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Summary

Interleukin-2 receptor (IL-2R)-mediated intracellular signaling is a key regulator of T-cell fate
decisions. While the potent signals generated by IL-2 engagement execute effector differentiation,
elevated metabolic activities and rapid cellular expansion, IL-15 binding induces a stemness/memory
phenotype and a quiescent metabolic state. Here, we demonstrate that weak but sustained signaling
generated by a non-IL-2Ra-binding variant of IL-2 (IL-2v) drive proliferation/metabolic and stemness
transcriptional programs, thereby reprogramming CD8" T cells into a hybrid ‘metabolically active
stem-like state’. We further show that IL-2v-induced T cells are capable of superior engraftment,
persistence, and tumor control when utilized in adoptive cell therapy. Taken together, our study
highlights the ability to fine-tune cytokine engagement of cognate receptors in order to generate
therapeutically relevant T-cell states and further reveals the metabolic plasticity of the T-cell memory

program.
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Introduction

The IL-2R can assemble in two distinct configurations and serves as a rheostat for T-cell activation
and differentiation upon ligand engagement. In its heterodimeric format on naive and memory T cells,
the IL-2RB (CD122) and the common gamma chain (y. /CD132) engage IL-2 or IL-15 with similar
intermediate-affinity (Kd ~10"°M). Upon T-cell activation, the non-signaling IL-2Ra. chain (CD25)
is upregulated, binds IL-2 with low-affinity (Kd ~10~M), and subsequently triggers the formation of
a high-affinity heterotrimeric complex (Kd ~10"''M) I3, Assembly of the trimeric IL-2Ra.y complex
by IL-2 and consequent signaling promotes clonal T-cell expansion, effector differentiation, and a
metabolically active cell state. In contrast, ligand engagement of IL-2Ry favors memory/stemness,

limited expansion, and a metabolically quiescent cell state *.

Adoptive T-cell Therapy (ACT) has been hailed as a breakthrough in cancer immunotherapy,
and IL-2R stimulation has been crucial to its success > ¢, both by promoting T-cell expansion ex vivo
and by supporting T-cell persistence upon co-administration in vivo "'*. However, unfavorable

15-18 “induction of activation-

properties of IL-2, including terminal differentiation of effector T cells
induced cell death (AICD)® - 20, expansion of regulatory T (Treg) cells, and toxicity at high doses in
patients, have driven the development of IL-2 variants with modified biological properties?">. To

date, precisely how IL-2 variants alter cell fate decisions is not well understood, nor is it known

whether they induce alternative and more efficient metabolic and transcriptomic T-cell states.

In this study, we optimized IL-2/IL-2R interactions in T cells by substituting IL-2/IL-15 with
an engineered IL-2RBy agonist, rationally modified to abrogate IL-2Ro. binding?® 2’ (henceforth
referred to as IL-2 variant; IL-2v). Using a comprehensive systems biology approach including

mathematical modeling and high-dimensional analyses of metabolic tasks and gene regulatory
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network inference, we reveal that IL-2v alters T-cell fate decisions to drive a previously undescribed
metabolically active stem-like T cell state (abbreviated Twmas) that differs from both natural IL-2- and
IL-15-induced cell states. Moreover, we demonstrate that these effects confer superior tumor control
to CD8" T cells, either expanded in the presence of IL-2v or gene-modified for enforced secretion of
IL-2v. Taken together, this study deepens our molecular and cellular understanding of the effects of
IL-2R signaling in T-cell fate decisions and metabolic adaptations. Moreover, it underscores the value

of ligand/receptor engineering to alter the biological behavior of T cells for therapeutic purposes.
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Results

IL-2v couples rapid cell expansion to stemness

During canonical CD8'T-cell activation, signals are received and integrated from the T-cell
receptor (TCR), CD28 and the IL-2R. However, in vivo, T cells are further exposed to a diverse set of
cues, which vary depending on the inflammatory context®®. Such complexity curtails the precise
investigation of IL-2 versus IL-2v on the biology of CD8 T-cells. To dissect the effect of perturbations
in IL-2R mediated signals in an unbiased way, we used murine OT1-TCR CDS'T cells specific for the
ovalbumin-derived SIINFEKL peptide. T cells were activated with anti-CD3/CD28 beads upon
harvest while exposed for up to 10 days to IL-2v vs. wild-type IL-2 (Figure 1A and 1B). We included
IL-15 as a control ligand of IL-2RBy; like IL-2v, IL-15 does not engage the IL-2Ra chain®. IL-2v is
aweak IL-2R agonist and it is not active in the same dose range as IL-2, nor IL-15. Thus, we compared
equipotent concentrations (IU/mL) of the cytokines as determined by an IL-2/IL-15 gold-standard

fluorometric proliferation assay (See Methods, Figure S1A-S1C)*°.

We first investigated IL-2v’s ability to promote CD8" T-cell expansion in vitro (Figure 1B).
Strikingly, IL-2v at equipotent concentrations induced 2-4-fold higher OT1 T-cell expansion than
IL-2, and 5-6-fold higher expansion than IL-15 (Figure 1C). The low expansion by IL-15 is consistent
with its role in driving quiescence in vivo®®. Importantly, IL-2v and IL-2 induced similar levels of
T-cell proliferation (Figure 1D and 1E), but T-cell survival/viability was higher with IL-2v (Figure

1F and 1G). Thus, IL-2v produces distinct biological outcomes from IL-2 and IL-15.

While IL-2 is known to drive both effector differentiation and rapid T-cell expansion®, we
sought to determine whether IL-2v would instead promote stemness like IL-15%°. Indeed, IL-2v

increased the proportion of central memory (Tcwm) cells relative to IL-2 (Figure 1H, 11 and S1D),
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which instead favored effector (Terr) differentiation as expected®!> 3. Strikingly, IL-2v applied at a
low concentration (5 IU/mL; hereafter referred to as IL-2v°Y) promoted comparable overall T-cell
expansion relative to 50 U/mL of IL-2 (IL-2°°Y) and induced similar memory differentiation as IL-15,
with more than 80% of cells being Tcwm after expansion (Figure 1C). Thus, unlike IL-2 which drives
high proliferation coupled with effector differentiation, or IL-15 which favors memory differentiation
and quiescence, IL-2v°Y acts as a hybrid, promoting high proliferation along with memory

differentiation and enhanced survival, thus coupling T-cell expansion to memory differentiation.

Single-cell (sc) RNA-seq of OT1-T cells cultured for 10 days with 5 or 50 [U/mL of IL-2v, IL-2
or IL-15 concorded with the above results. IL-2v°Y-OT1-T cells clustered independently from IL-2-
or IL-15-, and IL-2v*°V-OT1-T cells (Figure 1J) and were characterized by high expression of
proliferation-associated genes (e.g., Mki67, Cdkn3 and Ccna?) as well as memory/stemness-associated
genes (e.g., Sell, Tcf7 and Ccr7) (Figure 1K and Table S1). Unlike IL-2%V, IL-2v°Y-OT1-T cells
showed low expression of genes involved in cell migration (e.g., Emilin2, Lgals3 and Ccr3Mi),
effector function (e.g., Gzmb, Gzma and Ccr3), and apoptosis (e.g., Tnfrsf10b, Bad and Casp3)
(Figure 1K and Table S1). Overall, IL-2v>°Y induced an intermediate state compared to IL-2v°V and
IL-2%%Y, driving higher memory differentiation than IL-2°°V while partially upregulating effector genes

in contrast to IL-2v°Y.

In summary, IL-2v instructs the acquisition of transcriptional states that differ from those
induced by IL-2 or IL-15 in a dose-dependent manner. We conclude that IL-2v°Y induces a stem-like
T-cell state characterized by high cell proliferation and survival while simultaneously retaining

stemness.
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IL-2v generates metabolically active memory T cells

We next sought to explore the metabolic processes underpinning the stem-like T-cell state
induced by IL-2v°Y that could explain the rapid cell expansion. UMAP representation of all metabolic
genes from the above scRNA-seq data separated IL-2v°Y from canonical IL-2 or IL-15 (Figure 2B).
In comparison, IL-2v°Y upregulated the expression of enzymes from the citric acid cycle (TCA),
oxidative phosphorylation (OXPHOS), the pentose phosphate pathway (PPP), and the nucleotide
synthesis pathways, while the expression of glycolytic and fatty acid oxidation (FAO) enzymes were
downregulated (Figure S2B). Moreover, IL-2v°Y upregulated a distinct set of cell membrane and
mitochondrial transporters relative to 1L-2°V or IL-15°°Y (Figure S2C and S2D). These results

suggest [L-2v induced a different metabolic state than IL-2 and IL-15.

To further understand the IL-2v°Y novel metabolic state at a systems level, we conducted in
silico fluxomic analysis to infer from gene expression information the rate of metabolic reactions
(fluxes) induced by each cytokine condition, which was validated by intracellular pan-metabolite
analysis by MS. We first applied redHUMAN™ to construct a T-cell-adapted metabolic model
(redTCELL) comprising biochemical and thermodynamic information of core metabolic subsystems
(Figure 2C, See Methods and Table S3). We integrated our scRNA-seq data in redTCELL to infer
the flux for each metabolic reaction per condition (Figure 2C). Relative to IL-2%Y, IL-2v°Y
upregulated TCA, PPP, nucleotide synthesis, structural lipids metabolism (e.g., cholesterol,
glycerophospholipids and sphingolipids), amino acid metabolism and nuclear transport fluxes (Figure
2D, 2E and S2F). Notably, IL-2v°Y upregulated the majority of metabolic fluxes relative to IL-15%°Y,
indicating a more active metabolic state despite the maintenance of stemness characteristics
(Figure 2D and 2E). Enrichment analysis based on MS-measured metabolites corroborated these

inferences (Figure 2F). However, IL-2v°Y downregulated the rates of aerobic glycolysis, FAO, fatty
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acid synthesis (FAS) and peroxisomal transport fluxes as compared to IL-2 and IL-2v*°Y (Figure 2D,
2E and S2F). Also consistent with lower activation of aerobic glycolysis by IL-2v°Y, we found lower
abundance of glycolytic intermediates (Figure 2G) and lower extracellular acidification rate (ECAR)

in IL-2v°Y- relative to IL-23U-T cells (Figure 2H).

Because central carbon pathways such as glycolysis, TCA and PPP contribute to anabolic
pathways, redox balance, and energy production, we thought to infer the relative synthesis of cell
growth macromolecules (RNA, DNA, proteins, and lipids) given the differential regulation of fluxes
induced by IL-2v°Y relative to IL-2°°Y and IL-15°°Y. Thus, we used redTCELL to identify the critical
metabolic reactions required to fulfill these metabolic tasks and performed enrichment analysis using
the above in silico fluxomic data (Figure 2C and See Methods)**. IL-2v°Y resulted in a greater
capacity to generate growth macromolecules in T cells than IL-15 (Figure 2I) consistent with the
variant's enhanced capacity to enhance CD8 T-cell proliferation (Figure 1C and 1E). Moreover,
IL-2v*Y induced higher flux through reactions required for the synthesis of DNA and RNA than
IL-2%°Y, but lower flux for the synthesis of protein and lipids (Figure 2I), explaining the 2-fold smaller
cell size under IL-2v°Y expansion (Figure S2E). Moreover, we inferred from the metabolic network
that IL-2v*Y and IL-2°°Y induced similar ATP production by the mitochondrial ATP synthase, which
was ~1.5-fold higher than IL-15%°Y (Figure 4J). Consistently, IL-2v°V-T cells exhibited comparable
baseline oxygen consumption rate (OCR) to IL-2%V-T cells (Figure 2K), while 1L-15%°V-T cells
yielded lower values. Interestingly, IL-2v°Y, like IL-15°U-T cells, retained high spare respiratory
capacity (SRC) (Figure 2L), and a smaller mitochondrial mass than IL-2°°V-T cells (Figure 2M),

suggesting that IL-2v°Y confers high mitochondrial fitness despite the enhanced metabolic activity.

Taken together, we have shown that IL-2v°Y generates stem-like T cells that are endowed with

the ability to generate the biomass and energy needed to sustain rapid cell expansion without
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upregulating aerobic glycolysis. Hereafter we refer them as ‘metabolically active stem-like T cells’
(Tmas). In contrast, IL-2%°Y drives effector differentiation and upregulates glycolysis while IL-15%V

generates conventional memory T cells having a quiescent metabolic state.

Low and persistent IL-2R signaling by IL-2v generates Twmas cells

Because IL-2v and IL-2/IL-15 utilize the same IL-2R signaling dimer (IL-2RBy.* %), we
hypothesized that dissimilarities in T-cell fate decisions were due to qualitative or/and quantitative
differences in signaling. The signaling networks downstream of the IL-2R include Janus kinase (JAK)-
signal transducer and activator of transcription (STAT), mitogen-activated protein kinase (MAPK),
and the phosphoinositide 3-kinase (PI3K)-protein kinase-B (AKT) pathways* (Figure S3A and S3G).
We investigated the activation levels of these pathways in OT1-T cells following a 20-minute cytokine
pulse. IL-2v induced lower phosphorylation of JAKI1 and JAK3 (most upstream mediators)
(Figure S3B-S3D), as well as of STATS, ERK1/2, and AKT (major hubs for proximal IL-2R signaling
cascades) (Figure 3B and 3C). These were however similar to or higher than for IL-15, depending on
dose (Figure 3B and 3C). We observed similar results with human CD8'T cells, indicating strong
conservation of these effects (Figure S3E and S3F). To explore signaling in a more comprehensive
and unbiased manner, we carried out a phospho-proteome wide analysis by mass spectrometry (MS)
under the same 20-min cytokine pulse conditions and applied enrichment analysis to identify relative
abundances of 390 identified phospho-species known to partake in IL-2R pathways. Relative to
unstimulated cells, IL-2v triggered lower overall activation of IL-2R-associated signaling networks

than IL-2, and this was more pronounced for IL-2v°Y (See Methods, Figure 3D, S3G and S3H).
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Activation of the AKT network is critical for effector differentiation and metabolic adaptations
in T cells, including aerobic glycolysis and protein synthesis to support effector functions. Consistent
with lower AKT phosphorylation, IL-2v induced lower activation of mTORCI signaling (a key
downstream mediator controlling protein synthesis and glycolysis), explaining the lower glycolytic
rate in IL-2v°Y- relative to IL-250U-OT1-T cells (Figure 2E-2H). Besides, IL-2v induced lower
phosphorylation of cytosolic or nuclear AKT targets, including FOXO1/3a and GSK-3f, than IL-2
(Figure 3D and S3I-S3K). Moreover, IL-2v induced lower phosphorylation levels of pro-apoptotic
proteins in OT1-T cells than IL-2 (Figure S3H). Intriguingly, based on phospho-site abundance, the
lower enrichment of MAPK subnetworks was not the result of a global decrease in phosphorylation
of all intermediaries. Indeed, we observed higher activation of certain species by IL-2v, including
cyclin-dependent kinases 1, 2 and 3 (Cdkl-3) relative to IL-2 (Figure 3E). Overall, IL-2v°Y

stimulation resulted in attenuated IL-2R signaling as compared to IL-2.

To validate if IL-2v driven T-cell stemness is dependent on signaling strength, we introduced on
the IL-2RB binding domain of IL-2v four amino acid replacements from the well-characterized H9
superkine, which has a 200-fold higher binding affinity for IL-2RB*¢. The IL-2v/H9 variant, expected
to engage IL-2RBy with high affinity but not IL-2Ra (Figure S3L), exhibited similar activity to H9
in a fluorometric proliferation assay using CTLL-2 cells, indicating similar IL-2R binding strength
(Figure S3M). Importantly, IL-2v/H9 variant exhibited higher overall signaling intensity than IL-2v
in OT1-T cells (Figure S3N), which resulted in the loss of memory differentiation (stemness)
(Figure 3F and 3G). Thus, low-intensity IL-2R signaling, conferred to IL-2v by its inability to bind

IL-2Ra, is key for inducing stemness.

Finally, we sought to understand how IL-2v°Y generates metabolically active, highly

proliferative CD8" T-cells relative to IL-15°°Y despite a similar signaling strength and memory
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differentiation. We theorized that the difference could be due to signal duration. To address this
question, we analyzed STATS phosphorylation dynamics following stimulation with IL-2v or IL-15
at equipotent doses (5 and 50 IU/mL). Notably, STATS5 phosphorylation persisted at higher levels 6
hours following exposure to IL-2v than IL-15 (Figure 3H-3J). Thus, IL-2v°V induces low-intensity,
persistent (tonic/durable) signals in CD8'T cells, promoting the novel metabolically active stem-like
T cell state allowing high proliferation. In contrast, the strong signaling generated with IL-2 promotes
metabolically active effector cells, and the low-intensity, short-lived signals from IL-15 yields

metabolically quiescent memory T cells.

IL-2v sustains transcriptional programs governing stemness and proliferation/metabolic

activity

Next, we sought to elucidate how signaling mediated by IL-2v affects transcriptional regulation
of CD8'T-cell fate decisions to enable the generation Tmas cells. IL-2R cross-talks with TCR and
CD28 signaling networks at the MAPKs and PI3K/AKT levels (Figure 4A). We thus hypothesized
that different intensity IL-2R signals fine-tune the signaling triggered by TCR/CD28 receptors,
instructing transcriptional regulation depending on signal strength and duration. We analyzed by
scRNA-seq OT1-T cells expanded with IL-2v*Y or IL-2v>%V early during activation (3 days) and after
TCR/CD28 signals had ceased (5 and 10 days) (Figure 4B, S4A and S4B). As a control we analyzed
OTI-T cells primed with TCR/CD28 but cultured without cytokine stimulation. Although the cell
states were similar on day 3, these separated as the TCR/CD28 effects faded, revealing a distinct dose-
dependent transcriptional state driven by IL-2v, which also differed from those induced by IL-2 or

IL-15 (Figure 4C).

11
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To unveil the activity of transcription factors (TFs) instructing fate decisions, we used the
scRNA-seq data to construct a global gene regulatory network, from which we inferred 819 TF
regulons (units of TF and target genes) (See methods). First, we focused on fate decisions associated
with memory (stemness) versus effector differentiation. To that end, we identified TFs linked to either
of these alternative fates considering expression levels and regulon activity. TFs with the highest
discriminatory power for Tcm were defined as stemness-associated TFs (TFstem) and for Terr cells as
effector-associated TFs (TFerr) (See methods and Figure S4C-S4E). Seven of the ten identified
TFstem formed a regulatory core (Figure 4D) and seventeen of the twenty identified TFerr regulons
were also cross-regulated, forming another regulatory core (Figure 4F), implying that activation of
some of these nodes could propagate through these networks, activating the set of regulons. Four
central regulons to the TFstem core, Kif2, Tcf7, Lefl and KIf3 (Figure 4D) are critical regulators of
stemness programs in memory and naive cells’’, and are negatively regulated by AKT and STATS5
signaling®® 3. In contrast, within the TFgrr core, Hifla, Bhlhe40, Nfil3, Prdm1, and Chpg (Figure 4F)
are known for their roles in effector commitment and are positively regulated by AKT/mTORCI1 and

STATS3%:40,

Functional annotation of target genes of these TFgrr revealed that they indeed regulate genes
involved in lymphocyte activation, differentiation, and response to stress/stimulus (Figure 4H). We
thus reasoned that only strong IL-2R signals inducing powerful activation of the AKT/mTORCI and
STATS signaling networks, provided by IL-2 but not IL-2v°Y, would lead to stable downregulation of
the TFstem core and upregulation the TFgrr core. Indeed, in contrast to IL-2°°Y, and like IL-15%Y,
low-intensity IL-2v°Y had no effect on TCR/CD28-driven TFstem inhibition or TFgrr activation during
priming and favored TFstem over TFgrr activation at later time points (Figure 4E, 4G, S4G and S4H),

hence explaining the memory commitment upon TCR/CD28 signal fading. Interestingly, IL-2v>°V
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signals inhibited TFstem and activated TFerr, but to a lesser extent than IL-2°V, emphasizing the role
of signal strength in IL-2v's effects and correlating with the intermediate levels of stemness induced
by this dose of the variant. Thus, IL-2R signal strength appears to determine the preferential activation

of memory vs. effector transcriptional programs.

To corroborate our interpretation that IL-2R signaling strength determines memory/stemness
vs. effector transcriptional programs, we activated and expanded OTI-T cells in the presence of
IL-2%%Y and used escalating concentrations of tofacitinib, a JAK inhibitor (JAKi), to progressively
attenuate IL-2R downstream signaling (Figure S5A). JAKi resulted in a dose-dependent decline in
effector differentiation after a week in culture in IL-2°°V (Figure S5B and S5C). Importantly, we
observed a similar decline in the mRNA expression levels of the above inferred TFgrr, already on day
3 (Figure S5E). Thus, IL-2R signaling strength regulates TFgrr expression levels and their activation

is triggered by strong IL-2R signals provided by canonical IL-2 but not IL-2v°Y,

To identify the transcriptional program underlying IL-2v°Y

s ability to promote rapid
CDS8'T cell expansion, we inferred proliferation-associated TFs (TFp) based on their correlation with
the expression of proliferation-associated genes*! in our data set (Figure S4F and See Methods). TFp
formed a regulatory core including well-known TFs or transcriptional regulators (Figure 4I). Several
TFp are known to be positively regulated by MAPKs and AKT networks downstream of TCR, CD28
and the IL-2R (Figure 41)*>* and functional annotation of their target genes revealed that they indeed
regulate genes involved in cell cycle progression, chromosome segregation, and RNA and DNA
metabolic processes (Figure 4K). Consistently, cells primed with CD3/CD28 beads without cytokines
exhibited upregulation of these TFp after activation, followed by decay within 5 days, commensurate

with the decrease in TCR/CD28 signaling (Figure 4J and S4B). Importantly, IL-2v>Y3%V and IL-25%V

maintained TFp activation after 5 days (Figure S4I) while IL-15°°Y did not, consistent with the
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proliferation observed with each cytokine. Strikingly, only IL-2v°Y sustained high-level TFp activation
at 10 days. In contrast, although IL-2°°V signaling triggered TFp, it appears that such strong IL-2R
signal intensity is not required nor optimal to sustain high proliferation and survival. Notably, strong
IL-2%% signals resulted in greater activation of negative regulation of PI3K/AKT and MAPKs
pathways than IL-2v (Figure 3D) which could result in a long-term dampening of the signal.
Strikingly, decreasing IL-2R signal intensity with tofacitinib (JAKi) in OT1-T cells expanded in
presence of IL-2°°Y had no impact on the expression of TFp at 72 hours and was rather beneficial for
their expression 48 hours later (Figure SSA, SSF and S5G). Altogether, these findings indicate that
low-intensity tonic signaling such as provided by IL-2v°Y (but not IL-2%°Y or IL-15°V) stabilizes the

TFp transcriptional program and sustains proliferation and high cell survival.

Further annotation of the TFerr and TFp regulons revealed that they regulate not only effector
and cell cycle progression genes, but also genes involved in essential metabolic pathways. Conversely,
Tstem regulons did not regulate metabolic genes (Figure 4L.). Importantly, we discovered that TFp
regulons preferentially regulate TCA, OXPHOS, and nucleotide synthesis genes compared to TFgrr
regulons, which preferentially regulate glycolysis genes (Figure 4L). Thus, the selective activation of
TFp by IL-2v°Y without the upregulation of TFerr is consistent with the metabolic dysregulation
induced by IL-2v°Y ; i.e., the uncoupling of biomass and mitochondrial energy production from aerobic
glycolysis (Figure 2). Moreover, the potent activation of TFerr by IL-23°V correlates with the elevated
levels of aerobic glycolysis driven by IL-2, and the low-level activation of TFgrr and TFp by IL-15°V
is in line with the quiescent metabolic state that IL-15 generates (Figure 2). Thus, it appears that low-
intensity tonic IL-2R signaling by IL-2v is optimal for driving a coordinated transcriptional and

metabolic reprogramming to generated Tmas cells.
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IL-2v expansion improves ACT

Large numbers of minimally differentiated antigen-specific T cells have been demonstrated
optimal for ACT as they enable higher in vivo persistence and superior tumor control***>, We reasoned
that IL-2v°Y’s ability to enable both stemness and rapid cell expansion would be ideally positioned for
ACT. As expected for memory cells, IL-2v*Y-OT1-T cells expressed no or low levels of granzyme-B
or C, perforin, or coinhibitory receptors (e.g., TIM-3 and LAG-3) (Figure S6A-S6E), in contrast to
IL-2-OT1 T cells. However, upon in vitro restimulation with the OTI-TCR cognate peptide
(SIINFEKL), IL-2v°Y-OT1 cells upregulated IFNy and TNFa. to comparable levels with IL-23Y-OT1
cells, indicating their capacity to acquire effector functions upon TCR restimulation (Figure S6F).
Interestingly, IL-2v°Y-OT1-T cells upon co-culture with B16.OVA tumor cells expressing the cognate
peptide secreted significantly higher amounts of IFNy, TNFa and effector chemokines (e.g.,
RANTES/CCLS5) than IL-2°°U-OT1-T cells, demonstrating higher polyfunctionality (Figure 5B).
Furthermore, IL-2v°Y-OT1-T cells secreted higher amounts of IL-2 (Figure 5C), which correlated
with higher proliferation and a 300-fold increase in T-cell expansion than IL-2°°V-OT1-T cells in this
setting (Figure S6G and S6H). Finally, IL-2v*Y-OT1-T cells killed efficiently tumor cells in co-
culture (Figure S6I). Thus, expanding CD8'T cells with IL-2v°Y increases polyfunctionality in the

presence of target cells, and proliferative capacity in vitro.

To assess the ability of T cells expanded under IL-2v°Y vs. canonical IL-2 to engraft in vivo, we
transferred 2x10° OT1-T cells expanded for 10 days in the respective cytokine condition to sublethally
irradiated (lymphodepleted) naive mice (Figure S6J). After 24 hours, we observed a 50-fold higher
accumulation of IL-2v°Y-OT1 than IL-2-OT1-T cells in the spleen (Figure S6K), with 3-fold more

central memory (Tcm)-like IL-2v°Y-OT1-T cells (Figure S6L).
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We subsequently conducted ACT in sublethally irradiated mice bearing subcutaneous
B16.0OVA tumors. OT1-T cells were infused twice for a total of 5x10° cells (Figure 5D). ACT with
IL-2v°Y-OT1-T cells proved significantly more effective, inducing better tumor control than with
IL-25Y-OT1-T cells (Figure 5E). This effect correlated with enhanced engraftment and persistence
of IL-2v°Y-OT1-T cells in both the tumor and tumor-draining lymph nodes, with >100-fold increase

in T-cell accumulation relative to IL-2°°V-T cells (Figure 5F and 5G).

IL-2v5U-T cells become polyfunctional TOX"¢ effectors in tumors

We next asked how CD8'T cells adapt in the tumors following in vitro preconditioning with
IL-2v versus IL-2. OT1-T cells expanded with IL-2v°Y were ~80% PD1™¢TCF-1"TOX"¢ prior to ACT
(Figure SH). Strikingly, tumor-infiltrating IL-2v°V-OT1-T cells, in spite of upregulating PD-1 (i.e.
indicating tumor recognition, consistent with tumor control) did not upregulate TOX after ACT, and
transitioned from a PD1"TCF1"TOX" progenitor-like state (~50% of cells on day 2 post-ACT) to a
PD1'TCF1"¢TOX"¢ effector (TEFF)-like state (~95% on day 14 post-ACT) (Figure SH and S6N).
Additionally, more than ~90% of TCF1"¢TOX"¢ Terr-like IL-2v°V-OT1-T cells were KLRG1"¢
(Figure S60), a marker for short-live effector cells found in acute infections and were functional as
confirmed by restimulation ex vivo (Figure 5I). ScRNA-seq analysis of tumor-infiltrating
IL-2v°Y-OT1-T cells revealed (relative to baseline) important upregulation of TCR-activation markers
Cd137, I12ra, Cd69 and Ox40, and TFgrr regulon activity, consistent with intratumoral activation and

upregulation of the effector program (Figure 5J-5L).

We have recently shown that CD8'T cells engineered to secrete constitutively IL-2v and IL-33,

when transferred into non-lymphodepleted/irradiated tumor bearing mice, acquired a novel synthetic

16


https://doi.org/10.1101/2023.05.24.541283
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.24.541283; this version posted May 24, 2023. 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.

effector TOX"® state (TSE) state transitioning through a synthetic precursor (TsP), and exhibited
enhanced tumor control*®. Projection of our scRNA-seq data from tumor-infiltrating IL-2v°Y-OT1-T
cells into a reference map including the canonical TOX" progenitor-exhausted (TPEX) and terminally-
exhausted (TEX) subsets and the novel TOX"# synthetic states*® indicated marked overlap of the
IL-2v-expanded TILs post-ACT with the synthetic states, with progression towards the TSE state by
10 days post-second ACT infusion (Figure SM and 5N). Thus, T cells expanded under IL-2v are
stem-like cells with higher capacity for engraftment, expansion, and persistence in lymphodepleted
hosts, which in tumors differentiate into TOX™€Klrg1"°¢ effector CD8'T cells without committing to
the canonical exhaustion differentiation pathway, and they exhibit superior antitumor efficacy relative

to T cells expanded under IL-2.

IL-2v is a superior homeostatic cytokine for T-cell therapy

The use of IL-2 along with y. cytokines IL-15 and IL-7 has received great attention as an
alternative to the IL-2 alone for ACT manufacturing, owing to greater frequencies of output Tcwm cells,
which persist more in vivo and achieve better tumor control*®47-4¥_ Given the effects of IL-2v unveiled
above, we examined whether expanding cells in IL-2v°Y plus IL-15 and IL-7 (hereafter referred to as
IL-2v/15/7) enhances T-cell performance over IL-2v°Y alone. Interestingly, in vitro expansion with
IL-2v/15/7 reduced by almost two-fold the overall OT1-T cell expansion relative to IL-2v, without
altering the final proportion of Tcwm cells (Figure 6A-6C). Similarly, while the combination of 1L-2
with IL-15+IL-7 enhanced memory differentiation compared to IL-2 alone, it also reduced total cell
yield in culture compared to IL-2v. Additionally, the combination of IL-2v with IL-15+IL-7 did not

improve in vitro effector cytokine/chemokine production or tumor cell killing, nor in vivo tumor
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control, mouse survival, nor persistence in tumor and spleen (Figure 6D-6K). Altogether, IL-2v is a
superior homeostatic cytokine for expanding T cells for ACT, outperforming IL-2, IL-15, or
IL-15+IL-7 for T-cell expansion due to its unique ability to promote the generation of large numbers

of minimally differentiated CD8" T cells with strong tumor control capability.

Based on the above observations supporting the superiority of IL-2v for T-cell expansion for
ACT, we sought to compare the efficacy of T cells engineered to secrete IL-2v (eng-OT11L2Y) vs.
IL-15 (eng-OT1'"15) transferred in lymphodepleted (irradiated) B16.0V A-bearing mice. We observed
better tumor control by eng-OT 1> and no significant impact of eng-OT 1'% relative to untransduced
OTI1-T cells (Figure 6L-6N). Thus, enforced IL-2v secretion by engineered CD8'T cells in the TME
provides, in the context of preconditioning (sublethal irradiation), superior tumor control than IL-15

secretion.

Discussion

The rational modification of cytokines to alter engagement with cognate receptors can be exploited to
improve the biological properties of target cells. To date, however, the precise mechanisms by which
this can be achieved have not been fully elucidated. Here, we have demonstrated that a non-IL-2Rat-
engaging 1L-2v?% acquires IL-2R binding properties enabling the generation of optimal CD8" T cells
for ACT. While similar proliferation was observed for IL-2°°Y and IL-2v°Y cultured T cells, an overall
higher expansion was achieved for the variant due to increased viability of the cells. At the same time,
a similar proportion of Tcwm cells were generated as by IL-15. However, in contrast to the quiescent
nature of T cells exposed to IL-15, we found that the memory/stem-like T cells generated by IL-2v°Y

are ‘metabolically active’ and coined this hybrid state as Tmas. Thus, IL-2v coupled stemness to cell
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expansion and high metabolic activity, which further translated into superior effector potential in vitro,
higher engraftment and expansion in vivo, and better tumor control by T cells cultured in IL-2v°Y vs.

IL-2%%Y as well as by T cells engineered with IL-2v vs. IL-15.

In order to elucidate the means by which IL-2v couples stemness to cell expansion and
metabolic activity we took a systems-biology approach and dissected the signaling, gene regulatory
networks and metabolic pathways at play. Overall, we found that the binding affinity of IL-2v /IL-2R
and the dose of IL-2v used dictated the intensity and duration of IL-2v/IL-2R signaling, which in turn
instructed specific TF programs. Specifically, we observed that low-intensity signals from IL-2v°Y or
IL-15°Y rescued the downregulation of stemness-associated TF regulons initiated by TCR/CD28
activation of T cells. In contrast, the high-intensity signaling mediated by IL-2°°V drove the
downregulation of stemness-associated TF regulons and promoted the activation of effector-associated
TF regulons. Moreover, unlike IL-15°°Y, IL-2v°Y enabled sustained activation of proliferation-
associated TF regulons, likely due to low but sustained/tonic signaling. Notably, functional annotation
of the target genes of proliferation-associated TFs revealed involvement in cell cycle progression,
chromosome segregation, and RNA and DNA metabolic processes. In line with this, for IL-2v*Y
cultured T cells we observed an upregulation in fluxes of anabolic pathways including nucleotide
production for RNA and DNA synthesis, the metabolism of structural cholesterol,
glycerophospholipids and sphingolipids, and amino acid metabolism. In addition, IL-2v°Y expanded
T cells exhibited increased capacity for mitochondrial ATP production without relying on aerobic

glycolysis like IL-2%%Y T cells.

Taken together, our work has important implications for development of IL-2 variants, which
despite important preclinical promise have fallen short of expectations in the clinic*>°. Here, we have

demonstrated that a non-IL-2Ra-engaging variant of IL-2 enables the generation and robust expansion
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of a novel metabolically active stem-like state of CD8" T cells, which we coined Twmas cells, having
ideal properties for ACT. Importantly, we have also provided an experimental and systems-biology
pipeline enabling the design and comprehensive evaluation of cytokines and their target cells with

respect to function, signaling, gene-regulation and metabolic networks.
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Figure 1. IL-2v couples CD8'T cell proliferation/survival to memory differentiation. (A) IL-2R
complex with natural ligands and IL-2v. (B) Schematic of activation and expansion of naive splenic OT1-
T cells. Dose response effects of IL-2v, IL-2 and IL-15 on (C) fold-expansion, (D) division (CTV dilution),
(E) proportion of cells undergoing greater than 7 divisions, and (F) viability, on day 7. (G) Representative
dot plots of apoptotic T cells. (H) Dose-response effect of IL-2v, IL-2 and IL-15 on the frequency of Tewm
and Terr OT1-T cells on day 7, and (I) representative dot plots within CD8"'CD44" T cells. (J and K)
scRNA-seq analysis of naive and 10-day in vitro expanded (as in (B)) OT1-T cells. (J) UMAP plot showing
the transcriptional profiles of OT1-T cells based on global gene expression. (K) Expression of proliferation
(metaPCNA signature), apoptosis (KEGG apoptosis signature), stemness-associated (UP in LCMV
Armstrong d30 vs d8), and effector-associated (DOWN in LCMV Armstrong d30 vs d8) genes in OT1-T
cells (refer to Extended Data, Table 1 for gene signatures). Data show mean =SEM. For (¢-i), n=3 biological
replicates, representative of 3-4 independent experiments. Tcwm, central memory; Tewm, effector memory;
Terr, effector; CTV, CellTrace Violet; scRNA-seq, single cell RNA sequencing; UMAP, Uniform Manifold

Approximation and Projection. Refer to Figure S1 for additional information.

Figure 2. IL-2v generates metabolically active stem-like T cells without upregulating aerobic
glycolysis and while maintaining a high level of mitochondrial fitness. (A) Schematic of naive OT1-T
cell activation and stimulation prior to functional measurements on day 10 of expansion. (B) UMAP plot
showing transcriptional profiles based on metabolic gene expression. (C) Schematic of in silico fluxomics
pipeline. (D) Heatmap showing average flux values for all metabolic reactions present in the redTCELL
metabolic model (See Methods for details). (E) Heatmap showing the fraction of reactions pertaining to
each metabolic subsystem included in the clusters shown in (D) (left, in blue) and total number of reactions
per metabolic subsystem (right, in green). (F) Heatmap showing enrichment of metabolic pathways based
on the relative abundance of 167 central carbon metabolites in OT1-T cells. (G) Fold change of the
abundance of glycolytic intermediates relative to the IL-2°°Y condition. (H) Representative ECAR measured
by Seahorse in real time under basal conditions. (I and J) Inferred production of (I) DNA, RNA, proteins,
lipids, and (J) ATP (by the mitochondrial ATP synthase) based on MiNEA (refer to Methods for details).
(K and L) Representative OCR measured by Seahorse in real time under (K) basal conditions only or (L)
also in response to the mitochondrial inhibitors oligomycin, FCCP, and R/A. (L) Spare respiratory capacity.
(M) Mitochondrial mass based on MG staining. (N) Relative regulation of metabolic genes pertaining to
the indicated metabolic subsystems by proliferation- and effector-associated TFs (depicted in Figure 3F and
3H). Data show mean +SEM. For (F and H), n=4 biological replicates. For (I, and K-N), n=3 biological

replicates, representative of 2-3 independent experiments. *p<0,05, **p<0,01 ***p<0,001, ****p<0,0001
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using Unpaired t test with Welch's correction. UMAP, Uniform Manifold Approximation and Projection;
MiINEA, minimal network enrichment analysis; FC, fold change; OCR, O, consumption rate; FCCP,
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; ECAR, extracellular acidification rates; R/A,

rotenone and antimycin; MG, MitoTracker green. Refer to Figure S2 for additional information.

Figure 3. IL-2v induces a lower-intensity tonic activation of IL-2R signaling networks compared to
wild-type IL-2. (A) Schematic of OT1-T cell cytokine stimulation prior to phospho-flow cytometry (B and
C) or phospho-proteomics (D and E). (B) Representative histograms and (c¢) dose-response effect of
cytokines on the phosphorylation of signaling molecules. (D) Activity of IL-2R proximal pathways based
on phospho-site enrichment analysis. (e) Phosphorylation levels MAPK species. (F) Schematic of naive
OT1-T cell stimulation and expansion. (G) Frequency of OT1-Tcwm cells (cultured as in (F)) at day 10 of
expansion. (H) Schematic of OT1-T cell stimulation prior to phospho-flow cytometric analysis (I and J).
(I) Representative histograms and (J) cumulative data of p-STATS kinetics post-stimulation. Data show
mean +SEM. For (C and J), n=3 biological replicates; representative of 3 independent experiments. For (D
and E), n=3 biological replicates. For (G) n=6-9 biological replicates; cumulative of 3 independent
experiments. *p<0,05, **p<0,01 ***p<0,001, ****p<0,0001 using Unpaired t test with Welch's correction.
Abbreviations: Tcwm, central memory; IL-2v-H9, IL2 variant with IL-2v and H9-superkine mutations. Refer

to Figure S3 for additional information.

Figure 4. IL-2v co-activates stemness and proliferation transcriptional programs. (A) Schematic of
IL-2R crosstalk with TCR and CD28 signaling pathways. (B) Schematic of naive OT1-T cells activation
and stimulation during expansion for sample collection on days 0, 3, 5 and 10 to perform scRNA-seq.
(C) UMAP plot showing the transcriptional profiles of OT1-T cells based on global gene expression. (D,
F and I) Subnetworks of (D) stemness(TFsrem)-, (F) effector(TFerr)- and (H) proliferation(TFp)-associated
regulons (refer to Methods for details). Node size represents out degree in the global gene regulatory
network. (E, G and J) Kinetics of regulon activity per group of (E) stemness(TFstem)-, (G) effector(TFgrr)-
and (I) proliferation(TFp)-associated regulons. (H and K) GO functional enrichment analysis of target genes
from (H) TFgrr or (K) TFp. (L) Frequency of regulatory links between the indicated TF groups and genes
pertaining to the indicated metabolic subsystems. scRNA-seq, single cell RNA sequencing; UMAP,
Uniform Manifold Approximation and Projection; TF, transcription factor; FC, fold change; AUC, activity

unit per cell; and GO, gene ontology. Refer to Figure S4 and S5 for additional information.
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Figure 5. In vitro transcriptional reprogramming induced by IL-2v enhances CD8'T cell engraftment,
persistence, and anti-tumor function. (A) Schematic of naive OT1-T cell activation and stimulation
during expansion. (B and C) Co-culture of OT1-T cells (expanded as in (A)) with melanoma B16.OVA
tumor cells. (B) Heatmap of cytokine and chemokine production, and (C) IL-2 production. (D) Schematic
of ACT in vivo study with days of tumor and tissue collection for flow cytometric analysis (F-I) or
scRNAseq (J-N) indicated. (E) Tumor growth curves for ACT study. Numbers of persisting OT1-T cells in
the (F) tumor, and (G) tumor draining lymph node post-ACT. (H) Cumulative frequencies of Tex
(TCF-1"¢TOX"), Teex (TCF-1"TOX"), Tprogenitor-like (TCF-1"TOX"*¢) and Terr.iike (TCF-1"¢TOX"¢) within
CD44"PD17OT1-T cells in the tumor post-ACT. (I) Cumulative frequencies of CD44"PD1"TCF1™¢OT1-T
cells producing granzyme B and C, IFNy and TNFo upon 4-hour re-stimulation with anti-mouse
CD3 antibody post-ACT. For (H and I), pre-ACT (day 10 of in vitro expansion) IL-2v°Y-OTI
(CD44"PD1"¢) cells were used as controls. (J) UMAP plot showing transcriptional profiles of IL-2v*Y-OT1
cells pre- (day 10 of in vitro expansion) and post-ACT (days 2 and 10 after second ACT infusion) based on
global gene expression. (K) Spider plot depicting expression levels of activation markers and (L) activity
of effector-associated TF regulons for conditions shown in (J). (M and N) Projection of IL-2v°Y-OT1 cells
post-ACT onto OT1/Endogenous transcriptomic space using ProjecTILs (refer to Methods). (M) Contour
plots depicting the clusters covered by each dataset and (N) bar plots showing the cluster composition. Data
show mean +SEM. For (B and C), n=6-9 biological replicates; pooled data from 3 independent experiments.
For (E), n=8-10 biological replicates, representative of 3-4 independent experiments. For (F-I), n=8-15
biological replicates, pooled data from 3-4 independent experiments. *p<0,05, **p<0,01 ***p<0,001,
***%p<0,0001 using Unpaired t test with Welch's correction. scRNA-seq, single cell RNA sequencing;
UMAP, Uniform Manifold Approximation and Projection; ACT, adoptive T cell therapy; Tex, terminally

exhausted; Tpex, precursor exhausted. Refer to Figure S6 for additional information.

Figure 6. IL-2v is a superior homeostatic cytokine for T-cell therapy. (A) Schematic of naive OT1-T
cell activation and cytokine stimulation. (B) Kinetics of OT1-T cell expansion. (C) Frequency of
CD62L"'CD44" OT1-T cells at day 10. (D-G) Expanded OT1-T cell (at day 10) co-culture with melanoma
B16.0VANu«LightRed tymor cells (in absence of exogenous cytokines). (D) OT1-T cell expansion at 72 hours
of co-culture. (E) Growth kinetics of B16.OVAN«<tghtRed tymor cells in co-culture, represented as the area
of red fluorescent tumor cells detected in the IncuCyte live imaging platform. (F) Cytokine and (G)
chemokine production after 24-hour co-culture. (H) Schematic of ACT study. (I) Tumor control and
(J) survival curves. (K) Numbers of persisting OT1-T cells in the tumor and spleen at day 6 post-ACT. (L)
Schematic of ACT in vivo study with T cells engineered to secrete IL-2v (eng-OT1-%) versus

IL-15 (eng-OT1'>1), (M) Individual tumor control curves and (N) cumulative tumor volume on d13
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post-ACT (corresponding to d27 after tumor cells inoculation). Data show mean £SEM. For (B-G and K),
n=7-12 biological replicates; pooled data from three independent experiments. For (I), n=8 biological
replicates; representative of 3 independent experiments. For (M and N), n=7-10 biological replicates;
representative data from 2 independent experiments. *p<0,05, **p<0,01 ***p<0,001, ****p<0,0001, and

ns= non significative for p>0,05, using Unpaired t test with Welch's correction.
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