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Summary

Adoptive immunotherapy offers opportunities to reprogram T cells and the tumor
microenvironment. Orthogonal engineering of adoptively transferred T cells with an IL-2Rpy-
binding IL-2 variant, PDI-decoy and IL-33 led to cell-autonomous T-cell expansion, T-cell
engraftment and tumor control in immunocompetent hosts through reprogramming of both
transferred and endogenous CDS8™ cells. Tumor-infiltrating lymphocytes adopted a novel effector
state characterized by TOX suppression and specific expression of multiple effector molecules,
most prominently granzyme C. While the IL-2 variant promoted CD8" T-cell stemness and
persistence, and was associated with downregulation of TOX, the combination with IL-33 was
necessary to trigger the novel polyfunctional effector state. Rational T-cell engineering without
host lymphodepletion enables optimal reprogramming of adoptively transferred T cells as well as

mobilization of endogenous immunity into new functional CD8" states mediating tumor control.

Keywords: Cancer immunotherapy, Adoptive cell transfer, T-cell engineering, T-cell states,

TOX, exhaustion.
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Introduction

Adoptive T-cell therapy (ACT) has emerged as a powerful approach against advanced human
tumors (June, Riddell, and Schumacher 2015; Klebanoff, Rosenberg, and Restifo 2016). Expansion
and persistence of adoptively transferred T cells in recipient patients are required for effective ACT.
Host preconditioning with non-myeloablative chemotherapy and post-ACT support with high-dose
IL-2 (Rosenberg and Restifo 2015) have been commonly used to enable engraftment, expansion
and persistence of adoptively transferred autologous T cells, but are associated with important
toxicity and clinical costs (Wolf et al. 2019). Use of T-cell subsets with stem-like potential or T-
cell conditioning in vitro during culture have been proposed as approaches to enhance cell
persistence and the efficacy of ACT (Vodnala et al. 2019; Crompton, Sukumar, and Restifo 2014).
The modification of T cells with synthetic costimulatory modules has also enabled remarkable
tumor responses upon ACT. However, significant barriers in the tumor microenvironment (TME)
still limit T-cell engraftment, persistence and function in solid tumors (Anderson, Stromnes, and
Greenberg 2017), and T-cell exhaustion remains an important reason of ACT failure (Lynn et al.
2019; Feucht et al. 2019). The use of T-cell precursors, reprogramming cultures, host
lymphodepletion, IL-2 support, costimulatory signaling, or blockade of programmed cell death-1
(PD-1) or its ligand-1 (PD-L1) have been used to ensure that transferred T cells expand sufficiently
in vivo and acquire a functional state mediating tumor rejection. However, the precise nature of

such desired state(s) remains elusive.

We hypothesized that T cells could be rewired to both enable their engraftment in the absence of
lymphodepletion and confer a functional state able of rejection of poorly immunogenic tumors. We

sought to engineer T cells using an orthogonal combinatorial approach to reprogram them, and
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enable them to reprogram endogenous immunity in the TME. We targeted the PD-1/PD-L1
inhibitory pathway with a secreted PD-1 decoy (PD1d), i.e. a fusion molecule comprising the
ectodomain of murine PD-1 linked to the Fc region of human IgG4. We also introduced a human
IL-2 variant (IL-2V), which does not engage the high-affinity IL-2 receptor a-chain (CD25),
exhibits decreased toxicity and stimulates selectively effector lymphocytes over regulatory T cells
(Carmenate et al. 2013; Rojas et al. 2019). Since the interaction of IL-2 with CD25 favors the
formation of more terminally differentiated T cell subsets (Kalia et al. 2010; Obar et al. 2010;
Pipkin et al. 2010), we hypothesized that IL-2Vcould promote CD8*T-cell stemness, a favorable
feature for ACT (Chan et al. 2021). Finally, we introduced IL-33, an alarmin demonstrated to
inflame tumors (Villarreal et al. 2014; Kallert et al. 2017), unleash the cross-priming potential of
tumor-associated DCs (Gao et al. 2013; Dominguez et al. 2017; Gao et al. 2015; Villarreal and
Weiner 2014), and favor CD8" T-cell immunity (Villarreal et al. 2014; Kallert et al. 2017). As
proof of principle, we orthogonally engineered OT1 lymphocytes to treat advanced, poorly
immunogenic B16-OVA melanoma tumors (Yu et al. 2018) in immunocompetent recipient mice.
Here, we characterize in great detail the resulting CD8" T-cell states required for achieving T-cell
engraftment and tumor regression in the absence of preconditioning lymphodepletion or exogenous

cytokine support.
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Results

Orthogonal T-cell engineering enables ACT efficacy without lymphodepletion

To begin, we evaluated the PD-1 decoy engineering module. PD1d was secreted efficiently by
engineered OT1 cells, and demonstrated specificity of binding to PD-L1 in vitro (Figure S1A).
ACT using PD1d-engineered OT1 cells in lymphodepleted mice bearing small (~30 mm) tumors,
delayed tumor growth (Figure S1B). Furthermore, we ascertained that OT1 cells transduced with
the PD1d/2Y or PD1d/33 modules could secrete simultaneously the two transgenes (PD1d: 50-100
ng/mL plus IL-2V: 100-300 ng/mL or IL-33: 10-20 ng/mL per 10° cells over 72 hours, respectively)

(Figure S1C-D).

We next conducted ACT in mice with more advanced (100 m?) tumors in the absence of
preconditioning lymphodepletion or exogenous cytokines (Figure 1A). Infused OT1 cells in all
conditions had mostly a central memory-like phenotype (Figure S1E). Two infusions of 5x10°
untransduced OT1 cells had minimal impact on tumor growth (Figure 1B, Figure S1F-G). OT1
cells transduced with PD1d had a minimal effect, and systemic administration of anti-(o.)PD-L1
antibody with untransduced OT1 cells produced comparable results to PD1d-OT1 cells. IL-2V-
engineered or double PD1d/2V-engineered OT1 cells did not prove more effective. OT1 cells
transduced with IL-33 had minimal but significant effect, as did PD1d/33-OT]1 cells. Strikingly,
PD1d/2V/33-OT1 cells (i.e. 1:1 mixed PD1d/2V and PD1d/33 cells) induced marked tumor
regression and achieved an objective tumor response rate (ORR) of 85.7% (predicted probability
of occurrence of 83.3%; Table S1 and S2), while ORR was between 0 and 9% for any other
treatment. Furthermore, earlier treatment (starting on day 6) led to B16-OVA tumor eradication

and cures (Figure S1H). In addition, triple-engineered, orthogonal ACT significantly delayed
5
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tumor growth and increased survival of mice bearing advanced MC38-OV A colon tumors (Figure

S11).

Orthogonal ACT led to markedly increased T-cell accumulation in tumors. Already by day 5 post
ACT, we observed >800-fold more CD8" TILs in tumors treated with PD1d/2V/33-ACT relative to
baseline (non-treated) B16-OVA tumors (Figure S2A). Notably, 12 days post ACT (upon tumor
regression) tumors treated with PD1d/2V/33-ACT exhibited significantly more total CD8* TILs
relative to any other condition (Figure 1C). Furthermore, transferred OT1 (CD45.1%) cells
underwent marked intratumoral expansion specifically following PD1d/2V/33-ACT, while
PD1d/2V-OT1 or PD1d/33-OT1 cells showed modest or minimal levels of tumor expansion,
respectively (Figure 1D, Figure S2B). Thus, triple-engineering ACT was uniquely associated with
marked cell-autonomous expansion of adoptively transferred T cells in tumors, and tumor

regression.

Orthogonal ACT expands TCF1* precursor and TCF1- effector CD8" T cells in situ

In conventional ACT schemes, lymphodepletion is required to make available the host homeostatic
cytokines thus promoting survival and expansion of the transferred cells (Gattinoni et al. 2005;
Muranski et al. 2006). We asked how orthogonally-engineered transferred cells achieved such
expansion in the absence of lymphodepletion. TCF1 is a transcription factor essential for early T-
cell self-renewal, and TCF1" precursor T cells are required for response to checkpoint blockade
immunotherapy (Zhao, Shan, and Xue 2021) and the efficacy of ACT (Chan et al. 2021). We
noticed a marked expansion of TCF1* OT]1 cells (as well as TCF1* endogenous TILs) when IL-2V

was included in the ACT, i.e. with PD1d/2V/33- or PD1d/2V-engineered OT1 cells (Figures 1E-F,
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S2C), suggesting that IL-2V promoted stemness and expansion of transferred cells, thus obviating
the need for endogenous homeostatic cytokines associated with lymphodepletion. This effect
extended also to the endogenous CDS8* TILs. Approximately 10% of OT1 and 30-50% of
endogenous CD8" TILs expressed TCF1 post PD1d/2V/33-ACT, and the number of total OT1 as
well as endogenous CD8* TILs strongly correlated with the number of TCF1" cells in each

compartment (Figure S2D-E).

Differentiation to effector T cells is associated with downregulation of TCF1 (Danilo et al. 2018;
Chen, Ji, et al. 2019). Unsurprisingly, effective tumor control by gene-engineered OT1 cells
required high numbers of TCF1™¢ effector CD8" TILs, a condition met solely following
PD1d/2V/33-ACT (Figure 1G). Indeed, in these tumors 80-90% of OT1 TILs and 50-70% of
endogenous CD8* TILs were TCF1™¢ (Figure S2C). Conversely, there were far fewer
TCF1"¢CD8" TILs post PD1d/2V-ACT (Figure 1G), suggesting that although IL-2V could expand
TCF1" precursors, these cells were unlikely to transition to a TCF1"¢ effector-like state in the
absence of IL-33 coexpression. In fact, PD1d/33-ACT was associated with high frequency of
TCF1¢CD8" TIL, but overall poor TIL expansion and, consistent with the absence of IL-2V from
the mix, low TCF1*CD8" numbers (Figure 1E-G). Remarkably, the important expansion of TCF1*
and TCF1™¢ CD8" TIL observed with orthogonal ACT did not depend on tumor-draining lymph
nodes (TDLNs). Indeed, impairment of lymphocyte egress from the lymph nodes by co-
administration of FTY720 did not compromise the intratumoral accumulation of OT1 or
endogenous CD8" TILs (Figure 1H, S2F), or the fraction of TCF1" cells in each compartment
(Figure 11, S2G), and did not impact significantly the antitumor efficacy of orthogonal ACT

(Figure 1J), suggesting that expansion of TCF1* precursors, and subsequent generation of TCF 1€
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effector CD8" TILs, occurred largely in situ thanks to the cooperation of the two cytokines in the

TME.

Orthogonal engineering induces a novel effector CD8" T-cell state

We asked what properties conferred orthogonally engineered cells the ability to achieve regression
of non-immunogenic B16 tumors. To this end, we analyzed CD8" TILs from different ACT settings
using single-cell RNA-sequencing (scRNAseq) (Figure 2A). Unsupervised clustering analysis of
bulk CD8" TILs revealed five distinct states (clusters C1-C5, Figure 2B), which largely reflected
the different engineering strategies. TILs from ACT using untransduced T cells clustered in C1,
characterized by naive/central-memory genes (e.g. Sell, Il7r, Tcf7, Lef1); and C4, characterized by
canonical T-cell exhaustion markers (Tox, Id2, Nfactcl, Pdcdl, Lag3, Havcr2, Entpdl, Gzmk,
Ccl3,Ccl4 and Ccl5) (Figure 2C, D). Interestingly, bulk TILs from PD1d/2V-ACT clustered mostly
in Cl (naive/central-memory), while bulk PD1d/33-ACT TILs clustered mostly in C2,
characterized by effector-memory genes (Gzmk, Gzma) (Figure 2C, D), confirming the orthogonal
effects of the two cytokines seen above. Strikingly, bulk PD1d/2V/33-ACT TILs departed from all
above states and clustered mostly in C5 (Figure 2 C, D), distinguished by low levels of exhaustion
genes and high levels of cytotoxicity genes. The latter included Gzmb and notably high levels of
Gzmc, a granzyme implicated in enhanced cytolytic function of T cells upon persistent antigenic
stimulation and primary alloimmune responses, providing a non-redundant backup when granzyme

B fails (Johnson et al. 2003; Cai et al. 2009; Getachew et al. 2008).

Next, we sought to interpret these states based on prior knowledge; we applied ProjecTILs

(Andreatta et al. 2021) (Figure 2E), “projecting” each cluster onto a reference atlas that comprises
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well-defined TIL states from untreated mouse tumors (Andreatta et al. 2021). Confirming the above
state annotation using specific markers, the C1 cluster largely corresponded to the CD8* naive-like
state, C2 to CD8" effector memory state (EM), and C4 to canonical precursor (Pex) and terminal
(Tex) exhausted states. Interestingly, C5 projected largely onto canonical Tex. Since this state was
uniquely associated with tumor control, we investigated it further. Interrogation at a higher
dimension using independent component analysis (ICA) revealed that C5 in fact deviated
significantly from the reference Tex profile (Figure 2F), with a unique cytotoxic effector-like
program (ICA26), that included several granzymes, notably GzmC (Figure S3A). Differential gene
expression analysis confirmed that C5 is distinct from canonical exhaustion reported previously
(McLane, Abdel-Hakeem, and Wherry 2019; Andreatta et al. 2021), or as seen here in C4 (Figure
2G). In addition to Gzmc, C5 TILs overexpressed several other granzymes as well as Bc/2 and
Ly6c2 (Figure 2G), a marker of precursor CD8" T cells which is absent in exhausted cells
(Carmona et al. 2020). Relative to C4, C5 TILs also expressed more Plac8, implicated in optimal
CD8" T-cell response against viral infection (Slade et al. 2020). In addition, C5 TILs did not
express Cx3crl or Klrgl, distinctive markers of short-lived effector (SLEC) or transitory effector-
like exhausted cells (Beltra et al. 2020; Chu and Zehn 2020; Hudson et al. 2019; Zander et al.
2019). Moreover, the inhibitory receptors Pcdcl, Tigit and Lag3, the exhaustion-associated
chemokines Cc/3, Ccl4 and Ccl5, as well as the exhaustion-associated transcription factor (TFs)
Bhle40, Nrp2a,Nfatcl,Nrp3a (McLane, Abdel-Hakeem, and Wherry 2019; Chen, Lépez-Moyado,
et al. 2019) were lower in C5 compared to C4 cells (Figure 2D, G). Finally, Tox, a critical TF for
the generation and maintenance of exhausted CD8" T cells (Scott et al. 2019; Khan et al. 2019;

Alfei et al. 2019; Yao et al. 2019; Seo et al. 2019) was nearly absent in C5 cells. Relative to C4,
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C5 cells were indeed enriched in the signature of Tox-knockout CD8" TILs (Scott et al. 2019)

(Figure 2H).

C5 is a synthetic state uniquely acquired by orthogonally engineered CD8" TILs

The above analyses were performed on total TILs harvested following ACT. We asked whether
the novel C5 effector state was acquired both by transferred and by endogenous CD8" TILs. We
interrogated separately more FACS-sorted OT1 and endogenous CD44°CD8" TILs at different
time points following PD1d/2V/33-ACT (Figure 3A). C1, C2 and C5 distributed in an identical
manner as before on ProjecTILs (Figure S3B), and C5 was again distinct from canonical Tex
(Figure S3B). In addition, we could now distinguish the Pex from canonical Tex within C4
(Figure 3B, S3C top part). This analysis revealed two additional states, C6 and C7 (Figure 3B).
C6 was characterized by a genomic profile enriched in Pex gene signature, while C7 was
transcriptionally similar to Pdcd1" canonical memory cells recovered post-acute viral infection

(Figure S3C bottom part).

Importantly, only OT1 cells acquired the C5 effector state following PD1d/2V/33-ACT (Figure
3C, S3D). Indeed, by day 5 post ACT, most OT1 were distributed in C2 (EM), C6 (Pex-like) or C7
(canonical memory-like) states, and a minimal fraction had entered C5 (Figure 3D). By day 8, cells
were mostly in C5 (54 %) and C6 (22%), and by day 12, >90% of cells were in C5, coinciding with
tumor regression (Figure 3D). Conversely, endogenous CD44"CD8" TILs mostly distributed
across C4 (canonical Tex) and C2 (effector-memory) (Figure 3B, S3D). Thus, during tumor

regression, adoptively transferred cells differentiate to the novel C5 effector-like state.
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To find out whether this novel effector C5 state may arise during conventional immunotherapy, but
has remained unnoticed, we used the ProjecTILs algorithm to place public domain scRNAseq TIL
datasets in a new reference map that comprises the clusters identified above in endogenous CD8*
and OT1 TILs, shown in (Figure 3). Analysis of three different tumor type datasets showed that
C5 is rare in human CD8" TILs at baseline (i.e. no prior immunotherapy, Figure 3F). Furthermore,
virtually no C5-like cluster was found in TILs from patients during response to anti-PD-1 (Figure
3G). Similarly, following adoptive transfer in combination with PD-1 blockade in mice (Mognol
et al. 2017), OT1 TILs exhibited minimal overlap with C5, and were rather enriched in genes
associated with the NFAT-dependent program of exhaustion (Martinez et al. 2015) (Figure 3H),
consistent with the notion that PD-1 blockade does not reprogram TILs away from exhaustion
(Held et al. 2019). Finally, we also interrogated human blood CD8" CD19/4-1BBz CAR-T cells at
peak expansion in vivo from four patients with durable CAR-T persistence following infusion
(Sheih et al. 2020). We could not identify C5-like cells, and the majority of CAR-T cells
corresponded to Tex-like cells (Figure 3I). Together, this data indicate that CS5 is a synthetic novel
state rarely seen following conventional immunotherapies but massively acquired in vivo by

exogenous T cells following orthogonal-engineering ACT with PD1d, IL-2V and IL-33.

CS5 OT1 TILs are polyfunctional effector cells with direct antitumor properties

We sought to characterize the cells ascribed to C5 effector state, which in our flow gating strategy
we identified as PD-1"TOX'“"¢GzmC"* cells. In untreated tumors, antigen-experienced
(CD44'PD-1%) CD8" TILs were largely TOX' and GzmC'*¥ (Figure 4A), consistent with canonical

exhausted cells. During tumor regression post PD1d/2V/33-ACT, OTI1 cells were mostly

11
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CD44'PD-1" and highly enriched in TOX""%re GZMC" cells (Figure 4A). Most GzmC" were
TCF1™¢ (Figure 4B), expressed LY6C, but low/no KLRG1 or CX3CR1 (Figure S3E), thus were

altogether distinct from canonical Tex cells or SLEC.

When we compared CD44'PD-1"TCF1™¢ TILs on day 12 post ACT across all experimental
conditions (Figure 4C top), GZMC" cells were uniquely enriched in tumors following orthogonal
ACT (Figure 4C), but were not detectable in the TDLN or spleens post ACT (Figure S3F, G),
indicating that the C5 synthetic state develops specifically in tumors. Accordingly, co-
administration of FTY720 did not affect the acquisition of this effector state in the tumors (Figure
S3H). Furthermore, unbiased analysis showed that PD-1" GZMC" TILs exhibited a unique
phenotype of polyfunctional effector cells by FACS, with coexpression of GzmB, GzmA, perforin,
TNFa, IFNy and Ki67 despite also expressing TIM-3 (Figure 4D and Figure S3I), indicating that
the synthetic new state C5, hallmarked by high expression of GzmC, is endowed with potent
cytolytic and effector functions. To directly assess this, we harvested OT1 TILs from responding
tumors following PD1d/2V/33-ACT, when 80%-90% of the OTI are in C5, and tested their
antitumor activity in vitro (Figure 4E) and in vivo using a Winn assay (Figure 4F). Unlike PD-1*
TOX" OT1 control exhausted cells generated in vitro (Zhao et al. 2020) (Figure S3J), which
exhibited cytolytic activity in vitro, but were unable to control tumor growth in vivo, OT1 TILs
isolated from PD1d/2V/33-ACT tumors killed B16-OVA cells in vitro and led to tumor rejection in
vivo (Figure 4E, F). Thus, OT1 effector TILs in C5 state are potent polyfunctional tumor-rejecting

cells.

GZMC" C5 OT1 cells expressed PD-1 and TIM-3 (Figure 4A and Figure S3K), yet they deviated

from the canonical exhausted state. We sought to understand whether PD-1 or TIM3 expression
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translated to functional restriction. We thus combined PD1d/2V/33-ACT with therapeutic aPD-L1
or double aPD-L1/aTIM3 therapeutic antibody. Immune checkpoint blockade did not improve
tumor control by orthogonal ACT (Figure 4G), indicating that PD-1 or TIM-3 inhibition were not
important in the context of combinatorial IL-2V/IL-33 ACT. To confirm the lack of contribution of
PD-1 blockade, we removed the PD-1 ectodomain from the PD-1 IgG4 decoy. Loss of PD1d did
neither impact tumor control by IL-2V/IL-33-transduced OT1 cells nor impair the accumulation of
CD44* PD-1"GZMC'TCF1™¢ OT1 TILs (Figure 4H). Indeed, OT1 TILs from 2V/33-ACT
exhibited similar polyfunctional effector phenotype to TILs from PD1d/2V/33-ACT (Figure 4I).
Collectively, these findings indicate that orthogonal engineering of T cells with a By-binding IL-2
and IL-33 in the immunocompetent host enables adoptively transferred CD8* T cells to enter a
novel synthetic effector state, which endows them with the ability to control tumors, and in which
coinhibitory receptors — ordinarily associated with exhaustion — are expressed but remain

functionally inconsequential.

Orthogonal engineering ACT mobilizes endogenous CD8"* T cells against tumors

Given that mice were not lymphodepleted prior to ACT, we interrogated the endogenous tumor-
infiltrating lymphocyte compartment. Strikingly, approximately 50% or more of total CD8" TILs
two weeks post-ACT were endogenous (CD45.1™¢ CD45.2*, Figure 5A, see also S2B, C). These
were particularly prominent in tumors treated with triple-engineered cells, where endogenous CD8*
T cells expanded preferentially over total CD4" (Figure S4A), and the CD8/CD4 FoxP3" Treg

cell ratio was the highest (Figure 5B). Antibody-mediated depletion of CD4" T cells prior to
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PD1d/2V/33-ACT did not compromise, but instead significantly improved tumor control and mouse
survival, indicating that endogenous CD4" cells did not contribute to tumor control (Figure 5C,
Figure S4B). Lastly, given that recombinant IL-2Y mobilizes NK cells (Carmenate et al. 2013), we
asked whether triple-engineered ACT activated NK-mediated antitumor immunity. NK-cell
depletion did not impact tumor control, although tumor-infiltrating NK cells did increase post-ACT
containing IL-2V, especially with PD1d/2V/33-ACT, but failed to display an activation phenotype

(Figure S4C-D).

We next asked whether endogenous CD8* T cells contributed to tumor control after orthogonal
ACT. Endogenous CD44"PD1" CDS8" TILs harvested from responding tumors post PD1d/2V/33-
ACT demonstrated cytolytic activity against B16-OV A cells ex vivo (Figure S4E), indicating that
endogenous CD8" TILs were also engaged against tumor. To further test the contribution of
endogenous CD8* TILs to tumor rejection upon orthogonal ACT, we used CD8 knockout mice,
but these failed to engraft transferred OT1 cells (data not shown), providing a poor model for
addressing the question. We thus resorted to mouse models in which endogenous T cells were
either devoid of or enriched in tumor-specific precursors. In the former setting, we used transgenic
TCR P14 tumor-bearing mice, where the bulk of endogenous CD8" T cells are specific for a single
lymphocytic choriomeningitis virus (LCMYV) glycoprotein epitope gp3s-41 and thus practically lack
precursors directed against B16-OVA tumors. ACT with PD1d/2V/33-OT1 cells in P14 mice was
indeed less effective than in wild-type mice (Figure S4F), suggesting some contribution of
endogenous CD8" T cells. In the opposite setting, irradiated CD45.1"¢CD45.2" mice were used to
generate mixed wild-type/congenic OT1 TCR transgenic bone marrow chimeras (Figure S4G).
Sixty days after bone marrow injection, when OT1 T cells represented around 30% of total CD8"

T cells in the blood, the reconstituted mice were inoculated with B16-OVA tumors. Twelve days

14


https://doi.org/10.1101/2022.02.18.481059
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.18.481059; this version posted February 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

post tumor inoculation, ~20% of total CD8" TILs were CD45.1°CD45.2* OT1, which exhibited
Pex or Tex features (Figure S4H). Orthogonal ACT with congenic PD1d/2V/33-transduced
CD45.1°CD45.2™¢ OT1 cells was more effective in OT1-chimeric mice than in wild-type recipient
mice (Figure 5D). Furthermore, sorted endogenous (CD45.17CD45.2%) OT1 TILs were as effective
as exogenous OT1 (CD45.17CD45.2"¢) TILs in killing B16-OV A tumor cells ex vivo (Figure 5E).
To further test whether low-affinity endogenous T cells also participate in tumor rejection upon
orthogonal ACT, we repeated the same experiments using CD45.1°CD45.2"¢ bone marrow to
generate endogenous OT3 cells, which recognize the same OVA peptide SIINFEKL with lower
affinity (Figure S4G). Orthogonal ACT with PD1d/2V/33 CD45.1"CD45.2" congenic OT1 was
more effective in inducing long-term tumor control in these OT3-chimeric mice than in wild-type
recipient mice (Figure 5F). Thus, endogenous CD8" T cells of high and low affinity are mobilized

by orthogonal ACT and contribute to the antitumor response.

Orthogonal engineering ACT reprograms endogenous CD8" TILs to new states away from

PD-1"TOX" canonical exhaustion

At baseline as well as following orthogonal ACT in the wild-type host, endogenous C4 Tex-like
cells featured a high proportion of clonally expanded cells (Figure S5A), indicating engagement
against tumor. To learn whether these endogenous cells also deviated from canonical exhausted
states under the influence of orthogonal ACT, we interrogated them longitudinally. Analysis of the
exhausted compartment across many time points revealed four distinct states, one ascribable to
TCF1" Pex and the other three to Tex (Figure 6A, top part). At baseline and upon tumor escape
(from day 19), endogenous CD8" TILs were mostly in Tex1, characterized by Tox, Nr4a2, Tigit,

Gzmk, Pdcdl, Ccl3 and Ccl4 (Figure 6A), consistent with the canonical Tox"€"Nr4q2hieh
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exhaustion program (Scott et al. 2019; Chen, Lopez-Moyado, et al. 2019). Following orthogonal
ACT, endogenous Tex TILs departed transcriptionally from this state and acquired Tex2 (days 5
and 8) and later Tex3 (day 12). Neither subset upregulated Cx3crl or Thx21 (Figure 6A),
distinguishing them from transitory effector-like exhausted cells (Beltra et al. 2020). Tex2 and
Tex3 exhibited significant enrichment in C5-related genes relative to Tex1 (Figure 6B). Relative
to Tex1, Tex2 downregulated canonical Tex TFs Tox and Nr4a2 and Tex markers Gzmk, Ccl3,
Ccl4 and Ccl5 (Figure 6C) while Tex3 TILs also upregulated Gzmb, Prf1, Plac§, Serpinb9, Tnfrsf9
(4-1BB) and Ly6c2 (Figure SS5B), suggesting better cytolytic function, also seen by pathway
analysis (Figure S5C). Thus, under the influence of orthogonal ACT, endogenous CD8" TILs
acquired an “infectious” activated-Tex state, transcriptionally closer to C5, with low Tox and
upregulated effector machinery. Importantly, even though highly expanded clonotypes could
distribute across more than one Tex subtype (Figure S5D), they mostly acquired Tex2 and Tex3

during tumor regression.

Next, we confirmed by FACS that endogenous Tex-like CD44'PD-1"TCF1™¢ TILs indeed
downregulated TOX following orthogonal ACT (Figure 6D). Although we could not detect Gzmc
mRNA in most Tex2 or Tex3 cells by scRNAseq, endogenous CD44"PD-1"TCF1™¢ TILs from
day 5 to day 12 (peak), unlike baseline Tex TILs, expressed GZMC protein (Figure 6D), albeit at
lower levels than OT1 cells from the same responding tumors (Figure S5E). Endogenous PD-
1"GZMC* TOX!¥ CD8" TILs cells found post orthogonal ACT co-expressed TNFo and IFNy, as
well as GzmA, GzmB and perforin (Figure 6E), indicating that they were superior effector cells

than baseline endogenous Tex TILs, consistent with partaking in tumor attack (Figure SSF).
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To understand the contribution of the individual engineering components in imparting such state
transitions to endogenous CD8" TILs, we compared Tex-like cells from different ACT conditions.
Importantly, downregulation of TOX in endogenous CD8" Tex cells was seen with any ACT that
included IL-2V-OT1 cells (Figure 6F left), suggesting that IL-2V drove suppression of TOX in
endogenous TILs. However, GZMC, the other hallmark of the new state, was upregulated by
endogenous CD8" TILs only following orthogonal ACT (Figure 6F right), indicating that the
synergistic interaction between IL-2V and IL-33 (but not PD1d (Figure S5E)) was required.
Furthermore, the endogenous Tex-like cells isolated post IL33-ACT upregulated multiple effector
molecules, but not GZMC (Figure 6E, F), and these were highest post orthogonal ACT (Figure
6G). Elimination of PD1d did not impair the acquisition of these effector functions (Figure 6E),
confirming that PD-1 blockade is not required for the functional reinvigoration of endogenous Tex
TIL by orthogonal ACT. Importantly, we did not detect TCF1"*¢ endogenous C5 effector-like cells
in the TDLN during the response phase (Figure S5G), and accordingly, co-administration of
FTY 720 did not alter the fraction of endogenous CD44"PD1*TOX" &% GzmC*TCF1"¢ Tex TILs

(Figure S5H), suggesting that Tex reprograming is specifically induced locally in the TME.

Natural endogenous tumor-specific T cells are expected to harbor TCRs across a range of affinities.
We found that orthogonal engineering mobilizes high- as well as low-affinity tumor-specific
endogenous CD8" TILs and reprograms both to a similar C5-like effector state. Indeed,
interrogating chimeric mice engrafted as above with either OT1 or OT3 cells, in which endogenous
CD8" TILs recognize the tumor peptide SIINFEKL with high or low affinity respectively, we saw
that a large fraction of endogenous cells, OT1 or OT3, acquired a PD1*TCF1"¢GZMC*TOX!ow/nee
C5-like phenotype (Figure 6H, I). Interestingly, the baseline state of these cells was different, as

the high-affinity OT1 TILs were mostly TOX" canonical exhausted, while low-affinity OT3 TILs
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were mostly CD44"PD-1"¢TOX"¢TCF1" precursor-like cells (Figure S5I). However, under the

influence of orthogonal ACT, both cells reprogrammed to C5-like effector cells.

Orthogonally engineered ACT reprograms PD-1* TCF1* precursor-like TILs within the

tumor microenvironment

As detailed above, the accumulation of TCF1"OT1 or endogenous CD8* precursors in tumors and
subsequent generation of TCF1"¢ effector CD8" TILs was independent of lymphoid organs.
Furthermore, transferred OT1 cells acquired specifically the novel C5 effector state in the TME.
Trajectory and pseudotime inference analysis of OT1 cells suggests that they likely transitioned
from the original naive/central memory-like (C1) and effector-memory (C2) states of transferred
cells to C5 through an intermediate C6 precursor-like state, bypassing the canonical Pex state
observed in endogenous CD8" TILs from baseline tumors (Figure S6A). The C6 state expressed
Pdcdl together with the stemness-related markers Ccr7, Tcf7 and 117r (Figure S6B, C), but was
different from canonical Pdcd1”¢" Pex TILs. Indeed, relative to the latter, C6 TILs exhibited
significant downregulation of the exhaustion-associated transcription factor 7ox and, like CS5,
overexpressed Gzmc, Gzmb, Ly6c2, Ctla2a and Ifitm2 (Figure S6D). Accordingly, most PD-
I"TCF1* OT1 TILs during the tumor control phase post PD1d/2V/33-ACT expressed higher
GZMC, but lower TOX in comparison with canonical TCF1"PD-1" Pex-like cells from baseline
tumors (Figure S6E). Remarkably, only PD-1"TCF1" OT1 TILs generated upon orthogonal ACT
expressed significant levels of GZMC in comparison with the similar population recovered from
PD1d/2V or PD1d/33-treated mice at day 12 (Figure S6F). Thus, similar to cells committed to

terminal exhaustion which is preceded by a PD-1" precursor Pex state (Siddiqui et al. 2019; Miller
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et al. 2019), the alternate C5-synthetic effector differentiation program achieved by orthogonal
engineering cells is also committed early, and transitions through a PD-1"TCF1*TOX!o"/nce
precursor/stem-like state, harboring a transcriptional program that is not consistent with canonical

Pex.

Notably, during the response phase upon orthogonal engineering the endogenous CD8" Pex TILs
also acquired a state resembling C6 (Figure S6G). Like C6, these cells downregulated Tox, Nr4a2,
XclI and upregulated Ly6¢2 (Figure S6H). Furthermore, following orthogonal engineering we also
observed expression of GzmC by FACS in endogenous Pex CD8" TILs (Figure S6I), which also
downregulated TOX, most significant on day 8 post ACT (Figure S6J). Similarly to the
reprogramming seen in endogenous CD8" Tex above, we found that downregulation of TOX in
endogenous TCF1"PD-1"CD8" Pex cells was observed only in ACT conditions that included IL-
2V-transduced cells, while expression of GzmC required concomitant IL-33. Thus, orthogonal
ACT also reprograms endogenous Pex-like CD8" TILs, deviating them in a coordinated manner

away from canonical TOX" PD-1" Pex state.

Tumor escape to orthogonal T-cell engineering is associated with loss of synthetic conditions

leading to CS state

Given the marked efficacy of orthogonally engineered T cells to control tumors, we asked what
could be the reasons for tumor escape. We assessed the evolution of both OT1 (Figure 7A, B) and
endogenous CDS8" states (Figure 7A, C) longitudinally from response to progression following
triple-engineered ACT. Remarkably, OT1 migrated away from the dominant C5 state (tumor

control, day 12) to the Cer7Me"Pdcd 1V Tox""Gzmc'* C7 state (Figure 7B, S7A). Similarly,
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endogenous TILs migrated away from being highly expanded C4 Tex (and mostly Tex3 on day 12,
see Figure 6A) to predominantly effector-memory cells (Figure 7C), including the highly
expanded clonotypes (Figure 7D). Thus, tumor escape was not associated with accumulation of
dysfunctional Tex, but rather with a loss of differentiation to highly functional effector states of
both engineered (C5) and endogenous cells (Tex2/Tex3). By flow cytometry we confirmed a
marked loss of the characteristic CD44"PD-1*TOX"/1¢GzmC* OT1 TILs (corresponding to C5)
upon tumor escape (Figure 7E), coinciding with a marked enrichment in TCF1"PD-1"¢lov CD8"
T cells in both OT1 and endogenous cells (Figure 7F), consistent with the acquisition of C7 and
effector-memory states, respectively. Residual TCF1™¢ effector cells during escape lost GzmC and
their polyfunctional features relative to GZMC'TCF1™¢ PD-1"CD8" T cells detected during tumor

control (the latter in Figure S7B).

Since TILs with predominant precursor-like states were characteristic of ACT with IL-2V-
transduced cells lacking IL-33 coexpression, where PDI1d/IL-2V secreting OT1 cells were
expanded but unable to transition to TCF1"¢ effector-like cells (Figure 1G), we reasoned that the
arrest in less differentiated states upon tumor progression might be a consequence of attrition of
IL-33 secreting OT1 cells. To assess this hypothesis, we conducted orthogonal ACT using
CD45.2™¢ PD1d/2V-OT]1 cells and congenic CD45.2" PD1d/33-OT1 T cells (Figure 7G). Notably,
the proportion of PD1d/33-secreting OT1 cells dropped dramatically by day 12 and beyond (Figure
7G), while the PD1d/2V-transduced OT1 TILs persisted. Thus, tumor escape could be attributed to
the loss of the synthetic effector states in transferred (C5) and endogenous CD8* TILs (Tex2/3),
which in turn we attribute to the lack of persistence of IL-33-transduced engineered cells. We also
found that in the remaining OT1 TILs, the expression of the transgene partially decreased after day

12 (Figure 7H), suggesting that the remaining IL-2V in the TME was sufficient to ensure
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persistence of IL2Y-secreting but not IL-33 secreting OT1 cells, leading residual 1L2V-secreting
OT1 TILs to arrest in the C7 state, which was the final state acquired by in the absence of 1L-33
secretion (Figure S7C, D). Indeed, confirming the lack of paracrine effect of residual IL2V-
engineered OT1 TILs, residual endogenous Pex (CD44'PD-1"TCF1") and Tex (CD44'PD-
I"TCF1"¢) CD8" TILs converted to canonical Pex and Tex1respectively, expressing high levels

of TOX and no GZMC (see Figure 6D and Figure S7E).

Discussion

We provide evidence that orthogonal combinatorial T-cell engineering overcomes homeostatic
barriers to engraftment, reprograms TILs as well as the tumor microenvironment and mediates solid
tumor regression. Adoptive T-cell transfer therapy of solid tumors in the immune competent host
offers unique advantages as it may substantially reduce the toxicity and costs of present-time ACT,
and may enable leveraging the host’s immune system. Indeed, we show that endogenous tumor

specific CD8" cells were also mobilized and engaged in tumor regression.

As a proof of principle of orthogonal T-cell engineering, here we successfully combined two main
secreted components: an IL-2 variant binding to /y but not alL-2R, together with IL-33. This
combination brought about synthetic states, both in the adoptively transferred gene-engineered T
cells as well as in endogenous CD8" TILs. The acquired effector states in endogenous CD8" TILs
departed fundamentally from the previously known terminal exhausted state, the ubiquitous
hallmark of tumor-engaged TIL in humans and mice. Notably, adoptively transferred gene-
engineered CD8" T cells acquired a unique novel non-canonical state, reproducibly associated with

marked local CD8" T-cell expansion in tumors, potent effector function, and tumor control. This
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state is characterized by expression of multiple granzymes (most prominently heralded by the
unique granzyme-C), and significant downregulation of several transcription factors involved in
CD8" TIL dysfunction such as Nfatcl, Nrp4al and Nrp4a2 (Chen, Lopez-Moyado, et al. 2019;
Martinez et al. 2015). Notably, this effector state was also distinguished by expression of inhibitory
receptors, but low or absent expression of TOX — a transcription factor that is critical for the
generation and maintenance of exhausted CD8" T-cell populations during chronic viral infection
and in cancer (Mann and Kaech 2019; Scott et al. 2019; Alfei et al. 2019; Yao et al. 2019; Seo et
al. 2019; Khan et al. 2019). These findings indicate that PD-1 and other co-inhibitory receptors can
be upregulated in the context of sustained antigen stimulation independently of TOX, unlike
previous reports describing TOX dependency for this in canonical exhausted CD8" T cells (Mann
and Kaech 2019; Scott et al. 2019; Alfei et al. 2019; Yao et al. 2019; Seo et al. 2019; Khan et al.
2019). Despite expressing PD-1 and TIM3, TILs in the synthetic C5 effector state were not
constrained by these canonical inhibitory checkpoints; blockade of PD-1 and/or TIM3, or addition
of'a PD-1 decoy gene engineering module in the cells, was functionally inconsequential. Thus, the
combination of IL-2Y and IL-33 drove TILs into a synthetic state of superior effector cells that were

liberated of canonical exhaustion constraints.

As recently shown, the CD8" T-cell exhaustion program is stably enforced in the PD-1"TCF1*
progenitor compartment by expression of TOX (Mann and Kaech 2019; Scott et al. 2019; Alfei et
al. 2019; Yao et al. 2019; Seo et al. 2019; Khan et al. 2019; Kallies, Zehn, and Utzschneider 2020;
Beltra et al. 2020; Chu and Zehn 2020). In the context of orthogonal engineering, adoptively
transferred engineered CD8" TILs also transitioned through a PD-1"TCF1" precursor-like state.
However, contrary to canonical Pex cells, transferred precursor cells exhibited low/no TOX and

upregulated granzyme-C, a marker not detected hitherto in the canonical precursor exhausted
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compartment. Thus, the induced PD-1"TCF1* progenitor-like C6 state also diverges from the
canonical exhaustion fates described in the context of chronic viral infection and in cancer.
Moreover, the novel synthetic effector state diverges also from the transitory effector-like
exhausted state (CX3CR1"TIM3"PD-17) (Beltra et al. 2020; Chu and Zehn 2020; Hudson et al.
2019; Zander et al. 2019), which arises from canonical Pex cells and does not upregulate GZMC
(Beltra et al. 2020; Chu and Zehn 2020; Hudson et al. 2019; Zander et al. 2019), but expresses
Cx3crl and Klrgl, two markers not expressed by the TIM3"PD-1"GZMC" synthetic effector state
induced by orthogonal engineering. In addition, while CD4" T-cell help is required for the
formation of the CX3CR1" effector state (Zander et al. 2019), these cells appeared to be dispensable
or even deleterious in the context of our approach. In fact, query of public human and mouse TIL
data revealed that the generated synthetic state has never been reported to date. Taken together, we
hypothesize that both TCF1* and TCF1"¢ PD-1"GzmC*CD8" TILs represent the precursor and
effector states, respectively, of a novel PD-1"TOX-indifferent CD8" T-cell synthetic differentiation

program.

Strikingly, the expression of IL-2V and IL-33 by engineered T cells reprogrammed endogenous
CD8" TILs, which also departed from the canonical TOX" exhaustion program and developed
transcriptomic cell states similar to those acquired by the engineered TILs. Such reprograming was
seen mostly in clonally expanded TILs and was notably characterized by downregulation of TOX,
and concomitant upregulation of GZMC along with genes encoding multiple cytotoxicity-related
molecules. Remarkably, tumor-specific endogenous TILs with both high-affinity as well as low-
affinity TCRs converted to this PD-1"TOX!"nee GZMC" C5-like superior effector state, and
contributed to tumor regression. This is in contrast with the report that subdominant antigen specific

CD8" TILs do not preferentially benefit from anti-PD-1/CTLA4 therapy (Burger et al. 2021). Thus,
23


https://doi.org/10.1101/2022.02.18.481059
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.18.481059; this version posted February 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

convergence of both endogenous and exogenous CD8 TILs into similar effector-like states during

tumor regression is a key property of orthogonal ACT.

The therapeutic manipulation of TOX has been proposed as a promising strategy to abrogate T-
cell exhaustion in the context of cancer (Mann and Kaech 2019). This notion is supported by the
improved functionality of CAR-T cells upon TOX knockdown or deletion of TOX2 (Seo et al.
2019), and the strengthening of anti-tumor T-cell responses reported in heterozygous deletion of
TOX (Khan et al. 2019). In this study we show a novel approach to reach synthetic cell states in
which TOX is suppressed transcriptionally without genome editing or knockdown, in both
adoptively transferred as well as endogenous CD8" T cells. Careful analysis of the states reached
under different experimental conditions revealed that IL-2V was primarily responsible for
promoting CD8" T-cell stemness and was associated with downregulation of TOX in PD-1"
exhausted cells. This effect was observed under all in vivo conditions including cells transduced
with the IL-2Y module, and extended also to exogenous OT1 cells that were not transduced with
IL-2V as well as to endogenous TILs. Furthermore the effect of IL-2V was already observed in vitro
during T-cell expansion. How IL-2 signaling directed through the IL-2Ry receptor chains achieve
suppression of TOX will require additional investigation, however it appears to be part of a
transcriptional and/or epigenetic reprogramming that constituted the base for producing a novel
effector state that profoundly deviates from canonical exhaustion upon antigen engagement.
Finally, the fact that IL-2V is associated with high level of persistence of TOX!*"¢¢ PD-1* CD8"
T cells in the context of sustained antigen stimulation is also a novel and remarkable finding, since

this property is strictly depend on TCR-induced TOX expression in canonical exhausted CD8" T
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cells (Alfei et al. 2019; Scott et al. 2019; Khan et al. 2019; Seo et al. 2019) . This suggests that IL-
2 signaling directed through the IL-2RBy receptor chains could also play a key role in making CD8*
T cells less dependent on sustained TCR stimulation to survive in contexts of chronic antigen

exposure.

The simultaneous expression of IL-33 in vivo was required to produce the novel synthetic effector
state associated with superior antitumor functions. In its absence, cells exposed to IL-2VY remained
in a state resembling memory endowed with stemness. IL-33 alone in the absence of IL-2V led to
activation of endogenous Tex-like cells, but this was associated with short persistence capability
of transferred IL-33-secreting OT1. When combined with IL-2V in vivo, IL-33 enabled GzmC
upregulation and drove Tcfl suppression, allowing OT1 cells to exit the precursor state and
differentiate to polyfunctional PD-1"TOX!°V/e¢ effector cells. However, such cells never entered
to the canonical TOX" exhaustion program (Alfei et al. 2019; Scott et al. 2019), apparently thanks
to the effects of long-term exposure (in vitro and in vivo) to IL-2V. We speculate that the latter
reprograms T cells enabling them to avoid the canonical TOX" exhaustion program upon sustained
antigen stimulation. However, our data also confirms that TOX downregulation in CD8" T cells is
not enough to effectively control tumors (Scott et al. 2019), since TILs recovered from mice treated
with PD1d/IL2V were also TOX '°"¢2 but this group did not achieve significant tumor control.
Thus, how IL-33 achieves further reprogramming of TILs toward a polyfunctional TOX"*¢ PD-1*
TCF1"¢ effector state with direct antitumor potential remains to be elucidated. Activation of
antigen-presenting cells in addition to inflammatory cues are likely to play an important role.
Although also reprogrammed away from canonical exhaustion and into a superior effector state,

endogenous tumor-specific TILs did not fully acquire the exact effector state of transferred cells,
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which presumably further benefitted from in vitro conditioning that was unavailable to natural T

cells.

Tumor progression was not associated with evolution toward T-cell exhaustion or other kind of
CDS8 T-cell hyporesponsiveness states, but rather with extinction of the optimal effector states
adopted by TILs. Confirming its dependence on the cooperative action of the two cytokines, loss
of the optimal state coincided with attrition of IL-33 secreting cells. We attribute the loss of IL-33
producing cells to the decrease of the overall IL-2V expression by the partner cells carrying the IL-
2V module, with likely decrease of its paracrine effects. Due to this imbalance, most residual
engineered CD8" TILs were arrested in less differentiated precursor-like states. Similarly, most
endogenous cells converted to effector-memory, while residual Pex and Tex cells reacquired their
initial TOX" canonical exhausted phenotype, confirming that in the absence of both cytokines,

these were the only available fates for TILs.

In summary, we provide proof-of-principle evidence that orthogonal combinatorial engineered
CDS8" T cells for ACT, specifically secreting a variant of IL-2 that does not engage CD25 and the
alarmin IL-33, can control advanced solid tumors, in the absence of preconditioning, cytokine
therapy or other support (e.g. vaccination). While there are limited examples of ACT-mediated
tumor control in lymphoreplete mice bearing hematological tumors using CAR-T cells (Avanzi et
al. 2018; Kuhn et al. 2019), this represents to our knowledge the first such example of successful
ACT in advanced, poorly immunogenic solid tumors in the absence of any supportive treatment.
We employed a highly stringent solid tumor setting to demonstrate that orthogonal T-cell

engineering can produce synthetic T cell states compatible with tumor eradication. The
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identification of the mechanism of tumor escape offers additional engineering opportunities, while
the observation that CD4" cell depletion enhanced the therapeutic effect points towards
opportunities for additional combinatorial interventions targeting Tregs. Overall, our work
demonstrates the potential for clinical translation of innovative combinatorial engineered T cells
for reprogramming the TME in the immune competent host and inducing highly functional and
novel synthetic CD8" states endowed with the ability to control advanced, poorly immunogenic

solid tumors.
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Figure 1. Orthogonal T-cell engineering enables ACT efficacy without lymphodepletion
through in situ expansion of TCF1" precursor and TCF1"¢ effector CD8" T cells (A)
Experimental design. (B) Waterfall plot showing changes in tumor volumes relative to day 5 post
ACT. The best response (smallest tumor volume) observed for each animal after at least 12 days
post-1t ACT was taken for the calculation (* day 12 post tumor inoculation, ** day 19 post tumor
inoculation). Objective Response rate (ORR) includes Complete Response (CR; 100% reduction
in tumor volume) and Partial Response (PR; <-30% tumor change). (C-F) Mice with B16.OVA
tumors were treated with either engineered or untransduced OT1 cells as indicated; then tumors
were harvested on days 5 and 12 post ACT and cell quantification was performed by flow
cytometry. Data are from three independent experiments (n >= 5 animals/group). (C) Total
numbers of CD8" TILs at day 12. (D) Total number of CD45.1° OT1 on days 5 and 12. (E) Total
numbers of endogenous and exogenous TCF1" CD8" TILs on day 12. (F) Representative
immunofluorescence micrographs of tumor sections from each experimental group on day 12
showing OT1 and endogenous TCF1* CD8" TILs. Filled triangle: TCF17OT]1, open triangle:
TCF1™¢0T1, white arrows: TCF1" Endogenous CD8" TILs. (G) Left: total number of OT1 and
endogenous TCF1™¢ CD8" TILs. Data are from three independent experiments (n >= 5
animals/group). Right: a representative dot plot showing the distribution of CD8" TILs of each
indicated treatment based on the expression of TCF1. (H) Composition of the intratumoral CD8
TIL compartment (Endogenous vs OT1 TILs) 12 days post orthogonal ACT in the presence or
absence of FTY720. (I) Fraction of TCF1" and TCF1™¢ in both Endogenous and OT1 TILs
harvested 12 days post orthogonal ACT in the presence or absence of FTY720. (J) PD1d/2V/33+
OT-1 cells were administrated as previously indicated, to B16.OVA-tumor bearing wtC57BL6
mice that also were treated with 100pg/mouse of the drug FTY720 (administrated i.p. every three
days beginning two days before 1% cell transfer). A Brown-Forsythe and Welch ANOVA test
combined with Tukey Test to correct for multiple comparisons was used for comparing different
groups in (C-G) and tumor volumes in (J). A two-tailed Student’s t test with Welch’s correction
was used for comparing day 5 and day 12 in (D and F) and in (H-I). * p<0.05, ** p<0.01, ***
p<0.001, ****p<0.0001.
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Figure 2. Orthogonal engineering induces a novel effector CD8" T-cell state (A) Experimental
design. Briefly, mice with B16-OV A tumors were treated as indicated; then tumors were harvested
on days 5 and 12 post ACT and a cell suspension of CD45" enriched in CD8 TILs was obtained
by FACS sorting and single cell sequenced using the 10X Genomics (B-C) Cluster composition
per treatment and UMAP plot showing a low-dimensional representation of cell heterogeneity and
unsupervised clustering results, where contour plots depict high cell density areas for each
treatment. (D) Violin plots showing expression levels of important T cell markers (E) Projection
of each cluster onto the reference TIL map using ProjecTILs. (F) ICA 26 effector component
(Andreatta et al. 2021) for cells in the reference TIL atlas (gray) versus cluster C5 (red) samples,
plotted on the z axis of the UMAP plot (G) Volcano Plot showing significant differentially
expressed genes between clusters C4 and C5 (H) CD8 TIL Tox Knock-out (Scott et al 2019) Gene
Signature Enrichment Analysis (GSEA) of Gzmc+CS5 vs Gzmc™ C4 cells.
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Figure 3. C5 is a novel synthetic state uniquely acquired by orthogonally engineered CD8*
TILs (A) Experimental design. Briefly, mice with B16-OVA tumors were treated as indicated;
then tumors were harvested on indicated time points and cell suspensions of either CD45.1" OT1
and CD45.1"¢ endogenous CDS8 TILs were purified by FACS sorting and single cell sequenced
using 10X Genomics (B) UMAP plot showing a low-dimensional representation cell heterogeneity
and unsupervised clustering results. (C) UMAP plot showing the cluster composition of either
Endogenous CD8 or OT1 TILs recovered 12 days post orthogonal ACT. Contour plots depict the
clusters covered by each cell compartment. Bar plots are showing quantification of clusters
covered by each cell compartment. (D) Cluster composition/time point of OT1 TILs recovered 5,
8 and 12 days post orthogonal ACT. (E) Schematic of projection of human CD8 TILs onto the
OT1/Endogenous Transcriptomic space using ProjecTILs. (F) Projection of human CD8 TILs
from three different types of tumors. Contour plots depict the clusters covered by each cell dataset
and bar plots showed the quantification. (G) Projection of human CDS8 TILs upon PD-1 blockade
in responder versus non responder breast cancer patients onto the OTI1/Endogenous
Transcriptomic space using ProjecTILs. Contour plots depict the clusters covered by each cell
dataset and bar plots are showing the cluster composition calculated by ProjecTILs. (H) Left: Venn
diagram showing the overlap between genes upregulated in C5 (in the comparison showed in
Figure S3C) and genes upregulated upon PD-1 blockade from Mognol et. al 2017. Right: CA-
RIT-NFATI1 gene set enrichment analysis (GSEA) of canonical Tex TILs (genes downregulated
in the comparison showed in Figure S3B), OT1 cells recovered upon PD-1 blockade (Mognol et.
al. 2017.) and C5 cells (genes upregulated in the comparison showed in Figure S3B). This analysis
shows that only Tex and OT1 cells recovered upon PD-1 blockade are enriched in the genes that
characterize the severe exhaustion phenotype induced by the non-AP1 binding NFAT variant
described in (Martinez et al. 2015). (I) Projection of human CAR T cells onto the OT1/Endogenous
Transcriptomic space using ProjecTILs. Contour plots depict the clusters covered by each cell
dataset and bar plots are showing the cluster composition calculated by ProjecTILs.
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Figure 4 PD-1"TOX™"NeeGzmC* TCF1™¢ OT1 TILs are polyfunctional effector cells with
direct antitumor potential despite expression of coinhibitory receptors. (A) OT1 TILs from
animals treated with orthogonal-engineered OT1 cells were analyzed at day 8 (two independent
experiments n=4 mice/group) and day 12 (5 independent experiments n=5-6 mice/group) for the
quantification of CD44, PD-1, TOX and GZMC by flow cytometry. CD8 TILs isolated from tumor-
bearing mice at baseline were used as control (n=6 mice/group). On the right, a representative dot
plot, naive CD8 T cells isolated from the spleen of non-tumor bearing mice were used as negative
control for the expression of the studied markers. (B) Left: GZMC and TCF1 expression in CD44"
PD-1" TOX %ree OT1 TILs recovered at days 8 and 12 post orthogonal-engineered OT1. Right: a
representative contour plot. (C) Top: Experimental Design. Bottom: Analysis of GZMC expression
in CD44" PD-1" TCF1™¢ OT1 TILs recovered at day 12 post ACT from the different studied
conditions (data from 5 independent experiments n=5-6 mice/group, except for PD1d, where we
collected data from two independent experiments n=4 mice/exp). A Brown-Forsythe and Welch
ANOVA test combined with Tukey Test to correct for multiple comparisons was used for
comparing different groups * p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001. (D) Heatmap
showing the normalized (row scaled) protein expression of TIM3, TNFa, GZMB, PRFI,
IFNy,GZMA and K167 in GZMC" versus GZMC"¢ CD44" PD-1" TCF1™¢ OT1 TILs recovered at
day 12. Each column represents an individual mouse (n=34 mice in total). (E) In vitro killing assay
of sorted OT1 TILs 12 days post orthogonal ACT or in vitro generated exhausted OT-1 cells (as
described in Figure S3J) against labelled B16-OVA tumors using Incucyte™. (F) Top:
Experimental design to evaluate the direct antitumor potential of CD44* PD-1" TOXo%/Ne¢ GZMC*
OT1 TILs recovered 12 post orthogonal ACT (data from two independent experiments, n=5
mice/exp for PD1d/2V/33 group and n=10 mice/experiment for the other two groups n=10
mice/experiment). Bottom Left: Percentage of tumor free mice after subcutaneous injection of
tumor plus sorted OT1 TILs or in vitro generated exhausted OT-1. (G) Tumor growth control over
time of B16.OVA tumor-bearing mice treated with PD1d/2V/33+ OT-1 cells in the presence or
absence of 250pg/mouse of antibodies specific for the indicated immune checkpoints administered
i.p. beginning 1 day before 1% cell transfer and maintained every three days maximum 6 doses (H)
Top: Tumor growth control over time of BI6.OVA tumor-bearing mice treated with PD1d/2V/33"*
OT1 cells or with OT1 T cells gene-engineered for secreting only IL-2V and IL-33 (no PD-1
ectodomain). Bottom: Percentage of GMZC TCF 1€ effector-like cells in CD44"PD-1" OT1 TILs
recovered from mice treated with either PD1d/2V/33" OT]1 cells or IL-2V/IL-33 OT1 12 days post
orthogonal ACT (2 independent experiments n=3-4 mice/group). (I) Expression of effector
molecules in CD44"PD-1"GMZC*TCF 1" effector-like cells in OT1 TILs from (H). A two-tailed
Student’s t test with Welch’s correction was used for comparing both groups in (H and I). ns:
p>0.05. A Representative experiment out of two independent experiments (n= 6 animals/group) is
shown for experiments in F and top G.
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Figure 5. Orthogonal engineering ACT mobilizes endogenous CD8" T cells against tumors
(A) Total number of endogenous CD45.1™¢ CD8 TILs on days 5 and 12 post ACT. Mice with
B16.OVA tumors were treated with either engineered or untransduced OT1 cells as indicated; then
tumors were harvested on days 5 and 12 and cell quantification was performed by flow cytometry.
Data are from three independent experiments (n >= 5 animals/group). (B) Mice with B16.OVA
tumors were treated as indicated then tumors were harvested on day 12 post ACT, and Treg
quantification was performed by flow cytometry. Data are from three independent experiments (n
>= 5 animals/group). Shown are bar plots for CD8"/Treg ratio. (C) Tumor growth control over
time of B16.OVA tumor-bearing mice treated with PD1d/2V/33+ OT-1 cells in the presence or
absence of 250ug/mouse of an aCD4 depleting antibody administered i.p. beginning 1 day before
1* cell transfer and maintained every three days until day 33 post ACT. (D) Left: Experimental
design of orthogonal ACT in OT1 chimeric mice. Right : weight of tumors harvested at day 12
post ACT from either chimeric OT1 mice or wt B16 mice treated in parallel with orthogonal ACT
(two independent experiments, n=5-6 mice/group). Bottom: Survival curves. Tumor growth
comparison was done using a Mann-Whitney Test (E) In vitro killing assay of FACS sorted
exogenous and endogenous OT1 TILs against B16-OVA tumors using Incucyte™. These cells
were isolated from tumor-bearing OT1 chimeric mice 12 days post orthogonal ACT. Briefly,
chimeric OT1 mice were generated as explained in materials and methods and two months after
bone marrow transplantation were inoculated with B16.OVA tumors and treated with orthogonal
engineered OT1 cells; then tumors were harvested on day 12 post ACT either exogenous (CD45.1*
CD45.2™¢) or endogenous (CD45.1°CD45.2") OT1 TILs were purified using FACS sorting. (F)
Top: Experimental design of orthogonal ACT in OT3 chimeric mice. Bottom : weight of tumors
harvested at days 12 and 26 post ACT from either chimeric OT3 mice or wt B16 mice treated or
not in parallel with orthogonal ACT (two independent experiments, n=5-6 mice/group). Bottom:
Survival curves. A Brown-Forsythe and Welch ANOVA test combined with Tukey Test to correct
for multiple comparisons was used for comparing different groups in (A,B, D, F and G) and tumor
volumes in (C). * p<0.05, ** p<0.01, *** p<0.001, ****p<(0.0001.
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Figure 6. Orthogonal engineering reprograms endogenous Tex TILs. (A) Top Left: UMAP
plot showing a low-dimensional representation of cell heterogeneity and unsupervised clustering
results of endogenous exhausted CD8 TILs (Pex and Tex) expanded by orthogonal ACT across all
studied time points (from baseline to day 26 post ACT). Top Right: cluster composition/time point.
Bottom part: dot plot showing clusters-specific markers. (B) Enrichment score of C5 gene signature
(genes upregulated in the comparison showed in Figure S3C) in endogenous Tex subtypes (the
enrichment score was calculated with AUCell). A non-parametric Kruskal Wallis test was used for
multiple comparisons * p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001. (C) Volcano plot showing
differentially expressed genes between Tex2 and Tex1 subtypes. (D) Expression TOX and GZMC
in endogenous Tex cells harvested at different time points following orthogonal ACT and defined
as depicted in the dot plot based on the expression of TCF1 and PD-1. A two-tailed Student’s t test
with Welch’s correction was used for comparing expression of each marker, in each time point
relative to baseline Tex TILs * p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001. Naive CD8 T cells
isolated from the spleen of non-tumor bearing mice were used as negative control for the expression
of the studied markers. (E) Heatmap showing the normalized (row scaled) expression of IFNy,
Ki67, TIM3, GZMB, PRF1, GZMA and TNFa in CD44" PD-1" TCF1"¢ endogenous Tex TILs
recovered at day 12 from each studied condition. Each column represents an individual mouse
(n=34 mice in total). (F) Analysis of TOX and GZMC expression in endogenous Tex TILs
recovered at day 12 post ACT from mice treated with PD1d/2V/33, PD1d/2Y and PD1d/33. Data
collected from 5 independent experiments n= 5-6 mice/group. One-way ANOVA test in
combination with a Dunnet Test to correct for multiple comparisons was used * p<0.05, ** p<0.01,
**% p<0.001, ****p<(0.0001. (G) Comparison of endogenous Tex CD8" TILs harvested at day 12
post ACT from PD1d/2V/33 or PD1d/33-treated mice in terms of expression of effector molecules.
Data collected from 3 independent experiments n= 3-5 mice/group. A two-tailed Student’s t test
with Welch’s correction was used for comparing expression of each marker, in each time point
relative to baseline Tex TILs * p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001. Naive CD8 T cells
isolated from the spleen of non-tumor bearing mice were used as negative control for the expression
of the studied markers. (H-I) Analysis of TOX, TCF1 and GZMC expression in CD44" PD-1"*
endogenous OT1 (H) and OT3 (I) TILs isolated from chimeric mice (two independent experiments
n= 5-6 mice/group. A Brown-Forsythe and Welch ANOVA test combined with Tukey Test to
correct for multiple comparisons was used for comparing different groups. * p<0.05, ** p<0.01,
% p<0.001, ****p<0.0001
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Figure 7. Tumor escape to orthogonal T-cell engineered ACT is associated with cessation of
intratumoral differentiation to effector-like states in TILs. (A) UMAP plot showing a low-
dimensional representation cell heterogeneity and unsupervised clustering results combined OT1
and endogenous CD8 TILs. (B-C) Cluster composition of TILs overtime in each
compartment/time point. (D) Cell state distribution of the top 30 most expanded endogenous
clonotypes during response or escape. On the right, a graphical example of the top 2
clonotypes/condition, where contour plots depict high cell density areas for each clonotype. (E)
Longitudinal analysis of TOX and GZMC expression in exogenous CD44'PD-1*OT1 TILs
harvested at different time points following orthogonal ACT. A two-tailed Student’s t test with
Welch’s correction was used for comparing expression of each marker in each time point relative
to OT1 harvested at day 5 post ACT * p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001. Naive
CDS8 T cells isolated from the spleen of non-tumor bearing mice were used as negative control for
the expression of the studied markers. (F) Analysis of exogenous and endogenous CD8" TILs
harvested during escape (day 26) based on PD-1 and TCF1 expression. (G) Analysis of
intratumoral persistence of congenic OT1 TILs transduced with either PD1d/2V or PD1d/33. (H)
Analysis of transgene expression overtime at the single cell level in OT1 TILs from different
conditions. UT OT1 TILs were used as negative control for the expression.
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Table S1: Observed response and predicted probability of objective response and clinical
benefit for each treatment group.

Treatment No of Objective Response Clinical Benefit
Group mice (CR/PR) (CR/PR/SD)

Observed n predicted Observed n predicted

(%) probability (%) probability
(%) (%)
UT 14 0 3.33% 0 3.33%
UT +aPDL1 7 0 6.25% 0 6.25%
PD1d 0 7.14% 0 7.14%
[L-2V 4 0 10% 0 10%
IL-33 0 8.33% 1(20.0) 25%
PD1d + IL-2V 12 0 3.85% 0 3.85%
PD1d + IL-33 12 1(8.33%) 11.5% 4(33.3) 34.6%
ggld HilaVrdl- gy, 12 (85.7%) 83.3% 12 (85.7) 83.3%
Notes:

Objective Response includes Complete Response (CR; 100% reduction in tumor volume)
and Partial Response (PR; <-30% tumor change). Clinical Benefit includes CR, PR and Stable
Disease (-30%<tumor change<+20%)

Probability of occurrence was calculated using exact logistic regression.

49


https://doi.org/10.1101/2022.02.18.481059
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.18.481059; this version posted February 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Table S2: Predicted tumor size change from baseline for each group using linear

regression.
Predicted 95% CI of the
teament  CRIE0O | eweted 00 v
tumor size size
UT 287.1% (190% , 384%) <0.0001
UT +aPDL1 274.1% (136%, 412%) 0.0002
PD1d 343.7% (195%, 493%) <0.0001
IL-2V 608.0% (426% , 790%) <0.0001
[L-33 145.7% (-17%, 309%) 0.0377
PD1d + IL-2V 290.8% (186%, 396%) <0.0001
PD1d + IL-33 83.17% (-22%, 188%) 0.0570
PD1d + IL-2V + IL-33 -56% (-100%* , 41%) -

*:-100% is the minimum plausible value for tumor size change.

Notes: p-values compare each treatment effect versus the triple combination (PD1d + IL-2V
+1L-33)

Adjusted R? of the model: 43.8%.
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Figure S1 Relative to Figurel. (A-D) Anti-tumor activity of OT-1 T cells gene-engineered for
secreting the PD-1_IgG4 decoy in small B16-OVA tumors (~ 30 mm?)(A) Left: Intracellular
expression of PD1d by FACS. Middle: Secretion into the SN determined by ELISA. Right:
Binding to plate-coated mPD-L1. SN from OT-1 T cells gene-engineered to secrete TIM-3.1gG4
decoy was used as negative control. (B) Effect on tumor growth (left) and on overall survival
(right) of ACT using OT1 cells gene-engineered to secrete the PD-1.1gG4 decoy. A representative
experiment out of two independent experiments using 6 mice per group is shown. Survival Data
were determined using a log-rank Mantel-Cox test. Tumor growth comparison at day 35 post tumor
inoculation was done using a Mann-Whitney Test. *** p<0.001. (C-D) OT-1 CD8 T cells can be
gene-engineered to secrete PD1_IgG4 decoy in combination with either IL-2V or IL-33 (C)
Left: intracellular expression of PD1d in PD1d/2V gene-engineered OT1 cells (there are no
commercially available antibodies for detecting the IL-2Y using Flow Cytometry). Right: secretion
of PD1d and IL-2V into the supernatant by ELISA. (D) Left: Intracellular expression of PD1d and
IL-33 in PD1d/33 gene-engineered OT1 cells. Right: secretion of PD1d and IL-33 into the
supernatant by ELISA. OT1 cells gene-engineered to secrete TIM-3.1gG4 decoy were used as
negative control to claim specificity in the PD-1 IgG4 ELISA. (E) Phenotypic characterization
of gene-engineered OT1 cells before ACT. Top: schematic showing the transduction and
expansion protocol of gene-engineered OT1 cells. Bottom: expression of CD44, TOX, CD62L,
Ly6C and GzmC in expanded OT1 cells on day 10 post viral transduction. (F) Orthogonal T cell
engineering improves tumor control and survival in the absence of preconditioning and
cytokine support. Top: A representative cohort of mice treated with PD1d, IL-2V, PD1d/2Y and
PD1d/2V/33. Bottom: a representative cohort of mice treated with UT OT1 plus aPD-L1, IL-33,
PD1d/33 and PD1d/2V/33. Survival Data were determined using a log-rank Mantel-Cox test.
Tumor growth comparison was done using a Mann-Whitney Test *** p<0.001, ****p<0.000. (G)
Representative pictures of tumor control induced by PD1d/2V/33+OT]1 or tumor progression of
mice treated with untransduced OT1 (UT). (H) Tumor growth and survival curves of B16.OVA-
bearing mice treated with either UT OT1 plus aPD-L1 or PD1d/2V/33+OT]1 cells on days 6 and 9
after tumor cell inoculation. (I) Tumor growth and survival curves of MC38.0V A-bearing mice
treated with either UT OT1 or PD1d/2V/33"OT1 cells on days 12 and 15 after tumor cell
inoculation. Survival Data were determined using a log-rank Mantel-Cox test. Tumor growth
comparison was done using a Mann-Whitney Test *** p<0.001, ****p<(0.000
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Figure S2. Relative to Figurel. Mice with B16.OVA tumors were treated with either engineered
or untransduced OT]1 cells on days 12 and 15 after tumor cell inoculation; then tumors were
harvested on days 5 and 12 post ACT and cell quantification was performed by flow cytometry
using precision counts beads. Data are from three independent experiments (n >= 5 animals/group).
(A) Total numbers of CD8" TILs at day 5 in mice treated with orthogonal ACT versus non-treated
tumor bearing mice (17 days post tumor incoulation) evaluated in parallel. (B) Left: Intratumoral
persistence of OT1 TILs at day 12 post ACT in each studied group. Right: representative dot plots
for each treatment condition. (C) Analysis of the TCF1" CD8" TILs on day 12 post ACT. (D)
Pearson correlation between the numbers of intratumoral TCF1* OT1 T cells and the total number
of intratumoral OT1 T cells on day 12 post orthogonal ACT . (E) Pearson correlation between the
numbers of intratumoral TCF1" endogenous CD8" T cells and the total number of intratumoral
endogenous CD8" TILs at day 12 orthogonal ACT. (F) Representative dot plots showing the
composition of the intratumoral CD8" TIL compartment (Endogenous vs OT1 TILs) at day 12 post
orthogonal ACT in the presence or absence of FTY720. (G) Representative contour plots showing
the composition in TCF1" and TCF1™¢ TILs in both endogenous and OT1 TILs harvested at day
12 post orthogonal ACT in the presence or absence of FTY720.
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Figure S3. Relative to Figures 2 and 3. Complementary transcriptomic analysis of the
different treatment conditions. (A) Driver Genes for the most significant independent
component (ICA26) that separates cluster C5 from the TIL reference map. (B) Annotation of
clusters C1-Naive, C2-EffectorMemory and C5 from the 2™ scRNAseq dataset based on their
projection onto the reference mouse TIL map using ProjecTILs, where contour plots depict high
cell density areas for each treatment. A volcano plot showing the differentially expressed genes
between C5 cells and Tex cells from the reference TIL map is also shown. (C) Top: Annotation of
clusters C4-Pex and C4-Tex from the 2" scRNAseq dataset based on their projection of on the
reference mouse TIL map using ProjecTILs. Bottom: Gene-signature enrichment analysis against
two reference CD8 T cell subtypes signatures observed in chronic and acute viral infections.
(Sarkar et al. 2008), GEO accession GSE10239 and (Utzschneider et al. 2016), (GSE83978)
respectively. Up refers to the sets of up-regulated genes associated with each comparison (e.g. Pex
vs Tex UP: genes up-regulated in Pex). Color scale indicates statistical significance of signature
overlap (FDR corrected p-values, Fisher’s exact test). (D) UMAP plot showing the cluster
distribution of either OT1 or endogenous CD8 TILs recovered at day 8 post orthogonal ACT.
Contour plots depict the clusters covered by each cell compartment. Bar plots are showing the
cluster composition of each compartment. (E) Analysis of KLRG1, CX3CRIl and LY6C
expression in CD44" PD-1" TCF1™¢ GZMC" OTI1 TILs at day 12 post orthogonal ACT. (F)
Analysis of CD44, PD-1 and expression in OT1 cells harvested at day 12 post ACT from the TDLN
of mice treated with orthogonal ACT. (G) Analysis of GZMC expression in OT1 cells harvested
at day 12 post ACT from the spleen of mice treated with orthogonal ACT. (H) Composition of the
intratumoral CD8 TIL compartment (Endogenous vs OT1 TILs) at day 12 post orthogonal ACT
in the presence or absence of FTY720 (I) Representative dot plots showing the expression of
effector molecules in CD44"PD-1"TCF1"¢GZMC" OT1 TILs harvested at day 12 post orthogonal
ACT. (J) Top: Schematics showing the experimental protocol to in vitro generate bona-fide
exhausted OT1 T cells (Zhao et al. 2020). Bottom: Analysis of the expression of PD-1, TOX,
TCF1, IFNy and TNFa in multiple stimulated OT1 cells (red). OT1 cells that received one single
stimulation (blue) or none (black), were used as controls. (K) Representative dot plots showing
the expression of TIM3 and TOX in PD-1" TCF1™¢ Tex cells harvested at baseline (left) or in
CD44"PD-1"TCF1"¢GZMC" OT1 TILs harvested at day 12 post orthogonal ACT (right)
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Figure S4. Relative to Figure 5. CD4 depletion significantly improves tumor control and
survival of PD1d/2V/33- treated mice. (A) Tumor weight normalized numbers of CD4* and CD8"
TILs on day 12 post ACT. (B) Survival over time curve of PD1d/2V/33+ OT1-treated mice in the
absence or presence of a depleting antibody specific for CD4 administered i.p. 250 pg/mouse
beginning 1 d before initiation of PD1d/2V/33-ACT and maintained until day 43 post tumor
inoculation. A representative picture of a cured mouse (more than a year free of tumor) is also
shown. (C-E) Intratumoral accumulation of NK Cells induced by orthogonal engineering is
not linked to tumor control. (C) Tumor growth over time curve of PD1d/2V/33+ OT]1-treated
mice in the absence or presence of a depleting antibody specific for NK1.1 administered i.p. 250
ug/mouse beginning 1 d before initiation of PD1d/2V/33-ACT and maintained until day 27 post
tumor inoculation. A Brown-Forsythe and Welch ANOVA test was used. Correction for multiple
comparisons was done using a Tukey test. * p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001 (D)
Left: Tumor weight normalized numbers of NK cells on days 5 and 12 post ACT. Right: surface
expression of NK-related activation markers: CD25 and KLRG1 on days 5 and 12 post ACT. (E)
Top: gating strategy used to FACS sort endogenous CD8 TILs. Bottom: In vitro killing assay
against B16-OVA tumors using Incucyte™ of FACS-sorted CD44*PD-1" endogenous CD8 TILs
harvested at days 12 (Response, red) or day 26 (Escape, blue) post orthogonal ACT. (F) Top:
Experimental design. Bottom left: PD1d/2V/33" OT-1 cells were administrated as previously
indicated, to B16.OV A-tumor bearing wt C57BL6 mice (red) or P14 transgenic mice (blue), (n =
6-7 mice group). Bottom right: area under the curve (AUC) for each individual mouse until day
19 post ACT (A representative experiment out of two independent experiments). A two-tailed
Student’s t test with Welch’s correction was used for comparing the groups * p<0.05, ** p<0.01,
*#% p<0.001, ****p<0.0001. (G) Top: schematics summarizing the procedure to generate OT1 or
OT3 mixed (50:50 with B6) bone marrow chimeras. Bottom: Phenotypic characterization of OT1
CDS8 T cells harvested from the blood 2 months after bone marrow transplantation based on the
expression of CD44 and CD62L. (H) Phenotypic characterization of endogenous OT1 TILs in
B16.OVA tumor-bearing chimeric mice based on CD44, PD-1, TOX and GZMC expression.
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Figure S5. Relative to Figures 6. Orthogonal engineering reprograms endogenous Tex TILs.
(A) Left: fraction of endogenous CD8 TILs by state that belong to expanded clonotypes (medium,
large and hyperexpanded). Right: number of cells by state assigned into specific frequency ranges
of clonal expansion in each experimental condition. (B) Volcano plot showing differentially
expressed genes between Tex3 and Tex1 subtypes. (C) GEO terms enrichment analysis of each
exhausted subtypes. (D) Distribution of the top 4 expanded exhausted clonotypes between Texl1,
Tex2 and Tex3 subtypes in baseline tumors, or during the response or escape phases following
orthogonal ACT. Contour plots depict the subtypes covered by each clonotype. (E) Representative
dot plots showing expression analysis of GZMC and TCF1 in CD44"PD-1" OT1 TILs harvested
from responding mice upon orthogonal ACT (left part) or in CD44"PD-1" endogenous Tex TILs
from the same condition in the presence (middle) or absence (right) of PD1d. (F) Comparative
functional analysis of PD-1"TCF1"™¢ Tex-like endogenous cells harvested at day 12 post
orthogonal ACT versus Tex-like cells harvested from baseline tumors. (G) Analysis of CD44, PD-
1 and TCF1 expression in endogenous CD8 T cells harvested at day 12 from the TDLN of mice
treated with orthogonal ACT. (H) Analysis of TOX and GZMC expression in CD44" PD-1*
Endogenous CD8" TILs at day 12 post orthogonal ACT in the presence or absence of FTY720. (I)
Top: experimental design and fraction of CD44" TOX" canonical exhausted TILs in endogenous
OT1 versus OT3 from tumor-bearing chimeric mice. Bottom: Representative dot plots showing
expression analysis of PD-1 and TCF1 in CD44" TOX"¢ endogenous OT3 TILs
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Figure S6. Orthogonally engineering ACT reprograms PD-1* TCF1* precursor-like TILs
within the tumor microenvironment (A) Trajectory and pseudotime inference analysis of OT1
TILs post harvested from all studied time points post orthogonal ACT using the Paga-Tree
algorithm implemented in in dynverse (PMID: 30936559). The inferred trajectory as well as
expression of relevant markers was visualized using diffusion maps. (B) Violin plots showing
expression of Pdcdl gene in clusters C2-EM, C7, C4-Pex and C6. (C) Dot plot showing the
expression of important stemness-related markers in clusters C2-EM, C7, C4-Pex and C6. (D)
Comparison of C6 OT]1 cells from days 8 and 12 (response) with canonical Pex-like cells recovered
from baseline tumors. The volcano plot shows differentially expressed genes between both
conditions. (E) Analysis of TOX and GZMC expression in PD-1*TCF1* OT1 TILs from
orthogonal ACT relative to canonical Pex cells recovered from baseline tumors (n=6 mice). OT1
TILs from mice treated with orthogonal ACT were recovered at day 8 (two independent
experiments n=4 mice/group) and at day 12 (5 independent experiments n=5-6 mice/group)
animals/group) (F) Analysis of GZMC expression in CD44" PD-1*TCF1" OT1 TILs recovered at
day 12 post ACT from mice treated with PD1d/2V, PD1d/33 or PD1d/2V/33, (data from 5
independent experiments n=5-6 mice/group). A representative dot plot is shown in the bottom part.
One-way ANOVA test in combination with a Dunnet Test to correct for multiple comparisons was
used * p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001. (G) Enrichment of C6 gene signature
(genes upregulated in C6 OT]1 cells relative to baseline Pex) in endogenous Pex TILs harvested on
days 8 and 12 from mice treated with PD1d/2V/33*OT1. The enrichment score of C6 gene signature
was calculated with AUCell. A non-parametric Kruskal Wallis test was used for multiple
comparisons * p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001. (H) A volcano plot showing
differentially expressed genes between Pex cells recovered from PD1d/2V/33-treated mice during
the response phase (days 8 and 12) and Pex cells from baseline tumors. (I-J) Analysis of GZMC
(I) and TOX (J) expression in CD44" PD-1*TCF1" endogenous TILs recovered at day 12 post ACT
from mice treated with PD1d/2V, PD1d/33 and at days 8 and 12 post ACT from mice treated with
PD1d/2V/33. Data collected from 5 independent experiments n=5-6 mice/group, except for samples
collected at day 20 (2 independent experiments n=4 mice/group). One-way ANOVA test in
combination with a Dunnet Test to correct for multiple comparisons was used * p<0.05, ** p<0.01,
*x% p<0.001, ****p<0.0001
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Figure S7. Relative to Figure 7 (A) Dot plot showing C7-specific markers (B) top: heatmap
showing the normalized (row scaled) protein expression of TIM3, TNFa, GZMB, PRF1, IFNy,
GZMA, GZMB and K167 in GZMC* versus GZMC™ CD44* PD-1* TCF1®¢ OT1 TILs recovered
at days 5, 12 and 26 post orthogonal ACT. Each column represents an individual mouse (n=19
mice in total). Bottom: like above but in endogenous Tex like cells. (C) UMAP plot showing the
cluster distribution of either OT1 TILs or Endogenous CDS8 TILs recovered at day 12 post ACT
from mice treated with PD1d/2Y OT1. Contour plots depict the clusters covered by each cell
compartment. Bar plots are showing the cluster composition of each compartment. (D) Phenotypic
validation at the protein level of some C7-specific markers in either OT1 TILs or Endogenous CD8
TILs recovered at day 12 post ACT from mice treated with PD1d/2Y OT1. (E) Expression TOX
and GZMC in endogenous Pex cells harvested at different time points following orthogonal ACT
and defined as depicted in the dot plot based on the expression of TCF1 and PD-1. A two-tailed
Student’s t test with Welch’s correction was used for comparing expression of each marker, in
each time point relative to baseline Tex TILs * p<0.05, ** p<0.01, *** p<0.001, ****p<(0.0001.
Naive CD8 T cells isolated from the spleen of non-tumor bearing mice were (gray) used as negative
control for the expression of the studied markers.
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