could prevent cytokine release
syndrome (CRS) and partly restore exhaustion.”
However, while DASA broadly targets multiple tyrosine
kinases,” we sought a more selective kinase inhibitor
that would partially attenuate, rather than fully suppress,
TCR signaling. Among the core pathways downstream
TCR engagement are three major transcription factors
that orchestrate T cell activation, differentiation, and
function—mitogen-activated protein kinase (MAPK) via
activator protein 1 (AP-1), nuclear factor kappa-light-
chain-enhancer of activated B cells (NFkB), and nuclear
factor of activated T cells (NFAT). The MEK inhibitor
(MEKi) cobimetinib (COB), clinically first approved for
combinatorial treatment with vemurafenib for BRAF'*"-
mutated metastasized melanoma, allosterically targets
MEKI1 and, with lower potency, MEK2, both part of the
MAPK pathway.**** Previous combinatorial approaches of
MEKi with immune checkpoint inhibitor (ICI) therapy
have already highlighted the potential of MEKi to enhance
CD8T cell responses26 ?7 and sustain a more memory stem
celllike phenotype upon MEKi treatment.”” However,
clinical studies evaluating this combination have so far
yielded only modest therapeutic benefit.***" Recently,
the addition of MEKi during CAR-T cell manufacturing
and tumor encounter prevented terminal differentiation
driven by tonic signaling or antigen-induced activation.”'
However, comparable data for TCR-engineered T cell
therapies are still lacking.

In this work, we demonstrate that MEKi decreases
TCR-T cell activation levels, enhancing their resistance
to overstimulation and their efficacy under conditions
of strong TCR signaling, such as high tumor load. We
provide evidence for increased fitness and prolifer-
ation in T cells across various in vitro, in vivo, and ex
vivo experimental systems investigating engineered
and non-engineered T cells. These effects are driven
by MEKi-mediated modulation of the T cell inflamma-
tory profile, most notably reflected in the near-complete
abrogation of tumor necrosis factor (TNF) secretion.
Mechanistically, this outcome is linked to coordinated
suppression of promoter activity of NFkB and NFAT,
while partially preserving AP-1 activity, which our data
suggest is central to the increase in T cell persistence.
Overall, low-dose MEKi co-treatment enhances TCR-T
cell-mediated tumor control, supporting its use in

fine-tuned combinatorial and engineering strategies to
improve ACT.

METHODS

Generation of CD8+ T cells transgenic for neoantigen-specific
TCRs or aCD19-CAR

Retroviral transduction

CD8+ T cells were obtained by magnetic negative selec-
tion from healthy donor-derived peripheral blood mono-
nuclear cells (PBMCs) (EasySep Human CD8" T Cell
Isolation Kit, Stemcell, catalog 17953) and activated for
48 hours with 30U/mL human interleukin (IL)-2 and
anti-CD3-anti-CD28-beads (Dynabeads human T-acti-
vator CD3/CD28, Thermo Fisher, catalog 11131D).
Retroviral packaging cells RD114 were seeded to reach
a confluency of 60% on the day of transfection and
subsequently transfected with plasmids containing the
neoantigen-specific TCR (neoTCR)-0-chain and B-chain
sequences'’ " or CAR-T cell construct™ (aCD19-282-CAR
or aCD19-41BBz-CAR, kindly provided by Professor
Feuchtinger, Freiburg) using TransIT-293 (MirusBio,
catalog MIR 2700). Transfected cells were incubated for
48hours, supernatants were subsequently filtered and
used for spin infection of activated CD8+ T cells. Trans-
duced T cells were cultivated with IL-7 and IL-15 for 10
days as described before.’ Transduction efficiencies were
determined via flow cytometry staining with an antibody
against the murine B-chain of engineered TCR-constructs
in comparison with non-transduced T cell populations.

Orthotopic T cell receptor replacement via CRISPR/Cas9 knock-in
CRISPR/Cas9-mediated TCR engineering was done
as described before® ** (see also online supplemental
methods). After 5days of cultivation, orthotopic TCR
replacement (OTR)-modified cells were enriched for
TCRmu+ cells on an Aria Fusion cell sorter (BD). Cells
were then expanded with irradiated feeder cells in Roswell
Park Memorial Institute medium supplemented with 5%
human serum, 1801U/mL IL-2, and 1 pg/mL phytohem-
agglutinin (PHA). Five days before experiments, no more
PHA was added, and IL-2 was reduced to 501U /mL.

In vitro assessment of effector responses and quantitative
dynamics in TCR-tg, OTR-engineered, or CAR-tg T cells on
MEKi co-treatment: co-culture setup

The functional and phenotypic aspects were assessed
within co-culture settings using retrovirally tg or OTR-
engineered CD8+ T cells from different healthy donors
and different target cells. Target cell lines (U698M, JJN3
B27) were either tg for the tandem minigene (mutated
minigene (mut mg) vs wildtype minigene (wt mg)) or
pulsed (2hours at 37°C) with different concentrations
of peptides KIF2C™" and SYTL4*** or their wildtype
form. TCR-tg or OTR-engineered TCRmu+ T cells were
considered effector cells for all effector-to-target (E:T)
ratios unless indicated otherwise. For MEKi in most
analyses, the inhibitor COB (MedChem Express, catalog
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HY-13064) was added to the co-culture from its beginning
(Ohour) if not stated otherwise at concentrations indi-
cated for each experiment. To compare different MEKi,
we performed analyses comprising five different MEKi
(all MedChem Express): selumetinib (SELU) (catalog
HY-50706), binimetinib (BINI) (catalog HY-15202),
COB, GDC-0623 (GDC) (catalog HY-15610), trametinib
(catalog HY-10999). All MEKi were dissolved in dimethyl
sulfoxide (DMSO) and used at concentrations indicated
per experiment. For comparative analyses, DASA (Merck,
catalog SML2589) was also dissolved in DMSO and used
at concentrations indicated per experiment.

In vivo tumor rejection potential in a xenograft model
NOD.CG-Prkdcscid IL2rgtm1Wjl/Sz] (NSG; The Jackson
Laboratory, RRID: IMSR_JAX:021885) were maintained
according to the institutional guidelines and approval
of local authorities (Regierung von Oberbayern; ROB-
55.2-2532.Vet_02-19-125). A xenograft murine model was
established as previously described.”” Animal well-being
was assessed daily, and tumor growth was monitored in
vivo by external measurements with digital caliper until
end point criteria as regulated in ROB-55.2-2532.Vet_02-
19-125 were achieved. Mice were euthanized by isoflurane
and cervical dislocation on achievement of endpoint
criteria or end of experiment.

The capacity of primary tumor control was assessed as
described before." Briefly, male and female NSG mice
at the age of 6-10 weeks were subcutaneously injected
with U698M-mut mg cells (10><106 cells/flank). As tumors
reached an area of 20 me, T cells transduced with
neoTCR KIF-scl or an irrelevant TCR (2.5D6 targeting
MPO™) were injected intravenously. A total of 3x10°
neoTCR-tg T cells (KIF-scl) were administered intrave-
nously to U698M-mut mg-tumor bearing mice. Either on
the day of T cell injection (day 0) or at a later time point
(day 3), tumor-bearing mice received an additional intra-
peritoneal injection of either COB at the indicated dose
(0.25, 1, or 7.5 mg/kg of body weight (bw)) in phosphate-
buffered saline (PBS) or PBS with equal amount of DMSO.
Male and female animals as well as animals of different
ages were distributed evenly across all treatment groups.
Tumor growth kinetics were monitored daily for up to 12
weeks with blinded measurement by digital caliper until
experiment endpoint criteria were reached.

Triple parameter reporter system for analysis of TCR signaling
JEG6.1 Jurkat cells, transduced to express a triple-parameter
reporter (TPR) platform for NFAT, NFkB, and AP-l,36
along with CD80, and CD8B chain®” (kindly provided by
Professor Peter Steinberger, University of Vienna), were
retrovirally transduced to express neoTCRs derived from
the repertoire of patient Mel15."°'! For signaling analysis,
co-cultures were set up as described before and reporter
activity measured by flow cytometric analysis (enhanced
green fluorescent protein: NFAT, enhanced cyan fluo-
rescent protein: NFkB and MCherry fluorescent protein:
AP-1).

Bulk RNA sequencing and data analysis

For analysis of transcriptomic differences, co-culture was
set up at E:T 1:4 with KIF-scl-tg TCR-T cells from three
different donors and lymphoma cell line U698M-mut mg
for 20hours and 96hours. At each time point, CD8+ T
cells were purified by CD8-MACS (Miltenyi Biotec). CD8+
T cells were immediately snap frozen and total RNA was
isolated for all co-culture conditions as well as unstimu-
lated T cells using the RNeasy Mini Kit (Qiagen, catalog
74104) according to the manufacturer’s instructions.
Library preparation for bulk-sequencing of poly(A)-
RNA was performed as published previously”™ and data
analyzed using the DESeq2” (V.1.46.0) R package (see
also online supplemental methods).

Statistics

Differences between conditions in vitro were assessed
by ordinary one-way analysis of variance (ANOVA) and
Tukey’s or Dunnett’s multiple comparison test. Differ-
ences between different conditions in the xenograft
model were analyzed by ordinary one-way ANOVA with
Tukey’s correction for multiple comparisons or unpaired
t-test as indicated in the figure legends. Statistical compar-
ison of survival was performed using the Mantel-Cox test.
Statistical analyses were performed with GraphPad Prism
V.9.3.1 software.

RESULTS

MEKi decreases the activation level of TCR-engineered T cells

following non-specific and TCR-specific activation

While clinically first approved for the antiproliferative
treatment of metastasized melanoma, we investigated the
effect of the MEKi COB on CD8+ T cell activation. There-
fore, we stimulated CD8+ TCRtg T cells non-specifically
with phorbol 12-myristate 13-acetate (PMA) and iono-
mycin (Iono) in vitro and, expectedly, detected a decrease
of phospho-p42/44 (ERK1/2), the kinases directly down-
stream of MEK, on addition of MEKi (figure 1a,b). Mean-
while, COB treatment in this dose range (below 1 pM)
did not affect tumor growth of different tumor cell lines
(figure 1c), demonstrating that any effect on tumor cell
survival after TCR engagement is mediated by the T cells
themselves, rather than a direct effect of the MEKIi at this
concentration.

Hypothesizing that MEKi would lower TCR-tg T cell acti-
vation, we focused on a neoTCR—KIF-scl—with a strong
activation profile as previously described.'’ This neoTCR
was identified in an oligoclonal TCR repertoire with
identical neoepitope-MHGC-specificity in a patient with
metastasized melanoma by a single-cell TCR-sequencing-
enforced pipeline.'" The neoepitope recognized,
KIF2C"™", had been identified by mass spectrometry-
based neoantigen detection.” * After generating TCR-tg
CD8+ T cells from healthy donor PBMCs, we co-cultured
KIF-scl-tg T cells with the lymphoma cell line U698M-mut
mg or multiple myeloma (MM) cell line JJN3 B27-mut
mg, both tg for the neoantigen KIF2C""*". We stained for
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Figure 1 Decrease of T cell activation level following MEK inhibitor (MEKIi) treatment. (a) Representative flow cytometry

plot of intracellular levels of phospho (p)-p42/44 (p-Erk1/2) on increasing doses of cobimetinib (COB) after unspecific T cell
activation via phorbol 12-myristate 13-acetate (PMA)/ionomycin (lono). One-way analysis of variance (ANOVA) with Tukey’s
multiple comparison test: ***p<0.0001. (b) Flow cytometry-based geometric mean fluorescence intensity (gMFI) of p-p42/44
(p-Erk1/2) after PMA/lono stimulation or without stimulation (unstim) in CD8+ T cells of three healthy donors. Mean and SD
depicted. (c) Representative flow cytometry plots of CellTrace Violet (CTV)-labeled tumor cell lines U698M and JJN3 after 4
days of cultivation at increasing doses of COB (0-8 pM). (d-g) Extracellular (EC) flow cytometry staining of activation markers
CD69 (d, e) and CD137 (f, g) after 12hours (d left, f left) or 24 hours (d right, e, f right, (g) co-culture of KIF-sc1-tg CD8+ Tcells
with U698M-mut mg (effector-to-target (E:T) ratio 1:1) with increasing doses of COB (0, 0.005, 0.05, 0.5, 1, 2 uM). gMFI

for both activation markers is shown. Representative flow cytometry plots after 12 hours and 24 hours of one (d, f) of three
biological replicates (e, g, mean and SD after 24 hours) are depicted. Unstimulated control (ctrl) shown for all flow cytometry
plots. One-way ANOVA with Tukey’s correction for multiple comparisons; colors indicate cell line for which the test was
performed: *p<0.05, **p<0.01, **p<0.001, ***p<0.0001. (h, i) Extracellular (EC) flow cytometry staining of CD69 (h) and CD137
(i) after 20hours co-culture of CD8+ KIF-sc1-tg T cells with U698M-mut mg at increasing doses of COB across increasing E:T
ratios. Mean and SD of gMFI for three biological replicates are shown. One-way ANOVA with Tukey’s correction for multiple
comparisons; colors indicate comparison between 0.05 or 0.5 yM COB and 0 pM condition: *p<0.05, **p<0.01, **p<0.001,

****p<0.0001.

classical T cell activation markers CD69 (figure 1d,e) and
CD137 (figure 1f,g) on TCR-tg (TCRmu+) cells after 12
and 24 hours of co-culture and detected a dose-dependent
decrease of both markers, suggesting a decrease in acti-
vation on MEKi treatment added from the beginning of
co-culture. The addition of 0.5 pM COB already resulted
in maximal decrease of CD137 and CD69 expression,
suggesting strong inhibitory modulation of TCR-tg T cell
activation (figure 1d—g). When examining the dose range
below 0.5 pM and titrating the number of target cells per

condition, the inhibitory effect of MEKi on T cell activa-
tion markers remained consistently detectable across the
full range of tested E:T ratios at an early and a later time
point (figure 1h,i, online supplemental figure Sla-j). In
the context of early activation, inhibitory markers behaved
as activation markers exhibiting lower surface levels
following increasing doses of COB (online supplemental
figure S1d, e, i, j, k-n). While canonical markers distin-
guishing memory subsets (CD45RA/CD45R0O) were not
affected by MEKi addition (online supplemental figure
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Slo), MEKi-treated T cells retained slightly higher levels
of markers associated with a naive phenotype (CD62L,
CCR7) (online supplemental figure S1p). General trends
of surface expression patterns of phenotypic markers
were maintained up to day 4, whereas overall activation
levels declined (online supplemental figure S1q-v).

Overall, we found that MEKi decreased TCR-tg T cell
activation levels on both antigen-independent activation
and encounter of tumor cells. Based on these findings,
we defined the dose range for subsequent experiments,
referring to 0.05 pM COB as low-dose and 0.5 pM as high-
dose MEKi.

Low-dose MEKi during early T cell activation confers a
quantitative advantage in T cell persistence on strong
antigenic challenge

Beyond the observation that MEKi decreases TCR-T cell
activation (figure 1, online supplemental figure S1), we
next investigated the effect of this inhibitory modulation
on TCR-tg T cell fitness, functionality, and survival. To
test this, we set up further in vitro co-cultures with KIF-
scl-tg CD8+ T cells and U698M-mut mg or U698M-wt
mg. Again, we employed different E:T ratios to simulate
increasing tumor load and stimulation strength of TCR-T
cells with increasing target counts. After the first 20 hours
of co-culture, all KIF-scl-tg T cells decreased in absolute
count compared with the unstimulated wt mg-condition,
independently of MEKi treatment or dose (figure 2a).
Despite the inhibitory effect of MEKi on T cell activa-
tion, all conditions cleared the tumor with equal potency,
although killing efficacy was strongly dependent on the
E:T ratio (figure 2b).

After 96 hours of co-culture, MEKi-treated conditions
differed significantly in their absolute TCRmu+ count
compared with the untreated condition: while the
maximum of residing TCRmu+ T cells was detected for
low E:T ratios (1:0.25 and 1:0.5) for the untreated condi-
tion, highest TCRmu+ Tcell counts for MEKi-treated
conditions were detected for high E:T ratios (1:2 and 1:4,
figure 2c). Overall, MEKi treatment shifted the optimum
of TCR-tg T cell counts on tumor encounter, reflecting T
cell fitness and survival, towards higher tumor load and
therefore stronger T cell stimulation. Moreover, low-dose
MEKi (0.05 pM) demonstrated significantly improved
tumor cell killing at the optimum of TCR-tg T cell
persistence (1:4, figure 2d). Compared with the addition
of MEKi at a later time point (12hours after co-culture
set-up), low-dose MEKi from the beginning of co-culture
(O hour) still demonstrated a stronger effect on persisting
TCR-tg T cells and tumor killing (figure 2e-h, online
supplemental figure S2a-g). Significantly increased T cell
persistence and tumor killing, along with decreased acti-
vation levels, were also observed for repeated stimulations
of TCR-T cells over several days (online supplemental
figure S2a-y). Notably, the degree of donor-dependent
biological variability of tumor killing on addition of high-
dose MEKi (figure 2h, online supplemental figure S2c,
i, o, u) underlined the sensitivity of this system towards

overly strong inhibitory modulation and the fine-tuned
balance of T cell activation between understimulation
and overstimulation.

To understand factors affecting T cell persistence on
tumor encounter, we investigated activation-induced cell
death and T cell proliferation. Concerning the first, we
did not detect significant differences in apoptotic cell
rates before the visible onset of cell proliferation after
20 hours of co-culture, despite the observation of lower T
cell counts across all stimulated conditions (figure 2i,j),
confirming our previous experiments (figure 2a). To
investigate T cell proliferation, we tracked cell divisions
and detected increased proliferation of T cells treated
with low-dose MEKi at higher E:T ratios (figure 2k and
online supplemental figure S3). However, an increase to
high MEKIi doses led to adverse effects decreasing prolif-
eration, particularly on lower E:T ratios (figure 2k and
online supplemental figure S3). Conclusively, the quan-
titative advantage of T cells observed with low-dose MEKi
co-treatment is at least partially attributable to a prolifer-
ative benefit (figure 2k and online supplemental figure
S3).

T cell performance benefits from MEKi co-treatment across
diverse receptors and models, dependent on initial stimulation
strength

To validate these findings further, we tested our hypoth-
esis for different neoTCRs. By retroviral transduction,
we genetically engineered healthy donor CD8+ T cells to
express further neoTCRs from the oligoclonal TCR reper-
toire of patient Mel15”"" and activated them in co-culture
with U698M-mut mg (online supplemental figure S4a-h).
Low-dose MEKi improved T cell survival (figure 2l-n)
without compromising cytotoxic capacity (online supple-
mental figure S4i-k). This advantage depended on the stim-
ulation strength of each neoTCR construct, measured in
part by functional avidity."" Low-dose MEKi demonstrated
the strongest positive effects on T cell survival for neoTCR
constructs with higher functional avidity (KIF-scl, SYT-P1,
and SYT—TI).ll Meanwhile, neoTCRs with lower intrinsic
stimulation potential (KIF-P1, KIF-P2, and KIF-sc2) only
profited, if at all (see KIF-P1), at higher E:T ratios from
low-dose MEKi (figure 2l-n). Interestingly, high-dose
MEKi highlighted the complex dynamics within these T
cell-tumor interactions, partly reversing these patterns
(figure 21-n) and also slightly decreasing killing ratios
(online supplemental figure S4k). In summary, low-dose
MEK:i conferred the most pronounced benefit to strongly
activated TCR-T cells.

To circumvent the artificial nature of TCR overexpres-
sion in virally engineered TCR-T cells, we continued to
engineer TCR-T cells orthotopically by inserting the TCR-
construct KIF-scl into the endogenous TRAC-ocus via
CRISPR/Cas9 as described previously." ** ** TCR-T cells
undergoing OTR profited similarly to retrovirally engi-
neered TCR-T cells from low-dose MEKi. After 96 hours
of co-culture, OTR-TCR-T cells showed significantly
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Figure 2 Low-dose MEK inhibition (MEKIi) increases T cell performance in vitro by enhancing proliferation. (a-d) Flow
cytometry-based quantification of CD8+ T cell receptor (TCR)-transgenic (tg) (TCRmu+) T cells and dsRed+ tumor cells after
20hours (a, b) or 96 hours (c, d) co-culture of KIF-sc1-tg T cells with U698M-mut mg at increasing effector-to-target (E:T)
ratios. U698M-wild-type (wt) mg served as unstimulated background control in E:T 1:4 (wt control (ctrl)). 0, 0.05, and 0.5
UM cobimetinib (COB) were compared with each other. Number of TCR-tg (TCRmu+) T cells is shown as absolute counts
(a, c), specific killing is shown as percent killing compared with control condition with an unspecific TCR (2.5D6). Mean and
SEM are depicted for five biological replicates. One-way analysis of variance (ANOVA) with Tukey’s correction for multiple
comparisons: *p<0.05, **p<0.01 (color indicates the COB concentration compared with 0 uM COB; only selected p values
reported). (e-h) Fold-change of TCRmu+ KIF-sc1-tg (e, f) and increase of killing (g, h) each compared with the condition without
COB co-treatment in a co-culture of KIF-sc1-tg T cells and U698M-mut mg (E:T 1:2 or 1:4). Mean and SD of five biological
replicates per group are depicted. One-way ANOVA with Tukey’s correction for multiple comparisons: *p<0.05, **p<0.01,
***p<0.001. (i, j) Annexin V-staining/propidium iodide (Pl)-staining after 20 hours co-culture (KIF-sc1-tg T cells and U698M-
mut mg) at different E:T ratios (i 1:2, j 1:4). U698M-wt mg (wt) served as unstimulated background control. Mean from three
biological replicates depicted as absolute counts of TCRmu+ T cells per group. (k) Representative flow cytometry plots from one
biological replicate of CellTrace Violet (CTV)-labeled CD8+ TCRmu+ T cells (KIF-sc1-tg) after 4 days of co-culture with U698M-
mut mt at increasing doses of COB (0, 0.05, 0.5 uM). Comparison of different E:T ratios (left 1:2, right 1:4). (I-n) Increase of CD8+
Tcells expressing different neoTCRs (in order of increasing functional avidity) from the repertoire of patient Mel 15'" after 4 days
of co-culture with U698M-mut mg at different E:T ratios (I 1:1, m 1:2, n 1:4). Percent increase of CD8+ Tcells is shown for 0.05
and 0.5 yM COB in comparison with 0 uM COB. Mean and SD of four biological replicates are depicted. One-way ANOVA with
Tukey’s correction for multiple comparisons: *p<0.05, **p<0.01, ***p<0.0001. (0) Increase of CD8+ Tcells in orthotopic TCR
replacement (OTR)-engineered KIF-sc1-expressing T cells after 4 days of co-culture with U698M-mut mg. Percent increase
of CD8+ Tcells is shown for 0.05 and 0.5 uM COB in comparison with 0 uM COB. Mean and SD of three biological replicates
are depicted. One-way ANOVA with Tukey’s correction for multiple comparisons: *p<0.05, **p<0.01. Only selected p values
reported. (p) Killing of U698M-mut mg within co-cultures of OTR-KIF-sc1-expressing T cells. Specific killing is shown as percent
killing compared with a control condition with an unspecific TCR (against SARS-CoV-2). Mean and SD of three biological
replicates are depicted.

SIFLPQ S PtT
KIF  SYT KF  SYT

increased T cell counts at higher E:T ratios, while main-
taining equally potent tumor lysis (figure 20,p).

We further compared our results from virally engi-
neered T cells with another cell line, the MM cell line

JIN3 B27-mut mg, which was also genetically engineered
for the presentation of KIF2C™". We detected compa-
rable levels of T cell activation on tumor encounter of
either U698M-mut mg or JJN3 B27-mut mg (online
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supplemental figure S4l-0), while MM cells were overall
more susceptible to TCR-T cell-mediated tumor lysis
(online supplemental figure S4p and q). Following MEKi,
we detected increased TCR-tg T cells, again with the most
substantial advantages for T cell performance for low-dose
MEKi (optimum at E:T 1:5 (online supplemental figure
S4r-u). Thus, MEKi demonstrated even stronger positive
effects in the MM model compared with the lymphoma
model (online supplemental figure S4r-u).

Due to the clinical importance of CAR-T cell treat-
ments, we also tested our hypothesis on T cells expressing
a CD19-directed CAR construct™ (online supplemental
figure Sba-d). While the addition of MEKi led to an
increase in CAR-T cell numbers, depending on the CAR-
construct (online supplemental figure Sba and c), killing
rates were slightly decreased for CAR-T cells on MEKi
(online supplemental figure S5b and d). These findings
underscore the strong dependency of the co-treatment
effect on the individual receptor and its stimulation
strength. In our model system, this translated into a
more pronounced benefit for TCR-T cells compared with
CAR-T cells.

To validate this co-treatment concept beyond engi-
neered T cells, we tested the addition of COB to co-cul-
tures employing a bispecific T cell engager (BiTE) as
another clinically relevant therapeutic regime. We there-
fore added an anti-EGFR-anti-CD3 BiTE"' to co-cultures
of non-engineered CD8+ T cells and the lung cancer cell
line A549, which was itself highly sensitive to the addition
of MEKi (online supplemental figure S5e). Confirming
our previous findings, low-dose MEKi resulted in an
increase of CD8+ T cells in a dose-dependent manner
of the added BiTE (online supplemental figure S5f and
g) at a slightly increased proliferative rate as indicated
by CTV staining (online supplemental figure S5h) and
comparable tumor Kkilling rates (online supplemental
figure Sbi). A similar analysis adding MEKi to anti-CD19-
anti-CD3 BiTE blinatumomab in co-culture with U698M
B cell lymphoma revealed an even stronger advantage for
T cell persistence (online supplemental figure S5j-m) and
tumor killing (online supplemental figure Sbn and o).

To explore the proliferative advantage of MEKi treat-
ment for tumor-infiltrating lymphocytes (TILs), we rean-
alyzed one of the few published sequencing datasets
on MEKi-treated T cells derived from primary patient
material. Lim et al applied single-cell RNA sequencing to
investigate immunotherapy-naive and immunotherapy-
resistant melanoma tumor lysates in response to 48 hours
ex vivo BRAF inhibitor dabrafenib and MEKi trametinib
(DT) treatment.” We reanalyzed this published dataset,
performing unbiased clustering on the immune cells
(online supplemental figure S6a and b). While cluster 5
(CD8+ cytotoxic T cells) exhibited the highest expression
level of selected activation markers, TCR-specific signaling
(mainly detected by NR4AI) remained low across all T
cells (online supplemental figure S6¢), most likely due to
low levels of tumor-specific activation. To assess the effect
of the treatment on the different immune cell clusters,

we calculated an expression score based on a gene list
indicating MAPK pathway activation by Pratilas et al*’ as
used for analysis in the original study on the dataset."”
This analysis showed only low overall MAPK activity
across immune cell clusters and only a slight but consis-
tent decrease in MAPK activity on DT treatment (online
supplemental figure S6d). Meanwhile, transcripts indi-
cating T cell proliferation (GO:0042098) were slightly
upregulated per cluster on DT treatment (online supple-
mental figure S6e). Pathway enrichment analysis within
all cytotoxic CD8+ T cells (cluster 5) supported these data
as pathways involved in G2/M transition and mitosis were
specifically upregulated on DT treatment (online supple-
mental figure S6f) while T cell activation was attenuated,
indicated by the decrease of genes involved in inter-
feron signaling, CD28 co-stimulation, and TCR signaling
(online supplemental figure S6g).

Overall, our findings across various models, employing
different receptors, activation strengths, engineering
strategies, and distinct tumor cell lines, as well as anal-
yses of publicly available data, including non-engineered,
tumor-derived CD8+ T cells, reinforce the benefit of
MEKi co-treatment on T cell fitness and proliferation.
These results also underscore the dependency on the
strength of T cell stimulation, highlighting the advantage
of moderate activation as a critical determinant of T cell
performance.

Low-dose MEKi enhances TCR-tg T cell-mediated tumor
killing in vivo

Considering the seemingly narrow treatment window
of MEKi in vitro, we sought to investigate the effect of
MEKi in an established in vivo xenograft model'”'" to
test for treatment relevance in a more physiological
3D-T cell-tumor cell interaction (figure 3a, online
supplemental figure S7a). First, the injection of
MEKi, even at a high dose, did not affect tumor
cell growth of U698M-mut mg per se when tested
in combination with a control TCR 2.5D6 (online
supplemental figure S7a-d). Furthermore, the high
dose of COB (7.5 mg/kg bw) did not significantly
improve tumor control and survival in vivo when
combined with the injection of tumor-specific KIF-
scl-tg T cells (online supplemental figure S7e-g).
In parallel to the previous in vitro observations,
lowering the MEKi dose (1 mg/kg bw) resulted in a
significant decrease in tumor outgrowth (figure 3b,c,
online supplemental figure S8a and b) and a signifi-
cant improvement of survival over time (figure 3d).
CD8+ T cells derived from tumors at early time points
after T cell injection showed no significant differ-
ences in tumor-infiltrating T cells (figure 3e, f and
g), T cell activation patterns, memory phenotype, or
stemness markers (figure 3h,i, online supplemental
figure S8c-k)—despite induction of T cell activation
compared with splenic T cells (online supplemental
figure S8I-t)—and both treatment conditions exhib-
ited homogeneous T cell infiltration across the tumor
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Figure 3 Low-dose MEK inhibition (MEKI) enhances tumor control by adoptively transferred T cell receptor (TCR)-transgenic

CD8+ T cells in vivo. (a) Schematic representation of in vivo xen

ograft model in tumor-bearing (U698M-mut mg) NSG mice with

simultaneous injection of TCR-T cells (intravenous (i.v.)) and cobimetinib (COB) at 1 mg/kg body weight (bw) (intraperitoneal
(i.p.)) on day 0. (b) Tumor area of tumor-bearing NSG mice in cm? as measured by digital caliper after injection of TCR-T cells

and COB. All mice received subcutaneous (s.c.) injection of 10x

10° U698M-mut mg tumor cells on day —10 and i.v. 3x10° KIF-

sc1-transgenic (tg) T cells on day 0, as well as either i.p. injection of 1 mg/kg bw COB (n=8) or phosphate-buffered saline (PBS)
(n=6). Mean and SEM depicted per group. (c) Tumor area on day 9 after T cell injection comparing COB (n=8) vs PBS (n=6)
group. Mean and SD shown. Unpaired t-test: *p<0.05. (d) Probability of survival until day 40 after T cell injection comparing
COB (n=8) vs PBS (n=6) tumor-bearing NSG mice. Mantel-Cox test: *p<0.05. (e) Ex vivo tumor weights in mg at day 5 after

T cell injection. Mean and SD shown. (f-i) Flow cytometry analysis of tumor-infiltrating lymphocytes (TILs) from NSG mice

sacrificed on day 5 after T cell injection and i.p. 1 mg/kg bw CO
counts and frequency of CD137+ (extracellular (EC)) or IFN-y+ (i

B (n=5) or PBS (n=5). Mean and SD are depicted for T cell
ntracellular (IC)) TCR-tg T cells derived from the tumor tissue. (j)

Immunohistochemistry anti-CD8-staining of one representative tumor for the PBS (left) versus COB-treated (right) group (total
n=5 per treatment). Arrows mark exemplary CD8+ cellsin sections with 20x magnification. (k) Schematic representation of in

vivo xenograft model in NSG mice with injection of U698M-mut

mg, KIF-sc1-tg TCR-T cells (i.v.) and COB at 0.25 or 1 mg/kg

bw on day 0 or 1 mg/kg bw on day 3 (i.p.). Comparison is made with mice receiving PBS (i.p.) in addition to KIF-sc1-tg T cells.
(I) Tumor area of U698M-mut mg tumor-bearing NSG mice in cm? as measured by digital caliper after injection of TCR-T cells

and COB on day 0 or day 3. All mice received 3x10° KIF-sc1-tg

T cells on day 0 and either i.p. injection of 0.25 (n=5) or 1 mg/

kg bw (n=6) COB on day 0 or 1 mg/kg bw (n=5) on day 3 or PBS (n=5). Mean and SEM depicted per group. (m) Tumor area on

day 10 after T cell injection comparing all groups also shown in

I. Mean and SD shown. One-way analysis of variance (ANOVA)

with Tukey’s correction for multiple comparisons: *p<0.05. (n) Probability of survival until day 55 after T cell injection comparing

groups described in I. Mantel-Cox test: *p<0.05.

tissue (figure 3j, online supplemental figure S8u).
Nevertheless, the stronger antitumor effect observed
later suggests that MEKi enhances T cell persistence
and functionality over time. Further decrease in
COB concentration did not enhance tumor control
or survival (figure 3k-n, online supplemental figure
S8v-y). Similarly, delayed start of the treatment on day

3 after T cell injection did not result in a significant
long-term survival benefit despite an initial effect on
the tumor growth (figure 3k-n, online supplemental
figure S8v-y). Thus, corresponding with our in vitro
data, low-dose MEKi co-treatment from the begin-
ning of T cell activation resulted in the most potent
increase in T cell-dependent antitumor response.
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MEKi dampens inflammatory T cell activation signature,
including loss of TNF secretion

We next aimed to functionally understand the advantage
of low-dose MEKi co-treatment on the fitness of CD8+
TCRT cells. We co-cultured TCR-T cells for 20 hours or
96 hours with U698M-mut mg and analyzed the transcrip-
tional profile of CD8+ cells. Differential gene expression of
all samples collected after 20 hours of co-culture revealed
decreasing immune activation and cytokine signaling with
increasing COB dose (figure 4a). Comparing 0.05 pM
with 0 pM COB (online supplemental figure S9a) as well
as 0.5 pM with 0 pM COB (online supplemental figure
S9b) separately stressed the downregulation of several
genes linked to inflammatory immune responses already
on low-dose MEKi co-treatment. Across all analyses, we
found MEKi-dependent decrease of genes included in
pathways like immune cytokine and IL signaling (TIMP]I,
TNFSFI14, IL23A, TRIMS, EGRI, CCL3, CCL4, CCL3LI,
DUSP4, IFNG, PRFI), signal transduction (eg, CAVI,
NTRKI, CKB, GZMB, RHOBTB3, CCLI1, SH2D2A, FPSLI,
GNAII) and MAPK family signaling cascades (PDGIA,
DUSP4, DUSP5, DUSP2, ETV4, SRED?2) (figure 4a, online
supplemental figure S9a and b). After 96 hours of co-cul-
ture, differential gene expression analysis was consis-
tent with significantly lower levels of immune cytokine
signaling (EBI3, EGRI1, CD44, ILIRN) with MEKi (online
supplemental figure S9c). This state of reduced pro-
inflammatory signaling of MEKi-treated CD8+ T cells was
reflected by the significant downregulation of pathways
like chemokine signaling, cytokine-cytokine-receptor
interaction, and leukocyte migration (figure 4b,c, online
supplemental figure S9d-g) . MAPK—expectedly from the
treatment—and NFkB signaling also ranked among the
downregulated pathways (figure 4b,c). In parallel, MEKi-
treated conditions were characterized by a sparse number
of genes upregulated in their transcriptomic profile.
Among these few, we detected variable genes involved in
processes of T cell metabolism, signaling, trafficking, and
differentiation, for example, STMNI, ABCD2, HEBP2,
PGM2L1, SESN3, ACTN2, DGKH, PHKB, PLAGLI,
PHLDB2, PRSS23 (figure 4a, online supplemental figure
S9a and b).

Based on the observed reduction of pro-inflammatory
signaling on MEKi, we analyzed the cytokine secretion
profile by 13-plex assay of canonical CD8 T cell/natural
killer cytokines (figure 4d-h, online supplemental figure
S10a-m) to assess effector function. The addition of
MEKi decreased the secretion of central effector cyto-
kines such as IFN-y, IL-2, TNF, GZMB, or perforin in
a dose-dependent and E:T ratio-dependent manner
(figure 4d-h, online supplemental figure S10a-q). One
cytokine, TNF, showed a surprisingly strong response to
the presence of MEKI, with almost complete abrogation
of TNF secretion already at low-dose MEKi (figure 4f,
online supplemental figure S10f). We could confirm this
decrease in expression of IFNG, IL2, TNE, GZMB, and
PRFI transcripts after 20 hours (figure 4i-m), again with
a sudden drop for TNF transcripts already on low-dose

COB conditions (figure 4k). Surprisingly, compared with
the other cytokines, the secretion of granulysin (GNLY)
increased on MEKIi, possibly enhancing effector function
(online supplemental figure S10m and q). After 96 hours
of co-culture, most canonical CD8 effector cytokines
analyzed showed substantially decreased transcriptomic
expression (figure 4i-1) except for PRFI (figure 4m).

Overall, we observed a gradual, strong reduction of
pro-inflammatory signaling on MEKi treatment, evident
at the transcriptomic level and even more markedly at
the protein level. This included a near-complete loss
of TNF secretion, which emerged as a key functional
consequence.

MEKi abrogates NFxB-promoter and NFAT-promoter activity in
addition to decreasing Erk1/2-phosphorylation

To explore the mechanistic basis of this decrease in the
pro-inflammatory signature, particularly the loss of TNF
secretion, we investigated key elements of TCR signaling.
Therefore, we employed a TPR platform, JE6.1 Jurkat T
cells for AP-1, NFAT, and NFkB™ completed with CD8o,
and CDS8p chains® and our neoTCR of interest. For
specific activation, we co-cultured these reporter cells
with different antigen-expressing cell lines, U698M-mut
mg (figure 5a—c) and JJN3 B27-mut-mg (online supple-
mental figure Slla-c). Longitudinal flow cytometric
analysis within the first 24 hours of co-culture revealed a
marked decrease in AP-1 reporter activity, a surrogate for
the MAPK pathway. MEKi particularly took effect after the
first 4hours of T cell-tumor interaction (figure ba, online
supplemental figure S11a). Surprisingly, the activity of the
reporters for NFkB and NFAT was completely abrogated
by the addition of 0.5 pM COB (figure 5b,c, online supple-
mental figure S11b and c). We next aimed to exclude
substance-specific effects of COB. Testing this setup with
four additional MEKI1/2-specific inhibitors, SELU, BINI,
GDC, and TRA, revealed a similar picture for signaling
activity (figure 5d, online supplemental figure S11d).
While, depending on the inhibitor dose, AP-1 activity
was significantly reduced on MEKi, we detected near-
complete abrogation of the activity of NFxB and NFAT
reporters (figure 5e—g) across different neoTCRs tested
(online supplemental figure Slle-g). Unspecific PMA/
Iono stimulation did not alter the pattern of NFkB and
NFAT activity, whereas the reduction in AP-1 activity was
more pronounced compared with TCR-specific stimula-
tion (figure bh—j, online supplemental figure S11h). In
primary CD8+ Tcells (online supplemental figure S12a-
c) as well as TPR JE6.1 CD8+ Jurkatcells (online supple-
mental figure S12d-f), we could recapitulate the decrease
of phospho-p42/44 (p-ERK1/2) downstream MEK, the
target of MEKi COB (online supplemental figure S12a and
b). Early phosphorylation events of IkBa and p65 within
the NFxB pathway (online supplemental figure S12b and
e) and NFAT dephosphorylation (online supplemental
figure S12c and f), however, remained intact despite the
eventual loss of reporter activity, suggesting that MEKi
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Figure 4 MEK inhibition (MEKIi) decreases inflammatory profile of engineered T cells on a transcriptomic and functional level.
(a) Hierarchically clustered heatmap of rlog-transformed expression of all genes significantly differentially expressed (adjusted

p value (padj)<0.05) between CD8-T cell conditions after 20 hours co-culture with U698M-mut mg (differentially expressed
gene analysis of all 20 hours samples). Mean rlog expression of three biological replicates is shown. Major clusters were
marked manually on the right side. Enriched genes were marked manually according to their enrichment in selected Reactome-
pathways (color code in the figure). (b, c) Kyoto Encyclopedia of Genes and Genomes pathway geneset enrichment analysis

of differentially downregulated pathways in 0.05 pM (b) and 0.5 pM (c) cobimetinib (COB) compared with 0 yM COB after
20hours of co-culture. Pathways were considered significant at padj<0.05. (d-h) 13-plex analysis of classical effector cytokines
(d interferon (IFN)-y, e interleukin (IL)-2, f tumor necrosis factor (TNF), g granzyme B, h perforin 1) of CD8-T cell response from
the supernatant of 20 hours co-culture of KIF-sc1-tg T cells and U698M-mut mg target cells (quantitative dynamics of the
experiment shown in figure 2a—-d). Ratio of cytokine concentration on COB addition is shown in comparison to 0 yM COB.
Mean and SD of five biological replicates. (i-m) Expression of cytokine RNA transcripts in bulk RNA sequencing (RNA-seq)
analysis from CD8+ T cells (MACS-enriched) after 20 hours or 96 hours of co-culture with U698M-mut mg (effector-to-target (E:T)
ratio=1:4). Increasing doses of COB were compared as depicted on the x-axis: 0, 0.05, and 0.5 pM at both time points. Mean
and minimum to maximum of normalized counts shown for three biological replicates. One-way analysis of variance (ANOVA)
with Tukey’s correction for multiple comparisons comparing samples within 20 hours or 96 hours time point: *p<0.05, **p<0.01,
**p<0.001. MAPK, mitogen-activated protein kinase; NF, nuclear factor.
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Figure 5 MEK inhibition (MEKIi) acts by selective complete inhibition of nuclear factor kappa-light-chain-enhancer of activated
B cells (NFkB) and nuclear factor of activated T cells (NFAT) and partial inhibition of activator protein 1 (AP-1) signaling. (a-

c) Time course over 24 hours of reporter activity for AP-1 (MCherry fluorescent protein (mCherry)), NFkB (enhanced cyan
fluorescent protein (eCFP)), and NFAT (enhanced green fluorescent protein (€GFP)) in JEB.1 triple parameter reporter (TPR)
CD8+ KIF-sc1-tg Jurkat cells upon co-culture with U698M-mut mg (effector-to-target (E:T) ratio 1:1) comparing condition
without (0 uM) and with 0.5 uM cobimetinib (COB). One representative of three experiments is shown. (d) Representative flow
cytometry plots of mCherry, eCFP, and eGFP expression (co-culture setup described in a) with further concentrations of COB
(0, 0.05, 0.5, and 1 uM). Comparison is made to an unstimulated control (unstim ctrl) condition. (e-j) Ratio of reporter activity
(mCherry, eCFP, and eGFP) in conditions with MEKi compared with 0 uyM MEK:i after 20 hours co-culture between JE6.1 TPR
CD8+ KIF-sc1-Jurkat T cells and either specific stimulation via U698M-mut mg (E:T=1:1, e—g) or unspecific stimulation with
phorbol 12-myristate 13-acetate (PMA)/ionomycin (lono) (h—j) at increasing doses of five different MEK:i: selumetinib (SELU),
binimetinib (BINI), COB, GDC-0623 (GDC), trametinib (TRA). Mean and SD of three independent experiments are shown. (k-

m) Flow cytometry-based measurement of reporter activity for AP-1 (mCherry), NFkB (eCFP), and NFAT (eGFP) in JE6.1 TPR
CD8+ KIF-sc1-tg Jurkat cells on co-culture with U698M-mut mg (E:T 1:1) after 24 hours. T cells only (Tc) conditions served as
unstimulated background control. Increasing doses of COB (green) were compared with dasatinib (DASA, violet). Mean and

SD of experimental triplicates are depicted. (n, o) Flow cytometry-based quantification of T cell receptor (TCR)mu+ T cells

after 96 hours of co-culture of KIF-sc1-tg T cells and U698M-mut mg (E:T 1:2 (n) or 1:4 (o) as indicated above graphs). Percent
increase or decrease of TCR-transgenic (tg) T cells compared with conditions without inhibitor (0 M) is depicted for COB-
treated or DASA-treated conditions (concentrations in pM). Mean and SD for three biological triplicates are shown. One-way
analysis of variance (ANOVA) with Tukey’s correction for multiple comparisons: **p<0.01, ***p<0.001, ***p<0.0001. (p) CellTrace
Violet (CTV)-flow cytometry plots from one representative of three donors comparing increasing doses of COB and DASA with
0 pM condition without inhibitor. (g, r) Flow cytometry-based quantification of dsRed+ tumor cells after 96 hours of co-culture of
KIF-sc1-tg T cells and U698M-mut mg (E:T 1:2 (q) or 1:4 (r) as indicated above graphs). Per cent killing is depicted compared
with unspecific control TCR 2.5D6. Mean and SD for three biological triplicates are shown. One-way ANOVA with Tukey’s
correction for multiple comparisons: ****p<0.0001. Only significant p values for comparisons with 0.05 yM COB are depicted.
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interferes with downstream regulatory layers of gene
expression.

Selective transcriptional inhibitory profile of MEKi compared
with tyrosine kinase inhibitor dasatinib exhibits a significant
advantage for T cell persistence

The tyrosine kinase inhibitor DASA was previously used
as an off-switch to CAR-T cells in vitro and in ViVO,Q() 2
suggesting potential to temper TCR-T cell activation in
low doses similar to the suggested approach using MEKi.
Therefore, we next compared the inhibitory signaling
profile of MEKi COB with DASA for abetter understanding
of its relevance for the increase in T cell persistence.
DASA impacted tumor growth significantly more strongly
than MEKi (online supplemental figure S13a and b) and
exhibited a near-complete loss of signaling activity across
all three major T cell orchestrators at doses starting from
0.05 pM. Compared with MEKi COB, we could not detect
residual reporter activity for the AP-1 pathway following
addition of DASA (figure 5k-m, online supplemental
figure S13c-f). This strong, less selective inhibitory effect
of DASA was further reflected by significantly lower levels
of activation marker expression on TCR-tg T cells, partic-
ularly after 20 hours (online supplemental figure S13g-1).
Interestingly, while cells at 0.01 pM DASA had already
downregulated CD137 expression after 96hours, previ-
ously nearly non-activated T cells at a medium DASA
concentration started to upregulate the activation marker
(online supplemental figure S13j), suggesting a delicate
balance of the inhibitory effects, potentially also depen-
dent on the half-life of the inhibitor. In contrast to COB,
the overly strong inhibitory effect of DASA resulted in a
significant decrease in persisting TCR-T cells after co-cul-
ture (figure 5n,0, online supplemental figure S13m and
n). This was further evidenced by a reduction in prolif-
erative activity (figure 5p), as well as a decrease in killing
capacity, particularly at higher DASA doses (figure 5q,r,
online supplemental figure S130 and p)—although
already noticeable at 0.01pM (online supplemental
figures S130 and p). Notably, the proliferative and quan-
titative disadvantage for T cell persistence following
DASA was reported for all doses applied, including the
lowest (0.01 pM), which neither influenced tumor growth
nor led to a significant decrease in activation level and
even sustained significantly higher reporter activity for
AP-1, NFkB, and NFAT than the previously established
MEKi co-treatment regime. These findings suggest a
crucial role for the selective inhibitory profile of MEKi-
dependent tempering of T cell activation, maintaining
residual activity of AP-1.

In conclusion, MEKi treatment acts by complete disrup-
tion of NFxB and NFAT transcriptional activity, similar to
DASA, and only partial disruption of AP-1, in contrast to
DASA. Our data suggest that not the inhibition of T cell
activity alone, but the MEKi-induced selective shift in the
activity of major transcription factors during early T cell
activation eventually induces the observed advantage on
T cell fitness.

DISCUSSION

Our work suggests MEKi as a promising tool for slightly
and selectively tempering the TCR-T cell activation
profile towards a ‘Goldilocks’ point of T cell functionality
and persistence. Depending on signal strength, a single,
low dose of MEKi during the early phase of T cell activa-
tion shifted the optimum of TCR-tg CD8+ T cell prolifer-
ation and survival to stronger stimuli and higher tumor
load, ultimately resulting in a quantitative and qualitative
advantage in tumor control. This effect was demonstrated
in vitro and in vivo, after multiple stimulation rounds
of TCR-T cells, across a panel of neoTCRs with distinct
activation signatures and functional avidities,'" different
cell lines, and different modes of T cell engineering
(retroviral vs orthotopic TCR replacement).” ** We also
include data on a similar advantage of low-dose MEKIi in
CAR-engineered T cells, as well as non-genetically altered
CD8+ Tcells directed towards the tumor via BiTEs.
Furthermore, we report increased proliferative activity
in primary tumor-infiltrating T lymphocytes after ex vivo
addition of dabrafenib and trametinib."” Notably, MEKi
exhibits a selective inhibitory profile, partially preserving
AP-1 activity, which our data suggest is central to the
increase in T cell persistence. We show for TCR-T cells
that the positive effect on T cell fitness depends on the
stimulus strength: strongly activated T cells profit signifi-
cantly more from low-dose MEKi co-treatment.

Our findings across several model systems outline the
delicate balance between overstimulation and under-
stimulation that must be carefully engineered in ACT
and potentially also further T cell-based immunothera-
pies. In a previous case study on the neoTCR repertoire
of a patient with melanoma with complete response to
ICL>™"" we demonstrated superior rechallenge capacity
and persistence of TCR clonotypes with relatively more
moderate TCR signal strength,'' as also supported by
further recent studies.'® '” ** ** This concept of ‘Goldi-
locks” CD8+ T cell activation** informed the combinato-
rial engineering approach for ACT suggested here. While
prior preclinical combinatorial approaches in BRAF*"
mouse melanoma models investigated the effect of MEKi
on the tumor itself,49 %0 our work focused on the effect
on TCR-T cells in a dose range too low to affect tumor
growth.

Modulation of engineered T cell function has previ-
ously been studied using DASA, resulting in the preven-
tion of exhaustion through tonic signaling® and CRS
after in vivo application of CAR-T cells.”! However, rather
than the near-complete off-switch achieved with the Src
tyrosine kinase inhibitor DASA to completely rest CAR-T
cells,” *' we set up a therapeutic regimen designed for
fine-tuning T cell signal strength towards slightly more
tempered profiles during early activation.

Compared with other preclinical studies on MEKi,****!
lower and fewer doses resulted in the optimal effect on
TCR-T cell fitness. This aligns with data from a murine
KRAS-mutant non-small cell lung cancer study, where
pulsatile MEKi treatment, rather than continuous dosing,
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triggered stronger antitumor T cell responses.”’ High
doses of MEKi (=0.5pM COB in our models) caused T
cell understimulation, reducing both antitumor activity
and proliferation, also aligning with results from other
studies.” Clinical studies combining antiprogrammed
death-ligand 1 treatmentwith MEKi COB—NCT01988896
(different entities, n=152),% IMspirel70 (melanoma,
n=446)*—relied on the Food and Drug Administration-
approved dosing schedule of 60 mg oral COB for 21
days followed by a 7-day treatment break. This regimen
yields peak serum levels of 273 ng/mL (513.9 pM),” far
exceeding the doses used in our study. Notably, neither
trial showed significant clinical benefit, suggesting that
prolonged exposure to high-dose MEKi may impair T cell
function. Clinical evaluation of endogenous and adop-
tively transferred T cells in combination with low-dose
MEKi will be essential to determine the potential of this
approach outside preclinical immunodeficient xenograft
models.

Aiming at a better understanding of the mechanistic
effect of low-dose MEKi, we investigated the transcrip-
tomic and functional activation signature of MEKi-treated
TCR-T cells. Transcriptionally, we detected the downreg-
ulation of numerous genes involved in pro-inflammatory
cellular responses; specifically, genes involved in
chemokine-signaling (eg, CCL3, CCL4, CCL4L2, CCLI,
CCL3-AS1, CXCL13) or cytokine response (eg, IFNG,
GZMB, IL3, IL23A, IL1I5RA, TNFSFI4). The decrease of
canonical CD8 effector cytokines such as IFN-y, IL-2, or
GZMB after administration of low-dose MEKi supported
the notion of a decreased inflammatory profile of CD8+
T cells. While inflammatory cytokines are necessary as the
third signal in the classical model of T cell activation, overt
inflammation impedes T cell memory formation™ and
increases CD8+ Tcell contraction.” The MEKi-induced
quantitative shift in the optimum of persisting T cells
towards higher tumor load suggests an altered expansion
and contraction phase of CD8+ T cell responses.

Of all cytokines assessed, TNF secretion was most
profoundly reduced by MEKi, with levels nearly abol-
ished—suggesting a protective role. TNF remains a
double-edged molecule: while it is known as an inflamma-
tory effector molecule enhancing CD8+ T cell-mediated
tumor lysis,”® °” it can simultaneously induce apoptosis,
particularly in mature CD8+ Tcells.”® Consequently,
blockade of TNF has been shown to overcome resistance
to antiprogrammed death-1 (anti-PD-1) ICI, likely by
preventing anti-PD-1-induced TIL cell death.”

Since TNF transcription is strongly controlled by NFxB
signaling rather than MAPK signaling,”’ the complete
abrogation of TNF expression on MEKi was unexpected.
Investigations of TCR signaling on MEKi revealed near-
complete loss of NFkB and NFAT reporter activity across
experiments with five different MEKi. We further showed
that early phosphorylation of the NFkB pathway remained
unaltered on MEKi until phosphorylation of p65 (RelA).
Earlier reports, mostly carried out in other cell types than
activated T cells, confirmed that transcriptional activity,

but not DNA binding of NFxB, was sensitive to inhibition
of p38.°"™" Similarly, early NFAT dephosphorylation was
not affected by the addition of MEKi in our analyses. Since
the early signaling events of both pathways remained
intact, this suggests MEKi-dependent disruption of tran-
scription factor binding, co-activator recruitment, chro-
matin accessibility, or post-transcriptional regulation.

Notably, the comparison with DASA exhibited
a significantly more selective inhibitory profile of
MEKi, nearly abolishing—like DASA—NFxB and
NFAT activity, but—in contrast to DASA—partly
preserving AP-1 activity. Compared with MEKIi, even
the lowest dose of DASA, maintaining significantly
higher levels of reporter activity across all three major
TCR signaling pathways, was associated with impaired
proliferation and persistence. Therefore, these find-
ings suggest that not the inhibition of early T cell acti-
vation alone, but the transcriptional shift caused by
low-dose MEKIi affects the balance that governs T cell
stemness, exhaustion, and persistence. In fact, a tilt
in the balance of transcription factor activity towards
dominance of NFAT over AP-1 was shown to induce
exhaustion and vice versa.®® Interestingly, the tran-
scriptional shift on MEKi was paralleled by a shift in
cytokine profile, marked by decreased levels of CD8+
effector cytokines, and by increased GNLY secretion.
It was previously reported that the transactivation of
the GNLY promoter dominantly depends on tran-
scription factor AP-1, but not NFxB.%

In conclusion, our analysis highlights the impor-
tance of carefully tuning T cell activation levels in
ACT, consistent with our previous findings."' Our
results support combinatorial treatment strategies
with transient, low-dose administration of MAPK-
signaling inhibitors to decrease T cell stimulation
strength of otherwise overstimulated engineered T
cell products while enhancing their cytotoxic func-
tion and persistence. Therefore, harnessing a more
moderate level of T cell activation emerges as a
promising approach to improve the design of next-
generation T cell-based immunotherapies in clinical
settings.
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