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Synthetic receptor signalling has the potential to endow adoptively transferred T cells

with new functions that overcome major barriers in the treatment of solid tumours,
including the need for conditioning chemotherapy’2. Here we designed chimeric
receptors that have an orthogonal IL-2 receptor extracellular domain (ECD) fused with
theintracellular domain (ICD) of receptors for commony-chain (y.) cytokines IL-4,
IL-7,1L-9 and IL-21 such that the orthogonal IL-2 cytokine elicits the corresponding y.
cytokine signal. Of these, T cells that signal through the chimeric orthogonal
IL-2RB-ECD-IL-9R-ICD (09R) are distinguished by the concomitant activation of
STAT1, STAT3 and STATS5 and assume characteristics of stem cell memory and effector
T cells. Compared to 02R T cells, 09R T cells have superior anti-tumour efficacy in two
recalcitrant syngeneic mouse solid tumour models of melanoma and pancreatic
cancer and are effective even in the absence of conditioning lymphodepletion.
Therefore, by repurposing IL-9R signalling using a chimeric orthogonal cytokine
receptor, T cells gain new functions, and this results inimproved anti-tumour activity
for hard-to-treat solid tumours.

Therapies that use adoptively transferred genetically engineered T cells
have shown substantial anti-tumour activity in patients with haematopoi-
eticmalignancies, but have limited benefitin patients with solid tumours.
One major limitation is the poor in vivo expansion and persistence of
adoptively transferred T cells, which necessitates lymphodepleting con-
ditioning chemotherapy—atoxicregimenthat limits patient eligibility.
Eventhose T cells that expand and persist become terminally differenti-
ated and dysfunctional®*. Synthetic cytokine receptor signalling could
reprogram T cells with a stem-like phenotype that can overcome these
limitations and exhibitimproved anti-tumour activity in mouse models
and humans®®. Existing therapeutic manipulations to select or expand
stem-like T cells”® can only be used in the cell manufacturing phase as
they lack the specificity for adoptively transferred cells in vivo.

An orthogonal cytokine receptor is a mutant form of the native
cytokinereceptor that selectively binds to amutant form of the native
cytokine. This has been demonstrated with the orthogonal mouse
IL-2 cytokine-receptor pair (olL-2 and 02R), which allows selective
invivo modulation of adoptively transferred T cells for cancer immu-
notherapy’. The orthogonal mouse IL-2 receptor (02R) consists of the
IL-2RP chain with a modified ECD that selectively binds olL-2, but not
wild-type IL-2 (Fig. 1a). Likewise, olL-2 cannot bind the wild-type IL-2

receptor. Tosignal, both the orthogonal and the wild-type IL-2 receptor
cooperate with the wild-typey..

Using the modular nature of the olL-2 system, we wished to inves-
tigate the therapeutic potential of other members of the y, cytokine
receptor family'® 2, By replacing the ICD of 02R with the ICD of recep-
tors for the y. cytokines IL-4, IL-7, IL-9 and IL-21, we created chimeric
orthogonal receptors that contain the mouse olL-2-binding ECD fused
tothe ICD of eachy. cytokine family receptor (Fig.1a and Supplemen-
tary Table1). For our studies we selected olL-2 clone 3A10 as the receptor
ligand due toits superior orthogonality®.

Stimulation of chimeric orthogonal receptors with mouse serum
albumin-bound olL-2 (MSA-olIL-2, clone 3A10; Supplementary Table 2)
resulted in patterns of phospho-STAT signalling that are consistent
with known signalling through each respective y. cytokine'®® (Fig. 1b
and Extended Data Fig. 1a). Signalling through o9R resulted in potent
phosphorylation of STAT1, STAT3 and STAT5—a distinct profile that is
consistent with known signalling through the wild-type IL-9 receptor™*
(Fig.1band Extended DataFig.1a). 09R signalling was dose-dependent
and specific to MSA-olIL-2 (Fig. 1c). Furthermore, expression of 02R or
09R did not affect wild-type IL-2-induced STAT signalling (Extended
DataFig.1b).
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Fig.1|Achimericorthogonal IL-2receptor reveals properties of IL-9R
signallingin T cells. a, Schematic of wild-type IL-2R, orthogonal IL-2RB or y,
family chimeric orthogonal receptor complexes (created with Biorender.com).
b, Representative histogram and quantification of pSTAT signalling in
chimeric-orthogonal-receptor-expressing (YFP*) or untransduced (UTD)

T cells stimulated with MSA-IL-2 (100 nM) (unfilled colour) or MSA-oIL-2 (5 uM)
(filled colour) for 20 min. Data are shown as mean fluorescence intensity (MFI).
c,Dose-response curves of pSTAT signalling in YFP* 02R (red) or o9R (blue)
transduced T cells stimulated with MSA-olL-2, MSA-IL-2 or IL-9 for 20 min.
d-f,Surface marker levels of CD62L (c), Fas (CD95) (e) and Sca-1 (f) of
chimeric-orthogonal-receptor-expressing T cells cultured with MSA-IL-2

(100 nM) or MSA-oIL-2 (5 M) for two days. NS, not significant; *P < 0.05,
***P<0.001,****P<0.0001(ANOVA).g, Dose-response curves of YFP* 02R or
09R cellsthat have undergone at least one division after four days of culturein
MSA-oIL-2 or MSA-IL-2. Data are shown as the percentage divided. Dataare
mean +s.e.m.withn=3biological replicates, unless stated otherwise.

IL-9Ris aless-studied member of the y. cytokine receptor family that
is naturally expressed by mast cells, memory B cells, innate lymphoid
cells and haematopoietic progenitors™>*2°, Although T cell subsets

that produceIL-9 have been described” %, the effects of IL-9R signalling
on T cellsare not well characterized® . For example, naive T cells are
insensitivetoIL-9 and T cell development is unimpaired in IL-9-deficient
mice, which suggests that IL-9 is not a critical natural cytokinein T cell
biology™***2. We found that activated mouse T cells did not supportIL-9
signalling (Fig. 1c) owing to the absence of IL-9R expression (Extended
DataFig.1c,d), which underscores the unorthodoxy of 09R signalling
in these cells***3*, 09R signalling is a bona fide mimic of wild-type
IL-9R signalling, as IL-9 treatment of mouse T cells transduced with the
wild-typeIL-9R resulted inasimilar pattern of STAT1, STAT3 and STAT5
phosphorylation (Extended Data Fig. 1e).

As 09R cells and wild-type IL-2Rf3 both use y, signalling, we evalu-
ated the competition between native and orthogonal signalling.
Co-exposure tosaturating doses of MSA-olL-2 did not affect peak STATS
phosphorylation by MSA-IL-2in 09R T cells (Extended Data Fig. 2a). And
although increasing doses of MSA-IL-2 partially mitigate MSA-olL-2
induction of pSTAT1and pSTAT3in 09R T cells, likely due to the lower
potency of the MSA-olL-2 3A10 clone, the signalling program of 09R
T cells remained active (Extended Data Fig. 2b,c).

We observed that T cells signalling through o9R (as well as 021R)
enriched foraCD62L" population and higher expression of Fas (CD95)
and Sca-1consistent with a Tsc, phenotype, asubset known for its supe-
rior anti-tumour activity in adoptive cell therapy (ACT)***’ (Fig.1d-f).
09R T cells also proliferated less than 02R-expressing T cells (Fig. 1g
and Extended DataFig.3a,b). Among orthogonal receptors, only 021R
resulted in less proliferation than 09R (Extended Data Fig. 3a).

Given the unique STAT signalling profile, its lesser-known status
among the y.cytokine receptor family and the acquisition of features
of stem cellmemory T (Ty,) cells, we chose to study the effect of 09R
signalling in vivo using mouse models of ACT for solid tumours. We first
used T cells from transgenic pmel mice, which express an endogenous
T cell receptor (TCR) specific for gp100, amelanocytic antigen that is
overexpressed in B16 melanoma*®. We modified the protocol to be more
stringentand omitted lymphodepleting radiotherapy, aconditioning
regimen that potentiates ACT by inducing the homeostatic prolifera-
tion of adoptively transferred T cells through y. cytokine signalling®
(Fig. 2a). The STAT signalling profile and proliferation of 02R and 09R
pmel T cells mirrored those of 02R and 09R T cells from C57BL/6 mice
(Extended DataFig. 4a,b).

Althoughbotho2R and 09R pmel T cells expanded in the absence of
lymphodepletion (Fig. 2b), we observed more consistent anti-tumour
effects and prolonged survival in this model with 09R pmel T cells
treated with MSA-olL-2 (Fig. 2c,d and Extended DataFig. 5a,b), achiev-

ing anti-tumour effects comparable to pmel T cellsin lymphodepleted
mice.And although T cells engineered to secrete native cytokines can
also obviate the need for lymphodepletion*®*, native cytokines (unlike
orthogonal cytokine signalling) induce signalling in both adoptively
transferred and endogenous cells. The superior anti-tumour efficacy
of 09R pmel T cells was also observed in lymphodepleted mice that
were treated with MSA-olIL-2 (Extended Data Fig. 5c).

As MSA-olL-2 clone 3A10 is highly orthogonal and does not affect
endogenous cells, we hypothesized that mice would tolerate a pro-
longed dosing regimen of 25 days, whereas the toxic effects of MSA-IL-2
are observed after 5 days’. We did not observe clinical toxicity with
the prolonged dosing regimen, which resulted in superior tumour
control and survival with complete regressions in four of six B16
tumour-bearing mice (Fig. 2e and Extended Data Fig. 5d), exceeding
the results in lymphodepleted mice treated with pmel ACT and five
days of MSA-IL-2.

Theseresults, despite the weaker proliferative effect of 09R signal-
ling, suggested that factors beyond selective expansion underlie its
enhanced anti-tumour effects. We observed greater tumour infiltration
by 09R pmel T cells compared to 02R pmel T cells five days after ACT
in mice that were treated with MSA-olL-2 (Fig. 2f and Extended Data
Fig. 5g). Among 18 tumour-infiltrating CD45" leukocyte population
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clusters, the dominant distinguishing feature was the presence of 09R
versus 02R pmel T cells (8.9% versus 1.6% of tumour infiltrating CD45*
cells; Extended DataFig. 5e). Compared to 02R tumour-infiltrating pmel
Tcells, 09R pmel T cells were enriched for clusters that are associated
with T cell activation, including a cluster that co-expressed CD39, PD-1
and TBET (Extended Data Fig. 5f). In addition to improved tumour
infiltration, 09R pmel T cells showed a higher in vitro cytolytic capacity
andincreased production of IFNy compared to their 02R counterparts
(Fig. 2g and Extended Data Fig. 5h,i).

We then investigated the biological program that is responsible
for the improved infiltration, effector function and in vivo efficacy
of 09R pmel T cells. In vitro exposure to MSA-olL-2 resulted in mark-
edly divergent phenotypes by high-dimensional mass cytometry; 8 of
14 clusters were differentially abundant between 02R and o9R pmel
Tcells (Fig.2h).09R pmel T cells acquired markers of a Ty, phenotype
(Sca-1, CD127, Fas and CD62L), mirroring the phenotypic effects of
wild-type IL-9R signalling (Fig. 2h and Extended Data Fig. 6a). These Ty,
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Fig.2|09R signalling endows pmel T cells with anti-tumour efficacy in the
absence oflymphodepletion. a, Schematic. B16-F10 melanoma-bearing mice
underwent ACT and treatment with MSA-IL-2 or MSA-oIL-2 (2.5 x 10* units per
day, intraperitoneal) for 5 days. Mice were not lymphodepleted unless noted.
TBI, total bodyirradiation. b, Peripheral blood quantification of pmel T cells
sevendays after ACT (n= 6 mice per group, except wherenoted in the
Methods). **P < 0.01 (unpaired t-test). ¢,d, Tumour growth (mean +s.e.m.,n=6
mice per group, except where noted in the Methods) after treatment with ACT
and MSA-IL-2 or MSA-oIL-2.**P< 0.01 (ANOVA). e, Survival of mice treated with
pmel T cellsand MSA-IL-2 or MSA-olL-2 for the indicated times. NS, not
significant; **P < 0.01 (log-rank test). f, Quantification of tumour-infiltrating
02Ror 09R pmel T cells five days after ACT in mice treated with MSA-oIL-2 (n=5
mice per group).*P < 0.05 (unpaired t-test). g, In vitro growth of nRFP* B16-F10
tumour cells cocultured with pmel T cells (2:1 effector: target (E:T) ratio)
pretreated with MSA-oIL-2 (5 pM). **P < 0.01 (ANOVA). h, opt-SNE clustering of
02Rand 09R pmel T cells treated with MSA-olL-2 (5 uM) for 48 hin vitro (left),
with separate plots by group showing differentially abundant clusters (middle),
and anannotated volcano plot (right). i, Heat maps of manually curated genes
associated with T cell stemness and dysfunction (left) and activation and
effector function (right), and differentially expressed between 02R and 09R
pmel T cells (from Fig. 3h) treated with MSA-oIL-2 (5 uM). MSA-IL-2-treated
groups (50 nM) are also shown. j, Plot of the normalized enrichment score
(NES) (left) of transcription factor gene sets comparing 02R and 09R pmel

T cellstreated with MSA-oIL-2 (from Fig. 3h). Significantenrichmentinred
(adjusted P<0.05, two-sided Fisher’s test with hypergeometric formula).
Right, ratio of Junto Fos expression. **P < 0.01 (unpaired t-test). Data are

mean +s.d.withn=3biological replicates, unless stated otherwise.

features were among the global bidirectional transcriptomic changes
observed by RNA sequencing (RNA-seq) in a bulk population of pmel
T cells (Extended Data Fig. 6b). However, the changes induced by 09R
extend beyond the acquisition of a Ty, phenotype; we also observed
the simultaneous enrichment of genes classically associated with T cell
activation (Pdcd1, Icos, Entpdl, Lag3 and Havcr2) and effector function
(Ifng, Gzma and PrfI), which are traditionally excluded from the Ty,
phenotype (Fig. 2i). This may represent a hybrid phenotype or the
simultaneous presence of heterogeneous subpopulations unique to
o9Ror native IL-9R signallingin T cells. Theinduction of granzyme A by
IL-9R activation hasbeenreported to be dependent onthe concomitant
activation of STAT1and STAT3, a characteristic of 09R signalling that
is distinct from 02R, 04R, 07R and 021R signalling™.

Atranscriptomicanalysis of transcription factor pathway enrichment
revealed asignificant enrichment of genes associated with the AP-1tran-
scription factorJUN, inaddition to the expected transcription factors
STAT1and STAT3 (Fig. 2j). This was accompanied by an increase in the
ratio of Junto Fos expression, a feature of tumour-specific T cells that
are resistant to tumour-induced exhaustion*, In parallel, 09R signal-
ling downregulated genes that are associated with T cell dysfunction,
including Nr4al and Tox (refs. ****¢; Fig. 2i).

To examine the in vivo activity of 09R signalling, we examined the
expression of CD62L in adoptively transferred pmel T cells. CD62L
expression was higher in 09R than in 02R pmel T cells in the draining
lymphnodesand spleens of tumour-bearing mice treated with MSA-olL-2
(Extended DataFig. 6¢c). No difference was observedintratumorally, in
which antigen-specific T cell activation is likely to predominate.

Toinvestigate o9R signalling in the context of chimeric antigen recep-
tor (CAR)-based ACT, we used an immunotherapy-resistant model of
pancreatic cancer expressing mesothelin. As the source of olL-2 for
CART cellstudies, we chose vectored intratumoral delivery (Fig.3a) to
ensure high concentrations of oIL-2 (clone 3A10) in the tumour and to
evaluate the effect of 09R signalling on T cell dysfunctioninthe tumour
microenvironment. This model provided a contrast to pmel studies, in
which 09R signalling was most active in peripheral tissues.

We transduced primary mouse T cells with retroviruses that encode a
second-generation anti-mouse mesothelin CAR together with orthogo-
nalreceptorsto generate CAR-02R and CAR-09R T cells (Extended Data



a AdolL-2
& [ur a5 fiore{RITR] 5, UTD CAR-0?R  GAR-09R
=
T [wenan Sesieseum &g N W] ¢S TATS
©
520 e = | —— —
& 2. 38 - K IS AP DH
2100 g 10 8 EEEEEEEREEE
€ 305 o 8§ 2 4 8 2 a2 8 2 4
0 g oleoa = ¢ 32248 222
2848 72 o 6 S~ o Vo g & g2 % 23
Time (h) = <§7§Q§Q/§§ = = =
€ i< oS
e §
I
c d
-+ PDA7940b only CAR-09R o
41+CAR-02R (2:1) 7 2 2 9
X [%]
3 ,|+CAR-09R (2:1) S ~7
g ; - 28
32 &2
- w [}
1 o O °3
N1 < -~
] 3 o 2
£ a g 3
5 0 o v
z 25 30 35 40 CAR-02R + + - -
= Time (h) CAR-09R - - + +
H MSA-IL-2 + - + -
f BCAR-02R B CAR-09R 1699708 o fos T T MSAOIL2 =+ -+
— — CD62L-APC
T 4,000 [ T 250 *kdk
£ 3,000 — - E
82000 2
>~ 1,000 w CAR-02R + MSA-IL-2
g m i =z M CAR-02R + MSA-oIL-2
= = CAR-09R + MSA-IL-2
~ —~ Il CAR-09R + MSA-olL-2
T2 rkkk T
E 20 € T‘;‘
o 15 <)
£ 10 k=3
¥ s o 2 LT YT 4
2 a0 fall 5 cd7 | Btla |
- - uz7r 1 Ca24
T T Sell Fas
E 5200 woxx E Beis  ° Tigit
2 2.000 2 o Tbx21 4 Tnfrsf9 0
S 15800 < 2 Cer7 Fasl
- 1% - Tef7 | o Tnf 2
= = Eomes. 1] Ifng
. _ Tox1 [T1] Prf1
T i Nifkb1 Gzmb
£ 0] e Gata3 Entpd1
o 15 o Foxp3 Gzma
£ 10 k3 Irf4 Icos
N 5 1 Tox2 Pdcd1
= =
oo Xaa
802 804
*32%32 k.  Tumour(day9, +CTX)
=2 =2 8 5% 10%]  susn wanx
h  Tumour implantation +CTX precond. Ad-olL.-2 CART Ad-olL-2 54 105 .
(sC) (IP) ()} ) (W} o
—ow A7 A ¥ ¥ Z3x108
Day-17 // Day-1 Day0 Dayi1 Day4 )
[ 5
NS S 2x10°
i Ad-olL-2 + CAR-02R <——>  Ad-olL-2 + CAR-09R = .
£ 1,000 s g 1x10
£ 800 =S _ 0
E E @
o 600 3 k] 60
S 400 CR: 8/12 5 CR: 6/12 e
3 200 Tox: 0/12 3 Tox: 5/12 &
E Relapse: 4/12 £ Relapse: 1/12 3
= 10 20 30 40 50 60 70 = 10 20 30 40 50 60 70 5
. Time (days) Time (days) ]
J Ad-olL-2 + CAR-02R il Ad-olL-2 + CAR-09R 2
- No CTX — No CTX 3
£1,000 S fud
£ 800 = .
s E] g
3 600 3 [
S 400 CR{1/12 S CR: 5/12
3 Tok: 0/12 5 Tox: 1/12
o o
§ 200 lapse:11/12 g Relapse: 6/12 \?_y
ol :
= 10 20 30 40 50 60 70 = 10 20 30 40 50 60 70 &
Time (days) Time (days)

Fig.7a,b). Stimulation of CAR-09R and CAR-02RT cells with MSA-olL-2
reproduced the STAT phosphorylation and proliferation profiles of 09R
and o2Rssignalling observedin Figs.1and 2 (Fig.3b and Extended Data
Fig.7c). Despite their proliferative disadvantage, CAR-09R cells showed
superior anti-tumour efficacy in vitro against the mesothelin-positive
pancreatic ductal adenocarcinoma (PDA) cell line PDA7940b (Fig. 3c).

Similar to the pmelmodel, CAR-09R cells were characterized by a Tq.y
phenotype after stimulation with MSA-olL-2 (Fig. 3d,e and Extended
Data Fig. 7d). CAR-09R T cells also secrete higher levels of IFNy, TNF,
I1L-4,IL-9, 1L-10, IL-18, IL-22 and IL-23 than CAR-02R cells in response to
olL-2 (Fig. 3f), mirroring the complex transcriptomic signature of o9R
pmel T cells. Thiswas validated at the transcriptomic level; genes that
areassociated with effector functions (Ifng, Prfl, Gzmb and Gzma) and
Tcell activation (Pdcd1, Icos and Entpdl) were upregulated in CAR-09R
cells, along with a shift toward stemness (upregulation of /[7r, Sell, and
Bcl6 and downregulation of Eomes and ToxI; Fig. 3g).

Fig.3| Tumour-restricted 09R signallingimproves the potency of CAR
Tcells. a, Top, schematic of an adenoviral vector encoding olL-2 (Ad-olL-2)
under the cytomegalovirus (CMV) promoter. LITR, leftinverted terminal
repeat; RITR, rightinverted terminal repeat. Bottom left, in vitro expression of
olL-2 through Ad-olL-2in cell culture supernatants. miL-2, mouse IL-2. Bottom
right, quantification of olL-2 in tumour homogenates and sera 72 h after
intratumoral (IT) injection of 10° viral particles (VP) of Ad-oIL-2, or daily
intraperitoneal (IP) injection of 2.5 x 10* units MSA-olL-2 (n = 5 mice per group).
b, Representative western blot analysis of pSTAT1, pSTAT3 and pSTAT5
expressionin T cells 30 min after stimulation with MSA-IL-2 (100 nM) or
MSA-olIL-2 (5 uM). For gel source data, see Supplementary Fig.1.c, Invitro T cell
killing of mesothelin-positive PDA7940b (2:1E:T ratio) pre-incubated with
MSA-oIL-2 (5 uM) (mean £ s.d., n =4 per group). d-f, Representative surface
expression of CD44 and CD62L (d), expression of Fas (CD95) (e), and secreted
cytokines (f) in CAR-02R or CAR-09R T cell cultures after four days of
stimulation with MSA-IL-2 (100 nM) or MSA-olL-2 (5 uM). ****P < 0.0001
(ANOVA). g, Heat maps of genes associated with T cell stemness and
dysfunction (left) and activation and effector function (right), and
differentially expressed between 02R and 09R CAR T cells treated with
MSA-oIL-2. h, Schematic of the syngeneic ACT model using PDA7940b tumours
(created with Biorender.com). Ad-olL-2 dose, 10° VP. CAR T cell dose, 5 x 10°
cells. Cyclophosphamide (CTX) dose, 120 mg kg™. 1V, intravenous; precond.,
preconditioning; SC, subcutaneous. i,j, Individual growth curves of PDA7940b
tumours (n=12mice per group), with (i) and without (j) conditioning CTX.
Black linesindicate deaths due to ICANS. n=12 mice per group. CR, complete
response; Tox, deaths due to neurotoxicity. NS, not significant; ****P < 0.0001
(ANOVA).k, Quantification of tumour-infiltrating CART cells (top) and
frequency of IFNy-positive tumour-infiltrating CAR T cells (bottom) on day 9 in
micetreated with CTX.*P<0.05,****P<0.0001(ANOVA). Dataare

mean +s.e.m.withn=3biological replicates, unless stated otherwise.

In a recalcitrant model of PDA using established subcutaneous
PD7940b tumours, treatment either with an adenoviral vector encoding
olL-2 (Ad-olL-2) or with CAR-02R or CAR-09R was ineffective in con-
trolling rapidly growing tumours (Fig. 3h and Extended Data Fig. 7e).
However, combination therapy with Ad-olL-2 plus CAR-02R or Ad-olL-2
plus CAR-09Rresulted in complete regressions in 8 of 12 mice (67%) and
6 of 12mice (50%), respectively (Fig. 3i). Early toxicity was observed in
the Ad-olL-2 plus CAR-09R group, as40% of mice (5 of 12) died by day 10,
but—notably—fewer tumour relapses were seeninsurvivingmiceinthe
Ad-olL-2 plus CAR-09R group (10f 7) versus the Ad-olL-2 plus CAR-02R
group (4 of 12).

The toxicity of Ad-olL-2 plus CAR-09R in lymphodepleted mice
was characterized by clinical signs (tremor, delirium and seizures) of
immune-effector-cell-associated neurotoxicity syndrome (ICANS).
An RNA in situ hybridization (RNA ISH) analysis of mice with ICANS
revealed that CART cells infiltrated into the meningeal layers of the
brain, where mesothelin-expressing meningeal cells were also detected
(Extended Data Fig. 8a,b). Significantly more meningeal-infiltrating
CART cellswere observed in the Ad-olL-2 plus CAR-09R group versus
the Ad-olL-2 plus CAR-02R group, suggesting an association between
CAR-driven on-target off-tumour activity and the observed ICANS
(Extended DataFig. 8c). This was accompanied by higher expression of
mesothelin, which can occurin the context of aninflammatory stimu-
lus (Extended Data Fig. 8d). Serum analyses did not show evidence of
cytokine release syndrome or tumour lysis syndrome (Extended Data
Fig. 8e,f). Histological examination of the brains of three long-term
surviving mice that were treated with Ad-olL-2 plus CAR-09R was unre-
markable, including normal leptomeninges without inflammatory
cells (Extended Data Fig. 8g). On the basis of these findings and the
absence of similar toxicities in the pmel model, the observed ICANS
appears to be specific to the CAR specificity and not inherent to o9R
T cells. Still, clinical translation of 09R must consider potential added
on-target off-tumour toxicity, and may require engineering strate-
gies (for example, on/off systems and synthetic circuits) to maximize
patient safety.
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Inthe absence of conditioning chemotherapy, the superiority of the
Ad-olL-2 (3A10) plus CAR-09R regime over Ad-oIL-2 (3A10) plus CAR-02R
was more evident, as suggested by complete regression rates of 42%
(50f12)and 8.3% (10f12), respectively (Fig. 3j), as well as by prolonged
survival (Extended Data Fig. 9a), as only 1 of 12 mice in the Ad-olL-2
plus CAR-09R group exhibited toxicity in the absence of conditioning.
Efficacy was dependent on both orthogonal receptor expression in
T cells and olL-2 expression through Ad-olL-2 (Extended Data Fig. 9b,c).

We examined the effect of Ad-olL-2 on the quantity and quality of
tumour-infiltrating CAR-09R or CAR-02R T cells. In contrast to the
pmel model, fewer CAR-09R than CAR-02R T cells were observed
in the tumour eight days after ACT (Fig. 3k). Comparisons between
the models must be made cautiously, given the differences between
CAR and TCR signalling and between tumour-restricted and sys-
temic cytokine distribution. Nonetheless, the higher frequency of
intratumoral CAR-09R cells expressing IFNy (Fig. 3k) and the supe-
rior directin vitro cytotoxicity of CAR-09R cells (Fig. 3¢) indicate that
superior intratumoral potency—rather than tumour infiltration or
proliferation—drives the anti-tumour efficacy of CAR-09R T cells in
the context of tumour-restricted orthogonal cytokine signalling.
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Fig.4 |Human chimeric orthogonal IL-2R-ECD-IL-9R-ICD drives stemness
and asuperior effector capacity in TCR-and CAR-engineered T cells.

a, pSTAT signalling in humanNY-ESO-1TCRT cells co-expressing ho2R or

ho9R and stimulated with MSA-holL-2 for 20 min. b, Fold expansion of
Tcellstreated with MSA-holL-2 1 pM) or MSA-hIL-2 (0.1 uM) (mean + s.d.;
n=3pergroup).***P<0.001 (unpaired t-test at day 6). ¢, Percentage of
CD45RA'CD27°'CD95'CCR7" Tycy cells after six days in culture with MSA-holL-2
(1pM)(mean ts.d.; n=3pergroup).***P<0.0001 (unpaired t-test).d, Fold
expansion of Tg¢y and Ty, cells with MSA-holL-2 (1 pM) or MSA-hIL-2 (0.1 pM),
relative today 2.*P<0.05,**P< 0.01 (unpaired t-test); n=3 per group. e, T cells
were cocultured atal:1E:T ratiowith the HLA*0201" NY-ESO-1' melanoma cell
line (NRFP-M407) and MSA-holL-2 (1 pM). Tumour cells (10°) were reintroduced
every 72 h (bluearrows) in the presence of MSA-holL-2 (1uM). Shownis the
percentage tumour confluence (mean +s.d.; n=3 per group).f, Percentage of
CD45RA'CD27" and Ty cells, alongside CD62L and CXCR3 MFI (YFP* gate)
after the fourth tumour challenge (frome). g, T cells after the fourth tumour
challenge (from e) were restimulated with anti-CD3 or anti-CD28 antibodies,
M407 (HLA*0201'NY-ESO-1") or M263 (HLA*0201'NY-ESO-1"). IFNy, TNFand IL-2
were quantifiedamong CD8'YFP* T cells by intracellular cytokine staining (ICS)
(mean s.d.; n=3pergroup). NS, not significant; ****P < 0.0001 (two-way
ANOVA). Donut charts indicate the proportion of CD8"YFP* T cellsineach
group expressing 0/3,1/3,2/3 or 3/3 cytokines. h, Sorted T cells co-expressing
either ho2R or ho9R and anti-mesothelin M5 CAR were cocultured atal:1E:T
ratiowith AsPC-1PDA cellsin the presence of MSA-holL-2 (1 pM) every 48 h. Left,
tumour viability measured as normalized cellindex (mean + s.e.m.;n=3 per
group). Right, after the last tumour challenge, T cell surface markers were
characterized.*P<0.05,**P<0.01,***P< 0.001; NS, not significant (two-way
ANOVA for tumour cell killing; unpaired ¢-test for phenotypic analysis).

By contrast, systemic administration of olL-2in the pmel model resulted
in peripheral o9R signalling (Extended Data Fig. 6¢), which may explain
the enhanced trafficking of 09R pmel T cells. Peripheral 09R signalling
may also facilitate interactions between adoptively transferred T cells
and endogenous cells (for example, antigen-presenting cells) that help
to sustain anti-tumour effects.

To evaluate the translational potential for o9R signalling, we gener-
ated human orthogonal IL-2Rf (ho2R) and human orthogonal chimeric
IL-2RB-IL-9R (ho9R) (Supplementary Table 3). Human T cells were
retrovirally transduced with vectors encoding either ho2R or ho9R
(each containing YFP), as well as a vector encoding a TCR specific for
NY-ESO-1in the context of HLA*0201 (NYESO1-TCR clone 1G4) (ref.¥).
NY-ESO-1is a cancer-testis antigen that is overexpressed in synovial
sarcoma, myxoid liposarcoma, melanoma and other tumours. Trans-
duced and sorted T cells (Extended Data Fig. 10a) were exposed to
MSA-bound human orthogonal IL-2 (MSA-holL-2, which contains amino
acid substitutions SQVLKA at positions 15,16,19,20, 22 and 23 relative
to the native polypeptide; Supplementary Table 4) or wild-type IL-2
(MSA-hIL-2)***° Consistent with observations in the mouse system, sig-
nallingthrough ho9R activates pSTAT1, pSTAT3 and pSTATS5 signalling
(Fig. 4a). Likewise, native IL-2-STATS5 signalling through the endogenous
Y.is notdisrupted by orthogonal receptor expression (Extended Data
Fig.10b).Finally, MSA-holL-2is highly orthogonal and does not activate
untransduced cells; however, wild-type MSA-hIL-2 does activate the
orthogonal receptor at high concentrations (Extended Data Fig.10b).

Similar to the mouse system, despite the weaker proliferative
signal of ho9R signalling (Fig. 4b), we observed an expansion of
Tscm (CD45RATCD27°CCR7°CD95%) and central memory T (T
CD45RA CD27'CCR7'CD95") cells by enrichment and absolute quantity
among ho9R-NYESOI-TCRT cells after two and six daysin culture with
MSA-holL-2 (Fig.4c,d and Extended DataFig.10c,d,e). This differencein
T cell phenotype between ho9R-NYESO1-TCR and ho2R-NYESO1-TCR
T cells persisted even after four antigen-specific challenges with an
HLA*0201'NY-ESO-1* melanoma cell line, nRFP-M407, in the presence
of MSA-holL-2 (Fig. 4e,f). Compared to ho2R-NYESOL1 T cells, ho9R-
NYESO1T cellsretained agreater frequency of CD45RA'CD27" and Ty
cells, and expressed higher levels of CD62L and CXCR3. Repetitively



stimulated ho9R-NYESOL1 T cells expressed more IFNy, TNF and IL-2
and exhibited greater polyfunctionality when exposed to either acti-
vating CD3/CD28 beads or the cognate melanoma cell line nRFP-M407
(Fig.4g and Extended Data Fig.10f). In amodel of continuous antigen
exposure*® using human T cells that co-express a mesothelin-specific
CAR (M5) and either ho2R or ho9R, signalling through ho9R resulted
insuperior tumour cell killing after repetitive tumour challenges, with
anenrichment of CD45RA"CD27° T cells with higher CCR7 expression,
similar to ho9R-NYESO1T cells (Fig. 4h and Extended Data Fig. 10g).

In conclusion, the orthogonal IL-2 cytokine-receptor platform ena-
bles the redirection of signalling through modular replacement of the
orthogonal IL-2RB ICD with the ICDs of receptors for other y. cytokines.
Notably, specific in vivo stimulation of 09R signalling in TCR- and
CAR-based tumour-specific T cells by the orthogonal IL-2 ligand 3A10
results in improved anti-tumour activity in two solid tumour models
thatare refractory toimmunotherapy, and retains robust activity ina
more stringent setting without conditioning lymphodepletion. This
benefit is mediated by leveraging the y. cytokines to reroute the IL-2
signalling message through the IL-9Ra ICD, which results in the con-
comitantactivation of STAT1, STAT3 and STATS. Conveyed in T cells, the
signalling message of IL-9Ra results in aunique phenotype that merges
beneficial functional characteristics of stem cellmemory and effector
T cells, to provide improved in vivo anti-tumour activity.
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Methods

Protein production

DNA encoding mouse and human wild-type and orthogonal IL-2 and
wild-typeIL-9 was cloned into the insect expression vector pAcGP67-A,
whichincludes a C-terminal 8xHis tag for affinity purification. DNA
encoding mouse serumalbumin (MSA) was purchased from Integrated
DNA Technologies (IDT) and cloned into pAcGP67-A as an N-terminal
fusion. Insect expression DNA constructs were transfected into Trichop-
lusiani (High Five) cells (Invitrogen) using the BaculoGold baculovirus
expression system (BD Biosciences) for secretion and purified from
the clarified supernatant by Ni-NTA followed by size-exclusion chro-
matography with a Superdex-200 column and formulated in sterile
phosphate-buffered saline (PBS) for injection. Endotoxin was removed
using the Proteus NoEndo HC Spin column kit following the manufac-
turer’srecommendations (VivaProducts) and endotoxin removal was
confirmed using the Pierce LAL Chromogenic Endotoxin Quantification
Kit (Thermo Fisher Scientific). Proteins were concentrated and stored
at—80 °C until ready for use.

Mammalian expression vectors

c¢DNA encoding mouse orthogonal IL-2R[3 and geneblock cDNA encod-
ing mouse ICDs of IL-4R, IL-7R, IL-9R and IL-21R (IDT) were cloned into
the retroviral vector pMSCV-MCS-IRES-YFP by PCR and isothermal
assembly (ITA). Human orthogonal IL-2R (ho2R) and chimeric orthogo-
nal IL-2RB-ECD-IL-9R-ICD (ho9R) were similarly cloned into the pMSCV
vector.

Mice

Mice were housed in animal facilities approved by the Association for
the Assessment and Accreditation of Laboratory Care and used under
protocols approved by the Institutional Animal Care and Use Com-
mittee (IACUC) at the University of California, Los Angeles (UCLA),
University of Pennsylvania and Stanford University. For experiments
conducted at UCLA, C57BL/6) mice were bred and keptin the Radiation
Oncology Vivarium; pmel-1TCR/Thyl.1transgenic mice (pmel mice) on
aC57BL/6 background were obtained from The Jackson Laboratory. For
experiments conducted at University of Pennsylvania, C57BL/6) and B6
CD45.1 ‘'Pepboy’ mice were purchased from The Jackson Laboratory.
For experiments conducted at Stanford University, C57BL/6) mice were
purchased from The Jackson Laboratory.

Celllines and cell culture

The B16-F10 mouse melanoma cell line was purchased from ATCC and
cultured with RPMI1640 with L-glutamine (Thermo Fisher Scientific)
containing 10% fetal bovine serum (FBS, Omega Scientific), penicil-
lin (100 U mI™?, Omega Scientific), streptomycin (100 pg ml™, Omega
Scientific) and amphotericin B (0.25 pg ml™, Omega Scientific). The
mouse pancreatic cancer cell line, derived from spontaneous tumours
arising in KPC (LSL-Kras®?"";L SL-Trp53™7"";Pdx-1-Cre) mice, was main-
tained in RPMI11640 medium supplemented with 10% FBS and 1% peni-
cillin-streptomycin. Human melanoma cell lines M407 and M263 were
established from patient biopsies under UCLA IRB approval 11-003254
and maintained in RPMI1640 medium supplemented with 10% FBS
and 1% penicillin-streptomycin; M407 cells were stably transduced to
expressnuclear RFP (nRFP) for useinalive-cellimaging assay™. T cells
derived from C57BL/6 or pmel transgenic mice were cultured in RPMI
1640 with L-glutamine supplemented with 10% Hyclone FBS (Cytiva),
antibiotics, 50 pM 2-mercaptoethanol (Gibco), 1% non-essential amino
acids, 1% sodium pyruvate and HEPES. Primary human T cells were
cultured similarly except without 2-mercaptoethanol. HEK293T cells
were purchased from ATCC and maintained in DMEM supplemented
with 10% FBS, 1x GlutaMax (Gibco) and penicillin-streptomycin. Cell
lines were periodically authenticated and also periodically tested for
mycoplasma infection using a mycoplasma detection kit (Biotool).

Retrovirus production

Production of retroviruses encoding orthogonal cytokine receptors has
been previously described®. Inbrief, HEK293T cells were seeded at 3 x 10°
cellsper10-cmtissue culture dishand allowed to adhere overnight. Cells
were transfected witha1.5:1ratio of pMSCV retroviral vector toapCL-Eco
packaging vector using X-tremeGENE HP (Roche), Turbofect (Thermo
Fisher Scientific) or TransIT Reagent (Thermo Fisher Scientific) and
cultured overnight in DMEM with 5% FBS. After 24 h, the medium was
replaced with fresh DMEM with 5% FBS and cultured for an additional
24 h. The medium was collected, clarified through centrifugation and
flash-frozenin liquid nitrogen for storage at —80 °C. Cells were replen-
ished with fresh DMEM with 5% FBS, and cultured for an additional 24 h,
and retroviral supernatant was collected and stored as described. To
generate retrovirus for the transduction of pmel and human T cells,
the same procedure was used with the following variations: 18 h after
transfection, the medium was replaced with DMEM with 10% FBS con-
taining 20 mM HEPES and 10 mM sodium butyrate and incubated for
8 h. The medium was then replaced with DMEM with 10% FBS contain-
ing 20 mM HEPES and no sodium butyrate and incubated overnight.
The next day, the mediumwas collected and filtered through a 0.45pm
filter. If not used immediately, virus was frozen at —-80 °C for later use.
Retroviruses encoding chimeric antigen receptors were produced as
previously described™. Inbrief, Plat-E packaging cells (Cell Biolabs) were
transfected with pMSGV vectors using Lipofectamine 2000 (Thermo
Fisher Scientific). Culture mediumwas replaced 24 hlater and after an
additional 24 h the medium was collected, clarified by centrifugation
and passed through a 0.45-um filter before storage at -80 °C.

Adenovirus construction and purification

Replication-deficient E1/E3-deleted adenovirus vectors Ad5-CMV-olL-2
(Ad-olL-2) and Ad5-CMV-Null (Ad-Null) were constructed using the
AdEasy XL Adenoviral Vector System (Agilent). Mouse orthogonal IL-2
clone 3A10 cDNA was synthesized (GenScript) with 5’ Kpnl and 3’ Hin-
dlll restriction sites and subcloned into the multiple cloning site of
pShuttle-CMV (Addgene). pAdEasy-1-containing BJ)5183-AD-1Escherichia
colicellswere transformed with Pmel-linearized pShuttle-CMV-olL-2 for
homologous recombination. The resulting recombinant Ad plasmid was
sequence-verified and expanded in XL10-Gold Ultracompetent cells
before Pacllinearization and transfectioninto HEK293T cells. High-titre
adenoviruses were purified by caesium chloride (CsCl,) gradient cen-
trifugation after multiple rounds of amplification. CsCl, was exchanged
to A195buffer®with Amicon Ultra-15 centrifugal filter units (Millipore).
Viral titre (VP per ml) was determined spectrophotometrically (Nan-
odrop, Thermo Fisher Scientific).

Lentivirus production

Lentiviral vectors for human T cell transduction were produced in
HEK293T cells. Lentiviral plasmids for anti-human anti-mesothelin
M5 CAR (previously described*) and human orthogonal receptors
(ho2R or ho9R linked to GFP by a 2A sequence) together with packag-
ing plasmids were transfected into HEK293T cells using Lipofectamine
3000 (Thermo Fisher Scientific). Ultracentrifugation was performed
to concentrate lentiviral supernatants collected at 24 h or 48 h after
transfection, and concentrated viruses were stored at =80 °C.

Activation, retroviral transduction and sorting of primary
mouse T cells

Viral transduction of C57BL/6-derived mouse T cells was previously
described”’. In brief, 12-well tissue culture plates were coated overnight
with 2.5 pg ml™solution of anti-mouse CD3¢ (clone 145-2C11, Biolegend) in
sterile PBS. Single-cell suspensions were prepared fromspleens and lymph
nodes of 6-8-week-old C57BL/6) mice by dissociation through a 70-pm
cell strainer followed by RBC lysis in ACK lysis buffer (Gibco). Cells were
resuspendedinmouse T cellmedium containing 100 IU mlI™ recombinant



mouse IL-2 (mIL-2) and activated with plate-bound anti-mouse CD3¢e
and soluble anti-mouse CD28 (5 pg ml™, clone 37.51, BioXCell) for 24 h.
Activated mouse T cells were transduced by spinfection using retroviral
supernatants containing polybrene (10 pg ml™) and 100 IU mI” mIL-2 at
2,600 rpmfor 90 minat 32 °C. Viral supernatant was replaced with fresh
mouse T cellmedium containing 100 IU mI™ mIL-2 and cultured for 24 h.
Cells were collected via gentle pipetting and resuspended at 1 x 10° per
mlin fresh T cell medium containing 100 IU mI™ mIL-2 and expanded
overnight at 37 °C before further downstream cellular assays.

For retroviral transduction of pmel T cells, splenocytes from the
five- to ten-week-old pmel mice were collected one to three days
before transduction and activated with 50 U mI™ mIL-2 (Peprotech)
and 1 pg ml™ mouse gpl00 peptide (Anaspec). One day before trans-
duction, six-well tissue culture plates were coated with Retronectin
(Takara) and placed in a 4 °C refrigerator overnight. The following
day, plates were blocked with 0.5% FBS in PBS for 30 min and washed
with PBS. Viral supernatant (2 ml) was added to each well and spun at
2,000g for two hours. Activated pmel T cells (3 x 10°) were added to
each well with 50 U mlI™ mouse IL-2 and spun at 2,000g for 10 minand
then cultured at 37 °C for 18-24 h. Then, viable transduced cells were
sorted based on expression of YFP and exclusion of 7-AAD using an
Ariall cell sorter (BD Biosciences), and rested overnight before use in
downstreamin vitro orin vivo assays. Retroviral transduction of mouse
CART cells was previously described®?. In brief, primary donor CD45.1
mouse splenocytes (from 4-6-week-old female CD45.1 B6.SJL-Ptprca
Pepcb/Boy] mice) were enriched for CD3" cells by magnetic bead separa-
tion (STEMCELL Technologies). T cells were activated with mouse CD3/
CD28 Dynabeads (Thermo Fisher Scientific) in the presence of 50 Uml™
recombinant human IL-2 (Peprotech) for 48 h before spinfection on
retronectin-coated (Takara Bio) plates. Cell were collected for in vitro
assays or intravenous injection two days after spinfection.

Activation, retroviral transduction and sorting of primary
humanT cells
Primary human peripheral blood mononuclear cells (PBMCs) isolated
from a healthy human donor by leukapheresis were thawed and rested
overnightbefore activation for two days with anti-human CD3/28 mag-
netic Dynabeads (Thermo Fisher Scientific) and humanIL-2 (500 U ml™).
T cellswere co-transduced for 48 hon 6-well plates coated with Retronec-
tin (Takara) and loaded with 1 ml per well of each retrovirus (encoding
ho2R and NYESO1-TCR clone 1G4 or ho9R and NYESO1-TCR clone 1G4)
by spinfection. Activated and transduced cells were collected and beads
were removed by placing on an EasySep cell separation magnet for two
minutes. Cells were stained with anti-human V313.1 PE antibody (Beck-
man Coulter, recognizes the B-chain ofthe NYESOI1-TCR clone 1G4), and
7-AAD live/dead dye before cell sorting based on the expression of YFP,
VpB13.1,and exclusion of 7-AAD using an Ariall cell sorter (BD Biosciences).
For transduction of human T cells with anti-mesothelin M5 CAR and
human ortho-receptors, freshly isolated CD4" and CD8" T cells were
mixedinal:lratioand activated with CD3/CD28 magnetic Dynabeads
ata3:1bead-to-cell ratio. T cells were co-transduced 24 h later with
lentiviral vectors encoding M5 CAR and ho2R-GFP or ho9R-GFP. On
day 5, beads were removed from the culture. T cells were maintained
at 0.8 x 10° per ml until reaching resting state as determined by cell
size using Multisizer 4 Coulter Counter (Beckman), then cryopre-
served. For flow sorting of M5 CAR-ho2R-GFP and M5 CAR-ho9R-GFP
double-positive T cells, the co-transduced T cells were thawed and
rested overnight before staining with anti-humanIgG F(ab’)2 (Jackson
ImmunoResearch) for M5 CAR and LIVE/DEAD Aqua for dead-cell exclu-
sion. GFP served as surrogate marker for ho2R and ho9R. Sorting was
performed on a BD FACSAria Fusion (BD Biosciences).

Phosphoflow signalling assay
Actively growing primary mouse or human T cells were rested in RPMI-C
lacking IL-2 for 24 h before signalling assays. Cells were plated in an

ultra-low-binding 96-well round bottom plate in 50 pl warm RPMI-C
medium. Cells were stimulated by addition of recombinant cytokines
for 20 min at 37 °C, and the reaction was terminated by fixation with
1.5% paraformaldehyde (PFA) for 15 min at room temperature with
agitation. Cells were washed and permeabilized with ice-cold 100%
methanol for 60 min on ice or stored at -80 °C overnight. Cells were
washed with FACS buffer before staining with pSTAT antibodies (Sup-
plementary Table 5) for 1 h at 4 °C in the dark. Cells were washed and
analysed on a CytoFlex (Beckman Coulter). Data represent the mean
fluorescence intensity (MFI), and points were fit to alog(agonist) ver-
sus dose-response model using Prism 8.4 (GraphPad). For the gating
strategy, see Supplementary Fig. 2.

Western blot

IL-2 and FBS-starved CAR T cells were stimulated for 20 min with
cytokines and lysed withice-cold RIPA buffer supplemented with pro-
tease/phosphatase inhibitor cocktail (Halt, Thermo Fisher Scientific)
to extract protein. Thirty micrograms of total protein was loaded into
SDS-PAGE gels (NuPage Bis-Tris, Thermo Fisher Scientific) and subse-
quently transferred to PVDF membranes (Immobilon-FL, Millipore).
Detection of pSTAT1, pSTAT3, pSTATS5 and GAPDH was performed with
respective primary antibodies followed by IRDye-labelled second-
ary antibodies or HRP-linked secondary antibodies. Membranes were
imaged on an Odyssey CLx (LI-COR Biosciences).

Mouse T cell proliferation assay

Actively growing primary mouse T cells were rested in RPMI-C lack-
ing IL-2 for 48 h before labelling with CellTracer Violet (CTV, Thermo
Fisher Scientific). Labelled cells were seeded at 50,000 T cells per
wellin 50 plin a 96-well round-bottom plate. Cells were cultured for
two days in serial dilutions of MSA-olL-2. Cytokine was replenished
onday 2. 0On day 4, CTV-labelled cell proliferation was evaluated by
fluorescence-activated cell sorting (FACS) using the CytoFlex. Live-cell
gateswere based on FSCand SSC. CART cell proliferation was assessed
by seeding 50,000 cells per wellin around-bottom 96-well platein the
presence of MSA-olL-2 or MSA-IL-2. On day 2, cells were fed with fresh
medium and cytokines. Daily cell counts were acquired by staining an
aliquot of cells with Calcein AM viability dye (Thermo Fisher Scientific)
and analysed on the Celigo Image Cytometer (Nexcelom Bioscience).

Cytokine assays

For Luminex assays, transduced CAR T cells were incubated in
round-bottom 96-well plates (50,000 cells per well) in triplicates for
four days in the presence of cytokines after which supernatants were
analysed withaTh1/Th2/Th9/Th17/Th22/Treg Cytokine 17-Plex Mouse
ProcartaPlex Panel (Thermo Fisher Scientific). A cytokine bead array
(BD Biosciences) was used to individually measure IFNy from super-
natant of B16-F10 coculture with pmel T cells according to the manu-
facturer’sinstructions. olL-2 expression from PDA7940b cells (10,000
cells per well, 96-well plate) was evaluated by mouse IL-2 ELISA (Abcam)
incell culture supernatants at various time points after infection with
Ad-Null or Ad-olL-2 (100 VP per cell). In vivo expression was assessed by
injecting PBS, Ad-Null or Ad-olL-2 (1 x 10° VP per tumour) into PDA7940b
tumours and collecting 72 h later. Tumours were dissociated by three
freeze-thaw cycles and homogenates were analysed for mouse IL-2 by
ELISA. Terminal blood was collected by cardiac puncture and processed
to serum by centrifugation. IL-2 concentrations were normalized to
total protein content.

Real-time cell killing assays

PDA7940b tumour cells were seeded at 10,000 cells per wellina 96-well
XxCELLigence E-Plate (Agilent). Twenty-four hours later, transduced CAR
T cells pre-incubated for 48 hin the presence of olL-2 were added ata 2:1
ratioand thetarget cellindexwas recorded every 15 mininthe Real-Time
Cell Analysis (RTCA) Analyzer (Agilent). T cell killing of B16-F10 cell lines
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transduced with a nuclear localizing RFP was previously described**.
In brief, B16-F10-RFP* cells pulsed with 100 ng mI™ IFNy for 18 h were
platedinaflat-bottom 96-well platein triplicate at 5,000 cells per well
for IncuCyte Live Cell Analysis (Essen Bioscience). Pmel T cells (02R
or o9R, pre-treated with MSA-IL-2 or MSA-olL-2 for 48 h) were added
ata2:1E:T ratio and two phase-contrast and fluorescent images were
obtained of each well every two hours using the IncuCyte live imaging
system and quantified by percentage confluence. The human TCR
T cell repetitive killing assay was also conducted using IncuCyte Live
Cell Analysis. Human melanoma cells (nRFP-M407, 5 x 10°) were plated
perwellin 6-well plates. Untransduced or co-transduced human T cells
(co-transduced with either ho2R-NYESO1-TCR or ho9R-NYESO1-TCR,
and pre-incubated for 48 h with MSA-holL-2) were added in duplicate
atal:1E:T ratio. Every 72 h, melanoma cells (nRFP-M407, 5 x 10°) were
addedto each well; orthogonal cytokine (MSA-holL-2) was replenished
24 h before every tumour rechallenge.

The human CART cell repetitive killing assay was conducted using
the XCELLigence Analyzer. AsPC-1 human pancreatic tumour cells
were seeded on a 96-well xCELLigence E-Plate at 10,000 cells per
well. Twenty-four hours later, M5 CAR-ho2R or M5 CAR-ho9R cells
pre-incubated for 48 hwith MSA-holL-2 (1 pM) were added in triplicate
atal:1E:Tratio. Every 48 h, the CAR T cells were collected, washed,
resuspended in fresh MSA-holL-2 and added on new wells of the E-Plate
seeded with tumour cells (10,000 per well) the day before. After the
lastround of restimulation, the T cells were collected for phenotyping
by flow cytometry.

Invivo tumour studies

Forinvivo B16-F10 tumour growth experiments, early-passage cell lines
were used (fewer than10 passages). B16-F10 cells (5 x 10°) were injected
subcutaneously in the right flank of 6-10-week-old female C57BL/6
mice. Where indicated, mice were lymphodepleted with 500 cGy of
total body irradiation one day before ACT. T cells (derived from female
mice) were adoptively transferred approximately seven days after
tumour inoculation, or when tumours became palpable. Specifically,
5x10°sorted T cells were resuspended in 50 pul of PBS per mouse and
administered through retroorbital injection. Where indicated, mice
received treatment with cytokines: mouse serum albumin (MSA)-bound
mouse IL-2 (MSA-IL-2) or MSA orthogonal IL-2 (MSA-oIL-2) (2.5 x 10*
units per day, intraperitoneal) for five consecutive days (or longer,
where indicated) starting on the day of ACT. Tumour size (length x
width) was monitored with calipers three times a week and volume
was calculated as (Iength x width?)/2). Peripheral blood (10 pl) was
collected at specified time points from the tail vein for quantification
of adoptively transferred pmel T cells by flow cytometry. Mice were
euthanized when the total tumour volume exceeded 2,000 mm?, as
per IACUC guidelines.

The syngeneic PDA tumour model has been previously described*.
In brief, PDA7940b tumours established subcutaneously in female
C57BL/6 mice were treated intratumorally with control virus Ad-Null
(1x10° VP per injection) or Ad-olL-2 (1 x 10° VP per injection) in 50 pl
PBS on days 0 and 4. CAR T cells (5 x 10® live CAR-positive cells) were
administered through tail-vein injection on day 1in 200 pl PBS.
Cyclophosphamide-based conditioning chemotherapy was performed
onday -1byintraperitonealinjection (120 mg kg™). Tumour dimensions
were measured with digital calipers and volumes were calculated as
follows: volume = (Iength x width?)/2. Cured mice were rechallenged
with PDA7940b cells by subcutaneous injectioninto the opposite flank
and tumour size was recorded 24 days later by caliper measurement.
Age-matched naive mice wereinjected identically and served asa con-
trol for tumour growth.

Immunophenotyping by flow and mass cytometry
For in vitro immunophenotyping of orthogonal-cytokne-receptor-
transduced T cells, sorted T cells were plated with equipotent doses of

MSA-olL-2 or MSA-IL-2 in triplicates. After 48 h, T cells were collected
and surface-stained. For in vivo assessments, peripheral blood was
obtained by tail-vein sampling at indicated time points. At the time
of necropsy, spleens were crushed and washed with PBS over a 70-pm
cell strainer to collect splenocytes. Splenocytes and peripheral blood
samples were treated with ACK lysis buffer before antibody staining.

B16 tumours were minced and dissociated using a mouse tumour
dissociation kit (Miltenyi Biotec) and a gentleMACS Octo Dissocia-
tor (Miltenyi Biotec). Cells were then resuspended in PBS and filtered
through a 70-pm cell strainer to obtain single-cell suspensions. Cells
were stained with antibodies at 4 °C for 30 min in FACS buffer. Antibod-
ies are listed in Supplementary Table 5. The 7-AAD viability dye was
used to distinguish live cells from dead cells. Cells were analysed by
flow cytometry using a LSRFortessa (BD Biosciences) and data were
collected using BD FACSDiva (v.6.1.2). Data were analysed using FlowJo
software (v.10, BD Biosciences). PDA7940b tumours were excised,
weighed, minced with scalpels and dissociated using an enzyme cock-
tail consisting of hyaluronidase (2.5 U mI™), DNAse (50 U ml™), collagen
type I/II/IV (75U ml™, 35U ml™, 75 U ml™, respectively) in RPMI1 1640
supplemented with 1% penicillin-streptomycin. CD45-positive cells
were isolated from single-cell tumour suspensions with CD45 (TIL)
MicroBeads according to the manufacturer’s instructions (Miltenyi Bio-
tec) and storedinliquid nitrogen. Quantification of tumour-infiltrating
CART cells was performed using CountBright Beads (Thermo Fisher
Scientific) and normalized to tumour weight. For gating strategy, see
Supplementary Fig. 3.

For mass cytometry, cells were first fixed with 1.6% PFA for five
minutes at room temperature. Cells were washed with 10 ml MaxPar
Cell Staining Buffer (Fluidigm) and spun at 970g at 4 °C for 10 min.
Next, the cells were resuspended in the surface antibody cocktail for
30 min at room temperature. Cells were washed with 5 ml of PBS and
resuspended in1 ml of ice-cold methanol for 15 min onice. Cells were
again washed with MaxPar Cell Staining Buffer and stained with the
intracellular antibody cocktail for 30 min at room temperature. Finally,
cells were washed with 10 ml MaxPar Cell Staining Buffer and stained
with the intercalating solution (Cell-ID Intercalator-Ir, 201192B) at a
1:6,000 dilution in Maxpar Fix and Perm Buffer with 1.6% PFA (Flui-
digm, 201067) overnight at 4 °C. Data were acquired using the Flui-
digm Helios mass cytometer. Analysis was performed using Omiq
based on arcsinh-scaled data gated on live, singlet CD45" leukocytes
or CD8' T cells (for gating strategy, see Supplementary Fig. 4). Cells
were embedded in two-dimensional visualization using opt-SNE and
clustered using FlowSOM with elbow metaclustering using Euclidean
distances. Differentially abundant clusters were determined using
edgeRwith a Pvaluesignificance threshold of 0.05 and log-transformed
fold change >1. Graphs were generated using the R package ggplot.

Intracellular cytokine staining

Human co-transduced T cells (either ho2R-NYESO1-TCR or ho9R-
NYESO1-TCR) were collected from repetitive tumour challenge
coculture 72 h after the most recent tumour challenge and 24 h after
orthogonal cytokine had been replenished in the culture medium.
T cells (1 x10%) were cultured in a 96-well plate with anti-human
CD3/CD28 Dynabeads (Thermo Fisher Scientific) or melanoma cells
ataL:1E:T ratio (nRFP-M407 or M263) in the presence of brefeldin A
and monensin. After four hours, cells were surface stained for 30 min
at room temperature, fixed and permeabilized for intracellular
cytokine staining for 30 min at room temperature. For intracellular
cytokine staining of enriched CD45* tumour-infiltrating leukocytes
from PDA740b tumours, cells were stimulated for six hours with Cell
Activation Cocktail (with Brefeldin A) (Biolegend), fixed/permeabilized
in the Cyto-Fast Fix/Perm Buffer Set (Biolegend) and stained with an
anti-IFNy antibody. Cells were washed and analysed by flow cytometry
using a LSRII (BD Biosciences). Data were analysed using Flow)o soft-
ware (v.10, BD Biosciences).



Multipleximmunohistochemistry

Formalin-fixed and paraffin-embedded tumour specimens were cut
in 4-pm-thick sections onto glass slides for staining. The tyramide
signal amplification (TSA)-based Opal method was used in this study
for immunofluorescence staining (Opal Polaris 7-Color Automation
IHCKit; Akoya Biosciences; NEL871001KT). The Opal fluorophores were
usedatalin150dilution, as per the manufacturer’srecommendation.
Afluorescent single-plex was performed for each biomarker and com-
pared to the appropriate chromogenic single-plex to assess staining
performance. Once each target was optimized with single-plex staining,
the Opal 6 multiplexed assay was used to perform multiplex staining
of slides. We applied primary antibodies to mouse spleen specimens
as controls at optimized concentrations previously determined for
single-plex staining of control tissues. Staining was performed using
the BOND RX system (Leica Biosystems). The sequence of antibodies
for multiplex staining was: FOXP3 (Opal 480), CD4 (Opal 520), PD-1
(Opal570),CD8 (Opal 620) and CD3 (Opal 690). Staining was performed
after 20 min of heat-induced antigen retrieval using Bond Epitope
Retrieval Solution 2 (Leica Biosystems). Antibodies are listed in Sup-
plementary Table 5, and were used at a1:200 dilution with a one-hour
incubation. All fluorescently labelled slides were counterstained with
DAPI and scanned on the Vectra Polaris (Akoya Biosciences) at x20
magnification using appropriate exposure times. The data from the
multispectral camera were analysed by the imaging InForm software
(Akoya Biosciences) and quantification was performed using HALO
image analysis software (Indica Labs).

Histopathology, clinical chemistry and RNA ISH

Mice were euthanized by means of CO, asphyxiation. Immediately after
death, blood (n =3 mice per group) was collected by cardiac puncture
into Microvette tubes (Sarstedt) and allowed to clot at room tempera-
ture for30 minbefore centrifugation at12,000g for 10 min. Serum was
stored at -80 °C before analysis. Cytokine levels in sera were measured
with the Mouse 25-plex Cytokine Panel (IDEXX Bioanalytics). Serum
levels of Ca, P, K and uric acid were measured with a custom clinical
chemistry panel (IDEXX Bioanalytics).

Complete necropsy with macroscopic post-mortem examination was
performed on all mice. Formalin-fixed tissues samples were trimmed
according to the RITA guidelines (https://reni.item.fraunhofer.de/
reni/trimming/) and then routinely processed for paraffinembedding,
sectioning and haematoxylin and eosin (H&E) staining. The resulting
slides were analysed by aboard-certified veterinary pathologist blinded
to experimental design.

The distribution of mesothelin expressionand CART cellinfiltration
inthe meninges were investigated by means of multiplex fluorescent
RNAISH (RNAscope Multiplex Fluorescent Assay, ACD Bio) including
acustom probe designed against the mouse retrovirus used to trans-
duce T cells with CAR and ortho-receptors. The assay was performed
onformalin-fixed and paraffin-embedded brain sections. Whole-slide
imaging ontheresulting fluorescently labelled sections was performed
using the Aperio VERSA 200 slide scanner (Leica Biosystems). CAR
T cells and mesothelin-positive cells were finally counted using the
object countingtoolincludedin the Aperio ImageScope software (Leica
Biosystems).

RNA-seq and analysis

Fortheinvitro experiments describedin Fig. 2 and related supplemen-
tary material, 02Rand 09R pmel T cells were stimulated with SpuMolL-2 or
0.05 pMolL-2 for 48 h. RNA was extracted using the RNeasy minikit (Qia-
gen).RNA-seq libraries were prepared using the KAPA mRNA stranded
library preparation kit, according to the manufacturer’s recommenda-
tions. Libraries were pooled and sequenced on the llluminaHiSeq3000
platform (50-bp single-end reads). Reads were aligned to the mouse
reference genome (mm9/GRCm38) using HISAT2 (v.2.0.4) (ref. ).

Gene expression was quantified using HTSeq-counts (v.0.6.1) (ref. ).
Differential expression analysis was performed using DESeq2 (ref. "),
and subsequent gene set enrichment analysis was performed using the
fgsea (ref.*®) and msigdbr (ref.>®) R packages, specifically on the TFactS
annotated gene set®, and visualized using the ggplot2 R package.
Differentially expressed genes were filtered to those with an adjusted
Pvalue of less than 0.01 and a log,-transformed fold change > 1. Gene
expression was visualized using the normalized gene expression
(calculated using the rlog transform from DESeq2 and scaled by row)
using the pheatmap R package. Principal component analysis and
sample-to-sample heatmaps were generated using the R functions
prcomp and dist, respectively.
FortheinvitroexperimentsdescribedinFig.3, CAR-02Rand CAR-09R
cellswere stimulated for 48 h with MSA-oIL-2 or MSA-IL-2 and total RNA
was extracted using the RNeasy minikit (Qiagen). RNA expression was
analysed using the nCounter Mouse Immunology Panel (Nanostring
Technologies). Analysis was performed as described above.

Statistics and reproducibility

Allunpaired t-tests are two-sided. Exact Pvalues are provided in Supple-
mentary Table 6. For box and whisker plots (Fig. 2j), box plots represent
median and first and third quartiles, and whiskers extend to minima
and maxima. Unless otherwise stated, n refers to biological and not
technical replicates. For mouse tumour growth and survival experi-
ments, sample size was selected on the basis of previous work using
therespective ACT models (B16-pmel and PDA7940b-mesothelin CAR).
Mice with tumours of equal size were randomized before treatment;
tumourswere measured inablinded fashion. Datain Fig.1b-fare rep-
resentative of three independent experiments. Data in Fig. 2b,e,g are
representative of two independent experiments. In Fig. 2b, n = 6 mice
per group exceptn=>5for pmel + MSA-IL-2and n =4 for pmel + MSA-IL-2,
lymphodepleted. In Fig. 2c, n = 6 mice per group, except n =5 for BL6
T cells + MSA-IL-2 and pmel + MSA-IL-2.InFig. 2d, n = 6 mice per group,
exceptn=>5forpmel + MSA-IL-2and pmel + MSA-IL-2 (lymphodepleted),
andn=3forBL6T cells + MSA-IL-2. Datain Fig. 2c,d are representative
ofthreeindependent experiments. Datain Fig. 2fare representative of
twoindependent experiments and conclusions are confirmed by three
independent experiments using flow cytometry (Fig. 2f), mass cytom-
etry (Fig.2h) andimmunofluorescence (Extended DataFig. 5g). Datain
Fig.3a,c-earerepresentative of twoindependent experiments. Datain
Fig.3barerepresentative of threeindependent experiments. Efficacy
experiments (Fig. 3i,j) are representative of two independent experi-
ments. Data in Fig. 4a,e-h are representative of two independent
experiments. Data in Fig. 4b-d are representative of three independ-
entexperiments.

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

Data availability

All data associated with this study are present in the manuscript or
its Supplementary Information files. Gene expression data are avail-
able at https://www.ncbi.nlm.nih.gov/geo/ under accession numbers
GSE199909 and GSE199956.
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Extended DataFig.1|Mechanisms of 09R signalling.a, pSTAT-1,-3,-5and -6 mice (d). e, Dose-response curves of STAT1, STAT3 and STAT5 phosphorylation

signalling dose response curves of ortholL-2Rf ICD chimericreceptor inpmel T cells transduced with native IL-9R (pmel-IL-9R), 09R (pmel-09R), or
expressing T cells stimulated with MSA-olL2 for 20". b, pSTAT-1,-3,and -5 mock transduced (pmel) and stimulated with IL-9, MSA-IL2, or MSA-olIL2. Data
signalling dose response of untransduced or o2R or 09R expressing T cells areshownas mean fluorescence + SEM, n =3 biological replicates unless
stimulated with MSA-olL2 or MSA-IL2 for 20’. ¢,d, IL-9R expression on mock otherwise stated.

transduced or IL-9R transduced T cells from C57BL6 (c) or pmel TCR transgenic
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Extended DataFig.2|Competitionbetween o9R and wild-typeIL-2
signalling. a-c, pSTATS (a), pSTAT3 (b), and pSTAT1 (c) signalling in o9R
expressing C57BL/6 T cells treated with 10-fold dose titration of MSA-IL2
(startingat100nM) in the absence (open) or presence of MSA-olIL2 [5 pM]
(filled) for 20’. Data shown as mean fluorescence + SEM, n =3 biological
replicates, YFP(+) gated.



a 02R 04R o7R 09R 021R
MSA-IL2
-0- V- MSA-IL2 -t~ MSA-IL2 -0 MSA-IL2 =0 MSA-IL2
-~ MSA-olL2 v- MSA-olL2 —+ MSA-olL2 -
- MSA-olL2
& 120 120 - 120 120 =+ MSA-olL2
= P Ve iy Ear) %
5 9 Vol 9 °,y°°
R 80 4 80 v 80 ! 80 /
=g / 4 v { {
'§ ,I v F 1
8 40 b 40 v' 40 / 40 4
= / Yy o/ /
[ ), A
© # ofwen® oy 0
6 4 2 0 2 4 6 4 2 0 2 4 6 4 2 0 2 4
[cytokine] (Log, [nM])
b
MSA-olL2
10,000nM 2,000nM 400nM 80nM 16nM 3.2nM
MSA-IL2
100nM 20nM 4nM 0.8nM 0.16nM 0.032nM
0 104 10° 10° 107
proliferation (CTV)
B 2R [ ooRrR
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representative plots shown.
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Extended DataFig. 5| Anti-tumour efficacy, tumour infiltration,
phenotype and function of o2Rand 09R pmel T cells. a,b, Survival of B16-F10
tumour-bearing mice treated with (a) o2R or (b) 09R pmel T cells and MSA-IL2
or MSA-olL2.BL/6T cells treated with MSA-IL2 were used as an off-target

Tcell control. Untransduced pmel T cells plus mIL-2 in tumour-bearing
lymphodepleted and non-lymphodepleted mice served as controls. ¢, Effect of
o9R pmel T cellsinalymphodepleted host. Tumour growth (mean +SEM, left
panel) of B16-F10 tumours inlymphodepleted C57BL/6 mice treated with 09R
pmel T cellsand MSA-IL2, MSA-0lIL2, ornoIL2.d, Individual B16-F10 tumour
growth curvesrelated to survival curves shownin Fig. 2e. All mice were
non-lymphodepleted except one group (in purple) which received total

body irradiation (5Gy). CR, completeregression.* p <0.05; **p < 0.01;

**** p<0.0001(ANOVA). e, opt-SNE clustering of CD45" tumour-infiltrating
leukocytes seven days after adoptive transfer of 02R (left) and 09R (middle)
pmel T cells (n =4 mice/group; mice were treated without lymphodepletion
and treated MSA-olL2 2.5x10* units/day for five days starting with ACT).
Volcano plot of differentially abundant clusters in tumours from mice treated
with o9R versus 02R pmel T cells (right panel). f, opt-SNE clustering of the

subset of tumour infiltrating 09R and 02R pmel T cellsin non-lymphodepleted
hosts treated with MSA-0IL2 (n = 4 mice/group, left panel), with separate plots
foreachtreatmentgroupillustrating only differentially abundant clusters
(middle panel), and a volcano plot of differentially abundant clusters
annotated with distinguishing features (right panel). g, Tumour-infiltration of
CD3*CD8" Tcellsand CD8'PDI' T cellsin non-lymphodepleted hosts treated
with either o2Rand MSA-oIL2 or o9R pmel T cells and MSA-oIL2 by multiplex
IHC (red=CD3, orange =CD8, yellow = PD1, green = CD4, teal = FOXP3). Images
arerepresentative of tumours from n =3 mice/group and ofoneindependent
experiment (conclusions verified in threeindependent experiments by flow
and mass cytometry). Quantifications (mean + SD) shown to theright (n=3
biological replicates/group). h, Invitro growth (mean +SD, n =3 biological
replicates/group) of nRFP* B16-F10 tumour cells cocultured with 02R or o9R
pmel T cells (2:1E:Tratio) pretreated with MSA-IL2 (50nM). i, IFNy secretion by
olL-2Rand oIL-9R pmel T cells cocultured with B16-F10 melanomain vitro for
24 h.T cellswere pretreated with MSA-oIL2 (5 pM) for 48 hin vitro prior to
coculture (mean +SD, n=3biological replicates/group).* p < 0.05; unpaired
t-test, two-sided.
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Extended DataFig.7|o2Rand o9R signallingin T cellsengineered withan
anti-mesothelin CAR. a, Schematic of primary mouse CD3" T cells expressing
anti-mesothelin CAR and 02R (CAR-02R) or 09R (CAR-09R). b, Representative
mesothelin CAR expression (top panel), IL-2Rp expression (middle panel) and
CAR/IL-2Rp co-expression (bottom panel) in untransduced (UTD) or
retrovirally transduced CAR-02R and CAR-09R T cells as determined by flow
cytometry. Middle panelinset, mean fluorescence intensity (MFI) of IL-2Rf in
untransduced and transduced T cell. ¢,d, Expansion and phenotype of 02Rand
09RCARTcells. ¢, Invitro CART cell expansion. CAR-02R and CAR-09R cells
wereincubatedinthe presence of MSA-IL2 (100nM) or MSA-0IL2 (5 pM). An

aliquot of cells was removed from the plate and stained with Calcein AM
viability dye and counted on the Celigo Image Cytometer daily. Mean +SEM,
n=3replicate wells/group.d, CD44 and CD62L co-expressionon CART cells.
Full dataof representative flow plotsin Fig3d. CAR-02R and CAR-09R cells
wereincubated for four daysin the presence of MSA-IL2 (100nM) or MSA-oIL2
(5uM).CD44 and CD62L surface co-expression was determined by flow
cytometry on live CAR+cells. Mean +SEM, n = 3/group. ns, not significant.
****P <0.0001(ANOVA). e, Individual growth curves of PDA7940b tumours by
treatment group; control groups corresponding to Fig. 3i,j.
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Extended DataFig. 8| RNA ISH and serum markers of toxicity onday11.
a,b, Representativeimages of brain and meningeal sections stained with
fluorescent probes specific for mouse CAR (red, Cy3), mouse mesothelin
(green, FITC) and counterstained with DAPI (blue). CAR-positive cells

(white arrows) and mesothelin-positive meningeal cells (purple arrows)
indicated inthe pia-arachnoid layer of the meninges. Scale bars, 50 um.

c,d, Semi-quantification of CAR T cells and mesothelin-positive cells in stained
brainsections. Mean +SEM, two sections/mouse, three mice/group.*P < 0.05
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Mouse #3

(two-sided t test with Welch’s correction). e, Serum levels of calcium,
phosphorus, potassium, uricacid, andf, cytokine release syndrome
(CRS)-associated cytokines on day 11 of treatment. Mean + SEM, n =3 mice/
group. g, Representative photomicrographs from 3 mice (160 days
post-treatment) cured of PDA7940b tumours showing histologically normal
leptomeninges, withoutimmune/inflammatory cell infiltrates, covering the
temporoparietal region of the cerebral hemispheres. H&E, scale bar: 100 pm.
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Extended DataFig. 9|See next page for caption.
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Extended DataFig. 9| Anti-tumour efficacy of mesothelin-specific 02Rand
09R CART cells combined with intratumoral delivery of Ad-oIL2. a, Survival
differences between mice treated with CAR-02R + Ad-olL2 and CAR-09RT cells
+Ad-olL2 with or without conditioning chemotherapy. Kaplan-Meier survival
curves of treatment groups in Fig. 3i-k. **P < 0.01, ****P < 0.0001 (Log rank
Mantel-Cox test). b,c, Anti-tumour efficacy of Ad-olL2 with control CAR T cells
or Ad-Nulland CAR-02R T cells. b, Anti-tumour efficacy in mice treated with Ad-
olL2and CART cells (without orthogonal cytokine receptor). Established
subcutaneous PDA7940b tumours were treated with Ad-olL2 ondays 0 and 4
(1x10° VP/tumour) and with CAR T cells on day 0 (5x10°). Mean + SEM, n = 5mice/
group. ns, not significant (ANOVA). ¢, Anti-tumour efficacy in mice treated with

Ad-Null (no transgene) and CAR-02R T cells. Established subcutaneous
PDA7940b tumours were treated with Ad-Null on days 0 and 4 (1x10° VP/
tumour) and with CAR-02R T cells on day 0 (5x10°). Mean + SEM, n = 5mice/
group. ns, notsignificant (ANOVA). d, Tumour volumes (mean +SEM) of cured
mice (from Fig. 3j) rechallenged with PDA7940b compared to age-matched
naive mice (n=10, 8 and 6 mice for naive, Ad-olL2 + CAR-02R and Ad-oIL2 + CAR-
09R groups, respectively). *P < 0.05; **P < 0.01; ns, not significant (ANOVA).

e, Quantification of CD45.1+ lymphocytesin peripheral blood of rechallenged
mice (mean +SEM, n =10, 8 and 6 mice for naive, Ad-olL2 + CAR-02R and Ad-olL2
+CAR-09R groups, respectively). ns, not significant (ANOVA).
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Extended DataFig.10 |Human chimeric orthogonal IL-2RB-ECD-IL-9R-ICD
drives astem-like phenotype and polyfunctionality in T cells even after
repetitive antigen-specific tumour challenge. a, Flow plots of normal
healthy donor T cells co-transduced with either ho2R and NYESO1-TCR (left) or
ho9R and NYESO1-TCR (right), as detected by anti-human VB13.1antibody that
recognizesthe  chain of the NYESO1-TCR clone 1G4 and YFP (internal marker
ofthe 02R or o9R vectors). Co-transduction efficiencies are shown. b, pSTAT
signalling dose response of untransduced or ho2R (red) or ho9R (purple) or
untransduced (UTD; grey) expressing activated human T cells (donor 651)
stimulated with MSA-holL2 (top panel) or MSA-hIL2 (bottom panel) for 20'.
Dataare shown asmean fluorescence + SEM, n=2. ¢, Gating strategy for
immunophenotyping of YFP* population of ho2R-NYESO1-TCR and ho9R-
NYESOI-TCRT cellsshowninFig.4c.d, Immunophenotype of ho2R-
NYESOI-TCR and ho9R-NYESO1-TCR engineered human T cells after six daysin
culture with MSA-holL2 (1puM). Shown are representative plots of CD45RA and

CD27 expressiongated on YFP* T cells (top row), and CD95 and CCR7
expressiongated onthe CD45RA'CD27* population (indicated by arrow and
dottedline) corresponding to bar plotin Fig. 4c. e, Immunophenotype of
ho2R-NYESO1TCR and ho9R-NYESO1 TCR engineered human T cells after two
daysin culture with MSA-holIL2 (1 pM). Shown is bar plot quantification of Ty
cellsasapercentage of the YFP* population (mean +SD, n =3 biological
replicates/group).** p < 0.01 (unpaired t-test, two-sided). f, T cells from
Fig.4ewere collected and restimulated with either aCD3/aCD28

dynabeads, melanoma cellline M407 (HLA*0201'NY-ESO-1") or M263
(HLA*0201'NY-ESO-1).1FNy, TNF and IL-2 were quantified among YFP* CD4
Tcells (CD8) by ICS (mean +SD, n =3 biological replicates/group). g, Gating
strategy for flow sorting of healthy donor T cells co-transduced with
lentiviruses expressing anti-mesothelin CAR (M5) and ho2R-GFP/ho9R-GFP
(left plots). Right plotsindicate MFl of orthogonal IL-2R3 in double-positive
cells.
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Software and code

Policy information about availability of computer code

Data collection  BD FACSDiva (v6.1.2);
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Life sciences study design

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

Sample size For mouse experiments in Figure 2 and 3, sample sizes were not determined using statistical methods, but based on extensive experience in
the literature (including from our group) using the pmel/B16 and the PDA/mesoCAR mouse model.
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Data exclusions | No data were excluded from the analysis.

Replication For Figure 1, in vitro signaling experiments were repeated at least three times, with each data point in triplicates. In vitro proliferation
experiments were repeated two times, with each data point in triplicate. For figure 2 and related supplementary material, in vitro
experiments were repeated at least a total of two times, except for CyTOF, RNA-sequencing and Luminex cytokine analysis experiments. For
CyTOF experiments, data was validated by flow cytometry experiments conducted in replicate experiments. For RNA-sequencing, biological
triplicates were used. For luminex cytokine analysis, biological triplicates were used.

Randomization  For mouse experiments in Figure 2 and 3, mice were selected based on similar tumor size and groups were generated randomly.

Blinding For mouse experiments in Figure 2 and 3, tumors were measured by an individual blinded to randomization.

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
Involved in the study n/a | Involved in the study
Antibodies XI|[] chip-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern
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Antibodies

Antibodies used All antibodies used in the study, including clone and catalog number, are listed in Supplementary Table 5.

Validation All antibodies used are commercially available and validation is noted on the manufacturer's website.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) B16-F10: ATCC; PDA7940b: Dr. Gregory Beatty, University of Pennsylvania; PLAT-E: Cell Biolabs; HEK293T: ATCC; M407 and
M263: Dr. Antoni Ribas, UCLA;

Authentication Cell lines were periodically authenticated (at least once per year) using short tandem repeat analysis, with the exception of
HEK293T cells which were used at low passage after freezing aliquots upon receipt from ATCC.
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Mycoplasma contamination Cell lines were periodically tested (at least once per year) for mycoplasma infection using mycoplasma detection kit (Biotool).

Commonly misidentified lines  No commonly misidentified lines were used.
(See ICLAC register)




Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals (1) mouse, C57/BL6, female, 6-10 weeks of age; (2) mouse, pmel-1 transgenic (B6.Cg-Thyla/Cy Tg(TcraTcrb)8Rest/J), female, 6-10
weeks of age, and (3) mouse, B6 CD45.1 (B6.SJL-Ptprca Pepch/Boyl), female 4-6 weeks of age.

Wild animals The study did not involve wild animals.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight Mice were used under protocols approved by Institutional Animal Care and Use Committee at the University of California, Los
Angeles (UCLA), University of Pennsylvania and Stanford University.

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:
g 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.

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

Methodology

Sample preparation Biological source: primary mouse cells in culture; single cell suspensions of mouse tumors after enzymatic digestion; single
suspension of mouse spleen after mechanical dissociation, filtering and RBC lysis; single cell suspension of mouse lymph
nodes after mechanical dissociation and filtering. Sample preparation: after exposure to experimental conditions, samples
were washed with primary antibodies at 4C for 30 minutes in PBS with 5% fetal bovine serum and 2mM EDTA. Samples were
washed and stained with 7-AAD or LiveDead Aqua viability dye to distinguish live and dead cells. For phosphoflow
experiments, cells were washed and permeabilized with ice-cold 100% methanol for 60 minutes on ice or stored at -80C
overnight. Cells were washed prior to staining with primary antibodies.

Instrument Cells were analyzed by flow cytometry using a LSRFortessa (BD Biosciences) or a CytoFlex (Beckman Coulter).

Software Data were collected using BD FACSDiva software and analyzed using FlowJo (v10.7.1).

Cell population abundance For sorted 02R and 09R transduced pmel T cells (Figure 2 and related extended data), cells were sorted based on expression
of YFP and consisted of 10-30% of live cells in the sorted sample. The purity of the sort was >90% as confirmed by expression
of YFP in post-sort samples.

Gating strategy For all analysis, dead cells and debris were gated out using FSC-A/SSC-A and viability staining. Singlets were gated based on

FSC-A and FSC-H. For subsequent gating, some populations (e.g. CD45+ leukocytes, CD3+ T cells, etc.) were gated based on
distinct expression of relevant markers. For populations without a clearly demarcated fluorescent signal, fluorescent-minus-
one (FMO) and/or isotype staining were used to determine appropriate gating of positive and negative populations.

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