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Expansion and differentiation of antigen-experienced PD-1'TCF-1" stem-like CD8"

T cellsinto effector cellsiis critical for the success ofimmunotherapies based on PD-1
blockade'*. Hashimoto et al. have shown that, in chronic infections, administration of
the cytokine interleukin (IL)-2 triggers an alternative differentiation path of stem-like
T cells towards a distinct population of ‘better effector’ CD8" T cells similar to those
generated in an acute infection®. IL-2 binding to the IL-2 receptor a-chain (CD25) was
essential in triggering this alternative differentiation path and expanding better
effectors with distinct transcriptional and epigenetic profiles. However, constitutive
expression of CD25 onregulatory T cells and some endothelial cells also contributes
to unwanted systemic effects from IL-2 therapy. Therefore, engineered IL-2 receptor

B- and y-chain (IL-2RBy)-biased agonists are currently being developed® ™. Here we show
that IL-2Rfy-biased agonists are unable to preferentially expand better effector T cells
in cancer models and describe PD1-IL2v, a new immunocytokine that overcomes the
need for CD25 binding by docking in cis to PD-1. Cis binding of PD1-IL2v to PD-1and
IL-2RBy on the same cell recovers the ability to differentiate stem-like CD8" T cells
intobetter effectors in the absence of CD25binding inboth chronicinfection and
cancer models and provides superior efficacy. By contrast, PD-1- or PD-L1-blocking
antibodies alone, or their combination with clinically relevant doses of non-PD-
1-targeted IL2v, cannot expand this unique subset of better effector T cells and instead
lead to the accumulation of terminally differentiated, exhausted T cells. These findings
provide the basis for the development of a new generation of PD-1cis-targeted IL-2R
agonists with enhanced therapeutic potential for the treatment of cancer and chronic

infections.

Our previous work has shown that interleukin (IL)-2 therapy synergizes
withanti-PD-L1therapy to enhance lymphocytic choriomeningitis virus
(LCMV)-specificCD8'T cells and improve viral control during chronic
infection. However, there are concerns regarding the use of IL-2 to
enhanceimmune responses, including its activity on lung endothelial
cellsand CD4°CD25" regulatory T (T,) cells through binding to CD25,
leading to vascular leak syndrome including pulmonary oedema and
to preferential expansion of T, cells, respectively. To overcome these
limitations, anew class of IL-2 receptor 8- and y-chain (IL-2RBy)-biased
agonists is currently being developed, some of which are addition-
ally targeted to cell-surface proteins overexpressed in tumours or

surrounding stroma to enhance their local tumour retention, such as
CEA-IL2v® and FAP-IL2v'2%,

No synergy of muFAP-IL2v with anti-PD-L1 therapy

We therefore compared the therapeutic efficacy of mouse FAP-IL2wt
(muFAP-IL2wt), with intact CD25 binding, and mouse FAP-IL2v
(muFAP-IL2v) in combination with mouse anti-PD-L1 (muPD-L1) therapy
during chronic LCMV infection (Extended Data Fig. 1a). We found that
muFAP-IL2wt therapy synergized with muPD-L1 therapy to enhance
LCMV-specific CD8" T cell responses as indicated by the expansion
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of DbGP33*and DbGP276* CD8' T cells (Extended Data Fig. 1b,c). Con-
versely, muPD-L1in combination with muFAP-IL2v was not superior to
muPD-L1 monotherapy in increasing the numbers of LCMV-specific
CDS8'T cells (Extended Data Fig. 1b,c). In addition to its quantitative
advantage over muPD-L1 monotherapy, muPD-L1in combination with
muFAP-IL2wt changed the expression of various phenotypic markers
on LCMV-specific CD8" T cells (Extended Data Fig. 1d). muPD-L1and
muFAP-IL2wt combination therapy elevated the expression levels of
CD127,CD218a and CXCR3 on LCMV-specific CD8" T cells, all of which
are critical molecules for functional effector and memory CD8" T cell
differentiation during acute infection. By contrast, expression of the
inhibitory receptor TIM-3 was lower on LCMV-specific CD8" T cells
after muPD-L1and muFAP-IL2wt combination therapy. These pheno-
typic changes achieved by adding muFAP-IL2wt to muPD-L1 therapy
were absent when combining muPD-L1 with muFAP-IL2v (Extended
DataFig. 1d). Expanded LCMV-specific CD8" T cells obtained after
muPD-L1and muFAP-IL2wt therapy were also more functionalin their
effector profiles of cytokine production than those obtained from
muPD-L1monotherapyinresponse to antigenic stimulation, whereas
muFAP-IL2v administration had no additive effects to muPD-L1therapy
(Extended DataFig.1e,f). Notably, the most effective viral control was
observed when combining muPD-L1 with muFAP-IL2wt therapy. By
contrast, muFAP-IL2v treatment did not show synergy with muPD-L1
therapy in terms of viral reduction (Extended Data Fig. 1g).

Itisimportant to note that muFAP-IL2v was biologically activein vivo,
as muPD-L1in combination with muFAP-IL2v significantly increased
the number of total CD8" T cells compared with muPD-L1 as mono-
therapy or in combination with muFAP-IL2wt during chronic LCMV
infection (Extended Data Fig. 2a-c). However, when we characterized
the increased number of CD8" T cells, we found that combination
of muPD-L1 with muFAP-IL2v mainly expanded non-LCMV-specific
PD-1"CD8" T cells during chronic infection (Extended Data Fig. 2d,e).
Thiswasin marked contrast to the muPD-L1and muFAP-IL2wt combi-
nation, which preferentially expanded PD-1'CD8" T cells thatincluded
LCMV-specific CD8" T cells (Extended Data Fig. 2d,e). Expansion of
non-LCMV-specific CD8" T cells by muPD-L1 and muFAP-IL2v combi-
nation therapy implied arequirement for targeted delivery of IL-2v
to PD-1-expressing LCMV-specific CD8" T cells to achieve desirable
biological outcomes.

PD1-IL2v mediates cis delivery of IL-2v to PD-1' T cells

PD-lisexpressed onthesurface of chronically activated antigen-specific
Tcells, including virus-and tumour-reactive T cells, and isabona fide
marker to identify antigen-specific T cells™* . We designed PD1-1L2v to
provide IL-2R agonism preferentially to PD-1" tumour-reactive T cells
by binding and blocking the PD-1inhibitory pathway while agonizing
IL-2R signalling on the same cell. To measure the potency of PD1-I1L2v
versus FAP-IL2v, used here as IL-2v not targeted to T cells, we briefly
incubated in vitro-activated PD-1-expressing polyclonal human CD4*
T cells with increasing amounts of either PD1-IL2v or FAP-IL2v before
measuring IL-2R signalling through the levels of phosphorylated
STATS5 (STAT5-P). In this assay, PD1-IL2v was found to be approximately
40-fold more potent than FAP-IL2v in delivering IL-2R agonism to PD-1*
T cells (Fig. 1a). To verify that PD-1 targeting mediated the observed
difference in potency between the two compounds, we included a
group of activated T cells pre-incubated with an excess of the parental
PD-1-blocking antibody competing with PD1-IL2v for binding to PD-1.
When PD-1-mediated targeting was prevented, the potency of PD1-IL2v
became comparable to that of FAP-IL2v (Fig. 1a).

Toassess whether PD1-IL2v is delivering IL-2v to IL-2RBy on the same
PD-1-expressing T cell, we developed a‘cis versus trans’ assay inwhich
in vitro-activated polyclonal human CD4' T cells, with homogenous
PD-1expression, were divided into two groups and labelled with two
different membrane dyes: carboxyfluorescein succinimidyl ester
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(CFSE) and CellTrace Violet (CTV). CFSE-labelled T cells were further
subdivided into two groups, one of which was pre-incubated with
parental anti-PD-1antibody at asaturating concentration before being
co-cultured with PD-1" T cells labelled with CTV. Interestingly, follow-
ing exposure to PD1-IL2v, the frequency of STAT5-P* T cells was only
roughly 25% in T cells with preblocked PD-1, even though they were
in close proximity to non-blocked PD-1* T cells, which were virtually
all STAT5-P* (Fig. 1b). Therefore, PD1-IL2v delivers IL-2R agonismin cis
on the same T cell following binding to the PD-1 receptor and not in
trans to adjacent cells. Taken together, these data show that prefer-
ential cis targeting of PD1-IL2v results in enhanced potency on PD-1*
Tcells.

PD1-IL2vrescues T cells from T, suppressive function

T, cells represent a key subset of T cells able to infiltrate the tumour
microenvironment and create animmunosuppressive milieu limiting
the anti-tumour immune response’®. In addition, T, cells represent
acritical liability forimmunotherapies based on IL-2 because of their
constitutively high expression of CD25, resulting in their detrimental
proliferation and suppressive function'*?, For this reason, we per-
formed a binding competition assay in which equal numbers of natu-
rally occurring T, cells (CD4*CD25'FOXP3") and conventional CD4" T
(Tony) cells, fromhuman peripheral blood, were labelled with different
membrane dyes and cultured together. Subsequently, the cells were
activated in vitro for 3 d before being exposed to a non-saturating
concentration of directly labelled PD1-IL2v or the parental anti-PD-1
antibody. PD1-IL2v, similarly to the anti-PD-1 antibody, preferentially
bound to T, rather than T, cells (Fig. 1c). In agreement with this
finding, we observed an approximately twofold-higher number of PD-1
receptors per T cell on T, cells than on T, cells (Fig. 1d).

Ina T, suppressionassay, in which suppression is measured as the
ability of T, cellsto dampen T, effector functions such as granzyme
B secretion, the preferential binding of PD1-IL2v to T, cells allowed
them to overcome T,,-mediated suppression in a dose-dependent
manner. As controls, we used an alternative PD1-IL2v molecule,
called ‘non-blocking PD1-IL2v’, comprising an anti-PD-1 moiety with
non-PD-L1/PD-L2-blocking function, to simply deliver IL-2v to PD-1*
T cells, as well as the combination of the parental blocking anti-PD-1
antibody with FAP-IL2v, to block the PD-1 pathway in the absence of
PD-1-mediated delivery of IL-2v to PD-1" T cells. At a concentration of
630 pM, PD1-IL2v overcame T,.,-mediated suppression, and higher
concentrations even further elicited the effector functions of T,
cells, regardless of the presence of T, cells (Fig. 1e). Both non-blocking
PD1-IL2v and the combination of parental anti-PD-1 antibody with
FAP-IL2v only achieved a similar effect at tenfold-higher concentra-
tions than for PD1-IL2v, indicating that both blockade of PD-1signalling
and PD-1-mediated delivery of IL-2v to PD-1' T cells are critical aspects
of the mechanism of action of PD1-IL2v.

PD1-IL2vis internalized with bound PD-1receptors

Given that, following binding to IL-2, T cells internalize IL-2R within
minutes?, we assessed the internalization of fluorescently labelled
PD1-IL2v and of FAP-IL2v as a control using in vitro-activated PD-1-
expressing polyclonal human CD4" T cells. Additionally, we tracked
the fate of simultaneously bound PD-1receptors using a fluorescently
labelled, non-competing anti-PD-1antibody. We observed that, while
FAP-IL2v wasinternalized within1 hat 37 °C (Extended Data Fig.3a,b),
PD1-1L2v wasinternalized with slower kinetics (Extended Data Fig. 3a,c).
Interestingly, slower PD1-IL2v internalization was accompanied by
simultaneous internalization of bound PD-1receptors (Extended Data
Fig. 3c). Pretreatment of PD-1" T cells with a competing anti-PD-1 anti-
body prevented binding of PD1-IL2v to PD-1, therefore inducing PD1-1L2v
internalization through the IL-2R at rates similar to those induced
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Fig.1|PD1-IL2v mediatescisdelivery of IL-2vto PD-1'T cells, providing
preferential stimulation of PD-1'T cells, overcoming T, ,-mediated
suppression andinducing T cell effector functions. a, Frequency of
invitro-activated polyclonal human STAT5-P*CD4" T cells following exposure
for12 mintoincreasing concentrations of either PD1-IL2v or FAP-IL2v. As an
additional control, aportion ofthe PD-1' T cells were pretreated with anti-PD-1
antibody to prevent PD-1-mediated targeting of PD1-IL2v (dotted line) (n=3
healthy donors, 3independent experiments; mean +s.e.m.). T, effector
Tcell; aPD-1, anti-PD-1antibody. Arrows indicate the difference in potency.

b, Frequency of in vitro-activated polyclonal human STAT5-P*CD4" T cells
following exposure for 12 min to 630 pM PD1-IL2v of CFSE-labelled PD-1" or
PD-1-preblocked (PD-1") T cells co-cultured with CTV-labelled PD-1' T cells (n= 6
healthy donors, 3independent experiments; box plots represent the median,
minimum/maximum and individual points). ¢, Left, flow cytometry histogram
plots of binding competition of directly conjugated anti-PD-1antibody or

by FAP-IL2v, while leaving the PD-1receptors on the T cell surface
(Extended DataFig. 3c). Pretreatment with the anti-PD-1antibody did
notaffect FAP-IL2v internalization or surface expression of PD-1recep-
tors (Extended Data Fig. 3b).

These datasuggest an unexpected additional mechanism of action of
PDI1-IL2v atacellularlevel, where longer interaction of IL-2v with IL-2R
could result in continuous signalling followed by internalization and
removal of bound PD-1receptors from the T cell surface.

PD1-IL2v potently drives T cell effector functions

IL-2 has been shown to induce secretion of granulocyte-macrophage
colony-stimulating factor (GM-CSF) by T cells??, which is important

(log transformed; pM)

(log transformed; pM)

PDI-IL2v to human CD4" T, versus T, cells, cultured together, from one
representative donor of three. Right, change in the frequency of human CD4*
Teonyand T, cells stained with labelled anti-PD-1antibody or PD1-IL2v (n=3
healthy donors, 3independent experiments; mean +s.e.m.). UT, untreated.
d,Number of PD-1receptorsand IL-2RB per T cellon T, and T, cells (n=4
healthy donors; box plots represent the median, minimum/maximum and
individual points). e, T,,; suppression of T, secretion of granzyme B (GrzB) in
the presence of increasing concentrations of PD1-IL2v, FAP-IL2v in combination
with anti-PD-1antibody, and non-blocking PD1-IL2v (n = 5 healthy donors,
Sindependentexperiments; mean s.e.m.).f, Dose-dependent GM-CSF and
granzyme Bsecretionbyin vitro-activated polyclonal human CD4" T cells
following stimulation for 5 d withincreasing concentrations of PD1-IL2v,
aldesleukin, FAP-IL2v or anti-PD-1antibody (n =4 healthy donors, 2independent
experiments; mean +s.e.m.).

for dendritic cell activation and maturation, in addition to enhanc-
ing T cell cytotoxic effector functions®. For this reason, we tested
whether PD1-IL2v could also elicit GM-CSF secretion, in addition to
granzyme B, from PD-1-expressing polyclonal human CD4" T cells
activated in vitro for 5 d. As expected, PD1-IL2v induced GM-CSF and
granzyme B secretion by activated T cellsin a dose-dependent fashion
and was roughly 30-fold more potent than untargeted FAP-IL2v, while
PD-1blockade alone did not induce any significant change in effector
functions. Interestingly, PD1-IL2v was as potent as wild-type IL-2 with
intact CD25binding (aldesleukin) ineliciting T cell effector functions,
inline with the hypothesis that PD-1-mediated cis delivery of IL-2v acts
as asurrogate of CD25 for cis binding on the T cell surface (Fig. 1f and
Extended Data Fig. 4a).
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Comparison of PD1-IL2v to IL-2Rb-biased IL-2 mutant

An alternative approach to engineering IL-2 for systemic therapy is to
increase its affinity for IL-2Rp, with the aim of making signalling less
dependent on cis anchoring through CD25. One such engineered IL-2
has been termed ‘superkine’ (ref. >*). This is a different approach as
compared with targeting cytokines to specificimmune cells by fusion
toimmunereceptor-targeting antibodies such asin PD1-IL2v or other
recently reported fusion proteins®2¢, We therefore produced a FAP-IL2
superkine analogue with increased binding affinity for IL-2Rf3 and com-
pared it with PD1-IL2v for potency and cis targeting in the cis-trans
STAT5-Passay inactivated T cells. As a control, we used FAP-IL2v, which
bindsto IL-2RBy with an affinity comparable to that of wild-type IL-2in
the absence of IL-2Ra. We observed that the FAP-IL2 superkine analogue
was tenfold more potent than FAP-IL2v in delivering IL-2R agonism to
T cells. However, both the FAP-IL2 superkine analogue and FAP-IL2v
were as active on PD-1" T cells as on PD-1" T cells, regardless of PD-1
expression (Extended DataFig. 4b). Conversely, PD1-IL2v was roughly
40-fold more potent on PD-1* T cells than on PD-1" T cells, and on PD-1*
T cells PD1-IL2v was fivefold more potent than the FAP-IL2 superkine
analogue (Extended Data Fig. 4b).

Wethenextended our observations to more physiologically relevant
conditions, by exposing peripheral blood mononuclear cells (PBMCs)
from healthy donors to a non-saturating concentration (630 pM) of
PD1-IL2v, FAP-IL2 superkine analogue or FAP-IL2v for 30 min before
staining with aphycoerythrin (PE)-conjugated anti-PGLALA antibody
to detect the bound molecule and with a panel of antibodies to phe-
notypically characterize the T cell subsets through flow cytometry.
PD1-IL2v significantly bound to both PD-1'TCF-1"stem-like CD8" T cells
and PD1'TCF-1"CDS8" T cells when compared with naive CD8" T cells,
T, cells and natural killer (NK) cells (Extended Data Fig. 4c). By con-
trast, the FAP-IL2 superkine analogue and FAP-IL2v bound modestly to
PD-1'TCF-1"CD8' T cellsand did not bind to PD-1'TCF-1* stem-like CD8"
T cells, potentially because of their lower IL-2R3 expression levels. In
addition, FAP-IL2 superkine analogue was the only fusion protein to
strongly bind to NK cells (Extended Data Fig. 4c).

This finding suggests a fundamental functional difference
between targeted delivery of a mutated IL-2 devoid of CD25 binding
to antigen-experienced cells that are PD-1" and just engineering IL-2
forincreased affinity forits receptor onall cells. The former approach
provides increased selectivity for the IL-2R agonism on specific T cell
populations, whereas the latter increases the potency of signalling on
many cellsirrespective of their antigen experience andis only regulated
by the expression profile of IL-2R by overall lymphocytes.

Targeted delivery of IL-2v to PD-1'CDS8" T cells

Given the effective cis delivery of IL-2v to PD-1-expressing T cells by
PD1-IL2v invitro, we wondered whether muPD1-IL2v (Extended Data
Fig. 4d) could efficiently deliver IL-2v to LCMV-specific CD8" T cells
in vivo during chronic infection. It is worth noting that PD-1 expres-
sion was highest on LCMV-specific CD8" T cells compared with other
Tcell populations during chronicinfection (Extended Data Fig. 5a). We
compared the therapeutic efficacy of muPD-L1, muPD-L1in combina-
tion with muFAP-IL2v, and muPD-L1in combination with muPD1-IL2v
during chronicinfection and performed quantitative and qualitative
analyses of LCMV-specific CD8" T cells (Extended Data Fig. 5b). As pre-
viously shown, muFAP-IL2v therapy did not have additive effects in
comparisonto muPD-L1therapy in terms of enhancing LCMV-specific
CD8'T cell responses (Extended Data Fig. 5c-e). Interestingly, com-
bination of muPD-L1 with muPD1-IL2v was significantly superior to
muPD-L1 monotherapy in increasing the numbers of LCMV-specific
CD8' T cellsinall tissues analysed (Extended Data Fig. 5d). Moreover,
muPD-L1in combination withmuPDI1-IL2vinduced qualitative changes
in LCMV-specific CD8' T cells, as exemplified by the polyfunctional
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signature (IFN-y*'TNF-a and IFN-y*IL-2") (Extended Data Fig. 5e), and
altered the expression profiles of several phenotypic markers such as
TIM-3,CD127, CD218a and CXCR3 (Extended Data Fig. 5f).

To gain further insights into the qualitative attributes of
LCMV-specific CD8" T cells after muPD-L1 and muPD1-IL2v combina-
tion therapy, we performed a transcriptional analysis by RNA sequenc-
ing (RNA-seq) of LCMV-specific CD8" T cells after the treatments.
Principal-component analysis (PCA) showed that the transcriptional
signature of LCMV-specific CD8" T cells after muPD-L1 monotherapy
was very similar to that of the untreated group (Extended DataFig. 5g).
Notably, adding muPD1-IL2v to muPD-L1 therapy changed the tran-
scriptional signature of LCMV-specific CD8" T cells, indicating that
combination of muPD-L1 with muPD1-IL2v generated LCMV-specific
CDS8' T cellsthat were distinct from those in the untreated or muPD-L1
single-treatment group (Extended Data Fig. 5g). The heatmap of dif-
ferentially expressed genes across the treatment groups highlights the
therapeutic potential of muPD1-IL2v therapy resulting from modula-
tion of the differentiation status of LCMV-specific CD8" T cells during
chronicinfection (Extended Data Fig. 5h). For example, muPD-L1in
combination withmuPD1-IL2v elevated the expression levels of Cd28, an
essential co-stimulatory molecule forimproved CD8" T cell responses
to anti-PD-1 therapy?”?%. Upregulated cytokine receptors included
12ra, Il7r, 11181, Ifngr1 and Il18rap, suggesting that LCMV-specific
CDS8' T cells generated by muPD-L1 and muPD1-IL2v combination
therapy are more responsive to inflammatory cytokines (IL-2, IL-18
and interferon-y (IFNy)) and the homeostatic cytokine IL-7, the latter
of which is an important cytokine for survival and maintenance of
naive and memory CD8" T cells***°. muPD-L1and muPD1-IL2v therapy
alsoincreased the abundance of molecules regulating T cell migration
(Ccr2, Cx3crl and Cxcr3)***, adhesion (Ly6c2 and Cd44) and egress
from lymphoid tissues (SIprI and KIf2)*7¢. All of these features are
essential components for functional effector CD8" T cells to respond
to various co-stimulatory signals, cytokines and chemokines, followed
by their migration to major sites of infection to exert effector functions.
Indeed, Thx21,a crucial transcription factor for effector CD8* T cell dif*-
ferentiation®”*, was also upregulated by co-administration of muPD-L1
and muPD1-IL2v. Conversely, genes downregulated by muPD-L1and
muPD1-IL2v therapy included Toxand Pdcd1, which are two major regu-
lators of T cell exhaustion®**°. Other inhibitory receptors (Lag3, Cd244a
and Havcr2) and transcription factors (Tox2, Nr4a2, Nr4al, Prdm1 and
Egr2) associated with exhausted CD8* T cells* * were also downregu-
lated by muPD-L1 and muPD1-IL2v combination therapy (Extended
Data Fig. 5h). Overall, LCMV-specific CD8" T cells generated by com-
bining muPD-L1 and muPD1-IL2v possessed increased expression of
molecules critical for functional effector cells and decreased expres-
sion of major transcription factors and inhibitory receptors related
to exhausted CD8* T cells, in line with induction of antigen-specific
CD8'T cell states with better effector potential and skewed away from
T cell exhaustion. Most notably, these quantitative and qualitative
changesin LCMV-specific CD8" T cells accomplished by co-treatment
with muPD-L1 and muPD1-IL2v were linked to improved biological
outcome, and muPD-L1 and muPD1-IL2v therapy resulted in the best
viral control across the treatment groups (Extended Data Fig. 5i).

Interestingly, muPDI-IL2v monotherapy was sufficient to elicit the
expansion of LCMV-specific CD8" T cells in different organs (Fig. 2a
and Extended Data Fig. 6a). However, combination with muPD-L1
was even more effective at increasing the numbers of polyfunctional
LCMV-specificCD8' T cells and imprinting marked phenotypicand tran-
scriptional changes that were induced by muPD1-1L2v therapy (Fig. 2b-d
and Extended Data Fig. 6b), resulting in significantly improved viral
control in comparison to muPD1-IL2v monotherapy (Fig. 2e).

Finally, we assessed the responsiveness toIL-12 and IL-18 of the LCMV-
specific CD8" T cells generated following muPD-L1 and muPD1-IL2v
co-treatment and the respective monotherapies. Splenocytes from
invivo-treated mice were briefly stimulated ex vivo with both cytokines
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Fig.2|Targeted delivery of IL-2v to PD-1' T cells using the muPD1-1L2v
constructincreases LCMV-specificCD8" T cell responses and improves
viral control during chronicinfection by enhancing the proliferation and
differentiation of PD-1'TCF-1' stem-like resource CDS8" T cells. Chronically
LCMV-infected mice (more than40 d after infection) were left untreated (Untx)
or treated withmuPD-L1, muPD1-IL2v or muPD-L1+ muPDI1-IL2v for 2 weeks and
thenanalysed for CD8" T cell responses and viral titre. a, Numbers of D°GP33*
CD8' Tcellsintheindicated tissues. b, Number of IFNy*, IFNY*TNFa" and
IFNY’IL-2" LCMV-specific CD8" T cellsin the spleen. ¢, PCA plot of RNA-seq data
for naive CD8' T cells from uninfected mice and D’GP33*CD8" T cells from
chronically LCMV-infected mice after the indicated treatments. d, Phenotypic
marker expression on D°GP33*CDS8* T cellsinthespleen. e, Viral titrein the
indicated tissues. PFU, plaque-forming units. f, Experimental design for T cell
transfer experiments. Sorted stem-like (PD-1'CXCR5'TIM-3") and exhausted
(PD-1'CXCR5°TIM-3") CD8" T cellsisolated from CD45.2* chronically LCMV-
infected mice (more than 40 d afterinfection) were adoptively transferred into

before measuring the secretion of IFNy by D°GP33'CDS8* T cells
(Extended DataFig. 6¢). Interestingly, among the LCMV-specific CD8"
T cells obtained from mice treated with muPD1-IL2v monotherapy or
muPD1-IL2 in combination with muPD-L1, asubset of T cells expressing
thereceptor for IL-18 rapidly secreted IFNy after being exposed to IL-12
and IL-18 (Extended Data Fig. 6d,e).

These results together illustrate that targeted delivery of IL-2v
to PD-1'CD8" T cells by muPDI1-IL2v therapy was highly effective in
enhancing LCMV-specific CD8" T cell responses with atranscriptional

infection-matched CD45.1' recipient mice, followed by muPD1-IL2v therapy
for2weeks. g, Numbers of donor CD45.2°CD8" T cellsin various tissues.
Thedottedlineonthey axisindicates the limit of detection for the number of
donor cells. Tx, treated. h, TIM-3 and CD218a expression on transferred donor
stem-like CD45.2°CD8" T cellsin the spleen of recipients after 2 weeks of
treatment. Results were pooled from 4-7 experiments with n =2-4 mice per
groupineach experiment(a,b,d,e) or from two experiments with n=4-6 mice
per group (g,h). RNA-seq data are from Extended Data Fig. 5 and additional
samples from six experiments to obtain various CD8* T cell populations with
n=1-15mice per groupineachexperiment (c). Dataare presented asthe
geometric mean and 95% confidence interval (CI) (a,b,g) or the mean and s.d.
(d,e,h) with Pvalues. Statistical comparisons were performed using the
Kruskal-Wallis test with Dunn’s multiple-comparisons test (a,b), one-way
ANOVA with Tukey’s multiple-comparisons test (d,e), the Mann-Whitney test
(twotailed) (g) or an unpaired two-tailed ¢ test (h).

signature of better effectors. Inaddition, combination of muPD1-IL2v
with muPD-L1furtherimproved some effector attributes such as poly-
functionality as compared withmuPDI-IL2v monotherapy and was par-
ticularly effective at viral control during chronicinfection in thismodel.

muPD1-IL2v acts on PD-1'TCF-1' stem-like CDS8* T cells

During chronic infection, PD-1" LCMV-specific CD8" T cells are a het-
erogeneous cell population with distinct biological features, and the
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stem-like (TIM-3"TCF-1%) and terminally differentiated (exhausted;
TIM-3'TCF-1") subsets are two major components'®*%4*%5_Stem-like
CD8'T cellsactasresource cells to maintain the pools of LCMV-specific
CDS8" T cells by self-renewal as well as by providing terminally differen-
tiated (exhausted) CD8" T cells to peripheral tissues of major sites of
infection. Itis also the stem-like subset that provides the proliferative
burst of PD-1' LCMV-specific CD8" T cells during anti-PD-L1 therapyin
chronic infection'***,

To elucidate which CD8" T cell subset is targeted by muPD1-1L2v,
we performed adoptive transfer experiments. Two PD-1'CD8" T cell
subsets, stem-like (PD-1"CXCR5'TIM-3") and terminally differentiated
(exhausted; PD-1"CXCR5 TIM-3"), were sorted from the pooled sple-
nocytes of chronically LCMV-infected mice (CD45.2%), and each CD8"
T cell subset was transferred into infection-matched mice (CD45.1%),
followed by muPD1-IL2v therapy. After 2 weeks of treatment, congeni-
callymarked CD45.2" donor cells were checked in recipient CD45.1" mice
(Fig.2f). Notably, we found that the proliferative burst came exclusively
fromthe stem-like CD8* T cell subset after muPD1-IL2v therapy, whereas
the exhausted CDS8" T cell subset did not expand in multiple tissues
(Fig. 2g and Extended Data Fig. 6f).

Two weeks after transfer in untreated recipient mice, stem-like donor
CD45.2 cells maintained a TIM-3" population, but they also converted
to TIM-3" cells, indicating their self-renewal and differentiation poten-
tial (Fig. 2hand Extended Data Fig. 6g). Both of these TIM-3"and TIM-3*
compartments expressed minimal levels of CD218a, suggesting that
during chronicinfection the transferred stem-like T cells went through
a conventional differentiation pathway from stem-like to terminally
differentiated (exhausted) CD8" T cells (Fig. 2h and Extended Data
Fig. 6g). By contrast, muPDI1-IL2v therapy altered this differentiation
process and transferred stem-like T cells underwent optimal effector
differentiation, represented by marked upregulation of CD218a with
low to intermediate expression of TIM-3 (Fig. 2h and Extended Data
Fig. 6g). Theseresults together demonstrate that muPD1-IL2v therapy
actsonstem-like CD8'T cells, enhancing their proliferation and effec-
tor differentiation.

muPDI1-IL2v eradicates mouse pancreatic tumours

Wethenassessed muPD1-IL2vinaninvivoefficacy studyin C57BL/6 mice
implanted orthotopically with the pancreatic adenocarcinoma synge-
neic cellline Panc02-H7-Fluc. Mice were treated once aweek for 4 weeks
with muPD1-IL2v (0.5 and 1 mg kg ™), muPD-1 antibody (10 mgkg™),
muFAP-IL2v (2.5 mg kg™) or combinations thereof. muPDI1-IL2v eradi-
cated tumours in treated animals and provided long-term survival
benefit in four of seven and seven of seven treated mice at doses of
0.5 and 1 mg kg™, respectively (Fig. 3a). Only one mouse from the
group treated with parental muPD-1 antibody in combination with
muFAP-IL2v survived until the end of the experiment. All mice from the
vehicle-treated control group and those receiving muPD-1antibody or
muFAP-IL2v as monotherapy died within100 d (Fig. 3a).

Immunohistochemical analysis for the expression of PD-1and gran-
zyme B by tumours obtained from mice across the different treatments
showed that muPDI1-IL2v induced asignificantly higher number of PD-1
(Fig. 3b) and granzyme B* (Fig. 3¢) tumour-infiltrating lymphocytes
(TILs) than the other treatments.

muPD1-IL2v favours CD8" over CD4" TILs

To better characterize the phenotype and function of TILs generated
by the muPD1-IL2v treatment, Panc02-H7-Fluc tumour cells were
implanted subcutaneously in syngeneic mice. Once tumours reached
asize of200 mm?, the mice were treated with muPDI-IL2v, muFAP-IL2v
and muPD-1, using the above doses, once a week for 2 weeks and moni-
tored for tumour growth. Treatment with muPD1-IL2v resulted in con-
trol of tumour growthand led to tumour eradicationin three of six mice,

166 | Nature | Vol 610 | 6 October 2022

while the other treatments failed to do so, both as monotherapies and
in combination (Fig. 3d). Phenotypic characterization of TILs across
the different treatment groups showed a significant and preferential
~20-fold expansion of CD8" over CD4" T cells in tumours from mice
treated with muPD1-IL2v, compared with the control and other treat-
ment groups (Fig. 3e). Notably, by contrast, the ratio of CD8" to CD4*
T cellsin blood was ~seven- to eightfold increased and comparable in
mice receiving either muPD1-IL2v or muFAP-IL2v, the latter either as
monotherapy or in combination with muPD-1antibody (Fig. 3e). This
observationis consistent with the notion of higher PD-1expression on
TILs than peripheral blood T cells.

Further characterization of CD8" TILs across the various treat-
ment groups highlighted dissimilaritiesin their differentiation stage.
While the anti-PD-1therapy enriched terminally differentiated TILs,
muPDI1-IL2v generated and expanded effector memory TILs (Fig. 3f).
Conversely, muFAP-IL2v expanded naive TILs, and its combination with
muPD-1retained the features of both molecules by enriching both naive
and terminally differentiated TILs. CD8" TILs induced by muPD1-IL2v
were polyfunctional and co-expressed significantly higher levels of
granzyme B, IFNy and tumour necrosis factor-o (TNFo) than CD8* TILs
isolated from mice from the other treatment groups (Extended Data
Fig.7a,b).Inblood, the effect of muPDI1-IL2v treatment was comparable
to that of muFAP-IL2v (Fig. 3f), highlighting the importance of higher
PD-1expression, such as in TILs versus peripheral blood T cells, for
the differentiated effects of muPD1-IL2v treatment over muFAP-IL2v.

Toverify that CD8' T cells are critical for the efficacy associated with
muPD1-1L2v therapy, we depleted CD8" cells 1 week before administer-
ing either muPD1-IL2v or muFAP-IL2v and monitored the number of
CD8' T cellsinthe blood over time. The effect of CD8" T cell depletion
inthe muFAP-IL2v-treated group was not appreciable owing to the lack
of efficacy of muFAP-IL2v in this tumour model (Extended DataFig. 7c).
However, depletion of CD8'T cells prevented muPD1-IL2v from achiev-
ing tumour growth inhibition when compared with muPD1-IL2v-treated
mice that were not depleted of CD8" T cells (Extended Data Fig. 7¢,d),
demonstrating that CD8' T cells are indeed required for the efficacy
observed under muPD1-IL2v therapy.

CDS8'TILs are preferentially targeted by PD1-1L2v

To better understand the tumour tropism of PD1-1L2v, we isolated
leukocytes from the blood and tumours of human PD-1-transgenic
mice bearing subcutaneous Panc02-H7-Fluc tumours. We then meas-
ured, ex vivo, the frequencies of T cells expressing PD-1and IL-2Rf and
quantified on these cells the numbers of both receptors per T cell.
While the frequencies of T cells expressing PD-1 on their surface were
relatively comparable in peripheral blood and tumours (Extended
Data Fig. 7e,f), we found in tumours an effector memory population
of CD8" T cells expressing much higher levels of PD-1, approximately
15,000 PD-1receptors per T cell (Fig. 3g). Interestingly, in blood, the
corresponding T cell subset expressed ~700 PD-1receptors per T cell,
similarly to other T cell subsets including effector memory CD4"
Tcellsand T cells (Fig. 3g). By contrast, both IL-2RB" frequencies and
receptor numbers per T cell were similar in the tumour and peripheral
blood, with a higher number of receptors on the surface of central
and effector memory CD8" T cells in both compartments (Extended
DataFig.7g,h).

We then treated human PD-1-transgenic mice, implanted subcu-
taneously with Panc02-H7-Fluc tumours, with either 0.5 mg kg™
PD1-IL2v, comprising the anti-human PD-1antibody binder fused to
IL-2v, or high-dose IL-2 (aldesleukin) as single agents or in combina-
tion with pembrolizumab. By the end of the experiment, 7 of 12 mice
(58%) receiving PD1-1L2v had a tumour smaller than 100 mm?®, while
11 0f 12 had a tumour smaller than 500 mm?. By contrast, only one of
seven mice (14%) treated with high-dose aldesleukin in combination
with 10 mg kg pembrolizumab had a tumour smaller than 100 mm?
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Fig.3 | muPDI1-IL2vfavours CD8" versus CD4" T cellsin the tumour
microenvironment and expands less differentiated TILs, which provide
tumour eradication and survival benefit to treated mice. In vivo efficacy
study insyngeneic or human PD-1-transgenic mice bearing orthotopic or
subcutaneous Panc02-H7-Fluc tumours treated for 4 or 2 weeks, respectively,
withtheindicated treatmentoptions.a, Survival curve, in days, of control
syngeneic mice and mice receiving the indicated therapies bearing an orthotopic
tumour (n =7 mice per treatment group). b,c, Number of PD-1* cells (b) and
frequency of granzyme B* cells (c) within the tumour by immunohistochemistry;
scalebars,20 um (n=3; box plots represent median, minimum/maximumand
individual points).d, Tumour growth curves of subcutaneous tumours in
syngeneic control mice and mice treated with the indicated therapies (n=6
mice per treatment group; mean +s.e.m.).e,f,CD8" to CD4" T cell ratio (e) and

T cell differentiation state (f) in the tumour and blood of mice across different
treatment groups (n=4;box plotsrepresent the median, minimum/maximum

(Fig.3h). Although the PD-1-binding domainin PD1-IL2v competes for
PD-1binding with pembrolizumab, combination of PD1-IL2v with pem-
brolizumab did notimpair PD1-IL2v efficacy. This can be explained by
the superior functional affinity of PD1-IL2v, resulting from an approxi-
mately fourfold-higher monovalent PD-1affinity and from simultane-
ousbindingincistoIL-2R, allowing PD1-IL2v to displace pembrolizumab
evenatsaturating concentrations of the latter (Extended Data Fig. 7i).
In line with this, combination of PD1-IL2v with pembrolizumab did
not provide any additional benefit in comparison to PD1-IL2v mono-
therapy, as 8 of 12 treated animals (66%) had a tumour smaller than
100 mm?at experiment termination (Fig. 3h). These data confirm that
PD1-IL2v as monotherapy is more efficacious than the combination

and individual points). CM, central memory; E, effector; EM, effector memory;
other cellsareinblack.g, Quantification of PD-1receptors per cellonthe
surface of T cellsisolated from the tumours and blood of untreated human
PD-1-transgenic mice (n =4 and n =9 mice, respectively, from more than two
independent experiments; box plots represent the median, minimum/maximum
andindividual points). h, Tumour growth curves of subcutaneous tumoursin
human PD-1-transgenic mice receiving the respective therapies (n = 7-12 mice
pertreatmentgroup; mean +s.e.m.).Ina-fandh,n>3independentexperiments.
To test for significant differencesin tumour growth inhibition between group
means for multiple comparisons, standard ANOVA (one-way ANOVA) was used
with Dunnett’s post hoc test in the Panc02 mouse tumour model. Wilcoxon’s
test was used for survival analysis of the orthotopic Panc02 mouse tumour
model. Statistical comparisons among multipleimmuno-pharmacodynamic
groups were performed using one-way ANOVA with Tukey’s
multiple-comparisonstest.

of pembrolizumab with high-dose aldesleukin, that PD1-IL2v does
not require additional PD-1blockade to increase its efficacy in this
tumour model at the tested doses and that CD8" TILs express roughly
20-fold more PD-1receptors per T cell than CD8* T cells in the blood,
supporting the rationale for atumour-preferential effect of PD1-IL2v.

muPD1-IL2v yields better effector CDS" TILs

Immuno-pharmacodynamic analysis of subcutaneous Panc02-H7-Fluc
tumours from syngeneic mice showed a progressive and large expan-
sion of CD8" T cells within the tumours of animals treated with

muPD1-IL2v and abeneficial CD8" T cell/T,., ratio after two single doses
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Fig.4 | muPDI1-IL2v expands and differentiates PD-1'TCF-1' stem-like
resource CD8’ TILsinto anew population ofbetter effector CD8" TILs.
Immuno-pharmacodynamic study on the effect of the different therapies,
giventwice, onthe abundance, phenotype, effector functionand molecular
signature of intratumoural CD8" T cells obtained from syngeneic mice bearing
subcutaneous Panc02-H7-Fluc tumours.a, Number of intratumoural CD8*
Tcells.b,CD8" T cell to T, ratio within the tumour. ¢, Number of stem-like
(PD-1'TCF-1') CD8" T cells.Ina-c, n =4 (box plots represent the median,
minimum/maximum and individual points; treatment groups appearinthe
same orderineach panel).d, Representative contour plots depicting granzyme
Band TIM-3 expression on PD-1'TCF-1"CD8" TILs from tumour single-cell
suspensions acquired by flow cytometry 3 d after administration of the second
dose ofthe treatment asindicated. e,f, Frequencies of granzyme B‘'TIM-3" (e)
and granzyme B TIM-3" (f) intratumoural PD-1'TCF-1"CD8" T cells (n = 4; box
plots represent the median, minimum/maximum and individual points).

of muPD1-IL2v (Fig.4a,b). This observationis consistent with the in vitro
findings of preferential targeting and activity of PD1-IL2v on effector
T cells rather than T, cells.

Onthebasis of PD-1and TCF-1expression, asreported by Hashimoto
et al.* and by previous publications**¢, we identified antigen-
experienced stem-like T cells as PD-1'TCF-1"whereas their progeny were
identified as PD-1'TCF-1°"" (Fig. 4c—f). We then further discriminated
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g,h, Two-dimensional (2D) UMAP visualization of CD8* TILs coloured
accordingto subset (g) and specific treatment effect (h). i, Average relative
expression of selected genes (RNA and/or protein level) across the distinct
Tcellsubsets withinthe CD8* TILs depictedingand h.j, Expression of selected
markers, signature scores and TCR clonal expansion among CD8' TILs using a
2D UMAP visualizationasingand h.log(cp10k), natural logarithm of counts
per10,000; log(clone size), natural logarithm of clone size. k, Percentage of
better effectors and exhausted CD8" T cells relative to all CD8" TILs across the
different treatments and average signature enrichment scores among effector
CD8" Tcells per treatment group and individual animal (3-4 mice per group;
box plots represent the median, minimum/maximum and individual points).
Inaandk, n=3-4mice pergroup per experiment, >3 independent experiments;
statistical comparisons were performed using one-way or two-way ANOVA with
Dunnett’s multiple-comparisons test.

the functionality and degree of exhaustion of more mature PD-1'CD8*
T cells onthe basis of their expression levels of granzyme B and TIM-3
(Fig. 4d). Interestingly, muPDI1-IL2v drove the expansion of stem-like
CD8'TILs (Fig. 4c) and significantly increased the frequency of agran-
zyme B'TIM-3" population within PD-1'TCF-1°"~CD8" TILs (Fig. 4d,e),
here named ‘better effectors’, to underscore their highly functional
effector profile and lower degree of exhaustion. Conversely, muPD-1



monotherapy and combination of muPD-1 with muFAP-IL2v signifi-
cantly increased the frequency of granzyme B TIM-3" cells within
PD-1'TCF-1""~CDS8" TILs (Fig. 4d,f), showing low functionality and a
higher degree of exhaustion.

Single-cell RNA-seq (scRNA-seq) and feature barcoding of CD8" TILs
obtained from the same in vivo experiment showed a unique gene
expression signature following administration of muPD1-IL2v versus
muPD-1as monotherapy and in combination with muFAP-IL2v (Fig.4g,h
and Extended Data Fig. 8a—-d). muPD1-IL2v drove the enrichment of a
new CD8' T cell population of better effectors (clusters 3, 4,12, 14, 16
and 17), which was missing or under-represented in the other treat-
mentgroups (Fig. 4g,h and Extended DataFig. 8a-d). muPD-1therapy,
and muPD-1in combination with muFAP-IL2v even more so, drove the
expansion of terminally differentiated/exhausted TILs (clusters1and 11)
(Fig.4g,hand Extended Data Fig. 8a-d). Similarly to the findings previ-
ously reported for chronicLCMV settings, we observed that muPD1-IL2v
inducedinthe population of better effectors gene expression of recep-
tors for pro-inflammatory cytokines, such as I2rg, Il18r1, Il18rap and
Ifngr, as well as those for homeostatic proliferation and memory for-
mation, including /[7r (Fig. 4i,j and Extended Data Fig. 8d).In addition,
this population of CD8" TILs also expressed high levels of transcripts
for Pdcdl (PD-1) and intermediate levels of Lag3 while expressing low
levels of Havcr2 (TIM-3), Tigit and Tox, in line with a non-exhausted
profile (Fig. 4i,j and Extended Data Fig. 8d). The presence of expression
of Ifitm1 and Thx21 together with the polyfunctional effector signature
of Tnfand Ifng, as well as the cytotoxic effector signature of the Gzm
gene family and Lamp1, supports the finding that muPD1-IL2v is able
to promote durable, productive and protectiveimmune memory. Con-
versely, terminally differentiated CD8* TILs (clusters1and 11) generated
following treatment with muPD-1as monotherapy or in combination
with muFAP-IL2v, expressed high levels of Havcr2, Lag3, Tigit, Tox and
1110, typical of exhausted T cells* (Fig. 4i,j and Extended Data Fig. 8d).

These differences were both qualitative and quantitative, as illus-
trated by the significantly higher frequency of better effectors in
response to muPDI-IL2v treatment, in contrast to the significantly
higher frequency of exhausted CD8" TILs elicited by muPD-1alone and
incombination with muFAP-IL2v (Fig. 4k). The CD8" TILs generated by
muPDI1-IL2v possessed significantly higher stem-like and migration
signature scores, indicating that they retain some of the transcrip-
tional characteristics of stem-like PD-1'TCF-1"CD8" TILs (Fig. 4k). By
contrast, the immune-checkpoint and exhaustion signature scores
were significantly higher in CD8" TILs generated by the combination
treatment of muPD-1and muFAP-IL2v (Fig. 4k).

Single-cell TCR-seq showed that both better effectors, generated
following muPD1-IL2v treatment, and the exhausted T cells that arise
following treatment with muPD-1 as monotherapy or in combination
with muFAP-IL2v consisted of clonally expanded CDS8" TILs (Fig. 4j),
abonafide indicator of tumour specificity and productive immune
response*®*°, We then assessed the total number of clones present in
the stem-like CD8* TILs and their progeny of effector cells across the
different treatment groups, regardless of their functional phenotype.
In the muPD1-IL2v-treated group, we found a high number of clones
among the effector cells (768 clones), 97 of which were shared with
stem-like CD8" TILs (Extended Data Fig. 8e, top). We also observed
the highest number of cells with highly (>10) expanded clones in the
effector cells generated by muPD1-IL2v treatment, corresponding toa
more than twofold difference compared with muPD-1as monotherapy
or in combination with muFAP-IL2v (Extended Data Fig. 8e, middle).
Inaddition, the muPDI1-IL2v-treated group had the highest fraction of
clones shared between the effector progeny and stem-like CD8" TILs
(46.4%) when compared with muPD-1 as monotherapy (17.1%) or in
combination with muFAP-IL2v (22.1%). Of the 46.4% of shared clones,
16.4% were highly expanded clonotypes, as opposed to only 5.9% and
8.1% of the shared clones with muPD-1as monotherapy and in combina-
tion with muFAP-IL2v, respectively (Extended Data Fig. 8e, bottom).

These results when taken together demonstrate that muPD1-IL2v
therapy acts on stem-like CD8" TILs and leads to the expansion of a
unique CD8" T cell population of better effectors with atranscriptional
signature containing the hallmark of productive and protectiveimmune
memory. In addition, better effector CD8" TILs have a high overlap in
clonotypes with stem-like CD8" TILs, indicating their developmental
path, and the highest number of expanded clones, suggestive of their
tumour specificity.

Better effector CD8" TILs provide survival benefit

We then assessed muPD1-IL2v in an in vivo efficacy study in C57BL/6
mice implanted subcutaneously with the B16-F10-OVA syngeneic
cellline. Mice were treated once a week for 2 weeks with muPD1-IL2v
(0.5 mg kg™) ormuFAP-IL2v (1.5 or 3 mg kg™*) as monotherapy or in com-
bination with muPD-1(10 mg kg ™). muPD1-IL2v provided longer survival
benefit to 50% of the treated animals, and the tumours were eradicated
in20% of the total mice (Fig. 5a and Extended Data Fig. 9a). None of the
mice receiving muFAP-IL2v as monotherapy or in combination with
muPD-1survived until the end of the experiment or showed controlled
tumour growth (Fig. 5a and Extended Data Fig. 9b,c). muPD1-IL2v sig-
nificantly increased the total number of intratumoural CD8" T cells
(Fig. 5b) but, more notably, significantly expanded the frequency and
total count of ovalbumin (OVA)-specific CD8" TILs when compared with
muFAP-IL2v as monotherapy or in combination with muPD-1(Fig. 5¢,d,
top). Interestingly, the combination of muPD-1with muFAP-IL2v signifi-
cantly expanded the frequency and total count of OVA-specific CD8"
T cellsinthe blood but not in the tumour (Fig. 5c,d, bottom).

In addition, muPD1-IL2v significantly expanded intratumoural
OVA-specific PD-1'TCF-1" stem-like T cells in comparison to the other
treatments (Fig. Se).

Phenotypic and functional characterization of the PD-1'TCF-1°"/~
OVA-specific CD8" TILs showed that muPDI1-IL2vinduced a significant
expansion of the frequencies of granzyme B'TIM-3" and granzyme
B*TIM-3* populations, whereas muFAP-IL2v and its combination with
muPD-lincreased the frequency of the granzyme B'TIM-3" population
(Fig. 5f,g). The observed differences in the TIM-3 expression profile
following treatment with muPD1-IL2v in the B16-F10-OVA mouse model
and the subcutaneous Panc02-H7-Fluc mouse model might reflect the
differentimmunogenicity of the two types of tumours and the relative
differenceinavidity of the T cell receptors (TCRs) for tumour antigens®.

CDS8' TILs isolated from mice treated with muPD1-1L2v showed
the ability to mount a fast antigen-specific effector response when
re-stimulated for 5 h with an OVA peptide (Fig. Sh).

We further explored two additional mouse models for responsive-
nesstowards muPDI1-IL2v: MCA-205 sarcoma, which s partially sensitive
to PD-1blockade, and RIP-Tag5, a spontaneous pancreatic neuroen-
docrine tumour model that is unresponsive to anti-PD-1 therapy. In
the MCA-205 tumour model, muPD1-IL2v provided superior tumour
growth inhibition to the treated mice in comparison to muPD-1and
muFAP-IL2v as monotherapy and in combination (Fig. 5i). Similarly,
treatment of RIP-Tag5 mice with muPD1-IL2v resulted in increased
survival benefit compared with the combination therapy of muPD-1
plus untargeted mulL-2v (Fig. 5j). Of interest, two complete respond-
ers from the RIP-Tag5 study had to be killed during the study because
of hyperglycaemia as a consequence of the potent anti-tumour
immune response elicited by muPD1-IL2v that evidently resulted in
organ-specific autoimmunity.

Discussion

Stem-like, antigen-experienced PD-1'TCF-1'CD8" T cells, or ‘stem-like
T cells’, have emerged as important determinants of the immune
response in chronicinfections and cancer, with the size of their tumour-
associated pool critical to the success of cancer immunotherapies
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Fig.5|muPDI-IL2v providessurvival benefit and control of tumour growthin
mice withsubcutaneous B16-F10-OVA tumours by expanding cytotoxic
OVA-specificbetter effector CD8’ TILs. In vivo efficacy study and immuno-
pharmacodynamicstudy on the effect of the different therapies, given twice, on
the number, phenotype and effector function of intratumoural and peripheral
CD8' T cellsinsyngeneic mice bearing subcutaneous B16-F10-OVA tumours.

a-d, Survival (a), counts of total CD8" T cells (b), and frequency (c) and count (d) of
OVA-specificCD8"T cellsin the tumour and blood of syngeneic mice bearing
subcutaneous B16-F10-OVA tumours receiving the indicated treatment (n=5-8;
box plots represent the median, minimum/maximum and individual points).

e, Treatment effect on counts ofintratumoural OVA-specific PD-1'TCF-1" stem-like
CD8"Tcells (n=5-8;box plots represent the median, minimum/maximumand
individual points). f, Representative contour plots depicting PD-1'OVA-
Dextramer*double-positive CD8" TILs and their granzyme Band TIM-3
expression3 d after administration of the second dose of treatment asindicated.
g, Treatment effect on frequencies of granzyme B'TIM-3" (left), granzyme
B'TIM-3" (middle) and granzyme B'TIM-3" (right) intratumoural OVA-specific

blocking PD-10r PD-L1(refs.'?). In this study and in the accompanying
article*, we show that PD-1inhibition alone acts on stem-like T cells to
expand apopulation of transitory effector cells but eventually leads to
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CD8' T cells (n=5-8; box plots represent the median, minimum/maximumand
individual points). h, Fold increase in the frequency of CD107a*IFNy*CD8" TILs
fromthe different treatment groups following re-stimulation for 5 hwith either
SIINFEKL or gp100 peptide (n = 3; box plots represent the median, minimum/
maximum and individual points).i, Tumour growth inhibitionin the MCA-205
sarcomamodelinsyngeneic mice (n =9 mice per treatment group; meanzts.e.m.).
Jj,Survivalgraph of tumour-bearing RIP-Tag5 mice either left untreated or
subjected totreatmentasindicated. Tumour progression was monitored by
ultrasoundimaging for 16 weeks. Two mice inthe muPD1-IL2v group developed
hyperglycaemiadue to completeislet tumour regressionand had tobekilled
before the predefined study end of 16 weeks. These mice were still counted as
completeresponders. Numbers of mice were as follows: untreated, n=4;

muPD1 +untargeted mulL-2v, n=5; muPDI-IL2v, n = 10. Statistical analysis was
performedby log-rank Mantel-Cox test: muPD1-IL2v versus muPD1 + untargeted
mulL-2v,P<0.0001.Ina-h,n=5-8 mice per treatment group, 2independent
experiments; statistical comparisons were performed using one-way or two-way
ANOVA with Dunnett’s multiple-comparisons test.

theaccumulation of exhausted T cells. By contrast, adding IL-2 triggers
an alternative differentiation path from stem-like cells to a distinct
subset of highly proliferative and cytotoxic CD8" T cells, or ‘better



effectors’. We found that IL-2 binding to the non-signalling component
ofitsreceptor, CD25, isrequired for this process. However, CD25 bind-
ing can also contribute to unwanted effects of systemic IL-2 therapy,
as occurs with high-dose aldesleukin therapy, and this has led to the
development of various IL-2Rfy-biased agonists with reduced or abol-
ished CD25 binding, currently in clinical trials® %",

To address the challenge of systemic IL-2 therapy without losing
the beneficial properties of IL-2 on stem-like T cells, we substituted
binding to CD25 by targeting PD-1 with a blocking, high-affinity
anti-PD-1antibody fused to an IL-2 variant devoid of CD25 binding.
This allowed specific delivery of enhanced cis IL-2R agonism to PD-1*
antigen-experienced T cells, such as virus-specificand tumour-reactive
T cells. We found that binding in cis of PD1-IL2v to PD-1and IL-2Rf3y on
the cell surface of the same T cell allows IL-2v to differentiate stem-like
CD8'T cellsinto better effectorsin the absence of CD25bindingin both
chronicinfection and cancer models.

In the chronic LCMV infection model, we showed that these better
effectors generated by PD1-IL2v from stem-like T cells have a tran-
scriptional profile closely resembling that of the effector CD8" T cells
describedin theaccompanyingarticle®’, generated following treatment
withacombination of PD-1inhibitionandIL-2, with normal CD25binding.
They share characteristics of effectors generated during anacute infec-
tion, having lower levels of inhibitory receptors (for example, TIM-3)
and transcription factors associated with T cell exhaustion (for exam-
ple, Tox) and higher levels of IFNy and IL-2 production. Better effectors
also have higher levels of effector molecules (for example, granzyme
family members) and inflammatory cytokine receptors (for example,
IL-18R). In addition, expression of genes encoding factors associated
with memory (for example, IL-7R) and migration (for example, CXCR3)
was enhanced in this effector subset. Expansion of these highly prolif-
erative and cytotoxic CD8" T cells with a distinct transcriptional profile
was associated with superior anti-viral and anti-tumour responses.
By contrast, antibodies blocking PD-1and PD-L1alone, orin combination
with clinically relevant doses of IL-2 molecules devoid of CD25 binding
and not targeted to PD-1, could not expand better effectors and instead
induced exhausted T cells, leading to inferior treatment efficacy.

Inthelast decade,immune-checkpointinhibitors targeting the PD-1-
PD-L1pathway haverevolutionized the standard of care for several types
of tumoursby acting on stem-like T cells and expanding tumour-specific
transitory effector cells. The findings described here provide a basis
for the development of a new generation of PD-1-cis-targeted IL-2Rfy
agonists, preferentially targeting antigen-specific stem-like T cells
but expanding an alternative population of better effector cells with
enhanced therapeutic potential for the treatment of cancer and chronic
infections.
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Methods

Human PBMCisolation

Blood samples from healthy volunteers were obtained through ablood
donation centre (Zurich, Switzerland) with approval of the Cantonal
Ethics Committee (Zurich). PBMCs were isolated from the blood of
different healthy donors using density gradient centrifugation with
Histopaque-1077 (Sigma). All cells were cultured in RPMI-1640 (Gibco)
supplemented with 10% heat-inactivated FBS (Gibco), GlutaMAX
(Gibco) and 1% penicillin-streptomycin (100x; Gibco).

Human and mouse CD4" T cellisolation and in vitro activation
Human CD4" T cells were sorted by using a CD4" selection Miltenyi
bead system following the manufacturer’s instructions. Thereafter,
the cells were labelled with CFSE (5 pM, 5 min at room temperature;
eBioscience) or CTV (5 pM, 5 min at room temperature; Thermo Sci-
entific) to measure cell proliferation.

CD4" T cells were seeded into a plate precoated with anti-CD3 anti-
body (1 pg ml™; clone OKT3, BioLegend; overnight, 4 °C) with addition
of soluble anti-CD28 antibody (1 ug ml™; clone CD28.2, BioLegend).
Cells were cultured for 3 d to induce activation and upregulation of
the PD-1receptor on the surface of CD4" T cells.

Spleens of C57BL/6 mice were homogenized to asingle-cell suspen-
sionby mashing the spleenthrougha100-pum cell strainer, and erythro-
cytes were lysed with ACK (ammonium chloride-potassium) lysis buffer
for5minat4 °C.CD4" T cells were sorted witha CD4 negative-selection
Miltenyibead system following the manufacturer’s instructions. CD4"
T cells were seeded into a plate precoated with anti-CD3/anti-CD28
antibodies (5 pg ml™ for clone 145-2C11 (BioLegend) and 5 pg ml™ for
clone 37.51 (BioLegend)) and activated for 3 d.

IL-2R signalling (STAT5-P) in PD-1" and PD-1-blocked CD4" T cells
After3 d ofinvitroactivation, cells were collected and washed multiple
times to remove endogenousIL-2. A portion of the CFSE-labelled T cells
were exposed to 10 pg ml™ of parental anti-PD-1antibody to block the
PD-1epitope for30 minatroomtemperature and, thereafter, unbound
antibody was washed away.

To assess IL-2R signalling (STAT5-P) on human T cells following treat-
ment, both anti-PD-1-pretreated and untreated cells were exposed to
increasing concentrations of PD1-IL2v, FAP-IL2v or FAP-IL2 superkine ana-
logue? for12 minat 37 °C. Toinvestigate the cis/transbinding of PD1-IL2yv,
anti-PD-1-pretreated or untreated CFSE-labelled cells were co-cultured
L:1withuntreated CTV-labelled cells. Cells were then exposed for 12 min
at37°Cto 0.1 pug ml™ (630 pM) of the treatment fusion proteins.

For the mouse ex vivo experiment, the cells were treated with increas-
ing doses of muPD1-IL2v or muFAP-IL2v for 30 min at 37 °C.

Directly after treatment, cells were fixed with Phosphoflow Fix Buffer
1(BD) and incubated for 30 minat 37 °C. Cells were then permeabilized
overnight at—-80 °C with Phosphoflow PermBuffer Il (BD) before being
stained for 30 min at4 °C with anti-STAT5-P-AF647 antibody (clone 47/
pY694, BD Biosciences; 1:20).

Binding competitiononT,,and T, cellsand T,., suppression
assays
CD4'CD25'CD127"" T, cells were isolated from human peripheral
blood with the two-step Regulatory T Cell Isolation kit (Miltenyi). In
parallel, CD4*'CD25 T, cells were isolated by collecting the negative
fraction from selection of CD25* cells (Miltenyi) followed by enrichment
of CD4" cells (Miltenyi). T,,, cells were labelled with CFSE and T, cells
were labelled with CTVto track the proliferation of both populations.
For PD-1and IL-2Rp receptor quantification and PD1-IL2v binding
competition, T,.,and T, cellswere co-cultured atal:lratioinaplate
precoated with anti-CD3 antibody (1 ug ml™; clone OKT3, BioLegend)
with soluble anti-CD28 antibody (1 pg ml™; clone CD28.2, BioLegend).
After 3 d of stimulation, a competitive binding assay was conducted

with1pg ml™ (6.3 nM) of either parental anti-PD-1antibody or PD1-IL2v,
which were both directly labelled with AF647. Cells were incubated
with the directly coupled antibodies for 30 min at 4 °C and fixed with
CellFIX (BD).

Inthe T, suppression assay, the rescue of T, granzyme B produc-
tion following treatment with PD1-IL2v was measured after co-culturing
Teonv Cells together with T,  cellsata2:1ratio for 5d, in the presence or
absence of treatment. Irradiated (40 Gy) feeders from an unrelated
donor were used to elicit allospecific stimulation. Suppression by T,.,
cells was calculated with the following formula:

% Cytokine suppression

=100 - ((% cytokine cytokine )) x100

0,
Tconv+Tregitherapy)/(/° Tconv

where % CytOKiN€rcony + Treg s therapy IS the level of cytokine secreted by T,y
cellsinthe presence of T, cells = treatment and % cytokine ) is the
level of cytokine secreted by T,,, cells in the absence of T, cells and
without treatment.

GM-CSF, granzyme B and IFNy secretion by CD4" T cells

Sorted and CTV-labelled human polyclonal CD4' T cells were activated
with soluble anti-CD3 antibody (1 pg ml™) in the presence of irradiated
(40 Gy) feeder cells from the same donor at a 1:1 ratio and increasing
concentrations of treatment antibodies or aldesleukin (Proleukin,
Novartis). After 5d, GM-CSF secretion was measured by ELISA (BioLe-
gend) following the manufacturer’s instructions. For intracellular flow
cytometry staining, accumulation of cytokinesinthe Golgi complex was
induced by re-stimulating cells withionomycin (500 ng ml™) and phorbol
12-myristate 13-acetate (PMA; 50 ng ml™) together with protein transport
inhibitors (1 pl GolgiPlug and GolgiStop, BD) for 5 h before staining.

Binding competition

CD4' T cells activated for 3 d were exposed to increasing equimolar
concentrations of PD1-IL2v, pembrolizumab or non-blocking PD1-IL2v
for 30 min at 4 °C. After a washing step, cells were incubated for an
additional 30 minat 4 °C with saturating concentrations (10 pg ml™) ofa
parental anti-PD-1antibody conjugated directly to AF647 used to gener-
ate PD1-IL2v. Cells were fixed with CellFIX (BD) after an additional wash.

Flow cytometry staining for cytokine detection and receptor
quantification
Cells were stained in PBS with antibodies to cell-surface markers for
30 minat4 °Cand for live/dead status (with either Aqua Dead Cell Stain
(Invitrogen) during thelast 10 min of incubation or Fixable Viability Dye
eFluor 780 (eBioscience) for 30 minat4 °C). For intracellular staining,
cells were permeabilized with FACS permeabilization buffer (Fixa-
tion/Permeabilization, BD Biosciences or Foxp3 Transcription Factor
Fixation kit, eBioscience) and then incubated with antibodies specific
for cytokines for 60 min at 4 °C. The following antibody mixes were
used: (1) antibodies to human proteins: anti-PD-1 (2.5 pg ml™; clone
EH12.2H7,BioLegend), anti-IL-2RpB (2.5 pg ml™; clone TU27, BioLegend),
isotype control (2.5 pg ml™; clone MOPC-21, BioLegend), anti-CD4 (1:50;
clone RPA-T4, eBioscience), anti-GM-CSF (1:100; clone BVD2-21Cl11,
BioLegend), anti-granzyme B (1:100; GB11, BD Biosciences), anti-IFNy
(1:100; clone 4S.B3, eBioscience); (2) antibodies to mouse proteins:
anti-PD-1 (2.5 ng ml?; clone 29F.1A12 (for syngeneic mice) or clone
EH12.2H7 (for human PD-1-transgenic mice), BioLegend), anti-IL-2R3
(2.5 ug mi%; clone 5H4, BioLegend), isotype control (2.5 pug ml™; clone
RTK2758, BioLegend), anti-TCRp (1:200; clone H57-597, BioLegend),
anti-CD8 (1:200; clone 53-6.7, BioLegend), anti-CD4 (1:100; clone GK1.5,
BioLegend), anti-CD45 (1:300; clone 30-F11, BioLegend), anti-CD62L
(1:200; clone MEL-14, BioLegend), anti-CD44 (1:200; clone IM7, BD),
anti-FoxP3 (1:100; clone 150D, BioLegend).

The number of PD-1and IL-2R receptors was quantified on the cell
surface of PBMCs and TILs of human PD-1-transgenic mice bearing
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Panc02-H7-Fluc tumoursand onactivated human T,.,and T, cells with
the PE Fluorescence Quantitation kit (BD) following the manufacturer’s
instructions. PE-labelled monoclonal antibodies (2.5 pg ml™) were used
to quantify the receptor of interest on gated populations of interest.
Cellsand PE Quantibrite beads were fixed following the same protocol,
and fluorescence datawere acquired while using the same settings. The
number of receptors was quantified following the kit’s instructions.
Ex vivo binding of PD1-IL2v, FAP-IL2v and FAP-superkine analogue
was performed by incubating 630 pM of the constructs for 30 minon
PBMCs from healthy donors. After awashing step, cells were incubated
for an additional 30 min at 4 °C with a PE-labelled antibody recogniz-
ing the PGLALA mutation in the Fc portion of the primary antibodies
together with a panel of antibodies to characterize the phenotype
of the immune-cytokine targeted cells: anti-CD3 (1:100; clone OKT3,
BioLegend), anti-CD4 (1:100; clone OKT4, BD Biosciences), anti-CD8
(1:100; clone RPA-T8, BD Biosciences), anti-TIM-3 (1:20; clone F38-2E2,
BioLegend), anti-CD218a (1:100; clone H44, BioLegend), anti-CD56
(1:20; clone NCAM16.2, BD Biosciences), anti-TCF-1(1:100; C63D9, Cell
Signaling Technology), anti-FOXP3 (1:50; clone 206D, BioLegend) and
anti-PD-1(1:100; clone D4W2J, Cell Signaling Technology) followed by
polyclonal goat anti-rabbit antibody (1.50; BioLegend).
Sampleacquisition was performed onaBD Biosciences LSRII Fortessa
or Symphony A5 instrument with FACSDiva (v9.1; BD Biosciences), and
data were analysed using FlowJo software (v10.8.1; BD Biosciences).

Mice, virus and infection model

Six- to 8-week-old female C57BL/6) and CD45.1 congenic mice were
purchased from the Jackson Laboratory. The following housing con-
ditions for the mice were used: 12-h-light cycle (7:00 am on, 7:00 pm
off), temperature between 68-74 °F, humidity between 30-70 gm™>.
Chronically LCMV-infected mice were generated as follows; mice were
transiently depleted of CD4" T cells by injecting them with 300 pg of
GK1.5antibody intraperitoneally 2 d beforeinfection and againonthe
day of infection, followed by infection of mice with 2 x 10° pfu of LCMV
clone13intravenouslyinthetail vein. Titres of virus were determined by
plaque assay on Vero E6 cells. Allanimal experiments were performed
inaccordance with National Institutes of Healthand Emory University
Institutional Animal Care and Use Committee guidelines.

Mouse tumour models

Panc02-H7-Fluc. Orthotopic and subcutaneous syngeneic models
were used to assess the in vivo efficacy of muPD1-IL2v compared with
the single agents muPD1 and muFAP-IL2v or their combination in
C57BL/6) mice. A subcutaneous syngeneic model was used to assess
the in vivo efficacy of PD1-IL2v compared with pembrolizumab and
aldesleukin or their combination in human PD-1-transgenic C57BL/6)
mice (University of Oxford). Survival and tumour growth inhibition
were the readouts for the orthotopic and subcutaneous models, re-
spectively. In brief, 6- to 8-week-old female C57BL/6) mice (Charles
River) were inoculated with 1 x 10° Panc02-H7-Fluc cells injected into
the pancreas (pancreatic orthotopic model) or 5 x 10° Panc02-H7-Fluc
cellsinjected subcutaneously (subcutaneous model). Mice were main-
tained under specific-pathogen-free conditions with daily cyclesof 12 h
light/12 hdarkness according to guidelines (temperature of 22 °C, dark/
light cycle of 12 h and humidity of 50%; GV-SOLAS, FELASA), and food
and water were provided ad libitum. Continuous health monitoring
was carried out, and the experimental study protocol was reviewed and
approved by the Veterinary Department of Canton Zurich.

Mice were randomized into different treatment groups, and therapy
started when evidence of tumour growth was visible in the target organ
by bioluminescence (7 d after tumour cellinoculation) in the orthotopic
model or when tumours reached an average volume of 200 mm? as
measured by calliper in the subcutaneous model. All treatments were
administered intravenously, and the following doses were investigated:
muPDI1-1L2v at 0.5 and 1 mg kg ™!, muFAP-IL2v at 2.5 mg kg™, muPD1

at10 mg kg™, PD1-IL2v at 0.5 mg kg™, pembrolizumab at 10 mg kg™,
aldesleukin at 900,000 IU kg twice daily. The termination criterion
forthe orthotopic model to kill animals was sickness with locomotion
impairment, and median overall survival was defined as the experimen-
tal day by which 50% of animals had been killed. Kaplan-Meier survival
curves and the pairwise log-rank test were used to compare survival
between animal treatment groups. In the subcutaneous model, tumour
growth inhibition was used as the readout; to test for significant dif-
ferences in group means for multiple comparisons, standard ANOVA
(one-way ANOVA) was used with Dunnett’s method. The JMP statistical
software program was used for analyses.

In the orthotopic model, pancreatic carcinoma cell line
Panc02-H7-Fluc was used in an orthotopic pancreatic model. In brief,
amedian laparotomy was performed under deep general anaesthe-
sia and the pancreas was exposed. Aliquots of 1 x 10° Panc02-H7-Fluc
cells were injected into the pancreas. The pancreas was replaced and
the abdominal wall was closed. Therapy was started 7 d after tumour
cellinoculation whensolid tumoursinthe pancreas were observed by
means of bioluminescence imaging.

In the subcutaneous model, pancreatic carcinoma cell line
Panc02-H7-Fluc (5 x 10° cells) was injected into the subcutis of the left
flank. Tumour volume was measured using a calliper. Tumour volume
was calculated with the formula:

Tumour volume = length x width x depth x 4/3m

Therapy was started when tumour volume reached 150-200 mm?.

Forthe CD8" depletion study, all mice bearing Panc02-H7-Fluc sub-
cutaneous tumours were administered intravenously with anti-mouse
CD8 antibody (InVivoPlus Anti-Mouse CD8q, clone 2.43, BioXCell),
5mg kg three times a week, 1 week before the first administration of
therapy. Depletion of mouse CD8" cells was evaluated in blood by flow
cytometry before the start of therapy.

B16F10-OVA. A subcutaneous melanoma syngeneic model was used
to assess the in vivo efficacy of muPD1-IL2v compared with the single
agents muPD1and muFAP-IL2v or their combination in C57BL/6) mice.
Tumour growth inhibition and survival rate were the readouts for this
subcutaneous model. In brief, 6- to 8-week-old female C57BL/6) mice
(Charles River) wereinoculated subcutaneously with 2 x 10°B16F10-OVA
cells from a B16 cell line overexpressing the OVA protein. As described
previously for the Panc02-H7-Fluc model, mice were maintained under
specific-pathogen-free conditions with daily cycles of 12 hlight/12 h dark-
ness according to guidelines (GV-SOLAS, FELASA) and food and water
were provided ad libitum. Continuous health monitoring was carried out,
and the experimental study protocol was reviewed and approved by the
Veterinary Department of Canton Zurich. Tumour volume was measured
using a calliper. Tumour volume was calculated with the formula:

Tumour volume = length x width x depth x 4/3m

Mice were randomized, 10 d after tumour inoculation, into differ-
ent treatment groups on the basis of tumour size. Therapy started 11d
after tumourinoculation. All treatments were administered subcutane-
ously onceaweek, with the following doses investigated: muPD1-1L2v at
0.5mg kg™, muFAP-IL2v at 1.5and 3 mg kg, combination of muPDI1 at
10 mg kg *and FAP-IL2v at1.5 mg kg . For survival rate curves, the termina-
tion criterion tokill animals was either tumour size or tumour ulceration.
Tumour growthinhibition was anadditional readout; to test for significant
differencesin group means for multiple comparisons, standard ANOVA
(one-way ANOVA) was used with Dunnett’s method. GraphPad Prism
software (v8) was used for graphical representation and analyses.

MCA-205 sarcoma. A subcutaneous fibrosarcoma syngeneic model
was also used to assess the in vivo efficacy of muPD1-IL2v compared



with the single agents muPD1 and muFAP-IL2v or their combination
in C57BL/6) mice at the CRO Antineo (Lyon, France). Tumour growth
inhibition was the readout for this subcutaneous model. In brief, 6- to
8-week-old female C57BL/6) mice (Charles River) were inoculated with
5x10°MCA-205 cells injected subcutaneously. Mice were maintained
under specific-pathogen-free conditions with continuous health moni-
toring according to guidelines (Animalerie Commune Scar Rockefeller,
Lyon, France).

Mice were randomized into different treatment groups, and ther-
apy started when tumours reached an average volume of 100 mm? as
measured by calliper in the subcutaneous model. All treatments were
administered intravenously, with the following doses investigated:
muPDI-IL2v at1and 2 mg kg™, muFAP-IL2v at 2 mg kg ' and muPD1 at
3 mg kg'. Tumour volume was measured using a calliper and calculated
with the formula:

Tumour volume = length x width x depth x 4/3mw

Tumour growthinhibition was used as the readout; to test for signifi-
cant differences in group means for multiple comparisons, standard
ANOVA (one-way ANOVA) was used with Dunnett’s method. The J]MP
statistical software program was used for analyses.

RIP-Tag5 transgenic mouse model of PanNET. The generation of
RIP-Tag5 mice has previously been described®>. The RIP-Tag5 mice in
this study were on a C57BL6/N background (Charles River) and were
males aged 21to 31 weeks. Animal experiments were conducted accord-
ing toprotocols approved by the Veterinary Authorities of the Canton
of Vaud and Swiss law.

To enrol RIP-Tag5 mice into the trial, mice from 22 weeks of age dis-
playing blood glucose levels below 7 mM were screened for the pres-
ence of PanNET islet tumours by ultrasound imaging using a Vevo2100
system with an MS550D 40-MHz transducer (Visual Sonic). RIP-Tag5
mice wererandomly assigned to different treatment groups on the basis
of cumulative tumour burden. The average starting tumour burden was
27 mm?, the average starting age was 26 weeks and the average start-
ing glucose level was 5.5 mM. Tumours were monitored by ultrasound
imagingevery 2 weeks, or every 4 weeks for complete responders, for a
maximum of 16 weeks following the start of treatment. Blood glucose
levels were monitored weekly using an Accu-Chek glucometer (Roche).
Thecriteriafor the endpoint were defined by tumour burden (>50 mm?
or 2-to 4-fold increase on progression for relapsing tumours), hypo-
glycaemia (blood glucose levels at or below 3 mM) and health status.

Therapies were administered by intraperitoneal injection with the fol-
lowing amounts per mouse: muPD1, 250 pg once aweek; DP47-mulL2v
(untargeted mulL-2v), 25 pg once a week; PD1-1L2v, 25 pg once a week
foraduration of 8 weeks.

Histology

For histological analysis, tissue samples were collected, fixed in
10% formalin (Sigma) and later processed for FFPET (Leica, 1020).
Four-micrometre paraffin sections were subsequently cut in a
microtome (Leica, RM2235). Haematoxylin and eosin staining was
performed in an automated Leica system following the manufactur-
er’sinstructions. Mouse PD-1immunohistochemistry was performed
with anti-mouse PD-1(1:250; clone AF1021, R&D Systems) while mouse
granzyme B staining was performed with anti-mouse GZMB (1:250;
clone ab4059, Abcam) on CD3* (1:100; clone SP7, Diagnostic Biosys-
tems) and CD8" (1:300; clone 4SM15, eBiosciences) T cells. Staining
was performed in the Leica autostainer (Leica, ST5010) following the
manufacture’s protocols. Sections were counterstained with haema-
toxylin (Sigma-Aldrich), and slides were scanned using the Olympus
VS120-L100 Virtual Slide Microscope scanner. Quantification of posi-
tive cells from scanimages was performed with Definiens software. For
this, whole scans were uploaded in the tissue developer module and

necrotic areas were excluded with segmentation analysis. Second, a
threshold was set to recognize the brown staining of targeted cells, and
the algorithm for cell quantification or percentage positive area was
subsequently automatically run. The output datawere then transferred
to GraphPad Prism (v8) for analysis of significance by standard ANOVA
(one-way ANOVA) with Dunnett’s correction.

Celllines

Vero E6 cells were obtained from the American Type Culture Collec-
tion, mouse pancreatic cancer cell line Panc02-H7-Fluc was generated
atRoche Glycart and the B16-OVA cell line was purchased from ProQi-
nase. The MCA-205 mouse fibrosarcoma cell line was purchased from
Sigma-Aldrich and was derived from 3-methylcholanthrene-induced
fibrosarcomain C57BL/6 mice. Tumours were maintained in vivo by
serial subcutaneous transplantation in syngeneic mice, and single-cell
suspensions were prepared from solid tumours by enzymatic digestion.
Fromthese cells, the MCA-205 cell line was established and maintained
invitro. Vero E6 cells were not authenticated, while MCA-205, B16-OVA
and Panc02-H7-Fluc cells were authenticated through morphology
and PCR assays with species-specific primers. MCA-205 cells tested
negative for infectious diseases using a Mouse Essential CLEAR panel
by Charles River Animal Diagnostic Services and were negative for
mycoplasma contamination. Batches of the Panc02-H7-Fluc and
B16-OVA celllines are routinely tested in house for mycoplasmaand are
negative.

Lymphocyteisolation

Chronic infection experiments. Lymphocytes were isolated from
theblood, spleen and lung as described previously®. In brief, spleens
were dissociated by passing them through a 70-um cell strainer
(Corning). Lungs were treated with 1.3 mM EDTA in HBSS for 30 min
at 37 °C, with shaking at 200 r.p.m., followed by treatment with
150 U ml™ collagenase (Thermo Fisher Scientific) in RPMI-1640 con-
taining 5% FBS, 1 mM MgCl, and 1 mM CacCl, for 60 min at 37 °C with
shaking at 200 r.p.m. Collagenase-treated lung tissues were homog-
enized and filtered through a 70-um cell strainer. Lymphocytes from
lungs were purified using a 44-67% Percoll gradient (800 g at 20 °C
for20 min).

Cancer model experiments. Mice were killed according to animal
welfare guidelines; tumour tissue and blood were isolated in the animal
facility. Tumour tissue was transferred to PBS and was disrupted using
manual scissors and the Miltenyi Gentle MACS machine. Subsequently,
it was digested in an enzyme mix consisting of RPMI with 10 mg mI™
DNase (Sigma-Aldrich) and 0.25 mg ml™ Liberase (Sigma-Aldrich).
After 30 min of digestion at 37 °C, the tissue mix was filtered through
a70-pum filter and resuspended as a single-cell suspension with an
appropriate volume for subsequent staining with fluorescently
labelled antibodies. Blood was transferred to heparin tubes, and
red blood cells were lysed with erythrocyte lysis buffer. After red
blood cell lysis, cells were resuspended as a single-cell suspension
with an appropriate volume for subsequent staining with fluores-
cently labelled antibodies. Lymphocytes were mechanically isolated
from draining lymph nodes with a pestle, filtered through a 70-um
filter and resuspended as a single-cell suspension with an appro-
priate volume for subsequent staining with fluorescently labelled
antibodies.

Reagents, flow cytometry and in vitro stimulation

Chronic infection experiments. All antibodies for flow cytometry were
purchased fromBD Biosciences, BioLegend, Thermo Fisher Scientific, Cell
Signaling Technology and R&D Systems. D’GP33-41 and D’GP276-286
tetramers were prepared in house and were used to detect LCMV-specific
CDS8" T cells. Streptavidin-PE or streptavidin-APC was purchased from
Thermo Fisher Scientific. Dead cells were excluded by using the Live/Dead
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Fixable Near-IR or Yellow Dead Cell Stain kit (Thermo Fisher Scientific).
For cell-surface staining, antibodies were added to cells at dilutions of
1:20t0 1:500 in PBS supplemented with 2% FBS and 0.1% sodium azide
for30 minonice. Cells were washed three times and fixed with 2% para-
formaldehyde. To detect cytokine production, 1x 10®splenocytes were
stimulated with a pool of nine LCMV-specific peptides (200 ng ml™ each
of GP33-41, GP70-77, GP92-101, GP118-125, GP276-286, NP166-175,
NP205-212,NP235-249 and NP396-404) in a 96-wellround-bottom plate
for5hat37°Cina CO,incubator in the presence of GolgiPlug (BD Bio-
sciences). Samples were acquired on a Canto II, LSR Il or FACSymphony
A3instrument (BD Biosciences) with FACSDiva (v9.1; BD Biosciences),and
datawere analysed by using FlowJo (v9.9.6 or v10.8.1; BD Biosciences).

Cancer model experiments. Single-cell suspensions from tumours and
blood were stained with the following antibodies: Fixable Viability Dye
eFluor 455UV (1:500), AF700 anti-CD45 (1:300; clone 30-F11, BioLegend),
PercP-Cy5.5 anti-TCRp (1:200; clone H57-597, BioLegend), APC-Cy7
anti-CD8 (1:200; clone 53-6.7, BioLegend), PE-Cy7 anti-CD4 (1:200; clone
GK1.5, BioLegend), FITC anti-CD62L (1:200; clone MEL-14, BioLegend),
PE anti-CD127 (1:100; clone A7R34, BioLegend), BV421anti-CD4 (1:200;
clone GK1.5, BioLegend), AF647 anti-granzyme B (1:100; clone GBI11,
BioLegend), BV786 anti-IFNy (1:100; clone XMG1.2, BioLegend), PE-Cy7
anti-TNFa (1:100; clone MP6-XT22, BioLegend), BV421 anti-FoxP3 (1:100;
clone MF-14, BioLegend), AF647 anti-CD39 (1:200; clone Duha59, Bio-
Legend), AF700 anti-granzyme B (1:100; clone QA16A02, BioLegend),
PE-Cy7 anti-Ki67 (1:300; clone 16A8, BioLegend), PE-Cy7 anti-PD-1
(1:200; clone RMP1-30, BioLegend), BV711 anti-CD25 (1:200; clone RMT3-
23, BioLegend), PE-Dazzle594 anti-TIGIT (1:100; clone 1G9, BioLegend),
BV605 anti-IFNy (1:100; clone XMG1.2, BioLegend), BV421 anti-TNFx
(1:100; clone MP6-XT22, BioLegend), AF488 anti-CD107a (1:100; clone
1D4B, BioLegend), BV510 anti-CD44 (1:200; clone IM7, BD Bioscienc-
es), BUV80S5 anti-CD45 (1:100; clone 30-F11, BD Biosciences), BV786
anti-TCRp (1:100; clone H57-597, BD Biosciences), BUV496 anti-CD4
(1:100; clone RM4-5, BD Biosciences), BUV395 anti-CD8 (1:100; clone
53-6.7, BD Biosciences), BUV737 anti-PD-1 (1:100; clone RMP1-30, BD
Biosciences), PE-CF594 anti-CD25 (1:100; clone PC61, BD Biosciences),
BV650 anti-TIM-3 (1:100; clone 5D12, BD Biosciences), PE anti-TCF-1
(1:100; clone S33-966, BD Biosciences), BV650 anti-LAG3 (1:100; clone
C9B7W, BD Biosciences), BV510 anti-SLAMF6 (1:50; clone 13G3, BD Bio-
sciences) and FITC anti-CD218a (1:50; clone REA947, Miltenyi).

Detection of OVA-specific CD8" T cells was performed by using
APC-labelled Dextramer H-2Kb (SIINFEKL) from Immudex (1:100).
Staining with Dextramer was performed by using 0.1% BSAin PBS. For
intracellular staining, cells were fixed and permeabilized using the
FOXP3 Transcription Factor Staining Buffer Set from eBioscience or
the Transcription Buffer Set from BD.

For detection of cytokines, tumour cell suspensions were
re-stimulated with 6.25 ng ml™ PMA (Sigma-Aldrich) and 1.87 pg ml™*
ionomycin (Sigma-Aldrich) for 5 hat 37 °C. After 1 h of re-stimulation,
GolgiPlug (BD) and GolgiStop (BD) were added to the cell suspension.
For antigen re-stimulation, tumour cell suspensions were re-stimulated
with 0.1 ug ml™ gpl100 or SHINFEKL peptide, for 5hat37 °C. Anti-CD107a
antibody was added together with the peptides for 5hat 37 °C. As
before, after 1 h of re-stimulation, GolgiPlug (BD) and GolgiStop (BD)
were added to the cell suspension.

Discrimination of living cells from dead cells was performed using
DAPI (Sigma-Aldrich), Fixable Viability Dye eFluor 780 (eBioscience)
orLive/Dead APC-Cy7 (eBioscience). Samples were acquired witha BD
LSRIIFortessaand aBD FACSymphony ASinstrument by using FACSDiva
(v9.1; BD Biosciences). Data obtained were analysed by using FlowJo
(v10.8.1; BD Biosciences).

Cellsorting
Chronic infection experiments. Cell sorting was performed on a
FACSAria Il (BD Biosciences). For adoptive transfer experiments, two

PD-1-expressing CD8" T cell subsets (PD-1"'CXCR5'TIM-3" and PD-
1'"CXCR5 TIM-3") were sorted from the pooled spleens (n =40-60) of
chronically LCMV-infected mice. For RNA-seq analysis of LCMV-specific
CDS8' T cells after muPD-L1, muPD1-IL2v and muPD-L1 + muPDI-IL2v
therapy, chronically LCMV-infected mice (more than40 d afterinfection;
n=1-18) were left untreated or treated for 2 weeks, and D°GP33'CD8"
T cells were sorted from pooled spleens to obtain at least 2 x 10* cells.
Naive (CD44"%) CD8* T cells were sorted from the pooled spleens of
uninfected mice (n =2-3). Allsamples had purities of greater than 95%.

Cancer model experiments. Single-cell tumour suspensions were kept
oniceduringthe staining and sorting procedure. Cell suspensions from
3-5tumours of the same treatment group were stained with the fol-
lowing antibodies: AF700 anti-CD45 (1:100; clone 30-F11, BioLegend),
BV711anti-CD8 (1:100; clone 53-6.7, BioLegend) and bin channel BV605
anti-CD4 (1:100; clone GK1.5, BioLegend), and BV605 anti-CD11c (1:100;
clone N418, BioLegend). Discrimination of living cells from dead cells
was performed using Live/Dead APC-Cy7 (eBioscience, 65-0865-14;
1:500 for non-fixed samples and cells with incubation for 20 min). Cells
were washed twice, filtered through a40-pm cell strainer, sorted ona
FACSArialllinstrument and acquired with FACSDiva (to enrich viable
single CD45°CD8*CD11c"CD4 " cells.

Mouse PD-L1blockade and treatment with muFAP-IL2wt,
muFAP-IL2v and muPD1-IL2vin vivo

For PD-L1blockade, 200 pg of mouse muPD-L1antibody with the DAPG
mutation (Roche) was administered intraperitoneally into chronically
LCMV-infected mice every 3 d for 2 weeks. Appropriate isotype control
(mouse IgGlisotype control (MOPC-21, BioXCell)) was administered
in untreated mice. For muFAP-IL2 therapy, 1 mg kg™ muFAP-IL2wt
or muFAP-IL2v was administered intraperitoneally into chronically
LCMV-infected mice twice weekly for 2 weeks. For muPD1-IL2v therapy,
1mg kg 'muPD1-IL2v was administered intraperiotenally into chroni-
cally LCMV-infected mice twice weekly for 2 weeks.

Adoptive transfer of two CDS8" T cell subsets

Cellsfromtwo CD8" T cell subsets (4-8 x 10* cells; PD-1"'CXCR5'TIM-3~
and PD-1'CXCR5 TIM-3") isolated from chronically LCMV-infected
mice (CD45.2") were transferred into infection-matched recipient mice
(CD45.1"), followed by muPD1-IL2v treatment for 2 weeks.

RNA isolation and RNA-seq

Chronic infection experiments. Total RNA was extracted by using
the RNeasy Micro kit (Qiagen) or Direct-zol RNA Microprep kit (Zymo
Research) according to the manufacture’s protocols at the Emory Inte-
grated Genomics Core orin house. Preparation of astandard RNA-seq
library was performed at Hudson Alpha or the Emory Yerkes Nonhu-
man Primate Research Center (NPRC) Genomics Core. In brief, RNA
amplification was performed using the Nugen Ovation RNAseq v2
kit or Clontech SMART-Seq v4 Ultra Low Input RNA kit (Takara Bio).
Amplified cDNA was fragmented, and samples were prepared using
the KAPAHyper Prep kit or Nextera XT DNA Library Preparation kit
(Illumina). Pooled libraries were sequenced on an lllumina NovaSeq
6000 with100-bp paired-end reads.

Cancer model experiments. Tumours and lymph nodes were digested
as previously described, and 1-10 Mio cells were stored in liquid ni-
trogen in Ibidi freezing medium. The samples were randomized and
processed in four different batches with ten samples each (tumours
and lymph nodes were processed separately). After thawing a batch
of samples, the cells were stained with a mix of flow cytometry and
oligonucleotide-labelled antibodies (Table 1) and sorted for CD8" T cells
before performing scRNA-seq. In brief, cells were washed once with PBS
before evaluation of both cell number and viability using a Nexcelom
Cellometer Auto 2000. Approximately one Mio cell per sample was



Table 1| Antibodies labelled with a unique oligonucleotide tag identifier for CITE-seq.

Application Marker Clone Oligonucleotide tag Source Concentration
Feature barcoding CD28 37.51 ATTAAGAGCGTGTTG TotalSeg-C, BioLegend Tugml”
Feature barcoding CD44 IM7 TGGCTTCAGGTCCTA TotalSeq-C, BioLegend Tugml™?
Feature barcoding CD62L (L-selectin) MEL-14 TGGGCCTAAGTCATC TotalSeq-C, BioLegend Tmgml™”
Feature barcoding CD39 Duha59 GCGTATTTAACCCGT TotalSeq-C, BioLegend Tugml?
Feature barcoding CD279 (PD-1) RMP1-30 GAAAGTCAAAGCACT TotalSeg-C, BioLegend Tugml”
Feature barcoding CD366 (TIM-3) RMT3-23 ATTGGCACTCAGATG TotalSeq-C, BioLegend Tugml?
Feature barcoding CD223 (LAG-3) C9B7W ATTCCGTCCCTAAGG TotalSeq-C, BioLegend Tugml™
Feature barcoding CD183 (CXCR3) CXCR3-173 GTTCACGCCGTGTTA TotalSeq-C, BioLegend Tugml™
Feature barcoding CD185 (CXCR5) L138D7 ACGTAGTCACCTAGT TotalSeq-C, BioLegend Tugml?
Feature barcoding CD127 (IL-7Ra) A7R34 GTGTGAGGCACTCTT TotalSeg-C, BioLegend Tugml”
Feature barcoding TIGIT (Vstm3) 1G9 GAAAGTCGCCAACAG TotalSeq-C, BioLegend Tugml™
Feature barcoding CD25 PC61 ACCATGAGACACAGT TotalSeq-C, BioLegend Tugml™?
Feature barcoding Ly108 (SLAM-F6) 330-AJ CGATTCTTTGCGAGT TotalSeq-C, BioLegend Tugml™
Feature barcoding CD137 (4-1BB) 17B5 TCCCTGTATAGATGA TotalSeq-C, BioLegend Tugml?
Feature barcoding IL-21R 4A9 GATTCCGACAGTAGA TotalSeg-C, BioLegend Tugml”

resuspended in 50 pl PBS and incubated with 5 pl of Mouse TruStain
FcX Fe Blocking reagent (BioLegend). The mix of flow cytometry and
oligonucleotide-labelled antibodies was added to the cellsin avolume
of 50 pl (final volume, 100 pl). After incubation for 30 minat4 °C, the
cells were washed three times with PBS and resuspended in 500 pl
PBS to obtain a concentration of approximately 1 x 10° cells per ml.
Cells werefiltered through a 40-pm cell strainer and sorted on the BD
FACSAria lll system. The cell number and viability of the sorted cells
were determined using a Nexcelom Cellometer Auto 2000, and a total
0f10,000 viable cells per sample were loaded into the 10x Genomics
Chromium controller. cDNA and library preparation were performed
according to the manufacturer’sindications (scRNA-seq 5’ v2 kit with
TCRand featurebarcoding), and theresulting libraries were sequenced
on anlllumina NovaSeq 6000 sequencer according to 10x Genomics
recommendations (R1=26,i7 =10, i5=10,R2=90) to a depth of ap-
proximately 20,000 reads per cell for the GEX library and 5,000 reads
per cell for both the TCR and feature barcoding libraries.

Analysis of RNA-seq data for virus-specific CD8" T cells during
chronicinfection

Reads were mapped to the GRCm38/mm10 genome®* with HISAT2
(v2.1.0)%. Gene expression was quantified with featureCounts*® (v1.5.2).
DESeq?2 (ref.%’; v1.24.0) was used to normalize for library size and cal-
culate differential expression across groups. A gene was considered
differentially expressed between two groups with an adjusted Pvalue
of <0.05and an average expression of >20 normalized counts across all
samples. PCA was performed on all detected genes using the regular-
ized log transformation from DESeq2. RNA-seq data were visualized
by using Prism software (v9.3.1; GraphPad) and the ComplexHeatmap
R package (v2.2.0)%%.

Single-cell RNA, protein and TCR sequencing analyses of TILs

Fastq files were aligned to the mouse transcriptome (mm10-
2020-A) using CellRanger (count and vdj) v6.0.0 with the parameter
‘--expect-cells = 6000". All cells showing >200 counts were further
merged across all samples and processed with scanpy® and the besca®®
standard workflow. Filtering was performed with the parameters
min_genes = 500, min_cells = 20, min_counts =1000, n_genes = 6000,
percent_mito = 0.08, max_counts =40000. In addition, cells with no
antibody counts were removed. Two samples were excluded because
of low overall quality and very low cell number; all other samples were

included in the analysis. In brief, RNA counts were normalized per
10,000, the top most highly variable genes were selected, total gene
and mitochondrial reads were regressed out, PCA was performed and
the first 50 principal components were used for nearest-neighbour
calculationsand Leiden clustering, as well as for UMAP-based visualiza-
tion. Protein counts were central log ratio (CLR) transformed. Annota-
tion was performed using besca’s sig-annot module, and more detailed
CD8" subpopulations were attributed on the basis of RNA and protein
marker expression and signature enrichment (scanpy.tl.score_genes).
Only clusters containing CD8" T cell populations were retained in the
analysis; clusters 21 (non-immune), 18 (non-T cell), 7 and 19 (myeloid
T celldoublet), 22 (T helper 17 cell) and 20 (T, cell) were excluded as
likely contaminants. Gene signatures used in Fig. 4 are provided in
Table 2. TCRanalysis was performed in Python with the toolkit scirpy®,
and clonotypes were determined on the basis of CDR3 sequence iden-
tity, with the parametersreceptor_arms = "all", dual_ir = "primary_only".
Jupyter notebooks are available for data preprocessing, clustering and
visualization, and cell annotation, as well as for TCR analysis, at https://
github.com/bedapub/PD1-IL2v_in-vivo_TILs_Panc02_publication.

Internalization assays

Imaging. Human CD4" T cells freshly purified from PBMCs were acti-
vated on anti-CD3/CD28-coated plates. Three days after activation,
CD4' T cells were collected and stained with 10 puM CellTracker Blue
CMAC Dye (Invitrogen, C2110) for 15 min at 37 °C; 150,000 cells were
seeded on RetroNectin-coated imaging slides and allowed to adhere for
30 min at 37 °C. For RetroNectin coating, imaging slides were treated
with1pg pl™ RetroNectin (Takara, TIOOB) for 40 min at room tem-
perature. Subsequently, T cells were treated for1hor3hat4 °Cor
37°Cwith 630 pM (0.1 pg ml™) of in-house-produced FAP-IL2v AF647
or 630 pM (0.1 pg ml™?) of in-house-produced PD1-IL2v AF647. Where
indicated, cells were pretreated with 10 pg ml™anti-PD-1to saturateall
PD-1bindingsites. Afterwards, samples were fixed and permeabilized
(BD Cytofix/Cytoperm, 554714) for 20 minat4 °Cand then stained with
anon-competing unconjugated anti-PD-1antibody (1:100; D4W2J, Cell
Signaling Technology) for 45 min at 4 °C, followed by staining with goat
anti-rabbitIgG (H+L), F(ab’), Fragment AF488 (Cell Signaling Technol-
ogy,4412,10t18;2 mg ml™;1:1,000). Allsamples were thenimaged with
aninverted confocal microscope (Leica Sp8), adopting a x40 objective.
For each image, one optical section was acquired with a resolution of
1,024 x 1,024 at a pixel size of 0.379 pm.
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Table 2 | Gene signatures used for Fig. 4 and Extended Data
Fig. 8.

Migration Immune Stem-like CD8" Exhausted Cytotoxicity
checkpoint Tcells(cluster6, CD8*
vehicle) Tcells
Ccr2 Cd160 Pag1 Pdcd1 Gzma
Cxcr3 Lag3 Slco3al Havcr2 Gzmb
Cxcr4 Cd244a Ifit1bl1 Lag3 Gzmc
Cx3cr1 Btla Itgae Entpd1 Gzmf
Sipr1 Pdcd1 Baiap3 Cd38
Itgal Havcr2 Ripor2 Tox
Itga4 Tigit Rasa3
Itgae Cd101 Ly6a
Itgb1 Oas3
Itgb7 Samhd1
Cd44 Gm45552
Ly6c2 Cxcr3
Cxcrb Acss2
Gpr55
Ifi208
Arl4c
Ifi213
Ccr2
5830432E09Rik
Ly9
Rtp4
Nod1
Dtx1
Slfn1

Data analysis. Images were analysed using Imaris 9.5.1 (Bitplane), MAT-
LAB2020a (Mathworks) and GraphPad Prism (v8; GraphPad Software).
In Imaris, images were opened and the cytoplasm was segmented on
the basis of the CellTracker Blue CMAC Dye channel (surface grainsize,
0.758).Subsequently, theimages were transformed to 32 bits; then, us-
ing the Imaris Xtension ‘Distance Transformation’, the distance to the
‘cytoplasmisosurface’ was calculated and saved as a separate channel.
The next segmentation, to approximate the membrane position, was
based on this ‘distance to cytoplasm’ channel (surface grain size, 0.758;
thresholds, 0-0.759 um for distance from cytoplasm). Any touching
segmentation objects were split, such that for every segmented cyto-
plasm asegmented membrane was present. Membrane and cytoplasm
statistics were exported for further analysis.

Acustom MATLAB script was used to match the values for ‘drug aver-
ageintensity’ and ‘PD-1average intensity’ of membrane and cytoplasm
objects, onthe basis of the closest distance for segmented object cen-
troids. Subsequently, the ratio was calculated and exported as a .csv
file. From the exported .csv files, values were copied into GraphPad
Prism for plotting and statistical analysis.

Statistical analysis

Prism software (v8 and v9.3.1; GraphPad) was used for statistical anal-
ysis. Differences among the experimental groups were assessed by
using an unpaired test or a Mann-Whitney test for comparing two
groups. One-way or two-way ANOVA with Dunnett’s or Tukey’s post
hoc test or a Kruskal-Wallis test was used for comparison of more
than two groups. To test for significant differences in tumour growth
inhibition between group means for multiple comparisons, standard
ANOVA (one-way ANOVA) was used with Dunnett’s post hoc testin the
Panc02 mouse tumour model. Log-rank Mantel-Cox tests were used

to compare muPD1-IL2v versus muPD1 + untargeted mulL-2v survival
in the RIP-Tag5 mouse tumour model; Wilcoxon'’s test was used for
comparison of survival inthe orthotopic PancO2 mouse tumour model.

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

Data availability

The scRNA-seq, TCR-seq and CITE-seq data discussed in this publi-
cation have been deposited in ArrayExpress with accession number
E-MTAB-11773. RNA-seq data from chronic infection experiments are
availablein the NCBI Gene Expression Omnibus database under acces-
sion number GSE208556. Source data are provided with this paper.

Code availability

For scRNA-seq, TCR-seq and CITE-seq data analysis, we used Cell-
Ranger (v6.0.0), scanpy (v1.6.0), besca (v2.4) and scirpy (v0.7.1); all
additional custom workbooks are available at https://github.com/
bedapub/PD1-IL2v_in-vivo_TILs_Panc02_publication. Custom code
for RNA-seq analysis in the chronic infection model is available from
the corresponding authors on reasonable request.
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Extended DataFig.1| MuFAP-IL2v fails to synergize withmuPD-L1 therapy e, Representative FACS plots for IFN-y*and INF-y'TNF-a* LCMV-specific CD8"
during chronicLCMV infection. a, Chronically LCMV-infected mice (> day 40 Tcells.f, Numbers of IFN-y* and INF-y TNF-a* LCMV-specific CD8' T cells.
post-infection) were left untreated or treated with muPD-L1, muPD-L1+ muFAP- g, Viraltiterinspleen.Results were pooled from 2-3 experiments withn=2-5

IL2wt, and muPD-L1+muFAP-IL2v therapy for 2 weeks and then CD8" T-cell mice pergroupineach experiment. Dataare presented as geometric mean and
responses and viral titer were examined. b, Representative FACS plots for 95% Cl (c,f) or meanand SD (d,g) with p values. Statistical comparisons were
D°GP33*CDS8* T cellsinspleen. ¢, Numbers of D°GP33* and D°GP276" CDS8* performed using one-way ANOVA with Tukey’s multiple comparison test.

Tcells.d, Phenotypic marker expression on D°GP33* CD8* T cells. Untx, untreated; AF, Alexa Fluor.
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Extended DataFig. 4 |InvitroCD4T cell activation and cytokinerelease by
PDI1-IL2vand invivo expansion of antigen-specific polyfunctional CD8

T cellsby muPDI1-IL2v. a. Dose dependentincrease in frequencies of GM-CSF*
and IFN-y" human polyclonal CD4 T cells upon 5 days of in vitro stimulation with
increasing concentrations of either PD1-IL2v, Aldesleukin, FAP-IL2v or PD-1
antibody (n =4 healthy donors, 2independent experiments, mean + SEM).
b.Frequency of invitro activated, polyclonal human STAT5-P* CD4 T cellsupon
exposure for12 mintoincreasing concentrations of either PD1-IL2v, FAP-IL2v
or FAP-IL2 superkine-analogue. As additional control, part of the PD-1" T cells
were pre-treated with PD-1antibody to prevent PD-1-mediated targeting of

PD1-IL2v (dotted line) (n =2 donors from 2 independent experiments,

mean +SEM). c. Targeting of several T cell subsets and NK cells from fresh
PBMCs by PD1-IL2v, FAP-IL2v and FAP-IL2 superkine-analogue (n = 8 healthy
donors from4independent experiments, box plots representing median,
minimum/maximum and individual points). Statistical comparisons were
performed using two-way ANOVA with Tukey’s multiple comparison test.
d.Frequency of invitroactivated, STAT5-P* murine CD4 T cells upon exposure
for12 mintoincreasing concentrations of either muPDI-IL2v or muFAP-IL2v
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Extended DataFig. 5|See next page for caption.
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Extended DataFig. 5| Comparative analysis of muPDI1-IL2v versus muFAP-

IL2vin combination therapy with muPD-L1during chronicLCMV infection.

a,Representative histogram for expression of PD-1by D°GP33"CD8" T cells,
Foxp3*CD4" T cells (Tregs), conventional (Foxp3~) CD4" T cells, and naive
(CD44"°) CD8* T cells. Al T cells except naive CD8* T cells were isolated from
spleens of chronically LCMV-infected mice (> day 40 post-infection). Naive
CDS8'T cells wereisolated fromuninfected C57BL/6) mice. Theresults are
representative of two experiments (n = 6 for chronically LCMV-infected mice

and n =2 for uninfected mice). b, Chronically LCMV-infected mice (> day 40 post-

infection) were treated with muPD-L1, muPD-L1+ muFAP-IL2v, and muPD-
L1+muPDI-IL2v for 2weeks and then analyzed for CD8 T-cell responses and
viraltiter. ¢, Representative FACS plots for D’GP33* CD8" T cells in spleen.
d, Numbers of D’GP33* CD8" T cells in theindicated tissues. e, Numbers of
IFN-y*, INF-y'TNF-a*, and INF-y*IL-2* LCMV-specific CD8" T cellsin spleen.

f, Phenotypic marker expressionon D°GP33* CD8* T cellsin spleen. g, PCA plot
of RNA-seq for naive CD8* T cells from uninfected mice and D’GP33* CDS8*

T cells from chronically LCMV-infected mice after the indicated treatments.

h, Heat map showing meanrelative expressions of all differentially expressed
genes (n=1954) across treatment groups. i, Viral titer in the indicated tissues.
Results were pooled from 3-5 experiments withn=2-5mice per groupineach
experiment (c-f, i). RNA-seq data for groups of naive, Untx, and muPD-L1 were
obtained from GSE206722. RNA-seq data for muPD-L1+muPD1-IL2v group
were generated from biological triplicates with n =2 mice per replicate (g,h).
Dataare presented as geometric mean and 95% Cl (d,e) or mean and SD (i) with
p values. Statistical comparisons were performed using Kruskal-Wallis test
with Dunn’s multiple comparison test (d,e), one-way ANOVA with Tukey’s
multiple comparison test (f,i). Untx, untreated.
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Extended DataFig. 6 | Immunotherapy of chronically LCMV-infected mice
withmuPD-L1and muPD1-IL2v. Chronically LCMV-infected mice (> day 40 post-
infection) were left untreated or treated with muPD-L1, muPDI1-IL2v, and
muPD-L1+muPDI-IL2v for 2weeks and then analyzed for CD8 T-cell responses.
a,Numbers of D’GP33* CD8" T cells per 1x10° PBMCs. b, CD127 expressionon
D°GP33* CD8* T cellsinspleen. ¢, Spleen cells were isolated from chronically
LCMV-infected mice after the indicated treatments for 2 weeks. One million
cellswere cultured with recombinant mouse IL-12 and IL-18 (20 ng/ml each) for
5h,then GolgiPlug was added, followed by culturing for 1 h. Cells were stained
with surface markersincluding D°GP33-specific tetramer, fixed, and followed
byintracellular staining for IFN-y. d, Representative FACS plots for co-staining
of CD218aand IFN-y gated on D*GP33* CDS8" T cells. e, Frequency of IFN-y* cells
among DYGP33*CDS8* T cellsinresponse to stimulation with IL-12 +IL-18.

0 10% 10* 10° 0
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f,g, Sorted stem-like (PD-1"'CXCR5'TIM-3") and exhausted (PD-1"CXCR5 TIM-3")
CD8" Tcellsisolated from CD45.2" chronically LCMV-infected mice (> 40 days
post-infection) were adoptively transferred into infection-matched CD45.1
recipient mice, followed by muPD1-IL2v therapy for 2 weeks. Representative
FACS plots for the frequency of donor CD45.2" cells (f) and TIM-3 and CD218a
expressionontransferred donor stem-like CD45.2° CD8" T cellsin spleen of
recipients after 2weeks of the treatments (g). Results were pooled from

2-6 experiments withn =2-4 mice per groupineach experiment. Dataare
presented as geometric meanand 95% Cl (a) or mean and SD (b,e) with p values.
Statistical comparisons were performed using Kruskal-Wallis test with

Dunn’s multiple comparison test (a) or one-way ANOVA with Tukey’s multiple
comparisontest (b,e). Untx, untreated; AF, Alexa Fluor.
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Extended DataFig.7|CDST cellsacquire a polyfunctional effector profile
uponmuPD1-IL2v and are critical for its efficacy. Frequency and amount of
PD-1andIL-2RB per T cellin the tumor and blood of huPD1-transgenic mice.
a-b. Left, representative FACS contour plot of PD-1' CD8 TILs secreting granzyme
B, IFN-yand TNF-a across different treatment groups; right, frequency of PD-1
granzymeB"and IFN-y* TNF-a* CD8 TILs (n = 4 mice per group per experiment
from3independent experiments, box plots representing median, minimum/
maximum and individual points). Statistical comparisons were performed
using one-way ANOVA with Tukey’s multiple comparison test.c. Tumor
growthinhibitionand d.CD8T cell countinblood of syngeneic mice bearing
subcutaneous Panc02-H7-Fluc tumors with or without CD8 depletion before the
startoftheindicated treatments (n = 11mice per treatment group, mean + SEM).

e-h.Frequencies of receptor positive T cells and quantification of PD-1 receptors
andIL2RB on T cellsisolated from tumors and blood of untreated human PD-1
transgenic mice bearing Panc02-H7-Fluc (n =4 and n=9 micerespectively, box
plotsrepresenting median, minimum/maximum and individual points).i. (Top)
Percentage of directly conjugated Alexa Fluor-647 parental anti-PD-1bound to
3daysactivated CD4 T cells previously exposed toincreasing concentrations of
either PDI-IL2v, pembrolizumab or non-blocking PD1-IL2v; (bottom) percentage
of PD-1receptorsoccupied by either PD1-IL2v, pembrolizumab or non-blocking
PD1-IL2v and therefore unavailable for binding of the directly conjugated Alexa
Fluor-647 parental anti-PD1 (n = 2 healthy donors from 2 independent
experiments, mean + SEM).
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Tcellsthatare shared with their progeny with low clonotype (<10) or high
clonotype expansion (210). (a-e). n=3-4 mice per treatment group.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [0 O OX O O0Os

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  FACSDiva (BD Biosciences), Olympus VS120-L100 Virtual Slide Microscope scanner, llumina NovaSeq 6000, 10X Genomics, confocal
microscope (Leica Sp8)

Data analysis FACS data: FlowJo v. 9.9.6 or 10.8.1(BD Biosciences), GraphPad Prism v.8 or v.9.3.1, Microsoft Excel 14.7.7.
RNA-seq analysis:R Studio v.1.3.1093, HISAT2 v.2.1.0, featureCounts v.1.5.2, DESeq2 v.1.24.0, ggplot2 v.3.3.2, ComplexHeatmap R package (v
2.2.0).
Single Cell RNA-seq:CellRanger v3.1 or v.6.0.0, Seurat v.3.0, VISION R package v.1.1.0. scanpy 1.6.0 and the besca 2.4 standard workflow
TCR analysis was performed in Python with the toolkit scirpy 0.7.1
Confocal images: Imaris 9.5.1 (Bitplane), Matlab 2020a (Mathworks)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The scRNA-seq., TCRseq. and CITEseq. data on tumor infiltrating lymphocytes discussed in this publication have been deposited in ArrayExpress with the accession
number E-MTAB-11773.

RNA-seq data from chronic infection experiments are available in the NCBI Gene Expression Omnibus (GEO) database under the accession number GSE208556.
Reads were mapped to the GRCm38/mm10 genome53 with HISAT2 version 2.1.054. Gene expression was quantifed by featureCounts55 (v.1.5.2). DESeq2 (Love et
al., 2014, v.1.24.0) was used to normalized for library size and calculate differential expression across groups.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Sex: 39 females and 11 males
Population characteristics Healthy donors, born between 1949-2001

Recruitment Healthy donors that donate blood on volunteer basis at the blood donation center (Blutspende Zirich, Switzerland, https://
www.blutspendezurich.ch/) randomly allocated to Roche

Ethics oversight Approval of the Cantonal Ethics Committee (Zurich)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For the chronic infection experiments: No statistical methods were used to predetermine sample size. Sample sizes were chosen based on
previous experiences (West E. E. et al, PD-L1 blockade synergizes with IL-2 therapy in reinvigorating exhausted T cells. J Clin Invest 123,
2604-2615, doi:10.1172/JCI67008 (2013).), balancing statistical robustness and animal welfare.
For the cancer model experiments: group size is determine statistically using JMP statistic software program to allow significant difference
with minimun amount of mice per group to comply with country animal welfare guidelines.
For in-vitro and ex-vivo experiments 3 to 6 different donors from 3 to 6 independent experiments were used based on inter-donor variability,
data homogeneity and statistical significance.
For imaging studies at least 12 cells were analyzed from the selected optical section in order to have statistical significance.

Data exclusions | For scRNAseq on TILs: two samples were excluded because of low overall quality and very low cell number, respectively, all other samples
were included in the analysis.

Replication All data were reliably reproduced. The number of repeats and sample sizes are provided in each figure legend.

Randomization  For chronic infection model: LCMV chronically infected mice were randomly assigned to experimental groups.
For mouse tumor models: Randomization is performed with the use of an automated software in the POMES platform. Group size is
determine statistically to allow significant difference with minimun amount of mice per group to comply with country animal welfare
guidelines.
For in-vitro studies all used donors were either left untreated (negative control) or were exposed in parallel to equimolar concentrations of all
the indicated therapies.

Blinding For the chronic infection model: investigators were not blinded to group allocation during experimental setup, data collection, and analysis.
No blinding was performed since we did not have the personnel resources to consistently perform blinding.
For the mouse tumor models: investigators were blinded to group allocation during data collection and analysis by means of assigning letters
to the treatment groups by people involved in preparing the drug dilutions that need to be injected. Technical involved personnel are
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randomly assigned to studies during data collection and unaware of the hyphotesis/expected outcome of treatment groups.
For in-vitro and ex-vivo studies there was no blinding but the data were reproduced by different technical personnel.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
|:| |Z Antibodies |Z |:| ChiIP-seq
|:| Eukaryotic cell lines |:| Flow cytometry
|Z |:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging
|:| Animals and other organisms
XI|[] clinical data
X |:| Dual use research of concern
Antibodies
Antibodies used The complete antibody list is provided as supplementary information.

Ex-vivo binding on human PBMCs

Marker Fluorophore Clone #CAT Company Dilution/Final Concentration
Live/Dead APC-Cy7 65-0865-14 eBioscience 1:500

CD45 AF700 HI30 56-9459-42 eBioscience 1:100

CD3 BV605 OKT3 317322 Biolegend 1:100

CD4 BUV496 OKT4 612936 BD Biosciences 1:100

CD8 BUV395 RPA-T8 563795 BD Biosciences 1:100

CD366 (TIM-3) BV711 F38-2E2 345024 Biolegend 1:20

LAG3 (CD223) PerCP-Cy5.5 3DS223H 46-2239-42 eBioscience 1:20
TIGIT BV786 741182 747838 BD Biosciences 1:20

CD218a (IL-18Ra) FITC H44 313810 Biolegend 1:100

CD56 BV5480 NCAM16.2 566124 BD Biosciences 1:20

TCR g/d PE-Cy7 B1 331222 Biolegend 1:50

PG-LALA PE NA Roche 1:650 (2.5ug/ml)

TCF-1/TCF-7  AF647 C63D9 67095 Cell Signaling Technologie 1:100
PD-1 IC D4W2J 86163S Cell Signaling Technologie 1:100

Goat anti-Rabbit secondary ab BV421 Polyclonal 565014 BD 1:100
FOXP3 PE-CF594 206D 320126 Biolegend 1:50

In-vitro experiment on human CD4 T cells (incl. T con and Tregs)
Marker Fluorophore Clone #CAT Company Dilution/Final Concentration
Stat5 (pY694) AF647 47/Stat5 (pY694) 562076 BD 1:20

PD-1 PE EH12.2H7 329906 Biolegend 2.5ug/ml

IL2Rb PE TU27 339006 Biolegend 2.5ug/ml

isotype PE MOPC-21 400112 Biolegend 2.5ug/ml

Parental PD-1 AF647 0376 NA Roche 1ug/ml

PD1-1L2v AF647 0376-1L2v fused NA Roche 1ug/ml

CD4 AF700 RPA-T4 56-0049-42 eBioscience 1:50

live/dead Aqua Dead Cell Stain - L34966 Invitrogen 1:1000
Granzyme B AF647 GB11 561999 BD Biosciences 1:100

GM-CSF PE BVD2-21C11 502306 Biolegend 1:100

IFNy PE-Cy7 4S.B3 25-7319-82 eBioscience 1:200

Ex-vivo receptor quantification on mouse TiLs and T cells from blood
Marker Fluorophore Clone #CAT Company Dilution/Final Concentration
PD-1 PE 29F.1A12 135206 Biolegend 2.5ug/ml

PD-1 PE EH12.2H7 329906 Biolegend 2.5ug/ml

IL2Rb PE 5H4 105906 Biolegend 2.5ug/ml

TCRb BV421 H57-597 109230 Biolegend 1:200

CD8 BV395 53-6.7 565968 BD Biosciences 1:200

CD4 AF488 GK1.5 100406 Biolegend 1:100

CD62L BV711 MEL-14 104445 Biolegend 1:200

CD44 BV480IM7 566116 BD Biosciences 1:200

FOXP3 AF647 150D 320014 Biolegend 1:100

Antibodies used for the LCMV-chronic infection
Marker Fluorophore Clone #CAT Company Dilution
CD4 BUV563 RM4-5 741217 BD Biosciences 1:500
CD4 FITC RM4-5 553046 BD Biosciences 1:500
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CD4 V500 RM4-5 560782 Biolegend 1:500

CD4 BV605 RM4-5 100548 Biolegend 1:500

CD4 BV711 RM4-5 100557 Biolegend 1:500

CD4 PE-Cy7 RM4-5 25-0042-82 Thermo Fischer Scientific 1:500

CD4 APC-eFluor 780 RM4-5 47-0042-82 Thermo Fischer Scientific 1:500
CD8a BUV496 53-6.7 563786 BD Biosciences 1:100

CD8a BV421 53-6.7 100753 Biolegend 1:150

CD8a BV605 53-6.7 100744 Biolegend 1:100

CD8a PerCP 53-6.7 553036 BD Biosciences 1:100

CD19 BUV563 1D3 749028 BD Biosciences 1:150

CD19 BV510 1D3 115546 Biolegend 1:150

CD19 BV605 1D3 115540 Biolegend 1:150

CD19 PE-Cy7 1D3 25-0193-82 Thermo Fischer Scientific 1:150

CD19 APC-eFluor 780 1D3 47-0193-82 Thermo Fischer Scientific 1:150
CD44 BUV805 IM7 741921 BD Biosciences 1:500

CD44 FITCIM7 561859 BD Biosciences 1:500

CD44 AF700 IM7 56-0441-82 Thermo Fischer Scientific 1:100

CD45.2 APC 104 109814 Biolegend 1:100

CD127 BUV737 SB/199 612841 BD Biosciences 1:100

CD127 PE A7R34 12-1271-83 Thermo Fischer Scientific 1:100

CD218a PE P3TUNYA 12-5183-82 Thermo Fischer Scientific 1:100
CD218a PE-Cy7 P3TUNYA 25-5183-82 Thermo Fischer Scientific 1:100
CXCR3 PE-Cy7 CXCR3-173 25-1831-82 Thermo Fischer Scientific 1:100
CXCR5 BV421 L138D7 145512 Biolegend 1:50

CX3CR1 BV785 SA011F11 149031 Biolegend 1:500

Foxp3 PE-Cy7 FJK-16s 25-5773-82 Thermo Fischer Scientific 1:250
IL-2 PE JES6-5H4 554428 BD Biosciences 1:100

IFN-y BV421 XMG1.2 505830 Biolegend 1:100

IFN-y APC XMG1.2 554413 BD Biosciences 1:100

PD-1 PE RMP1-30 109104 Biolegend 1:100

PD-1 APCRMP1-30 109112 Biolegend 1:100

TCF-1 PE S33-966 564217 BD Biosciences 1:100

Tim-3 BUV395 5D12 747620 BD Biosciences 1:100

Tim-3 AF488 215008 FAB1529G R&D systems 1:20

TNF-a BV421 MP6-XT22 506328 Biolegend 1:100

TNF-a PE MP6-XT22 554419 BD Biosciences 1:100

Name Clone #Catalogue

anti-mouse PD-L1 with DAPG mutation NA NA Roche 200 ug/mouse/injection
mouse 1gG1 isotype control MOPC-21 BEO083 BioXcell 200 pug/mouse/injection
anti-mouse CD4 GK1.5 BEO0O3-1 BioXcell 300 ug/mouse/injection

Antibodies used for TILs characterization in mouse tumor-model
Marker Fluorochrome clone Cat number Provider Dilution
Fixable Viability Dye eFluor™ 455UV 65-0868-14 1:500
CD45 AF700 30-F11 103128 Biolegend 1:300

TCRb PercP-Cy5.5 H57-597 109228 Biolegend 1:200
CD8 APC-Cy7 53-6.7 100714 Biolegend 1:200

CD4 PE-Cy7 GK1.5 100422 Biolegend 1:200

CD62L FITC MEL-14 104406 Biolegend 1:200

CD127 PE A7R34 135010 Biolegend 1:100

TCRb PerCP-Cy5.5 H57-597 109228 Biolegend 1:200
CD4 BV421 GK1.5 100438 Biolegend 1:200

Granzyme B AF647 GB11 515406 Biolegend 1:100
IFN-g BV786 XMG1.2 505838 Biolegend 1:100

TNFa PE-Cy7 MP6-XT22 506306 Biolegend 1:100
FoxP3 BV421 MF-14 126419 Biolegend 1:100

CD39 AF647 Duha59 143808 Biolegend 1:200
Granzyme B AF700 QA16A02 372222 Biolegend 1:100
ki67 PE-Cy7 16A8 652426 Biolegend 1:300

PD1 PE-Cy7 RMP1-30 109110 Biolegend 1:200

CD25 BV711 RMT3-23 102049 Biolegend 1:200

TIGIT PE-Dazzle594 1G9 142110 Biolegend 1:100
IFN-g BV605 XMG1.2 505840 Biolegend 1:100

TNFa BV421 MP6-XT22 506328 Biolegend 1:100
CD107a AF488 1D4B 121608 Biolegend 1:100

CD44 BV5101M7 563114 BD Biosciences 1:200

CD45 BUV805 30-F11 BDB748370 BD Biosciences 1:100

TCRb BV786 H57-597 742484 BD Biosciences 1:100
CD4 BUV496 RM4-5 612952 BD Biosciences 1:100

CD8 BUV395 53-6.7 563786 BD Biosciences 1:100
PD-1 BUV737 RMP1-30 749306 BD Biosciences 1:100
CD25 PE-CF594 PC61 562694 BD Biosciences 1:100

Tim3 BV650 5D12 747623 BD Biosciences 1:100

TCF1 PE S33-966 564217 BD Biosciences 1:100

LAG3 BV650 C9B7W 740560 BD Biosciences 1:100
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SLAMF6 BV510 13G3 745073 BD Biosciences 1:50

CD218a FITC REA947 130-115-703 Miltenyi 1:50

OVA-dextramer H-2 Kb ((SIINFEKL) APC JD2163 Immudex 1:100

Rat anti-mouse CD8a  InVivoPlus 2.43 BP0061 BioXcell 100 pug/mouse/injection

Feature barcoding

Marker Oligo Tag Clone Source Concentration (1 pg/ml)

CD28 ATTAAGAGCGTGTTG 37.51 TotalSeq-C, BioLegend 1

CD44 TGGCTTCAGGTCCTA IM7 TotalSeq-C, BioLegend 1

CD62L (L-selectin) TGGGCCTAAGTCATC MEL-14 TotalSeqg-C, BioLegend 1
CD39 GCGTATTTAACCCGT Duha59 TotalSeqg-C, BioLegend 1

CD279 (PD-1) GAAAGTCAAAGCACT RMP1-30 TotalSeqg-C, BioLegend 1
CD366 (Tim-3) ATTGGCACTCAGATG RMT3-23 TotalSeq-C, BioLegend 1
CD223 (LAG-3) ATTCCGTCCCTAAGG C9B7W TotalSeq-C, BioLegend 1
CD183 (CXCR3) GTTCACGCCGTGTTA CXCR3-173 TotalSeq-C, BioLegend 1
CD185 (CXCR5) ACGTAGTCACCTAGT L138D7 TotalSeqg-C, BioLegend 1
CD127 (IL-7Ra) GTGTGAGGCACTCTT A7R34 TotalSeq-C, BioLegend 1
TIGIT (Vstm3) GAAAGTCGCCAACAG 1G9 TotalSeq-C, BioLegend 1
CD25 ACCATGAGACACAGT PC61 TotalSeq-C, BioLegend 1

Ly108 (SLAM-F6) CGATTCTTTGCGAGT 330-AJ TotalSeq-C, BioLegend 1
CD137 (4-1BB) TCCCTGTATAGATGA 17B5 TotalSeq-C, BioLegend 1
IL-21R GATTCCGACAGTAGA 4A9 TotalSeq-C, BioLegend 1

Histology

Marker Fluorochrome clone Cat number Provider Dilution

CD3 SP7 RMABOOS Diagnostic Biosystems 1:100

CD8 4SM15 14-0808-82 eBioscience 1:300

PD-1 Polyclonal AF1021 R&D Systems 1:250

Granzyme B Polyclonal Ab4059 Abcam 1:250
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Confocal Imaging

Marker Fluorochrome clone Cat number Provider Dilution

PD-1 IC D4W2J 86163S Cell Signaling Technologie 1:100

Goat anti-rabbit IgG (H+L), F(ab’)2 Fragment AF488 Polyclonal 4412S Cell Signaling Technologie 1:1000
Parental PD-1 Pure 0376 NA Roche 10ug/ml

PD1-1L2v AF647 0376-IL2v fused NA Roche 1ug/ml

FAP-IL2v AF647 4B9-IL2v fused NA Roche 1ug/ml

Cell sorting

Marker Fluorochrome clone Cat number Provider Dilution
CD45 AF700 30-F11 103128 Biolegend 1:100

CD8 BV711 53-6.7 100748 Biolegend 1:100

CD4 BV605 (Bin channel) GK1.5 100451 Biolegend 1:100
CD11c BV60S (Bin channel) N418 117334 Biolegend 1:100
Live/Dead APC-Cy7 65-0865-14 eBiosciences 1:500

Validation For FACS and CITE-seq the antibodies have been titrated (2 fold serial dilutions of the recommended concentration) on human
healthy donor PBMCs or mouse splenocytes for meaningful biological patterns against common cell line markers (CD45, CD3, CD4,
CD8, CD56, FOXP-3, gd T cells) and differentiation state (CD62L, CD44 and CD127) by monitoring the frequencies of positive cells
(known from previous experiment and the available literature) and the background signal by using also FMO or an isotype control
staining; for markers associated with exhaustion or activation (PD-1, TIM-3, LAG-3, TIGIT, CD218a, CD25) cytokine secretion (GM-
CSF, Granzyme B, IFN-g and TNF-a) and IL-2R signalling (STAT-5P) manufactures' recommendations have been followed and the
staining assessed on either 3 days polyclonally activated human T cells or murine splenocytes.

The selected titration for murine antibodies were then further validated on mouse TILs isolated from tumors of untreated mice.
Detailed information and references for validation and QC are shown in https://www.biolegend.com/en-us/quality/quality-
control,https://www.bdbiosciences.com/en-ch/products/reagents/flow-cytometry-reagents/research-reagents/quality-and-
reproducibility.

Antibodies for IHC are set up and validated using negative and positive mouse tissue and cell pellets from in-vitro 3 days activated
murine T cells, isotype control antibodies and omission of primary antibody during the staining. 3 serial dilutions are tested to
address the dynamic range of the assay.

For Imaging staining the intracellular PD-1 staining antibody was used at concentrations suggested by Cell Signaling Technologies
(https://www.cellsignal.com/products/primary-antibodies/pd-1-d4w2j-xp-rabbit-mab/86163)

For in-vivo depletion of CD8 T cells with Rat anti-mouse CD8a InVivoPlus clone 2.43 from BioXcell we referred to Lin J-S, Szaba FM,
Kummer LW, Chromy BA, and Smiley ST. 2011. J. Immunol. 187: 897-904, Wozniak KL, Young ML, and Wormley FL. 2011. Clin.
Vaccine Immunol. 18(5):717-723 and Hufford MM, Kim TS, Sun J, and Braciale TJ. 2011. J. Exp. Med. 208: 167-180.

Lcoc Y210y

For in-vitro experiments immunocytokines (PD1-1L2v, FAP-IL2v, nbPD1-IL2v) were used at EC50 concentration (630 pM) obtained
from the dose response IL-2R signaling curves on 3 days polyclonally activated CD4 T cells.

Anti-mouse PD-L1 antibody with DAPG mutation was validated by Roche and the previous study (Klein, C. et al. Cergutuzumab
amunaleukin (CEA-IL2v), a CEA-targeted IL- 2 variant-based immunocytokine for combination cancer immunotherapy: Overcoming
limitations of aldesleukin and conventional IL-2-based immunocytokines. Oncoimmunology 6, €1277306,




doi:10.1080/2162402X.2016.1277306 (2017)).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Vero E6 cells (ATCC)
Panc02-H7-Fluc cell line was generated at Roche Glycart.
B16-OVA cell line was purchased from ProQinase.
SCC173 Sigma-Aldrich MCA205 Mouse Fibrosarcoma Cell Line: MCA-205 was derived from 3-methylcholanthrene-induced
fibrosarcoma in C57BL/6 mice. Tumors were maintained in vivo by serial subcutaneous transplantation in syngeneic mice and
single-cell suspensions were prepared from solid tumors by enzymatic digestion. From these cells the MCA-205 cell line was
established and maintained in vitro.
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Authentication Vero E6 cells were not authenticated.
MCA-205, B16-OVA and Panc02-H7-Fluc were authenticated through morphology and PCR assays with species specific
primers.

Mycoplasma contamination MCA-205: Cells are tested negative for infectious diseases by a Mouse Essential CLEAR panel by Charles River Animal

Diagnostic Services: cells are negative for mycoplasma contamination.
Panc02-H7-Fluc cell line and B16-OVA cell line batches are routinely tested for mycoplasma and are negative.

Commonly misidentified lines  No commonly misidentified cell lines were used in this study
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Six- to 8-week-old female C57BL/6J and CD45.1 congenic mice were purchased from the Jackson Laboratory for chronic infection
model and Charles Rivers, Lyon, France for the mouse tumor models except the RIP-Tag mouse tumor model performed on males
aged from 21 to 31 weeks.

For chronic infection model:
All animal experiments were performed in accordance with National Institutes of Health and the Emory University Institutional
Animal Care and Use Committee guidelines.

The following housing conditions for the mice are used.

For the chronic infection experiments:

-Light Cycle is 7:00 am ON, 7:00 pm OFF

-Temperature is between 68-74 degrees Fahrenheit

-Humidity is between 30-70 g/m3

For the mouse tumor model:

Mice were maintained under specific-pathogen-free conditions with daily cycles of 12 hours light/darkness according to guidelines
(temperature of 22°C, dark/light cycle of 12h, and humidity of 50%, GV-SOLAS; FELASA) and food and water were provided ad
libitum. Continuous health monitoring was carried out and the experimental study protocol was reviewed and approved by the
Veterinary Department of Canton Zurich.

Wild animals No wild animals were used
Reporting on sex Female mice were used in the chronic infection and tumor models
Field-collected samples  No field collection was performed

Ethics oversight For the chronic infection: All animal experiments were performed in accordance with National Institutes of Health and the Emory
University Institutional Animal Care and Use Committee guidelines.
For mouse tumor models: experimental study protocol was reviewed and approved by the Veterinary Department of Canton Zurich.
For the RIP-Tag mouse tumor model Animal experiments were conducted according to protocols approved by the Veterinary
Authorities of the Canton of Vaud and the Swiss Law.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Human PBMC isolation

Blood samples from healthy volunteers were obtained via the blood donation center (Zurich, Switzerland) with approval of
the Cantonal Ethics Committee (Zlrich). PBMC were isolated from the blood of different healthy donors using density
gradient centrifugation with Histopaque-1077 (Sigma). All cells were cultured in RPMI 1640 (Gibco) suplemented with 10%
heat-inactivated FBS (Gibco), GlutaMAX (Gibco), and 1% penicillin-streptomycin 100x (Gibco).

Human and murine CD4 T cell isolation and in vitro activation

Human CDA4T cells were sorted by using a CD4-positive selection Miltenyi beads system following manufacturer instructions.
Thereafter the cells were labelled with CFSE (5 uM, 5 min at RT, eBioscience) or CTV (5 uM, 5 min at room temperature,
Thermo Scientific) to measure cell proliferation.

CD4 T cells were seeded into an aCD3 pre-coated plate (1 ug/ml, clone OKT3, BioLegend overnight, 4°C) with addition of
soluble aCD28 (1 ug/ml, clone CD28.2, BioLegend). The cells were cultured for 3 days to induce activation and upregulation
of the PD-1 receptor on the surface of the CD4 T cells.

Spleens of C57BL/6 mice were homogenized to a single cells suspension by mashing the spleen through a 100 uM cells
strainer and the erythrocytes were lysed with ACK (ammonium-chloride-potassium) lysis buffer for 5 min at 4°C. CD4 T cells
were sorted with a CD4-negative selection Miltenyi beads system following manufacturer instructions. CD4 T cells were
seeded into an aCD3/ aCD28 pre-coated plate (5 ug/ml, clone 145-2C11, BioLegend and 5 pg/ml, clone 37.51 BioLegend) and
activated for 3 days.

Binding competition on Treg and Tconv and Treg suppression assay

CD4+ CD25+ CD127dim regulatory T cells (Tregs) were isolated from human peripheral blood with the two-step regulatory T
cell Isolation Kit (Miltenyi). In parallel the CD4+ CD25- conventional T cells (Tconv) were isolated by collecting the negative
fraction of a CD25-positive selection (Miltenyi) followed by CD4+ enrichment (Miltenyi). Tconv were labelled with CFSE and
the Tregs were labelled with Cell Trace Violet to track the proliferation of both populations.

For the PD-1 and IL2Rb receptor quantification and the PD1-IL2v binding competition, Tregs and Tconv were cocultured at a
1:1 ratio into a aCD3 pre-coated plate (1 ug/ml, clone OKT3, BioLegend) with soluble aCD28 (1 ug/ml, clone CD28.2,
BioLegend).

In the Treg suppression assay, the rescue of Tconv granzyme B production upon PD1-IL2v treatment was measured upon co-
culturing Tconv together with Treg at 2:1 ratio for 5 days, in presence or absence of treatment. Irradiated (40 Gy) feeders
from an unrelated donor where used to elicit an allospecific stimulation.

GM-CSF, granzyme-B and IFN-g secretion by CD4 T cells

Sorted and CTV labelled human polyclonal CD4 T cells were activated with soluble aCD3 (1 pg/ml) in presence of irradiated
(40 Gy) feeder cells from the same donor at 1:1 ratio and increasing concentrations of treatment antibodies or aldesleukin
(Proleukin, Novartis). After 5 days, GM-CSF secretion was measured with ELISA (BioLegend) following manufacturer
instructions. For intracellular FACS staining, the accumulation of cytokines in the Golgi complex was induced by re-stimulating
the cells with ionomycin (500 ng/ml) and PMA (50 ng/ml) together with protein transport inhibitors (GolgiPlug and GolgiStop,
BD) for 5 hours prior to the FACS staining.

Binding competition

3 days activated CD4 T cells were exposed to increasing equimolar concentrations of either PD1-IL2v, pembrolizumab or non-
blocking PD1-IL2v for 30 min at 4°C. After a washing step, the cells were incubated for additional 30 min at 4°C with
saturating concentrations of an Alexa Fluor-647 directly conjugated parental PD-1 antibody used to generate PD1-IL2v. The
cells were fixed with Cell fix (BD) after an additional washing.

Flow cytometry staining for cytokine detection and receptor quantification

The cells were stained in PBS with surface antibodies for 30 min at 4°C and for being live/dead (either Aqua Dead Cell Stain,
Invitrogen, during the last 10 min of incubation, or Fixable Viability Dye eFluor 780, eBioscience, for 30 min, 4°C). For
intracellular staining, cells were permeabilized with FACS permeabilization buffer (fixation/permeabilization, BD Biosciences
or Foxp3 Transcription Factor Fixation kit, eBioscience) and then incubated with antibodies specific for cytokines for 60 min
at 4°C. The following antibodies mixes were used:

1) human: PD1 (clone EH12.2H7 BioLegend, IL2Rb (clone TU27, BioLegend), isotype control (clone MOPC-21, BioLegend), CD4
(clone RPA-T4, eBioscience), GM-CSF (clone BVD2-21C11, BioLegend), GrzB (GB11, BD Biosciences), IFNg (clone 4S.B3,
eBioscience)

2) mouse: PD1 (clone 29F.1A12 Biolegend), IL2R (clone 5H4, BioLegend), isotype control (clone RTK2758, BioLegend), TCR-B
(clone H57-597, Biolegend), CD3 (clone 145-2C11, BioLegend), CD8 (clone 53-6.7, BD), CD4 (clone GK1.5, BioLegend), CD45
(clone 30-F11, BioLegend), CD62L (clone Mel-14, BioLegend), CD44 (clone IM7, BD), FoxP3 (clone 150D, BioLegend).

The number of PD-1 and IL-2RB receptors were quantified on the cell surface of PBMCs and TILs of huPD1 transgenic mice
bearing Panc02-H7-Fluc tumors and on human activated Tregs and Tconv with the PE Phycoerythrin Fluorescence

)
Q
—
(e
(D
©
O
=
s
<
-
(D
o
O
a
>
(@)
wn
[
3
=
Q
A

Lcoc Y210y




Instrument

Software
Cell population abundance

Gating strategy

Quantitation Kit (BD) following manufacturer’s instructions. 2.5 pg/ml of PE-labeled monoclonal antibodies were used to
quantify the receptor of interest on gated populations of interest. The cells and the PE Quantibrite beads were fixed following
the same protocol and fluorescence data acquired while using the same settings. The number of receptors was quantified
following the kit instructions.

Ex-vivo binding of PD1-1L2v, FAP-IL2v and FAP-Superkine-analogue was performed by incubating 630 pM of the constructs for
30 min on healthy donors PBMCs. After a washing step the cells were incubated for an additional 30 min at 4°C with a PE-
labelled antibody recognizing the PGLALA mutation in the Fc-portion of the primary antibodies together with a panel of
antibodies to characterize the phenotype of the immune-cytokine targeted cells: CD3 (clone OKT3), CD4 (clone OKT4), CD8
(clone RPA-T8), TIM-3 (clone F38-2E2), CD218a (clone H44), CD56 (clone NCAM16.2), TCF-1 (C63D9) FOXP3 (clone 206D) and
PD-1 (clone D4W2J).

Lymphocyte isolation

1. For chronic infection experiments

Lymphocytes were isolated from the blood, spleen and lung as described previously52. Briefly, spleens were dissociated by
passing them through a 70 um cell strainer (Corning). Lungs were treated with 1.3 mM EDTA in HBSS for 30 min at 37°C,
shaking at 200 rpm, followed by treatment with 150 U/ml collagenase (Thermo Fisher Scientific) in RPMI 1640 medium
containing 5 % FBS, 1 mM MgCl2, and 1mM CaCl2 for 60 min at 37°C shaking at 200 rpm. Collagenase treated lung tissues
were homogenized and filtered through a 70 um cell strainer. Lymphocytes from lungs were purified by a 44—67% Percoll
gradient (800 g at 20°C for 20 min).

2. For cancer model experiments

tumor tissue and blood were isolated in the animal facility. The tumor tissue was transferred into PBS and was disrupted
using manual scissors and the Miltenyi Gentle MACS machine. Subsequently, it was digested in an enzyme mix containing
RPMI with 10 mg/ml DNAse (Sigma Aldrich) and 0.25 mg/ml Liberase (Sigma Aldrich). Upon 30 min of digestion at 37°C, the
tissue mix was filtered through a 70 um filter and resuspended to a single-cell suspension with an appropriate dilution for
subsequent fluorescently labeled antibody staining. The blood was transferred in heparin tubes and was lysed with
erythrocyte lysis buffer. Upon red blood lysis, cells were resuspended to a single-cell suspension with an appropriate dilution
for subsequent fluorescently labeled antibody staining. Lymphocytes were mechanically isolated from draining lymph nodes
with a pestel, filtered through a 70 um filter and resuspended to a single-cell suspension with an appropriate dilution for
subsequent fluorescently labeled antibody staining.

For detection of cytokines, tumor cell suspensions were restimulated with 6.25 ng/ml of PMA (Sigma Aldrich) and 1.87 ug/ml
of ionomycin (Sigma Aldrich) for 5h at 37°C. Upon 1 hour of restimulation, Golgiplug (BD) and Golgistop (BD) were added in
the cell suspensions. For antigen restimulation, tumor cell suspensions were restimulated with 0.1 ug/ml of gp100 or
SIINFEKL peptide, for 5 hours at 37°C. Anti-CD107a antibody was added together with the peptides for 5h at 37°C. As before,
upon 1 hour of restimulation, Golgiplug (BD) and Golgistop (BD) were added in the cell suspensions.

Discrimination of living cells versus dead cells was performed using DAPI (Sigma Aldrich) for the non-fixed samples and
Fixable Viability Dye eFluor™ 780 (eBioscience) for the fixed ones. Samples were acquired with a BD LSRIIFortessa and a BD
FACS Symphony A5. Data obtained were analyzed by using FlowJo (v10.8.1, BD Biosciences).

Cell sorting

1. For chronic infection experiments

Cell sorting was performed by a FACS Aria Il (BD Biosciences). For adoptive transfer experiments, two PD-1 expressing CD8+ T
cell-subsets (PD-1+CXCR5+Tim-3- and PD-1+CXCR5-Tim-3+) were sorted from pooled spleens (n=40-60) of chronically LCMV
infected mice. For RNA-seq analysis of LCMV-specific CD8+ T cells after muPD-L1, muPD1-IL2v, and muPD-L1 + PD1-IL2v
therapy, chronically LCMV infected mice (> day 40 post-infection n=1-18) were untreated or treated for 2 weeks, and
DbGP33+ CD8+ T cells were sorted from pooled spleens for obtaining at least 2x104 cells. Naive (CD44lo) CD8+ T cells were
sorted from pooled spleens of uninfected mice (n=2-3). All samples had purities of greater than 95%.

2. For cancer model experiments

Single cell tumor suspensions were kept on ice during the staining and sorting procedure. Cell suspensions from 3-5 tumors
of the same treatment group were pooled and incubated with Fc receptor block (BD, #101320) for 10 minutes, before
staining with the following antibodies: Alexa Fluor 700 anti-CD45 (30-F11), BV711 anti-CD8 (53-6.7), BV605 anti-CD4 (GK1.5),
BV605 anti-CD11c (N418). Discrimination of living cells versus dead cells was performed using DAPI (Sigma Aldrich) for the
non-fixed samples and cells incubated for 20 minutes. Cells were washed twice, filtered through a 40um cell strainer and
sorted on FACS Arialll to enrich the viable, single, CD45+ CD8+ CD11c- CD4- population.

Detailed isolation and sample handling are described in the Method section.

Cell sorting was performed by FACS Aria Il or Aria Ill (BD Biosciences).
FACS data was collected on BD Canto Il, LSR Il Fortessa, FACS Symphony A3 or AS.

FACSDiva v8.0.1 or 9.1, FlowJo v. 9.9.6 or 10.8.1 (BD Biosciences)
The purities of the sorted cells were more than 95%.

Gate boundaries were set accordingly to control samples (FMO- fluorescence minus one or isotype controls) or based on
density distribution. Gating examples are provided as supplemetary information.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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