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TIGIT disruption rescues the antitumor
activity of low avidity TCR-engineered T cells
by increasing TCR signal strength

Martina Spiga 1,15, Alessia Potenza 1,15, Zulma Magnani1, Stefano Beretta2,
Barbara Camisa1, Laura Conte1, Alessia Airaghi1, Neda Mohammadi1,
Laura Perani 3, Claudio Doglioni 4,5, Maurilio Ponzoni 4,5,
Francesca Sanvito 4, Chiara Balestrieri 1,6, Lucia Sergi Sergi1,
Oronza A. Botrugno 5,7, Giulio Giovannoni7, Giovanni Tonon 5,6,7,
Danilo Abbati 1, Chiara Iozzi1, Maximilian Reichert 8, Hana Algul9,
Arianna Pocaterra10, Martina Fiumara 2, Samuele Ferrari 2,5, Alessia Ugolini1,
Alice Grometto1, Giulia Di Lullo1, Giovanni Sitia 5,11, Giulio Belfiori12,
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T-cell avidity is a major determinant of Adoptive T cell therapy (ACT) efficacy
for cancer treatment. However, high-avidity tumor-specific T cells can rarely
be isolated from cancer patients, highlighting the need for strategies to
enhance the cytotoxic capacity of low-avidity cells. Here, we rescue the anti-
tumor functions of low-avidity T cells against pancreatic ductal adenocarci-
noma (PDAC) by knocking-out TIGIT, a key inhibitory molecule expressed on
exhausted CD8+ T cells infiltrating gastrointestinal tumors. We uncover that
TIGIT disruption by base editing boosts the intracellular signal transduction
derived from a weak T cell receptor (TCR) engagement enforcing cytoskeletal
rearrangements, thus increasing T cell avidity and stabilizing the immunolo-
gical synapse. Accordingly, TIGIT disruption enables low-avidity T cells to
exert robust degranulation, comparable to that of high-avidity T cells, and
potent and durable anti-tumor capacity in vivo in male mice. These results
highlight TIGIT knockout as a potential strategy to enhance low-avidity T cell
function and broaden the repertoire of TCR engineered T cells in the treat-
ment of pancreatic cancer and other solid malignancies.

While Adoptive T Cell Therapy (ACT) revolutionized the treatment of
hematological malignancies, its efficacy in solid tumors remains
suboptimal1. A key limitation is the identification of functional TCRs
specific for relevant tumor antigens, especially in tumors with low
mutational burden. Several protocols have been now developed to
isolate tumor-specific TCRs from either patients or healthy donors;

however, clones that are highly reactive against tumor-associated
antigens (TAAs), which are self-antigens highly overexpressed by
cancer cells and shared across patients, are scarce. This heightens the
probability of isolating low-avidity T cell populations, demonstrated to
be less effective in building a sufficient immune response for pro-
moting tumor shrinkage2,3. Hence, innovative strategies to enhance the
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functionality of low-avidity T cells, are required to broaden the
applicability of T cell transfer and todeliver safe and effective products
to patients diagnosed with solid tumors. Among these, pancreatic
ductal adenocarcinoma (PDAC) is predicted to become the second
leading cause of cancer-related death within the next 10 years, sur-
passing colorectal cancer4. Advanced patients represent the majority
(80-85%) of PDAC diagnoses, precipitating the 5-year survival rate to
8%5, and their outcome is poorly impacted by conventional treatments
or immunotherapy with immune checkpoint blockade6. This is due to
the intrinsic aggressiveness of this tumor entity, sustainedby networks
of malignant and non-malignant cells that build strong immunosup-
pressive interactions and an immune-excluded tumor
microenvironment4. Accordingly, although neoantigen vaccines can
delay PDAC relapse in a consistent proportion of patients, this is
achieved mainly by priming of new T cell responses rather than by
boosting pre-existing tumor-specific T cells in tumor lesions7,8. Thus, T
cell therapy in PDAC is theoretically feasible but likely limited by the
absence and the inability to isolate good T cell clones. As observed in
other solid tumors, tumor reactive T cells isolated from PDAC patients
are exhausted and dysfunctional9,10. The possibility to transfer tumor-
specific TCRs to healthy T cells11–14 allows to overcome several of these
hurdles, but not the low affinity of the TCR itself. With the aim of
developing an ACT strategy to treat patients with PDAC, in this study
we applied our pipeline to isolate novel TCRs specific for relevant
tumor antigens and widened their exploitability by harnessing the co-
inhibitory receptor TIGIT. TIGIT associates with the TCR at the
immunological synapse15 and inhibits T cell activation through cell-
intrinsic and -extrinsic mechanisms, including interfering with
CD226 stimulatory signals and inducing tolerogenic dendritic cells16.
An increased TIGIT expression has been observed in T cells upon
chronic antigen exposure during viral infections and cancer17, pro-
moting immune evasion. In PDAC, TIGIT ligands have been found
upregulated both on tumor cells and antigen-presenting cells18, and
TIGIT expression is enriched on tumor-infiltrating CD8+ T cells corre-
lating with exhaustion features9,19–22.

Despite TIGIT blockade with monoclonal antibodies gained trac-
tion in the clinic, recent trials reported mild (NCT04524871,
NCT04524871, NCT02964013, CITYSCAPE trial) or no (SKYSCRAPER
trial, KeyVibe trials) effects on ameliorating progression-free and
overall survival, with concomitant manifestations of immune-related
adverse events such as lipase increase and infections when delivered
both asmono- and combined therapy23,24. This highlights theneed for a
selective strategy to target TIGIT in T cells. We reasoned that the
genetic disruption of TIGIT in TCR-engineered T cells could increase
the efficacy and specificity of this therapeutic approach, and further
help in shedding light on the mechanisms underlying TIGIT function.
Here, we demonstrate how base editing-mediated TIGIT gene disrup-
tion enables low-avidity T cells to exert potent anti-tumor activity
against PDAC and other gastrointestinal tumors, and associate this
functional boosting with increased TCR signal strength, enhanced T
cell avidity and improved establishment of the immunological synapse
between T cells and tumor cells.

Results
TCR-engineered T cells targeting PDAC exhibit a wide range of
avidity
To select relevant antigens for engineered T cells, we designed a
computational workflow (Supplementary Fig. 1A). We prioritized
antigens frequently overexpressed in PDAC, focusing on those with
well-established roles in tumorigenesis and reported as immunogenic,
ending upwith 19TAAs and 1 neoantigen. By TCRhunting13,14, fromone
healthy donor and one PDAC patient (see “Methods”), we isolated 4
and 1 HLA-A*0201-restricted TCRs, respectively, targeting AGR225,
DKK126, MET27, MSLN28 and MUC5AC29 (Supplementary Fig. 1B–D,
Supplementary Fig. 2). All targeted antigens are highly expressed in

PDAC lesions and mostly maintained during disease progression, as
observed by RNAseq30 data reported from primary PDAC and liver
metastases (Fig. 1A) and confirmed by immunohistochemistry on our
samples (Fig. 1B). We evaluated TAA expression levels in healthy tis-
sues, combining RNAseq data from the Genotype-Tissue Expression
(GTEx) database and protein expression by immunohistochemistry on
healthy tissue biopsies from our biobank. We observed that while
AGR2 and MET are broadly expressed in the urinal, gastrointestinal,
and respiratory tracts, and MUC5AC transcript is highly present in the
stomach mucosa, both MSLN and DKK1 exhibit minimal expression in
healthy tissues (Fig. 1C). To exploit the newly identified tumor-specific
TCRs for cell therapy, we coupled base editing with lentiviral vector
(LV) delivery to generate TCR gene edited T cells (Fig. 1D). Specifically,
to disrupt the endogenous TCR11–13,31–33 we compared BE4max cytosine
base editor (CBE) and ABE8.20m adenine base editor (ABE)34. We
tested 2 single guide RNAs (sgRNAs) directed toward TRAC35 and
designed 5 sgRNAs targeting TRBC (Supplementary Fig 3A). By ranking
sgRNAs (sg) in terms of editing efficiencies, measured as loss of
CD3 surface expression11, we selectedTRAC sg2 andTRBC1/2 sg5 as the
most effective sgRNAs and BE4max for further exploitation (Supple-
mentary Fig 3B, C).We thus generatedCD3neg T cells by simultaneously
disrupting TRAC, TRBC1, and TRBC2, achieving a mean target base
conversion of 82.5% (range: 67–100%) for TRAC, 66.2% (range: 47–92%)
for TRBC1, and 55.7% (range: 43–70%) for TRBC2, with an overall 96%
frequency of TCR disruption quantified by CD3 surface abundance
(Fig. 1E). We then redirected T cell specificity by transducing CD3neg

T cells with bidirectional LVs, each encoding for 1 TAA-specific TCR
(Supplementary Fig. 3D), obtaining a restoration of CD3 surface
expression above 70% for most TCR constructs, which was associated
with the expression of the TAA-specific TCR (Fig. 1F). To evaluate the
TCR specificities, we challenged TCR-edited T cells with PDAC cells for
24 h and observed a comparable tumor killing efficacy (approx. 43%
killing) among T cell products, with MSLN-specific T cells being the
most cytolytic. Of note, all TCR-edited T cells spared HLA-A*02:01+

antigenneg and HLA-A*02:01neg cell lines, demonstrating recognition
specificity (Fig. 2A). Being avidity amajor determinant and a predictive
biomarker of T cell efficacy in vivo2,3,36–39, we measured and compared
the avidity of our TCR-edited T cells by Z-Movi, which tests the
strength of interactions between T cells and target cells36,37,39. To
minimize biases derived from antigen expression levels, we usedK562-
A2+ cell lines pulsedwith the cognate TCR peptides (i.e P1, P9, P17, P23,
P35, Supplementary Fig. 1B–D) as target cells. After letting CD8+ TCR-
edited T cells react for 5min, we observed them distributing among
two avidity classes, with AGR2-, DKK1- and MUC5AC-specific T cells
displaying the strongest target binding, while MSLN- andMET-specific
T cells generate the weakest interactions (Fig. 2B). Overall, although
our 5 cellular products proved equally efficient in killing antigen
bearing targets in vitro, only DKK1 and MSLN-specific cells displayed
themost favorable specificity profile andwere thus selected for further
studies. Of notice, while DKK1 specific cells are high avidity, the avidity
of MSLN specific T lymphocytes proved suboptimal.

To verify the functional relevance of T cell avidity, we challenged
DKK1 and MSLN-redirected T cells with HLA-A*02:01+ T2 cells pulsed
with diluting concentrations of the target epitopes andmeasured pro-
inflammatory cytokines production, i.e IFNγ, IL-2, and TNFα, and
degranulation capacity (CD107a). In accordance with their avidity,
T cells targetingDKK1presentmorepolyfunctional thanMSLN-specific
cells, as indicated by the co-expression of up to two different pro-
inflammatorymolecules at limited peptide concentrations (Fig. 2C, D).
Thus, from the original 5 receptors, we ended up with only 1 viable T
cell product.

Rescuing low avidity T cells by TIGIT disruption
Considering the need for a wide range of tumor-reactive T cells to
ensure anti-tumor efficacy and to reduce the risk of cancer immune
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evasion40–43, and thatmost tumor-specific TCRs targeting TAAs display
low avidity3,44, we verified whether additional genetic manipulation
could rescue the anti-tumor potential of low-avidity cells. We hypo-
thesized that genetic disruption of the co-inhibitory receptor TIGIT,
which upregulation has been often observed in exhausted T cells
infiltrating solid tumors17 including PDAC, could rescue the functional
avidity ofMSLN-redirected T cells. Upon binding with its ligand CD155,
TIGIT clusters with the TCR at the immunological synapse15,45. We thus
postulated that TIGIT deletion could foster TCR signaling propagation
and, by that, improve the reactivity of low-avidity T cells. We designed
5 sgRNAs targeting TIGIT to couple its disruption with the TCR base
editing protocol, ending up selecting sg4 for its high frequency of
target base conversion, which resulted in TIGIT surface loss (Supple-
mentary Fig. 4A–C). The simultaneous targeting of TRAC, TRBC1/2, and
TIGIT (Supplementary Fig. 4D) by BE4max resulted in a mean

disruption efficiency of 96.8% (range: 89–100%) for TRAC, 62% (range:
46–81%) for TRBC1, 47.5% (range: 35–57%) for TRBC2 and 81.5% (range:
66–100%) for TIGIT, producing T cells deprived of the surface
expression of both the endogenous TCR and TIGIT (Fig. 2E). We
redirected the specificity of TCR knockout TIGIT knockout
(TCRKOTIGITKO) and TCR knockout TIGIT competent
(TCRKOTIGITCOMP) T cells by lentiviral transduction andmonitored the
T cell culture for 15-18 days. Importantly, we observed that TIGIT
knockout is not affecting T cell expansion capacity nor the main-
tenance of an early-memory phenotype in the engineered T cell pro-
ducts (Fig. 2F, Supplementary Fig. 4E). Next, we evaluated the impact
of TIGIT disruption on T cell avidity. Surprisingly, we observed that
TIGIT disruption increases the avidity of low-avidity MSLN-specific
T cells, while mediating no effect on high-avidity DKK1-specific lym-
phocytes (Fig. 2G). Consistently, while IL-2 secretion was not
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Fig. 1 | Engineering T cells toward PDAC TAAs via base editing and LV delivery
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(mPDAC). Numbers of samples analyzed are shown for each tumor type.
B Representative immunohistochemistry images of target antigen expression in
PDAC primary tumor sample (top) and livermetastasis (bottom). Scale bar 100μm.
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ples. C Heatmap representing transcriptional and protein antigen expression in
healthy tissues. Transcript expression data were retrieved from GTEx database
using GEPIA2.0. Protein expression was quantified by immunohistochemistry.

N = 1–3 for each tissue. D Workflow for the generation of TCRKO TAAs-redirected
T cells. E Simultaneous editing efficiency of the endogenous TCR by BE4max
evaluated at the genomic level as frequency of C•G-to-T•A conversion at the target
base in TRAC, TRBC1 and TRBC2 (left) and at the protein level, measured as loss of
CD3 surface expression compared to untreated T cells (right). N = 6 biological
independent samples. F TAA-TCRs transduction efficiency in TCRKO T cells mea-
sured as CD3 surface re-expression (left) and expression of the TCR Vβ family for
each TAA-TCR (right). N = 6 biological independent samples for UT and AGR2,
DKK1, MSLN and MUC5AC TCRs; N = 5 for MET TCR. Data are represented as
mean ± s.e.m. Source data and exact p values are provided as a Source Data file.
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influenced by TIGIT manipulation (Supplementary Fig. 5A), we
observed an improved degranulation capacity in TIGITKO vs TIGITCOMP

MSLN-specific T cells, but not in high-avidity DKK1-specific T cells
(Fig. 2H). Overall, we found that disrupting TIGIT in low-avidity T cells
enhances their avidity and restores their cytotoxic functions.

TIGITdisruption enhances theTCR signal strengthof lowavidity
T cells
To gain deeper insights into the molecular mechanisms associated
with TIGIT knockout effects in low-, but not high-, avidity T cells, we
used phospho-flow cytometry to reveal the activation of a subset of
signaling elements downstream TCR engagement. Indeed, TCR levels
were similar in TCRKOTIGITCOMP and TCRKOTIGITKO T cells

independently from the transgenic TCR used and transduction effi-
ciencies (Supplementary Fig. 5B, C). Moreover, CD3 surface levels,
used as proxy for proper TCR signaling engagement, was similarly
downregulated upon antigen encounter (Fig. 3A, S5D), supporting the
notion that TIGIT disruption affects T cell activation downstream the
TCR/CD3 complex. Upon coculture of low-avidity MSLN-specific
T cells with MSLN-pulsed K562-A2+, we observed an increase in the
phosphorylation of ZAP70, but not of ERK1/2 or S6, in TIGITKO com-
pared to TIGITCOMP cells (Fig. 3B). On the other hand, in high-avidity
DKK1-specific effectors, the phosphorylation of ZAP70 and ERK1/2,
was unaffected by TIGIT knockout (Supplementary Fig. 5E). Thus,
TIGIT deletion improves the TCR signal strength only when T cell
activation is conveyed to low-avidity T cells.
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At the intracellular level, while the phosphorylation of ZAP70 is a
specific feature of the TCR-peptide MHC interaction46, the costimula-
tory cues converge with the TCR signal within the Ras/ERK and the
AKT/mTOR signaling pathways47,48 (Supplementary Fig. 5F). Of note,
when the same experiment was performed in the presence of CD28-
mediated co-stimulation, both high- and low-avidity TIGITKO cellular
products displayed enhanced phosphorylation of ERK1/2 (Fig. 3C,
Supplementary Fig. 5G), indicating that TIGIT expression can also
influenceT cell co-stimulation, and that this effect is independent from
the TCR strength. Finally, the TCR and costimulatory molecules
downstream signaling lead to the regulation of actin dynamic, which is
essential to stabilize the interaction between T and target cells49–51.
Indeed, upon exposure of MSLN-specific T cells to patient-derived
tumor organoids (PDOs), we observed that TIGITKO cells display an
increased actin polymerization (Fig. 3D) and a 2.9-fold increase in the
frequency of immunological synapses between T cells and target cells,
compared to TIGITCOMP lymphocytes (Fig. 3E). Consistently with an
enhancedT cell activation,wedetected an increased expressionof PD1
24 h after antigen encounter in TIGITKO MSLN-specific T cells com-
pared to DKK1-specific ones, which was not associated to LAG3 nor
TIM3 upregulation (Fig. 3F, S5H). Beyond its capacity to suppress
T cells by TCR-proximal signaling15, TIGIT has been extensively char-
acterized for inhibiting DNAM1, which is both a costimulatory and a
non-conventional adhesion molecule playing a major role in the
interaction of T cells with tumor cells52–57. Interestingly, we observed
that while the frequency of DNAM1 positive cells remained unaltered,
DNAM1 expression levels decreased upon both TCR-independent and
-dependent T cell activation (Fig. 3G). However, TIGIT knockout sus-
tained DNAM1 downregulation in MSLN-specific but not in DKK1-
specific T cells. Accordingly, TIGITKO MSLN-specific T cells displayed a
better proliferative capacity than TIGITCOMP counterparts, and similar
to that of TIGITKO and TIGITCOMP DKK1 effectors (Fig. 3H, I).

In tumor-infiltrating lymphocytes, TIGIT blockade restores their
cytotoxic capacity by improving glucose metabolism58,59. Thus, to
verify whether the functional advantage of TIGIT disruption in low-
avidity T cells, is related to a shift in the glycolytic metabolism, we
measured glucose uptake but observed no difference between
TIGITCOMP and TIGITKO MSLN- and DKK1-redirected T cells. (Supple-
mentary Fig. 5I).

All together, these data show that TIGIT gene disruption boosts
the activation of low-avidity TCR-engineered T cells by increasing
ZAP70 phosphorylation and sustaining DNAM1 engagement, which
ultimately enforces the stabilization of the immunological synapse
with cancer cells (Fig. 3J).

Safety of base editing to generate TCRKOTIGITKO T cells
Even though CBE are currently employed in clinical applications32, an
extensive evaluation of the off-target events resulting from CBE usage
in T cells is still missing. The potential DNA off-target deamination has
beenmainly associatedwith the activity of cytosine base editors60,61, as
BE4max, and represents a relevant safety concern when targeting
multiple genes. We thus measured and compared off-target events
occurring in TCRKOTIGITKO T cells edited with BE4max, to those
observed in mock electroporated (untreated) T cells as controls
(Fig. 4A). First, we ensured that bystander editing, mediated by
BE4max and occurring at non-target cytosines located within the
editing window (3-11 bases of the sgRNA targets), mostly caused silent
mutations andwere not affecting T cell fitness (Supplementary Fig. 6A,
B). Then, to measure sgRNA-dependent off-target events, we
sequenced 8 predicted off-target loci mapping on coding regions
(Supplementary Fig. 7A) and confirmed high on-target editing effi-
ciency in the absence of off-target base conversions (Fig. 4B). To
quantify putative sgRNA-independent off-target editing, we per-
formed ultra-deep whole exome sequencing (WES) of base-edited
(TCRKOTIGITKO) and untreated T cells generated from 4 matched
healthy donors. We filtered out shared variants, which reflect germinal
mutations and represent most variants detected (Supplementary
Fig. 7B). By analyzing treatment-associated variants, we did not
observe differences in the proportion of substitutions, deletions or
insertions, or specific enrichment of transversions and transitions
caused by BE4max treatment (Fig. 4C, D). By comparing edited vs
untreated cells, we noticed a contraction in the absolute number of
mutations detected for T cell donor 1 and 2, and a slight increase for
donor 3 and donor 4, suggesting a wide donor dependance, possibly
linked to a high variability in the fitness of the starting material (Sup-
plementary Fig. 7C). Despite only few of the single nucleotide con-
versions were predicted to produce an impact (approx. 0.1% of total
variants detected, Supplementary Fig. 7D), we decided to carefully
analyze 7 gene panels bearing the potential to influence the safety and
fitness of the therapeutic T cell product (Supplementary Fig. 7E). We
observed a similar mutation profile in TCRKOTIGITKO and untreated
T cells (Fig. 4E, Supplementary Fig. 7F). Importantly, of the four mis-
sense mutations observed, only one (located in MUC17, a senescence
associated gene) was identified in base-edited cells (donor 2, black
arrow), while the other 3 were found in untreated samples. Finally, we
compared TCRKOTIGITKO T cells engineered through the innovative
BE4max or the standard CRISPR/Cas9 genome editing tool for the
presence of translocations between our four target loci. Despite a
similar editing efficiency in multiplex setting (Supplementary Fig. 7G),

Fig. 2 | TIGIT disruption increases T cell avidity and recover degranulation
capacity of low-avidity T cells. A Killing capacity of TAA-TCR edited T cells
cocultured at 5:1 effector-to-target ratio with BxPC3-A2+ (antigen positive, HLA-
A*0201 positive) PDAC cell line. Antigen low/negative or HLA-A*0201 negative cell
lines were used as controls. N = 3 biological independent samples for each TCR.
B Avidity of TAA-TCR edited T cells on K562-A2+ leukemic cell line pulsed with
10μg/ml of each specific peptide (left). Statistical analysis was performed on the
max curvature point of AGR2 avidity curve (dotted line, right). N = 3 matched
biological independent samples for each TCR. Statistical analysis by paired two-
tailed t test. C, D Functional avidity of TCRKO DKK1- and MSLN-specific T cells
indicated as the co-expressionofCD107a, IFNγ, IL-2, andTNFα after a 6 h co-culture
with T2 cells loaded with decreasing concentrations of each specific peptide or an
unrelated one as control. n°(0-4) indicates the number of co-expressed molecules.
N = 3 biological independent samples for MSLN-specific T cells, n = 2 biological
independent samples for DKK1-specific T cells. E Simultaneous editing efficiency of
the endogenous TCR and TIGIT by BE4max evaluated at day 15 after T cell activa-
tion. Editing efficiency is indicated as frequency of C•G-to-T•A conversion at the
target base in TRAC, TRBC1, TRBC2 and TIGIT (left) and as reduction of CD3 and
TIGIT surface expression inmultiplex editedT cells (edited) compared tountreated

T cells (UT, right).N = 6 biological independent samples. F Expansionof total viable
TCRKOTIGITKO+ TCR and TCRKOTIGITCOMP + TCR T cells. Untreated T cells were
used as control (left). N = 3 matched biological independent samples. Relative
distribution of stem memory (TSCM; CD45RA

+CD62L+), central memory (TCM;
CD45RA-CD62L+), effector memory (TEM; CD45RA

-CD62L-), and terminally differ-
entiated effector (TEMRA; CD45RA

+CD62L-) cells for each T cell group (right). N = 6
matched biological independent samples. G Avidity of TCRKOTIGITKO and
TCRKOTIGITCOMP MSLN-specific T cells (top) and DKK1-specific T cells (bottom)
measured as in (B). N = 2 biological independent samples for MSLN-specific T cells,
n = 3 biological independent samples for DKK1-specific T cells. Statistical analysis
by paired two-tailed t-test. H Functional avidity of TCRKOTIGITKO and
TCRKOTIGITCOMP MSLN-specific T cells (top) and DKK1-specific T cells (bottom)
measured as in (C, D). The dotted line represents the smallest significant value of
TCRKOTIGITCOMP DKK1-specific T cells when compared to its control. N = 3 biolo-
gical independent samples for each TCR specificity. Data are represented asmean ±
s.e.m. Statistical analysis performed by two-way ANOVA unless otherwise stated. *,
P <0.05; **, P <0.01; ***, P <0.001; ****, P <0.0001. Source data and exact p values
are provided as a Source Data file.
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translocations were clearly detectable by ddPCR in CRISPR/Cas9, but
not in BE4max edited cells (up to 0.44%, Fig. 4F).

To further corroborate the safety of our edited T cells, we tested
the alloreactive (allo) and auto-reactivity of bystander products of our
genetic manipulation procedure, which represent around 3% of the
infused T cells and are defined as TIGITKO T cells still harboring their

endogenous TCR (Supplementary Fig. 8A). Importantly, upon inter-
action with mismatched and matched PBMCs, TIGIT knockout T cells
expressing their endogenous TCR (endoTCR TIGITKO) showed equal
allo and autoreactive potential to TIGIT competent counterparts
(endoTCR TIGITCOMP) measured by IFNγ production (Supplementary
Fig. 8B) and target cell killing capacity (Supplementary Fig. 8C).

ζ ζ

μ
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In summary, BE4max efficiently and safely generates
TCRKOTIGITKO T cells thus representing an ideal tool for clinical
translation.

TIGIT disruption converts low avidity T cells into potent anti-
tumor effectors
In low-avidity MSLN-specific T cells, TIGIT knockout led to increased
TCR signal strength, enhanced T cell avidity and improved degranu-
lation. To test whether such improved functionality results in a
superior anti-tumor activity, we exposed TCRKOTIGITCOMP and
TCRKOTIGITKO T cells, redirected with DKK1 or MSLN specific TCRs,
to PDAC PDOs. Both DKK1-specific and MSLN-specific TIGITKO T cells
proved superior in killing PDAC PDOs in vitro, compared to their
TIGITCOMP counterpart (Fig. 5A, B). To verify the effects of TIGIT
knockout in a clinically relevant setting in vivo, we set up an ortho-
topic mouse model of human PDAC. Briefly, PDAC PDOs, transgenic
for HLA-A*02:01+ and expressing DKK1 and MSLN at similar levels
(Supplementary Fig. 9A), were implanted into the pancreas of NSG
mice, to recapitulate a primary lesion. Tumor-bearing mice were
treated with a first loco-regional and a second systemic infusion of
tumor-specific T cells (after 3 and 10 days from PDO injection,
respectively, Fig. 5C). Consistently with their avidities,
TCRKOTIGITCOMP DKK1-specific T cells slowed down tumor growth
(Fig. 5D), while no therapeutic effect was detected upon treatment
with TCRKOTIGITCOMP MSLN-specific T cells. Importantly, TIGIT dis-
ruption enabled MSLN-specific T cells to control tumor progression
(Fig. 5E, F), with a consequent improvement of tumor bearing mice
survival for up to 12 weeks (Fig. 5G, Supplementary Fig. 9B). On the
other site, TIGITKO had only a limited influence on DKK1-specific
T cells, where it fastened tumor shrinkage (Fig. 5D). This difference in
cytotoxicity cannot be explained by changes in persistence, differ-
entiation, nor CD4/CD8 ratio of circulating cells, that were similar in
TCRKOTIGITCOMP and TCRKOTIGITKO T cells in both DKK1 and MSLN
experimental groups (Supplementary Fig. 9C-I). We then analyzed
circulating MSLN-specific T cells through high-dimensional flow
cytometry for the expression of activation and/or exhaustion mar-
kers. Since no alterations were noticed in PD1, TIM3 and LAG3 kinetics
(Supplementary Fig. 10A) upon TIGIT disruption, we mined data by
cytoChain62 to perform unbiased dimensionality reduction and clus-
tering analysis, and confirmed that no differential enrichment of
specific T cell subpopulations was detectable in TCRKOTIGITCOMP and
TCRKOTIGITKO MSLN-specific products (Supplementary Fig. 10B, C).
Moreover, at 4 weeks from T cell injection, we observed an increased,
although not significant, tumor infiltration by TCRKOTIGITKO MSLN-
specific T cells compared to TIGITCOMP counterparts (Fig. 5H, I).

To verify whether the beneficial effect mediated by TIGIT knock-
out is maintained in a different gastrointestinal tumor setting, we
challengedourMSLN-specific T cells with PDOsderived fromCRC liver
metastases. In vitro, TCRKOTIGITCOMP MSLN-specific T cells failed to
induce tumor killing while TIGITKO counterparts efficiently eliminated
CRC PDOs (Fig. 5J, S11A). We then tested our MSLN-specific cells in an
orthotopicmousemodel of CRC livermetastases14. Briefly, we injected
CRC PDOs established from a liver metastasis into the liver of NSG
mice tomimic the onset of liver lesions. After 3 days,micewere treated
with a single intra-hepatic dose of tumor-specific T lymphocytes
(Fig. 5K). Similarly to what we observed in PDAC, TIGITKO, but not
TIGITCOMP MSLN-specific T cells mediated a potent therapeutic effect
and promoted an overall disease-free survival of 100% (Fig. 5L). This
striking anti-tumor activity was associated with a preferential, yet
transient, expansion of TCRKOTIGITKO T cells (Supplementary Fig. 11B),
with a phenotype and a CD4/CD8 ratio comparable to those of
TCRKOTIGITCOMP MSLN-specific T cells (Supplementary Fig. 11C, D).

All together, these data highlight a prominent role for TIGIT
knockout in conferring low-avidity MSLN-specific engineered T cells
the ability to shrink gastrointestinal tumors in vivo. This beneficial
effect is linked to early T cell activation events, occurring upon T cell
encounter with cancer cells. Our study provides an innovative and safe
biotechnological strategy to fully exploit low-avidity TCRs and
potentiate high-avidity ones, thus broadening the applicability of cel-
lular therapy with TCR-engineered T cells for cancer treatment.

Discussion
Cell-based immunotherapies have transformed cancer treatment.
Following the success of TILs therapy inmelanoma63, chimeric antigen
receptors (CAR) T cells revolutionized the field of hematological
malignancies64, and recently the first TCR-based T cell therapy
received FDA approval for synovial sarcoma65,66. However, solid
tumors, accounting for 80% of new cancer diagnoses each year5, pre-
sent several challenges to ACT efficacy. Twomajor limitations are, the
paucity of TCRs and CARs targeting relevant tumor antigens with
proper strength, and the highly immunosuppressive TME. Thanks to
the technological advances in genome editing, substantial efforts have
beenmade to potentiate tumor recognition capacity and to overcome
inhibitory/exhaustion mechanisms in engineered T cells67–69.

TCRs targeting neoantigens are usually of high-affinity, but still
patient-specific and not easily exploited by gene engineering approa-
ches, while a large fraction of TCRs specific for TAAs display low affi-
nity and low anti-tumor efficacy2,3,44. We hypothesized that genetic
manipulation of T cells could increase the anti-tumor efficacy of low-
avidity cells.

Fig. 3 | TIGIT knockout enhances TCR intracellular signaling in low-avidity
T cells. ACD3downregulationmeasured after a 6 h co-cultureof engineeredT cells
with K562-A2+ cells loaded with decreasing concentrations of the specific peptide
or an unrelated one as control. CD3 levels are reported as ratio to its control. N = 3
biological independent samples, statistical analysis by two-way ANOVA. Statistical
significance of TCRKOTIGITKO and TCRKOTIGITCOMP against their unrelated control
is reported in black and gray, respectively. B MFI of indicated phosphorylated
markers in TCRKOTIGITKO and TCRKOTIGITCOMP MSLN-specific T cells measured
after 20 or 45min coculturewith K562-A2+ leukemic cell line pulsedwith 10mg/ml
of MSLN specific peptide. N = 2 biological independent samples. Pooled data from
n = 2 experiments. C MFI of indicated phosphorylated markers in TCRKOTIGITKO
and TCRKOTIGITCOMPMSLN-specific T cells measured by as in (B), with the addition
of 1mg/ml of anti-CD28 antibody. N = 2 biological independent samples. Pooled
data from n = 2 experiments.DDistributionof T cell-cancer cell doublets relative to
F-actin increase at the cell contact region for TCRKOTIGITKO or TCRKOTIGITCOMP

MSLN-specific T cells (left) and quantification of doublets with an F-actin enrich-
ment >30% (right). Data were obtained by ImageStream of TCRKOTIGITKO MSLN-
specific T cells recognizing PDOs after 45min coculture. N = 3 matched biological
independent samples. E Representative images for detection of immunological

synapses (left) and frequency of immunological synapses within doublets with an
F-actin enrichment >30%.N = 3matched biological independent samples. Scale bar
7μm. F Kinetics of PD1, LAG3, and TIM3 expression in TCRKOTIGITKO and
TCRKOTIGITCOMP MSLN-specific T cells upon coculture with peptide-pulsed K562-
A2+ cells at 1:1 effector-to-target ratio for 24, 48, and 72 h. N = 3 biological inde-
pendent samples. G MFI of DNAM1 in TCRKOTIGITKO and TCRKOTIGITCOMP MSLN-
specific (left) and DKK1-specific (right) T cells measured as in (F). Unstimulated
T cells and PHA-stimulated T cells were used as negative and positive control,
respectively. Representative plots of DNAM+ T cell frequency are shown on the left.
N = 3 biological independent samples for each TCR specificity.H Kinetic of DNAM1
expression inTCRKOTIGITKO and TCRKOTIGITCOMPMSLN-specific (left) as in (G) and
frequency of proliferating T cells measured by CellTrace dilution after 72 h cocul-
ture with peptide-pulsed K562-A2+ (right). N = 3 biological independent samples.
I Kinetic of DNAM1 expression (left) and proliferation (right) of TCRKOTIGITKO and
TCRKOTIGITCOMP DKK1-specific (left) as in (G). N = 3 biological independent sam-
ples. J Working model for TIGIT deletion effects on low avidity tumor-specific
T cells. Data are represented as mean ± s.e.m. Statistical analysis performed by
paired two-tailed t-test unless otherwise stated. *, P <0.05; **, P <0.01. Source data
and exact p values are provided as a Source Data file.
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Fig. 4 | TCRKOTIGITKO T cells generated by BE4max display an optimal safety
profile. A Schematics of the experiments shown in Figure 4 and Figure S6,7.
B Frequency of nucleotide conversion quantified within the BE4max editing win-
dow (position 3-11 of sgRNAs) at on-target sites and predicted off-target loci (OT).
Color code identifies OT for each sgRNA used. N = 3 biological independent sam-
ples. Statistical analysis by two-way ANOVA. The list of OT loci analyzed is shown in
Supplementary Fig. 7A. Relative proportion of variants (C) and substitution types
(D) in base edited TCRKOTIGITKO and mock electroporated (Untreated) T cells
identified by WES and obtained after subtraction of germline variants. N = 4

matched biological independent samples. Statistical analysis by two-way ANOVA.
E Bubble plot representing variants in cancer- and senescence- related genes
obtained as in (C, D). Black arrows indicate missense mutations, classified as rele-
vant hits. N = 4 matched biological independent samples. F Translocation fre-
quencies between all target loci assessed by ddPCR in BE4max and CRISPR/Cas9
treated cells. Statistical analysis by paired two-tail t-test. N = 3 matched biological
independent samples for each genome editing strategy. Data are represented as
mean ± s.e.m. *, P <0.05, ****, P <0.0001. Source data and exact p values are pro-
vided as a Source Data file.
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Fig. 5 | TIGIT disruption enables low-avidity T cells with potent anti-tumor
activity. A, B Quantified IncuCyte cytotoxicity assays of a PDAC PDO treated with
TCRKOTIGITKO or TCRKOTIGITCOMP TAA-specific T cells at 10:1 effector-to-target ratio
and monitored every two hours. Results from DKK1- and MSLN-specific T cells are
displayed in A and B, respectively. N = 3 biological independent samples for each
TCR; statistical analysis by linear regression. C Schematics of orthotopic xenograft
PDAC mouse model used in the experiments in panel (D–I) and Supplementary
Fig. 9,10. D Tumor progression measured by ultrasound imaging in PDAC bearing
mice treated with TCRKOTIGITKO or TCRKOTIGITCOMP DKK1-specific T cells. N = 6–11
mice per group (N= 6 TCRKOTIGITCOMP group, N =6 TCRKOTIGITKO group, N = 11
control group). Statistical analysis by two-way ANOVA. E Tumor progression mea-
sured by ultrasound imaging in PDAC bearing mice treated with TCRKOTIGITKO or
TCRKOTIGITCOMP MSLN-specific T cells. N = 5–11 mice per group (N= 6
TCRKOTIGITCOMP group, N= 5 TCRKOTIGITKO group, N= 11 control group). Statistical
analysis by two-way ANOVA. F Representative images of ultrasound measurement
for 6 mice treated with PBS or engineered T cells. Scale bar 1mm. G Kaplan-Meier
survival curve of PDAC bearing mice treated with TCRKOTIGITCOMP or with
TCRKOTIGITKO MSLN-specific T cells and followed for 12 weeks. N = 5–6 mice per
group (N= 6 TCRKOTIGITCOMP group, N = 5 TCRKOTIGITKO group, N= 5 control
group). Statistical analysis by Log-rank test. H Representative H&E and immuno-
histochemistry images of CD3+ T cells infiltrating PDAC of tumor bearing mice, as in

E, treated with TCRKOTIGITCOMP or TCRKOTIGITKO MSLN-specific T cells. Scale bar
100μm. I Inflammation of PDAC-bearingmice at the tumor site upon treatment with
MSLN-specific T cells as in (E). Inflammation was quantified based on a 0–3 score
indicating the amount of human CD3+ T cells, and defined as immunoscore. N =6
TCRKOTIGITCOMP group, N = 5 TCRKOTIGITKO group. J Quantified IncuCyte cyto-
toxicity assay of PDOs from 2 CRC liver metastases treated with TCRKOTIGITKO or
TCRKOTIGITCOMP MSLN-specific T cells at 5:1 effector-to-target ratio and monitored
every 2 h. Apoptotic PDOs area is calculated as the green+red area (PDOs stained in
red, caspase 3/7 in green). N = 3 biological independent samples. Pooled data from
n= 2 experiments. Statistical analysis by linear regression. K Schematics of ortho-
topic xenograftmetastatic CRCmousemodel used in the experiments in panel L and
Supplementary Fig. 11. L Tumor progression measured by bioluminescent imaging
of mice bearing CRC liver metastases and treated with TCRKOTIGITKO or
TCRKOTIGITCOMPMSLN-specific T cells (left). Disease-free survival (right) determined
based on the average tumor growth rate of control mice. N= 4–8 mice per group
(N= 5 TCRKOTIGITCOMP group, N= 4 TCRKOTIGITKO group, N = 8 control group).
Statistical analysis by two- way ANOVA and log-rank test, respectively. Data are
represented as mean± s.e.m. *, P <0.05; **, P<0.01; ***, P<0.001; ****, P <0.0001.
Source data and exact p values are provided as a Source Data file. Mice images in C
and K are provided by Servier Medical Art (https://smart.servier.com), licensed
under a Creative Commons Attribution 3.0 Unported License.
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To expand the current armamentarium against PDAC, and verify
our hypothesis, we applied a funnel approach for the isolation and
selection of TCRmolecules endowingT cellswith specific tumor killing
capacity and a good safety profile. We employed our previously
established TCR hunting pipeline13,14 starting from the peripheral
blood of healthy donors and cancer patients to expand rare tumor-
reactive T cells.We isolated 5 distinct HLA-A*02:01 restricted TCRs and
exploited them in a TCR-engineering framework. We investigated the
avidity of each cellular product redirected with our TCRs, which is
proportional to the TCRaffinity, and thenumber ofTCRmolecules and
coreceptors exposedon the cell surface70. In this way, we could classify
our cells into high- (AGR2-, MUC5AC-, and DKK1-), and low- (MET and
MSLN) avidity effectors and further focused on high-avidity DKK1- and
low-avidity MSLN-specific products, which harbor high clinical value
for their restricted expression in healthy tissues and overexpression in
tumor cells.

We aimed at finding new biotechnological strategies to enhance
the potency of low-avidity T cells and, to this purpose, we reasoned to
disrupt TIGIT, an inhibitory molecule that clusters with the TCR at the
immunological synapse following T cell activation, particularly abun-
dant in T cells infiltrating PDAC15.

Different mechanisms have been described in the attempt to
elucidate how TIGIT controls T cell function. By ligand-dependent or
-independent mechanisms, TIGIT can attenuate T cell co-stimulation
by competing with CD22617,45,52, also called DNAM1, and can suppress
cytotoxic T-cell functions17,45,56. Comparing TIGITKO with TIGITCOMP

cells, we observed a similar downregulation of CD3 surface expression
upon stimulation with peptide pulsed CD155+ target cells, indicating
that TIGIT acts downstream to the TCR/CD3 complex. While TIGIT
intracellular signaling partners have been well characterized in NK
cells, their nature in T cells remains elusive16. Here, we specifically
unveiled the impact of TIGIT disruption on TCR downstream signaling
and linked it to functional activity of TCR-engineeredT cells. The effect
of TIGIT knockout in natural anti-tumor T cells, such as TILs, worth
further investigation. We found that TIGIT gene disruption sig-
nificantly enhances the TCR signal strength of low-avidity T cells only,
by increasing the phosphorylation of ZAP70, which ultimately ame-
liorates their avidity and stabilizes the immunological synapses with
cancer cells. Also, TIGIT disruption in NK cells ameliorates their cyto-
toxic capacity, by upregulating mTOR signaling and increasing their
basal glycolytic rate71. However, in our context, we did not observe any
effects of TIGIT knockout on the phosphorylation of S6, downstream
molecule to mTORC1, nor glucose consumption. In T cells, TIGIT has
been mainly described for its inhibition of DNAM1, a well-known
adhesion molecule52,53 which plays a major role in the immunological
synapse formation and T costimulation when the antigen is presented
by “non-professional” APCs, such as tumor cells54,55,57. We showed that
DNAM1 surface expression levels decrease upon T cell activation in
both low- and high-avidity T cells, with TIGIT disruption fostering a
higher DNAM1 engagement in low-avidity MSLN-specific T cells only.
Consistent with the observed increased proliferative capacity, TIGIT
disruption completely rescued MSLN-specific T cells tumor killing
ability in vitro and in vivo and mediated increased long-term mice
survival, while conferring only modest functional benefit to high-
avidity DKK1-specific T cells.

The clinical translation of therapeutic T cells manufactured
through genome editing can be hindered by safety concerns. To
address these, our TCR-edited T cell products have been designed to
mitigate potential toxicity issues. TCRs were isolated from the circu-
lating T cell memory pool of HLA-matched subjects13,14, and none of
them triggered autoimmune reactions in the respective donors. We
selected TCRs that recognize antigensminimally expressed on healthy
tissues, further reducing the risk of on-target, off-tumor toxicities.
Additionally, we depleted the endogenous TCR α and β chains to
prevent mispairing11–14,31 and did not enhance TCR affinity, but focused

on stabilizing T cell-cancer cell interactions through TIGIT knockout.
To complement the safety profile of our T cell therapy strategy, we
evaluated off-target events associated with the engineering platform.

Recently, among 12 cases (out of 8006 analyzed follow-up
patients) of secondary malignancies after CAR-T immunotherapies, 2
of them have been associated to potentially pathogenic CAR
insertions72–74. Although these frequencies are low and well counter-
balanced by the exceptionally high rate of clinical responses observed
with registered CAR- T cells, this finding underlines the need for a
thorough and comprehensive evaluation of the safety profile of engi-
neered cellular products. Compared to conventional programmable
DNA nucleases, i.e ZFNs, TALENs and CRISPR/Cas9, base editors pro-
mote gene disruption by single nucleotide substitutions avoiding the
introduction of DNA double strand breaks (DSBs)75, that have been
associated to different off-target events causing loss of cellular fitness
and potential pathological consequences31,35,76–79. These observations
paved the way for the first clinical trial investigating the efficacy of
CAR-T cells generated by base editors32, but no base edited TCR-T cell
products were developed until now to our knowledge.

To validate the safety of our tool and protocol for genome engi-
neering, we deeply evaluated the safety profile of TCRKOTIGITKO

T cells. Comparing BE4max to CRISPR/Cas9, we observed that TRAC,
TRBC1/2 and TIGITwere simultaneously edited with similar efficiencies
by the 2 technological tools. However, while CRISPR/Cas9 treated cells
presented a low although detectable rate of translocations among on-
target sites, none were found in T cells edited by BE4max. Interest-
ingly, we did not measure base editing at predicted sgRNA-dependent
off-target sites by NGS, as already reported with a smaller number of
edits32,80,81. Also, by ultra-deep whole exome sequencing we observed
only 1 missense mutation with unknown significance in a senescence-
related gene in base edited cells from only 1 donor. Despite we used
the most sensitive sequencing technologies currently available, the
highly polyclonal nature of our T cell populationsmakes the detection
of global mutational events challenging. The observed absence of
genomic mutations is further supported by the lack of an aberrant
clonal expansion during culture. Spurious genome deamination has
been previously associatedwith CBE activity, although evaluated using
cell-free models82,83 or HEK293T84. In a recent work, we characterized
the safety profile of base editors in hematopoietic stemandprogenitor
cells and showed how intrinsic qualities of target sites, optimization of
BE constructs, and culture conditions contribute to determining the
genotoxic impact of base editing34. Of notice, the amount of CBE
mRNA used for our T cell products, is 11 times and 5 times lower than
that used in similar works34,84. The susceptibility of T cells to genome
manipulation might, at least in part, explain the reduced genotoxic
effect observed in our therapeutic cellular products, compared to
other cellular targets. Moreover, the putative contaminants of our
TCR-engineering strategy, which are T cells depleted in TIGIT but still
expressing their endogenous TCR, did not show signs of increased
auto- or allo-reactivity.

In summary, these results provide evidence of TIGIT role in
directlymodulating TCR signal strength in TCR-engineered T cells and
its suitability as a target for T cell base editing, to potentiate low-avidity
effectors while simultaneously conferring anti-tumor T cells the ability
to escape from a key inhibitory axis in PDAC.

Methods
Cell lines and cell culture
BxPC3-A2+ human PDAC cell line, SW480 colorectal cancer cell line,
IGROV1 ovarian cancer cell lines, K562-A2+ leukemic cell line, were
cultured in RPMI 1640 (Lonza/Euroclone) supplementedwith 10% fetal
bovine serum (FBS, Carlo Erba), 1% penicillin-streptomycin (Lonza) and
2mM glutamine (Lonza). BxPC3-A2+ and K562-A2+ were genetically
engineered with a lentiviral vector encoding for HLA-A*0201 and a
puromycin selection cassette. T2 lymphoblastoid cell line and
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HEK293T cells were cultured in IMDM (Lonza/Euroclone) supple-
mented with 10% FBS, 1% penicillin-streptomycin and 2mMglutamine.

T cells isolation from PBMCs
Peripheral blood mononuclear cells (PBMCs) were freshly isolated
from the peripheral blood of healthy donors or PDAC patients, har-
vested upon informed consent at San Raffaele Hospital, by density
gradient centrifugation using Ficoll-Hypaque (LymphoprepTM, Fre-
senius). Isolated PBMCs were washed 3 times to remove platelets and
counted by trypan-blue exclusion. Cells were either used for tumor-
specific T cell isolation or T cell manufacturing.

Antigen selection and peptides
We analyzed 15 published gene expression profiles of PDAC primary
samples85–99 and followed the procedurehighlighted in Supplementary
Fig. 1A. We obtained a final list of 19 TAAs (AGR2, ANXA2, CEACAM6,
DKK1, ECT2, ENO1, EPCAM, HER2, MET, MSLN, MUC1, MUC4,
MUC5AC, MUC16, SERPINB3, TMPRSS4, TOP2a, TSPAN1, TWIST1) and
added mutant KRAS. We then selected published peptides deriving
from these antigens25–29,100–113. Peptides were synthesized by Genscript
Biotech (Netherlands) to specifications of validated sequence, sterility,
and absence of endotoxin. Peptides were re-hydrated following man-
ufacturer’s instruction and mixed in equal amounts in all pools at a
concentration of 1μg/ml per peptide. 25 subpools, each one contain-
ing up to 6 peptides (10 μg/ml per peptide), were generated according
to specific mapping matrix, with each peptide being included in only
two intersecting subpools. The TCR hunting pipeline was applied as
previously described13,14.

Immortalized B cells
Immortalized B cells were generated as previously described13 from
healthy donors’ and PDAC patients’ peripheral blood, collected upon
informed consent at San Raffaele hospital. Autologous B cells were
sorted from healthy donor 7 (HD7) and the PDAC patient PBMCs by
using the CD19 microbeads (Miltenyi Biotec). By spin infection, B cells
were transducedwith a lentiviral vector encoding for the BCL6/BCL2L1
transgenes and cultured on a γ-irradiated (100Gy) mouse fibroblast
cell line stably expressing CD40L (3T3-CD40L) in a 10:1 ratio. B cells
were maintained in IMDM supplemented with 10% FBS, 1% penicillin-
streptomycin, 2mM glutamine, and 50ng/mL of IL- 21 (Peprotech).

TCR repertoire sequencing
RNA samples of tumor associated antigen (TAA)-specific T cells were
collected at each stimulation round to track the TCR repertoire over-
time. RNA was extracted employing the Arcturus Pico Pure RNA
extraction kit (Life Technology) and CDR3 regions amplified by a
modified rapid amplification of cDNA ends (RACE) approach114,115.
Samples were sequenced by using an Illumina MiSeq Sequencer and
CDR3 clonotypes identified with the MiXCR software115. Based on the
CDR3 selection, TRAC and TRBC alignments were analyzed by IMGT
software to define the proper TCRαβ chain sequences. The sequences
were codon optimized and synthetized by Twist Bioscience.

Analysis of RNAseq data
For antigen expression analysis on patient samples, dataset was
obtained from public bulk RNA-seq of primary and metastatic PDAC
patients30. For the analysis, we followed the procedure described in
our previous work14. Briefly, after preprocessing steps, including fil-
tering, quality trimming, and adapter removal, reads were aligned to
the human genome (GRCh38/hg38) using STAR (version 2.5.3a) with
default parameters. Only reads uniquely mapped to the genome were
retained for downstream analyses. Gene-level expression counts were
calculated using featureCounts (version 1.6.4), summarized across all
exons annotated in GENCODE (version 37). Following TMM normal-
ization with EdgeR, transcript per million (TPM) values were used as

the expression unit. Gene expression values were categorized into
quartiles based on their distribution: low (first quartile), medium
(second and third quartiles), and high (fourth quartile). The expression
of selected antigens was extracted from the dataset and binned into
quartiles for analysis and representation.

Immunohistochemistry on human samples
FFPE tissue slides from PDAC primary tumors, PDAC liver metastases,
and healthy tissue samples, were collected after written informed
consent according to the San Raffaele Scientific Institutional Ethical
Committee guidelines. Three micron sections were stained with anti-
human AGR2 (rabbit monoclonal antibody clone SN74-01, Novusbio),
anti-human DKK1 (rabbit monoclonal antibody clone SC06-86, Ther-
mofisher), anti-human MET (rabbit monoclonal antibody, clone D1C2,
Cell Signaling), anti-MSLN (VENTANA MSLN SP74, Roche diagnostic),
anti-human MUC5AC (VENTANA MUC5AC MRQ, Roche diagnostic)
according to manufacturer instruction. After testing 4 different anti-
human DKK1 antibodies, we chose the one reported here, which has
the better but not sufficient background/signal noise. Indeed, RNA
scope is used for the enrollment of patients in clinical trial using DKK1
as target for cancer treatment (DisTinGuish)116.

Genome editing of T cells
PBMCs were isolated form HDs, enriched for CD3+ cells using anti-
CD3/-CD28 magnetic beads (Dynabeads; Invitrogen) and seeded at a
concentration of 2 × 106 cells/mL in RPMI 1640 supplementedwith 10%
FBS, 1% penicillin-streptomycin, 2mM glutamine, 5 ng/mL IL-7, 5 ng/
mL IL-15. Two days after stimulation T cells were washed 3 times with
PBS and cell number determined by trypan-blue exclusion. For sin-
gleplex experiments, 1 × 106T cells were electroporated with 1μg of
sgRNA (Synthego) and 1.5μg of optimized BE4max or ABE8.20m
mRNA. BE4max and ABE8.20mmRNAs were synthetized and purified
as previously described34. For multiplex experiments, up to
1 × 106T cells were electroporated with 1μg of total sgRNAs (0.5μg for
each sgRNA to produce TCRKO cells, 0.33μg for each sgRNA to pro-
duce TCRKOTIGITKO cells) together with 1.5μg of BE4max. For CRISPR/
Cas9 comparison experiments, 1 × 106T cells were electroporated with
ribonucleoprotein complexes formed by SpCas9 (Synthego) with each
sgRNA in a 1:3 ratio. The 4D-nucleofector (Lonza, Basel, Switzerland)
and P3 kit was used with 1 × 106T cells per 25μL strip, and up to
5×106T cells per 100μL. T cells were allowed to recover for 10min at
37 °C following electroporation and then seeded in X- VIVO supple-
mentedwith 5%FBS, 1% penicillin-streptomycin, 2mMglutamine, 5 ng/
mL IL-7, 5 ng/mL IL-15 at a concentration of 2 × 106 cells/mL. The day
after, edited T cells were transduced with a bidirectional lentiviral
vector (MOI = 4–5) containing the tumor-specific TCR. Six days after T
cell isolation, Dynabeads were magnetically removed, cells washed,
and seeded at 0.5 × 106 cells/mL. For in vivo experiments, T cells were
plated in G-REX plates (VWR) according tomanufacturer’s instruction.

Assessment of gene disruption efficiency
Genomic DNA was isolated (DNeasy blood and tissue Kit, Qiagen)
12 days after the editing procedure (15 days from T cell activation). By
PCR the Cas9-targeted loci were amplified and submitted for Sanger
sequencing. PCR amplicons of base edited cells were analyzed using
the web app EditR117. In CRISPR/Cas9 comparison experiments, PCR
amplicons were analyzed using Inference of CRISPR Editing (ICE)
algorithm (Synthego).

Lentiviral vectors
Each TAAs-specific (AGR2-, DKK1-, MET-, MUC5AC-, MSLN-) TCR α and
β chains were cloned in a bidirectional lentiviral vector (LV), to pro-
mote balanced TCR chain expression11. Under the minimal CMV pro-
moter with antisense orientation we cloned the TCR α chain, while the
TCR β chains were cloned under the human PhosphoGlycerate Kinase
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(PGK) promoter with sense orientation118. A bidirectional lentiviral
vector encoding humanHLA-A*0201 was developed and used to stably
express HLA-A*0201 in HLA-A*0201 negative patient derived orga-
noids (PDOs) and cell lines. A puromycin resistance cassette was
cloned under the minimal CMV promoter with antisense orientation
while the HLA-A*0201 gene was placed under the PGK promoter with
sense orientation. Sanger sequencing of cloned products was per-
formed to validate the cloning procedure. A commercially available LV
encoding for luciferase under the control of a constitutive promoter
and a neomycin resistance cassette (Addgene # 21471) was used to
stably express luciferase in PDOs. LVs were packaged by an integrase
competent third-generation construct and pseudotyped by the Ves-
cicular Stomatitis Virsus (VSV) envelope119.

Immunophenotyping by flow cytometry
For surface staining, cells were incubatedwith the appropriate cocktail
of antibodies in FACS buffer consisting of 1X PBS plus 1% FBS. Staining
was performed at RT for 10min.

For intracellular staining assays, cells were collected after 6 h of
co-culture and stained for their vitality with Zombie viability kit (Bio-
Legend) for 5min followed by 10min incubation at RT with surface
antibodies (anti-human CD3, anti-human CD4, anti-human CD8). Cells
were fixed and permeabilized with Fix/Perm buffer set (BioLegend).
Intracellular staining was performed with antibodies specific for
human cytokines (anti-human IFNγ, anti-human TNFα, anti-
human IL-2).

For phospho-flow assays, T cells were stainedwith CellTraceTM Far
Red (Invitrogen) before coculture with target cells. Cells were then
collected and stained for their vitality with Zombie Violet for 10min.
Cells were fixed and permeabilized with Fix/Perm buffer set, followed
by a blocking step with 1X PBS with 3%BSA for 30min at RT. Intracel-
lular staining was performed with antibodies specific for phospho-
proteins (phospho-ERK1/2, phospho-ZAP70 or phospho-S6) for 1 h at
RT. After washing, cells were incubated with anti-rabbit or anti-mouse
fluorescently-labeled secondary antibodies for 30min at 4 °C.

The list of antibodies used and appropriate working concentra-
tion is reported in Supplementary Table 1. Flow cytometry data were
acquired using 1 of the following instruments: BD FACS Canto II (BD
Biosciences) and BD Symphony (cohort II). Data analysis was per-
formed using FlowJo software (Tree star Inc).

Functional assays for T cell recognition of target cells
To evaluate cytokine production TAAs-specific or TCR-edited T cells
were co-cultured with HLA-A*0201 target cells, pulsed for 16 h with
peptide pools and subpools (assembled as described above), or with
individual peptides and an unrelated one (final concentration 10μg/
mL). As positive control of T cell functionality, TCR-edited T cells were
stimulated with 50ng/ml phorbol myristate acetate (PMA, Sigma-
Aldrich) and 1μg/ml ionomycin (Sigma-Aldrich). The co-culture was
plated in IMDM supplemented with 10% FBS, 1% penicillin- strepto-
mycin, 2mM glutamine plus 1μg/ml anti-CD28 monoclonal antibody
(BD Biosciences) and 1μg/ml Golgi Stop protein transport inhibitor
(BD Biosciences). Immediately after seeding we added anti-human
CD107a antibody (7.5μg/ml). Six hours later we stained the co-culture
for intracellular cytokine detection.

To assess the ability of TCR-edited T cells to recognize naturally
processed antigens and eliminate cancer cells, TCR-edited T cells were
co- cultured with antigen positive HLA-A*0201 PDAC cell line (BxPC3-
A2+), antigen low/negative (SW480) and HLA unrelated controls
(IGROV1) for 24 h at 5:1 effector-to-target ratio normalizing the amount
of T cells based on the CD3 surface expression. Prior to co-culture,
target cells were counted, seeded and stimulated overnight with
200ng/mL human recombinant IFNγ (Peprotech). The co-culture was
plated in IMDM supplemented with 10% FBS, 1% penicillin-streptomy-
cin, 2mMglutamine plus 1μg/ml anti-CD28monoclonal antibody. The

number of residual target cells was determined by live/dead staining
and flow cytometry to calculate the cytotoxicity: [(1-(number of resi-
dual target cells in the presence of TCR-edited T cells/number of
residual target cells when seeded alone))*100].

T cell avidity assays
K562-A2+ were plated at 1–1.5 × 106 cells/mL in RPMI supplemented
with 10% FBS, 1% penicillin- streptomycin, 2mM glutamine and pulsed
overnight with individual peptides and an unrelated one (final con-
centration 10μg/mL). The following day target cells were washed,
resuspended at 80× 106 cells/mL and attached on concanavalin A
(Merck) according to Z-Movi instructions.

For T cell avidity comparison, T cells from 3 HDs were edited to
deplete the endogenous TCR and transduced in separate wells with
LVs encoding for each TAA- specific TCR. To normalize for TCR
expression and co-receptor dependance, T cell were sorted for
CD3 surface expression and cryopreserved until use. Upon thawing,
T cells were sorted for CD8 andmaintained in culture for 2 days before
proceeding with the avidity assays. 1 × 106 TAAs-specific T cells were
stained with CellTrace far-red (Thermofisher Scientific). Each TAA-
specific T cell sample was run on the specific chip and an unrelated
one. For TIGITCOMP and TIGITKO comparison, TCRKOTIGITCOMP and
TCRKOTIGITKO T cells were transduced with DKK1- or MSLN-specific
TCRs. Bulk T cell populations were stained with CellTrace far-red
(Thermofisher Scientific). Each TAA-specific T cell sample was run on
the specific chip and an unrelated one. T cells were incubated on the
chip for 5min before applying the acoustic force. Relative avidity was
calculated by the percentage of cells bound to the specific peptide/
percentage of cells bound to the unrelated peptide. To compare the
avidity of different T cell products, non-linear regression models were
fitted to each dataset to calculate the kneedle point (Arvai, K. (2023).
kneed (v0.8.5). Zenodo. https://doi.org/10.5281/zenodo.8127224).

Glucose uptake assay
K562-A2+ were pulsed overnight with a TCR-specific or an unrelated
peptide (final concentration 10μg/mL). TCR-edited TIGITCOMP or
TIGITKO T cells from 3 HDs were cocultured at a 1:1 ratio with peptide
pulsed K562-A2+ cells and collected at 24 and 48 h upon coculture.
Cells were stainedwith 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-
2-Deoxyglucose (2-NBDG, ThermoFisher Scientific) as previously
described120. The uptake of 2-NBDG, as surrogate for glucose uptake,
was evaluated by flow cytometry using a Canto II cytometer (BD
Bioscience).

Organoids generation and maintenance
PDOs originated from CRC liver metastases were produced as pre-
viously described14,121. Briefly, freshly isolated samples were minced
and incubated 2 times with 5mL PBS/EDTA 5mM at RT for 15’. Tumor
tissues were enzymatically digested with a solution of TrypLE (Gibco)
2X in PBS/EDTA 1mM for 30–60min. Cancer cells released in the
supernatant were collected and washed with BasalMedium composed
of Advanced DMEM/F12 (Thermo Fisher) supplemented with 1% peni-
cillin- streptomycin, 2mM glutamine, 10mM HEPES (Thermo Fisher)
and 50ug/mL Primocin (Invivogen). Cell pellets were resuspended in
Matrigel (Corning) and seeded in 24-well plates. CRC specific culture
medium was added after Matrigel polymerization. PDAC PDOs were
generated as previously described122. Briefly, PDAC tissues were
minced anddigestedwith 5mg/mLcollagenase II solution inAdvanced
DMEM/F12 for 2 h at 37 °C. Cells were washed, resuspended with
Matrigel and plated in 24-wells. PDAC specific culture medium was
added after Matrigel polymerization consisting in Basal Medium sup-
plemented with 1X B27, 1X N2, 50 ng/mL recombinant EGF, 100 ng/mL
recombinant Noggin, 250ng/mL R-spondin 3 (PeproTech), 10 nM
Gastrin, 100 ng/mL FGF-10, 100 ng/mL Wnt-3A, 10 uM Y27-632, 4mM
Nicotinamide, 2.5 mM N-acetyl cysteine, 0.5 uM A83-01. To split
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organoids, growth medium was removed and Matrigel domes were
incubated with 500 uL of 1 U/mL Dispase II (Sigma-Aldrich) in Basal
Medium at 37 °C for 1 h. Following Matrigel digestion, organoids were
collected andwashedwith PBS at 1200 rpm for 5min. To expand them
cell pellets were resuspended in TrypLE 1X and incubated up to 15’ at
37 °C to obtain a single cell suspension. After that, organoids were
washed 2 times with PBS and centrifuged 300g for 5min. Following
the removal of supernatant, cell pellets were mixed with newMatrigel
and plated as described above.

To generate PDO-luc organoids, PDOswere transducedwith anLV
encoding for luciferase under the control of a constitutive promoter
and a neomycin resistance cassette (Addgene # 21471). Briefly, PDOs
were digested with TrypLE 1X to obtain a single cell suspension and
resuspended at a concentration of 0.5 × 106 cells/mL in Advanced
DMEM/F12 containing the lentiviral vector and 8μg/ml of Polybrene
(Sigma-Aldrich). After spin infection, cells were allowed to recover for
2 h at 37 °C and then plated as usual. PDOs were maintained with
antibiotic selection for at least 3 weeks and then checked for luciferase
expression. PDOs with stable expression of HLA-A*0201 were gener-
ated by employing the same strategy.

Incucyte cytotoxicity assays of PDAC and CRC PDOs
To evaluate the killing of patient-derived organoids we used the
Incucyte Live Imaging system. For PDAC PDOs killing, PDOs were
counted, embedded into Matrigel droplets, and plated overnight at a
concentration of 1 × 105/well in Basal medium supplemented with
200ng/mL human recombinant IFNγ. The following day, PDOs were
released from the Matrigel and mixed with T cells at 10:1 effector-to-
target ratio in 50μL of 50% Matrigel solution (50% Matrigel-50% Basal
medium).UponMatrigel polymerization, basalmediumsupplemented
with 1μg/ml anti-CD28 monoclonal antibody was added. Images were
collected every 2 h and organoids area was quantified. For CRC PDOs
killing, PDOswere released from theMatrigel and plated overnight at a
concentration of 30–50 × 104/mL in Basal medium supplemented with
200ng/mL human recombinant IFNγ123. The following day, PDOs were
labeled with 1μM Cytolight Rapid Red Dye (Sartorius) following
manufacturer’s instruction. Cells were seeded at 5:1 effector-to-target
ratio in IMDM supplementedwith 10% FBS, 1% penicillin-streptomycin,
2mM glutamine plus 1μg/ml anti-CD28 monoclonal antibody and
5μMofCaspase-3/7 Green (Sartorius). Images were collected every 2 h
and apoptotic cell areawas quantified bymeasuring the green signal in
red PDOs.

In vivo experiments
All mice experiments received ethical approval by the Institutional
Animal Care and Use Committee. Mice were maintained in Specific
Pathogen-free (SPF) animal research facilitieswith a 12 h/12 hdark/light
cycle and standardized temperature (22 ± 2 °C) and humid-
ity (55 ± 5%).

For the in vivo assessment of anti-tumor efficacy in PDAC setting,
we employed 7–10-week-old male non-irradiated immunodeficient
NSG (NSG-SGM3) mice from Jackson Labs. Each mouse was intra-
pancreatic injectedwith 4 × 104 Antigen+ PDACPDOs transgenic for the
HLA-A*0201. Two sequential doses of TCR-edited TIGITCOMP or TCR-
edited TIGITKO T cells (10 × 106 CD3+ cells) were delivered first by an
intra-pancreatic injection and second by i.v injection, 3 and 10 days
from tumor infusion respectively. Tumor control was evaluated mea-
suring tumor volume by ultrasound imaging performed using a high-
performance ultrasonographic scanner designed for small animal
imaging (Vevo 2100FUJIFILMVisualSonics, Inc., Toronto,ON,Canada).
For surgical and analytical procedures, mice were anaesthetized
(flurane; Isoba, Schering-Plough, USA, 4% in oxygen for induction, 2%
for maintenance at a rate of 1 L/minute. 2D and 3D Ultrasound images
in B-mode were taken using the linear probe MicroScan MS 550D
(22–55MHz; fc 40MHz; FUJIFILM VisualSonics, Inc., Toronto, ON,

Canada). To obtain the tumors’ 3D images, the scanner was mounted
on the Vevo Imaging Station (part of the VisualSonics Vevo Integrated
Rail System III) equipped with a 3Dmotor stage and positioned on the
tumor region. The 3D images were built by acquiring 2D images every
140μmover the whole length of the tumor. Images were analyzed off-
line using the Vevo LAB analysis software (Fujifilm VisualSonics Inc.,
Toronto, ON, Canada) by a dedicated operator.

For the in vivo assessment of anti-tumor efficacy inmCRC setting,
we employed 7-10-week-old male non-irradiated immunodeficient
NSG (NSG-SGM3) mice from Jackson Labs. Each mouse was intra-
hepatically injected with 4×104 LUC+ mPDOs (HLA-A0201 positive,
antigen positive)14. After three days, a single dose of TCR-edited
TIGITCOMP or TCR-edited TIGITKO T cells were delivered by intra-
hepatic injection (10×106 CD3+ cells). Tumor control was evaluated
using small animal bioluminescence imaging (BLI) with the In Vivo
Imaging System (IVIS® SpectrumCT, PerkinElmer, USA). Each mouse
received an intraperitoneal injection of D-luciferin (PerkinElmer)
150mg/kg body weight 10min before BLI. Mice were kept at RT and
anaesthetized as before for image acquisition. Images were analysed
using Living Image 4.5 (Perkin Elmer,Waltham,MA,USA) bymeasuring
the total flux (photons/s) within the selected region of interest. Mice
were euthanized when tumor burden reached 1×109 BLI, according to
ethical committee guidelines.

To monitor T cell expansion overtime bleedings were performed
once a week and T cells analyzed by flow cytometry.

Immunohistochemistry on murine pancreas sections
For immunohistochemical analysis on PDAC PDOs, 40×104 cells were
injected into the pancreas of NSG mice. After euthanasia, organs were
sampled, fixed in zinc-formalin and embedded in paraffin. 7μm par-
affin sections were stained with hematoxylin and eosin or further
processed for immunohistochemical analyses using anti-human DKK1
(rabbit monoclonal antibody #SC06-86, Novusbio), anti-humanMSLN
(VENTANAMSLN SP74, Roche diagnostic), and anti-human CD66/CEA
(rabbit monoclonal antibody, clone C66/2055 R, NSJ Bioreagents) fol-
lowingmanufacturer’s instruction. Immunohistochemical analysis was
performed in automated BOND RX Leica Biosystem and images
acquired using the Aperio Scanscope system (Leica Biosystems).

Quantification of immune synapses by Imaging Flow Cytometry
For analysis of immune synapses, dissociated mCRC PDOs cells were
stained with 0.6μM Cytolight Rapid Red Dye according to manu-
facturer’s instruction. Stained PDOs were cocultured with T cells at 5:1
effector-to-target ratio. After 45min, cells were fixed using the fixation
buffer of the Fix/Perm buffer set (BioLegend) and then stained with
anti-human CD3 in Pacific Blue to identify T cells. Cells were then
washed, permeabilized (Fix/Perm buffer set) and stained with
Phalloidin-FITC for F-actin.

Acquisition of images was performed with ImagestreamX Mark II
System (Amnis, Cytek Biosciences). Following acquisition, data were
analyzed by IDEAS 6.2 software. Couplets made of one T cell and one
PDO cell where used for the identification of synapses thorugh an
Interface mask was generated. To generate the interface mask, a
Morphology function on Ch01 (CD3-Pacific Blue staining) was used to
create the Cell of Interest (T cells) mask, and a mask on the brightfield
channel that covers both objects involved in the synapses was selected
as Conjugate Mask. For the latter, a component function (area as
ranking feature, descending order with a rank of 1) was applied on the
object function mask in brightfield channel to better identify only
doublets that were in close contact. The Interfacemask was then used
to identify the T-PDO synapse site and to better cover the cell contact
region a dilation of 6 pixels was used. To identify real synapses, we
looked at the increase of F-actin at the cell contact region, where
F-actin polimerize and concentrate51. For this purpose, the total
amount of F-actin wasmeasured both in T cells (Intensity_Morphology
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(M01,Ch01)_Ch02) and at the synapse site (Intensity_Interface
mask_Ch02), and the % of enrichment was measured as follows:

F actin enrichment (%) = (Intensity_Interface mask_Ch02 / Inten-
sity_Morphology (M01,Ch01)_Ch02)* 100.

Only doublets with F-actin enrichment >30% in the immune
synapse were considered and among them a further selection was
done taking advantage of Bright Detail Similarity_Interface
mask_Ch01_Ch05, through which the colocalization of CD3 and Cyto-
lightwithin the immunological synapse canbe evaluated, versus Bright
Detail Intensity_interface mask_Ch02 that computes high local pixel
intensity of Phalloidin staining at the synapse site.

Droplet digital PCR (ddPCR) for translocationquantification and
vector copy number
Translocation assays were designed with two primers, amplifying the
translocation product, plus one probe designed to bind near the cut
site. Three independent donors of untreated, base edited and CRISPR/
Cas9 edited cells were run as a duplexed assay formed by an experi-
mental primer+probe combination (FAM) specific for a translocation
outcome (BioRad) and the internal reference prime+probe combina-
tion (VIC) amplifying the human GAPDH (Thermofisher Scientific).
Reactions were made with 50ng of genomic DNA per each assay and
the ddPCR Supermix for Probes (no dUTP) (BioRad) following the
manufacturer’s instructions. Droplets were generated and analyzed
using QX200 Droplet-digital PCR system (BioRad). Frequency was
calculated as fractional abundance adjusted for two-copies of refer-
ence sequence per genome using the QuantaSoft ver 14.0 software
(BioRad). Integrated LV copies were quantified a duplexed assay by
amplifying the LV vector with a custom assay and the internal refer-
ence prime+probe combination (VIC) amplifying the human GAPDH
(Thermofisher Scientific).

sgRNA-dependent off target analysis
Off-target sites for each sgRNA were predicted using the web app
CRISPOR and filtered to be located into exons. Top off-target sites were
selected (8 total) and genomic DNA extracted 14 days after the editing
procedure (DNeasy blood and tissue Kit, Qiagen). Primers (NGS grade,
Eurofins) were designed to amplify a 300–500bp region centered on
the off-target sequence. Genomic DNA was amplified using Plati-
numTMSuperFiTM DNA polymerase (Thermofisher Scientific), high
fidelity according to the manufacturer’s protocol, using the cycle
[98 °C-30”]-[98 °C-5’]- 24x[gradient 65°-55 °C-30”, 72 °C-30”]-[72 °C-5’]-
[4 °C-hold]. For OT8 the number of cycles was increased to 35. Ampli-
cons were purified from 2% agarose gel (QIAquick Gel Extraction Kit,
Qiagen) and submitted to Eurofins for amplification with indexing
adaptors and sequencing on an Illumina MiSeq 2x300bp run. Sequen-
cing data were analysed with CRISPResso2 (Clement 2019) to detect
and quantify of insertions, mutations and deletions. First, input NGS
sequenceswere trimmedusing theTrimmomatic software (http://www.
usadellab.org/cms/?page=trimmomatic) basedon the phred33 score to
remove low-quality positions (score <30) and Illumina adapters, keep-
ing only trimmed reads having length greater than 100bp to ensure a
good coverage of the reference region (CRISPResso2 options: --trim_-
sequences --trimmomatic_command trimmomatic --trimmomati-
c_options_string ‘ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10MINLEN:100’).
The cleaned sequences were mapped to the corresponding input
reference locus region (i.e., on/off-target dependingon the sample) and
RNA guides were provided to focus the analysis on that specific region.
Specifically, the computed alleles were quantified within the sgRNA
sequences (that represent the editing window of the base editor) by
measuring the number of reads and their relative abundances based on
total read counts. Moreover, both the targeted and the produced
nucleotide were provided (CRISPResso2 options: --base_editor_output
--conversion_nuc_from C/G --conversion_nuc_to T/A), to measure the
frequency of substitutions. Finally, CRISPResso2 output alleles were

post-processed by correcting all the mismatch positions outside the
quantification window and re-quantifying the total read counts (and
consequently the corresponding relative abundances). Alleles showing
a relative abundance lower than the false positive threshold (set at 0.2%
based on untreated samples) were filtered out. Comparing untreated to
base edited samples, the results were obtained by classifying and
quantifying the (expected) SNVs of the base editor, other SNVs, inser-
tions, and deletions, as well as their combinations. Together with the
off-target loci, we sequenced T cells in TRAC, TRBC1, TRBC2 and TIGIT
as positive controls of editing efficiency.

sgRNA-independent off-target analysis
Base edited cells disrupted in TRAC, TRBC1, TRBC2, and TIGIT, and
electroporated cells, as untreated controls, were generated from 4
healthy donors. Genomic DNA was isolated in sterile conditions
(DNeasy blood and tissue Kit, Qiagen) at the end of the manipulation
procedure (17 days of in vitro culture). Whole Exome Sequencing was
performed by Genewiz (Azenta) using the Agilent SureSelect Human
All Exon V7 kit and running an Illumina NovaSeq 2x150bp with an
estimated coverage of 500X per sample, and input data were analyzed
following the GATK “Best Practice Workflows” to identify variants in
each sample. In details, FastQC (v0.11.9) was used to check the quality
of the sequencing reads, trim-galore (v0.6.6) was employed to trim
low-quality bases, and then the Seqtk toolkit (v1.3) was used to ran-
domly down- sample abundant samples to 190M reads to avoid sam-
ple unbalance. After that, input sequences were aligned to the human
genome assembly (GRCh38) using BWA (v0.7.17). The computed
alignments were processed with Picard (v2.25.6) MarkDuplicates to
mark duplicates and GATK (v4.2.0) BaseRecalibrator + ApplyBQSR to
recalibrate base quality scores on dbSNP known sites. HaplotypeCaller
was used to call variants in each sample by emitting condensed non-
variant blocks (i.e., -ERC GVCF), while CombineGVCFs and Genoty-
peGVCFs were employed to combine and genotype variants, respec-
tively. VariantFiltration was then applied to filter results based on their
‘QualityByDepth’ (i.e., --filter-expression ‘QD< 2.0’) and overall cover-
age ‘DP’ (i.e., --filter-expression ‘DP< 500’). Moreover, additional per-
sample filters were applied on variants belonging to each sample to
identify the private ones, that is, variants having low genotype quality
(i.e., GQ< 80) and low coverage (i.e., DP < 50) were removed. The
untreated sample of each donor was used as germline reference, and
its variants were filtered out from the corresponding treated sample,
as such variants were considered as already present in the initial cell
population and not induced by the base editor. A final step was per-
formed to get rid of multi-allelic variants (mainly involving repetitive
sequences). SnpEff (v5.0) was used to annotate the resulting variants
on the canonical isoform from the GRCh38.p13.RefSeq reference
database, and the downstream analyses involved their classification
according to the type (insertion, deletion, or SNV), with a specific focus
on all SNVs to classify the specific mutation events. Assessment of
variants on a panel of cancer related genes and on T cell related gene
lists was performed based on variant annotations.

Evaluation of alloreactivity and autoreactivity
To assess the influence of TIGIT knockout on T cells still expressing
their endogenous TCR after base editing, we enriched the culture for
CD3+ cells by CD3 microbeads (MiltenyiBiotec). Reached their resting
phase, T cells were stimulated twice with g-irradiated (30gy) PBMCs
derived from 3 mismatched donors at 1:100 ratio. 7-10 days after the
last stimulation, T cells were cocultured at 1:1 ratio with the same
mismatched PBMCs or autologous PBMCs, and evaluated for their
killing capacity and cytokine production as described earlier.

Statistical analyses
Sample size and statistical tests are described in the figures. Data are
expressed as mean± SEM unless otherwise specified. Statistical tests
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were performed using and Prism V.9.3.1 (GraphPad Software, San
Diego, California, USA) and R statistical software (version 4.1.2; https://
cran.r-project.org/index.html). P value adjusted tests were employed
to identify significant differences between groups with more than
three comparsions. P value < 0.05 was taken to indicate statistical
significance.

Ethics statement
Healthy donors’ samples were obtained upon written informed con-
sent, according to the San Raffaele Scientific Institutional Ethical
Committee guidelines. Patients’ sampleswere collected at San Raffaele
Hospital upon written informed consent, after San Raffaele Institu-
tional Ethical Committee approval (NCT04622423). All pre-clinical
in vivo experiments and procedures on mouse models were per-
formed according to protocols approved by the Institutional Animal
Care and Use Committee (IACUC) at San Raffaele Hospital animal
facilities (IACUC numbers: 929 and 1478) and authorized by the Italian
Ministry of Health and local authorities according to the Italian law.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The bulk PDAC RNA-seq data used in this study are available in Gene
Expression Omnibus (GEO) database with accession number
GSE151580. The publicly available healthy donor RNA-seq data used in
this study are available in the GTEx database accessible at https://
gtexportal.org/home/. Next-generation sequencing data are deposited
at EuropeanNucleotide Archivewith the following accession numbers:
PRJEB79006 (NHEJ) andPRJEB78986 (WES). Sequences for sgRNAs and
primers to amplify edited sites, off-target loci and translocation pro-
ducts, are not provided and subject to patent application WO2025/
003481. These sequences can be shared from the corresponding
author upon request. The remaining data are available within the
Article, Supplementary Information or Source Data file and/or from
the corresponding author upon request. Source data file is provided
with this paper.

Code availability
The scripts for all bioinformatic analyses of NHEJ and WES are freely
available at http://www.bioinfotiget.it/gitlab/custom/bonini_tigit2024.
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