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The success of cancerimmunotherapiesis predicated on the targeting of
highly expressed neoepitopes, which preferentially favours malignancies
with high mutational burden. Here we show that early responses by type-I
interferons mediate the success ofimmune checkpoint inhibitors as well
as epitope spreading in poorly immunogenic tumours and that these
interferon responses can be enhanced via systemic administration of lipid
particles loaded with RNA coding for tumour-unspecific antigens. In mice,
the immune responses of tumours sensitive to checkpointinhibitors were
transferable to resistant tumours and resulted in heightened immunity with
antigenic spreading that protected the animals from tumour rechallenge.
Our findings show that the resistance of tumours toimmunotherapy is
dictated by the absence of a damage response, which can be restored by
boostingearly type-linterferon responses to enable epitope spreading and
self-amplifying responses in treatment-refractory tumours.

Immune checkpoint inhibitors (ICIs) have revolutionized cancer
therapy'* By blocking the pathways that regulate the immune system,
these monoclonal antibodies (mAb) can enhance immunity, boost
T-cell activity and reinitiate the recognition and destruction of can-
cer cells®®. Successful ICI therapy is predicated on an activated T-cell
response against cancer neoepitopes which preferentially favours
malignancies with high tumour mutational burdens (TMB)”~°. However,
many TMB-high tumours are ICl resistant and TMB-low cancers may

have limited cases of patient responders'®%. The interplay driving
cancer immunogenicity and response to immunotherapy remains
poorly understood.

Interferon (IFN) signalling has been implicated as an important
mechanism in both resistance and therapeutic susceptibility®. In
established tumours, IFN production instigates both epigenomic
and transcriptomic modifications that foster tumour resistance'.
Many tumours manage to develop ICI resistance by hijacking type-11FN
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Fig.1|IFN-Iis necessary for complete tumourigenicity and response to ICIs.
a, Treatment schema. b, Boxplot of BI6F10-OVA melanoma injected into either
untreated C57BI/6 mice or mice treated with IFNAR1 mAb; n =10 per group.
IFNAR1 mAbs were administered as aloading dose before and after tumour
implantation, and maintenance dosing was continued twice weekly. Lungs were
collected on day 14 and tumour nodules per lung were enumerated. ¢, Kaplan-
Meier survival curve of C57BI/6 mice (n = 7 per group) implanted intracranially
(i.c.) with non-tumourigenic GL261 glioma cells, treated with intraperitoneal
(i.p.) IFNAR1mAb compared to untreated animals. d, Kaplan-Meier survival
curve of C57BI/6 mice (n = 6 per group) implanted i.c. with tumourigenic GL261
gliomacells, treated withi.p. IFNARI mAb compared with animals receiving
IFNAR1isotype mAbs. e, Tumour volume growth curve of BL6F10-OVA tumours
in C57BI/6 mice (n =7 per group) implanted subcutaneously (s.c.) with B16FO
and B16F10-OVA melanoma cells in contralateral flanks beforei.p. treatment
with IFNAR1 mAb. f, Kaplan-Meier survival curve of C57BI/6 mice (n = 8-9 per
group) implanted i.c. with GL261 glioma cells and treated with PD-1 mAb alone or

Days after tumour implantation

Days after tumour implantation

in combination with IFNAR1 mAb. g, Tumour growth curve of C57BI/6 mice (n=8
per group) implanted subcutaneously with BI6F10-OVA melanomas, treated with
PD-1mADb, IFNAR1mADb or PD-1+IFNAR1 mAb. h, Kaplan-Meier survival curve of
both wild-type C57BI/6 and IFNAR1 KO mice (n =7 per group) i.c.implanted with
GL261glioma cells and treated with PD-1 mAb compared with untreated control
groups. i, Treatment schema for j-m. j, Kaplan-Meier survival curve of C57BI/6
mice (n =8 per group) implanted i.c. with GL261 glioma cells and treated with
PD-1mAb. k-m, Kaplan-Meier survival curve of C57Bl/6 mice (n = 8 per group)
implantedi.c. with GL261 undergoing treatment with PD-1 mAb in wild-type
animals (k), IFNAR1 knockout mice (I) and IFNy knockout mice (m). Significance
was determined using Mann-Whitney test (b), log-rank test (c,d,f h,j-m) and
mixed-effect analysis/two-way ANOVA (e,g). Boxplots display box at first and
third quartile with line at median and whiskers from minimum to maximum
datapoint values (b). Error bars are reported as s.e.m. (e,g). Panelsa and i created
with BioRender.com.
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(IFN-I) signalling pathways, thus thwarting theinduction of therapeu-
tic immunity®. Sustained IFN-I production can precipitate an immu-
noregulatory state and a chronic inflammatory milieu deleterious to
adaptive immunity and response to ICIs'*".

However, IFN-lis vital forimmunologic response through pattern
recognition receptor activation and plays a vital role in facilitating
interactions between dendritic cells and effector T cells'®". On the basis
ofthese effects, we hypothesized that early IFN-lis critical for initiating
cancerimmunotherapy and epitope spreading inimmunogenic malig-
nancies, and could be artificially induced by RNA-encoding biomimet-
icsin poorlyimmunogenic tumours. We found that early IFN-Ishaped
the magnitude of ICI response in both intra and extracranial murine
solid tumours and dictated cancerimmunogenicity in ICI-responsive
tumours in a manner that was transferable to previously resistant
malignancies. We leveraged this understanding towards the develop-
ment of non-tumour-specific messenger RNA vaccines that restored
IFN-I-dependent immunity in parallel models for ICI-resistant tumours,
enabling epitope spreading and improved survivorship.

Results
We investigated IFN-I effects on tumourigenesis in strongly immuno-
genicmalignancies such as B16F10-OVA, injected intravenously (i.v.) to
simulate metastatic tumour seeding (Fig.1a). We found that administra-
tion of IFN-Ireceptor blocking mAb (IFNAR1 mAb) facilitated uniform
tumour development following 150,000 cells, atumour cell dose that
typically produces tumours in only 25% of untreated mice (Supple-
mentary Fig. 1). Mice treated with IFNAR1 mAb developed more lung
nodules than untreated mice (Fig. 1b), suggesting that early IFN-Isignal-
ling facilitatesimmune surveillance and regulation of tumour growth,
while its absence can lead to complete tumourigenesis. To uncover
whether these observations might apply to intracranial tumours, we
selected an immunogenic intracranial glioma model (GL261, using a
non-tumourigenic dose) where simultaneous blockade of IFN-I sig-
nalling promoted complete tumourigenesis (Fig. 1c). When repeated
with completely tumourigenic doses of GL261 or B16F10-OVA, animals
receiving IFNARI mAbs had more aggressive tumours than control mice
(Fig.1d,e). We then conducted a series of experiments assessing the
effects of IFN-lonICl sensitivity in prototypically responsive GL261and
B16F10-OVA tumours. After tumour implantation, mice were treated
with biweekly PD-1blockade, with or without IFNAR1 blocking mAbs.
Although early administration of PD-1 mAb significantly enhanced
survival and suppressed tumour growth, the introduction of IFNAR1
blocking antibodies markedly mitigated survival outcomes (Fig. 1f,g,
and Supplementary Figs. 2and 3). These data highlight the critical role
of IFN-lin modulating cancerimmunogenicity and response to check-
pointinhibitorsinboth extracranial and intracranial tumour models.
In repeat experiments with isotype controls (Supplementary
Fig.4), wefound that mAbisotype canadversely affect response to PD-1
mAD perhaps through non-specific interaction with PD-1receptor or
through saturation of IgG receptors. To substantiate whether IFNAR1
played akeybiological rolein the response to PD-1mAb, we replicated
these experimentsin IFNAR1 knockout (KO) mice. In IFNAR1KO animals
bearing GL261 tumours, mice did not have significantly improved
survivorship following PD-1 mAb therapy, confirming the necessity of
IFN-lin eliciting ICI responsiveness (Fig. 1h). While these results dem-
onstrate theimportance of innate immunity and IFNAR1signalling for
ICIresponse, in these experiments ICI treatment was started at early
timepoints (days 1-5). To demonstrate that early interferon response
could alsoimpactICltreatment at later timepoints, we treated intrac-
ranial GL261-bearing mice with anti-PD-1 mAbs beginning treatment
on day 12 (Fig. 1i), which resulted in significant activity (Fig. 1j-m).
Interestingly, in these late-treatment models, there were no significant
differences between untreated mice and IFNAR1 knockout animals,
suggesting that the endogenousimmune response can be overcome by
more aggressive tumours. We then sought to assess the impact of type

IlinterferononIClresponsein late-treatment models for GL261. Unlike
the blockade of IFN-Ireceptor signalling, which eliminates ICl effectiv-
ity, blockade of type I1 IFN did not abrogate survivorship (Fig. 1k-m).

Since IFN-Iplays apivotal rolein the response to PD-1mAb, we pos-
tulated that myeloid cells might be crucialin mediating ICl activity. We
sequenced GL261 tumours from untreated and PD-1-treated wild-type,
IFNAR1 knockout and IFNy knockout animals. In untreated animals,
there was presence of endogenous immunity with cytotoxic cells,
natural killer (NK) cells and macrophages that became attenuated in
IFNARI and IFNy knockout mice (Fig.2a). PD-1blockadeincreased gene
signatures for NK cells and macrophages in the tumour microenviron-
ment (TME) of IFNy knockout mice, which perhaps compensated for
poorly cytotoxic T cells; however, macrophages remained decreasedin
IFNAR1knockout mice, suggesting these cells to be critical for response
toanti-PD-1treatment (Fig. 2b). To further demonstrate the importance
of macrophages and myeloid cellsin response to ICls, we showed that
non-specific depletion of myeloid cells (phagocytes) with clodronate
liposomes (LP) (Fig. 2c) elicits a trend towards decreased long-term
survival following PD-1mAbs (Fig.2d and Supplementary Fig.5). Thus,
while myeloid cells are a notableimmunoregulatory compartmentin
many malignancies including the glioma microenvironment, their
intratumoural presence following IFN-I signalling appears essential
for eliciting maximal ICl activity.

Although anti-tumour immunity from ICls was dependent on IFN-I
in the TME, we theorized that this was due to polarization of adaptive
immunity from strongly immunogenic driver antigens and sought to
assess whether ICl sensitivity was transferrable to resistant models.
To model this, mice with ICI-sensitive tumours (B16F10-OVA) were
treated with anti-PD-1 mAb in the presence or absence of IFN-I recep-
tor (IFNAR1) inhibition, and following treatment, splenic CD3" lym-
phocytes were collected and transferred to a new group of mice with
ICI-resistant tumours with shared tumour antigens (B16F0) (Fig. 2e).
Our findings revealed that CD3-selected T cells from PD-1-treated
B16F10-OVA-bearing mice (CD3splen) were able to initiate a potent
anti-tumour response against normally ICI-resistant tumours (B16FO)
in recipient mice; however, CD3-selected T cells from donor mice
treated with early IFNAR1 mAb imparted no benefit, suggesting that
IClsensitivity is dependent on early IFN-Isignalling with the capacity to
elicitantigenicity against weaker non-OVA antigens in BI6FO-bearing
animals (Fig. 2e). These results highlight that the presence of a single
strong antigen (that is, OVA) may be sufficienttoinduce IFN-Iresponse
and epitope spread against poorly immunogenic tumour antigens
that are transferrable to non-OVA-expressing tumours. To confirm
these data, we designed a separate but related experiment where we
inoculated the same mouse with both a subcutaneous ICI-sensitive
tumour (B16F10-OVA) and an ICl-resistant tumour (B16FO) with shared
antigens, followed by treatment with PD-1 mAb with or without IFN-I
receptor blockade (Fig. 2f). The presence of BI6F10-OVA on the con-
tralateral flank was enough to unlock B16FO’s sensitivity to PD-1mAb,
an effect that was abrogated in the presence of early IFN-I receptor
inhibition (Fig. 2f).

Since there was no significant change observed in the kinetics of
tumour growth following IFNAR1blockade in BL6FO tumours (Fig. 3a),
but instead an IFNAR1-dependent response following transfer of
non-specific driver antigens (Fig. 2f), we sought to develop approaches
for resetting IFN-I signalling in ICI-resistant tumour models (that is,
B16F0). We postulated that introduction of intratumoural IFNo dur-
ing tumourigenesis was critical for tumour immunogenicity—an
effect that could be achieved by simply culturing tumour cells with
IFNa before implantation. In the presence (Fig. 3b and Supplemen-
tary Fig. 6) or absence of ICI therapy (Fig. 3c), intratumoural IFN-I
following co-culture and/or co-administration was sufficient to delay
tumour growth. To determine whether these effects were strictly medi-
ated by the innate immune response, we repeated these experiments
in SCID mice. Although there was delayed tumour growth in SCID
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CD3"splenocytes (CD3 Splen) were collected from mice 20 days post tumour
implantation and transferred to recipient mice inoculated with ICl-resistant
B16FO cells. Right: The recipient mice were then treated with biweekly PD-1mAb
and tumour growth curves were plotted. CD3 Splen, CD3 splenocytes from
ICI-sensitive BI6F10-OVA. f, Left: experimental diagram showing mice (n = 7 per
group) inoculated with B16F10-OVA and B16F0 implanted into contralateral
flanks, treated i.p. with PD-1mAb with or without IFNAR1 mAb. Right: tumour
volume measurements of BL6FO tumours. Statistical significance was determined
using log-rank test (d) and mixed-effect analysis/two-way ANOVA (e, f). Colour
bars for heat maps represent distribution for cell types by Z-score (a—c). Error bars
arereported as s.e.m. Panels e and fcreated with BioRender.com.
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mice receiving intratumoural IFN-1, there was enhanced response in
wild-type micereceiving both intratumoural IFN-land anti-PD-1therapy
(Fig.3d). We surmised that these effects were partially attributabletoan
increase in major histocompatibility complex (MHC)-l expressionand
programmed death-ligand 1 (PD-L1) on B16FO cells which we observed
in ex vivo studies following co-culture with IFN-I cytokines (Fig. 3e-g
and Supplementary Figs. 7-10). When combined with T cells specific
for B16FO antigens (that is, P-mel), there appeared to be increases in
class I/l expression on tumour cells, highlighting the importance of
adaptive immunity in amplifying the initial innate response induced
by IFN-I (Supplementary Fig. 10). Taken together, these data suggest
that early localized IFN-I production at the tumour site is a key driver
of ICI sensitivity mediated in part through adaptive mechanisms for
antigen recognition.

We sought to develop methods that could sensitize poorly immu-
nogenic tumours by boosting the early IFN-1 response in a transla-
tional manner. To develop this understanding into a translatable
approach, we examined whether RNA-loaded biomimetics encoding
for non-tumour-specific IFN-1 driver antigens could achieve similar
effects to intratumoural inoculation of IFN-I. We leveraged RNA-nan-
oparticle preparations that would quickly depot in parenchymal
organs***, We also selected a uridine-containing non-tumour-specific
mRNA (URNA; Fig. 4a) on the basis of its ability to elicit superior IFN-I
responses over modified (pseudouridine modified, silenced) mRNA
(modRNA; Fig. 4b,c) which are utilized in commercial lipid nanopar-
ticle (LNP) preparations. While modRNA have been revolutionary
for unlocking the message in mRNA vaccines targeting SARS-CoV-2,
as evidenced by the recent Nobel Prize for the pioneering work of
Drs Weissman and Kariko??, we show that uRNA may be superior to
modRNA in therapeutic cancer vaccine formulations (Fig. 4d). Onthe
basis of these results, we designed follow-up experiments testing the
immunogenicity and efficacy of uRNAs encoding for immunogenic
non-tumour-specific proteins in poorlyimmunogenic murine models
(thatis, B16F0). It has previously been shown that luciferase-transduced
tumours are more immunogenic with increased survival benefits,
suggesting luciferase to be a strong IFN-1 driver antigen®. We tested
whether luciferase-encoding uRNA in nanoparticle preparations
would sensitize response to ICls. In a subcutaneous model of B16FO,
luciferase-encoding uRNA mediated anti-tumour efficacy with sig-
nificant synergy incombination with ICIs (Fig.4e,f). In these tumours,
there was concordance with decreasing tumour volume size and
increased tumour-infiltrating lymphocytes (TILs) and PD-1'CD8" cells
(Fig. 4g-i and Supplementary Fig. 11). These changes were concord-
ant with changes in the periphery where we observed an increase in
PD-1'CD8’ cellsin the spleens of treated animals (Fig. 4j).

To follow up on these results and to determine whether RNA vac-
cines might be effective as monotherapies, we developed optimized
formulations composed of multilamellar (ML) uRNA-loaded lipid parti-
cleaggregates (URNA LPAs) using our previously described methods™.
Followingintravenous (i.v.) administration of ML uRNA (Fig. 5a), there
wasrapidinduction of IFN-I (IFNpB) (Fig. 5b) and principal uptakeinthe
lungs of mice (Fig. 5¢c). Onthe basis of these findings, we hypothesized
that monotherapy with ML uRNA encoding for non-tumour-specific
immunogens would be optimal against pulmonary tumours. We tested
immunogenic IFN-I driver antigen (that is, GFP) in poorly immuno-
genic murine models for pulmonary osteosarcoma and melanoma
(Fig.5d)*. Compared with untreated or ICI-treated animals, ML uRNA
encoding for GFP elicited fewer pulmonary nodules and improved
survival outcomes (Fig. 5e-h). ML uRNA activated multiple pattern
recognition receptors responsible for induction of IFN-I (Fig. 5i), and
IFN-I was requisite for long-term survivorship (Fig. 5j). Despite the
significant IFN-I response observed in these animals, we show that
ML uRNA was relatively well tolerated in tumour-bearing mice based
onstable weights (Fig. 5k). While responses were completely depend-
ent on IFN-I signalling, efficacy was only partly dependent on T-cell

immunity (Fig. 51,m). Interestingly, there was significant worsening
of tumour volumes following CD8 blockade, but not following CD4
blockade (Fig. 5m), which could be due to the elimination of both
tumour-reactive CD4 cells and regulatory T cells. In animals vaccinated
with ML uRNA, there were increases in intratumoural CD45" cells and
T cellsincluding regulatory T-cell populations (Supplementary Fig.12).

Next, we sought to assess theimmunologic phenotype induced by
ML uRNA. We show that ML uRNA caninduce other pro-inflammatory
cytokines, in addition to IFN-I, including Th1 cytokines and T-cell
recruiting chemokines which rapidly defervesce by 24 h (Fig. 6a-c).
These changes are necessary to recruit T-cell responses to the TME of
mice bearing pulmonary tumours, and IFN-1 was critical for dictating
the magnitude of the chemokine response, as levels of dendritic cell
(DC) and T-cell recruiting chemokines (CCL3 and CCL4) were signifi-
cantly attenuated following IFNAR1blockade (Fig. 6d).In mice bearing
K7M2 pulmonary tumours, we show that repeated treatment with
ML uRNA reprograms the TME into a pro-inflammatory milieu with
increased centralmemory T cells (Fig. 6e).Inaseparate experiment, we
profiled the spleen from animals vaccinated with serial ML uRNA and
found asignificantincrease in activated T cells denoted by increased
expression of CD69 and 4-1BB on CD4 and CD8 cell subsets (Fig. 6f).
These changes demonstrate the ability of ML uRNA to influence evolu-
tion of the TME from a myeloid suppressive milieu to a T-cell enabling
landscape. We performed nanostring genomic analysis on the TME
of animals treated with serial ML uRNA and revealed increased gene
signatures for T cells and activation markers, and decreased signatures
for genes associated with myeloid-derived suppressor cells (CD14) and
tumour-associated macrophages (CD68) (Fig. 6g-m). Increased gene
signatures for antigen processing and presentation machinery are
suggestive of de novo priming of antigen-reactive T cells (Fig. 6k,1).
These findings correlated with increased DCs and cytolytic cells that
were attenuated following concomitant treatment with IFNAR1 mAbs
(Fig. 6m). Intratumoural changes mediated by ML uRNA were con-
cordant at the beginning and throughout treatment in early- versus
late-treatment models (Supplementary Fig. 13). Thus, serial admin-
istration of non-tumour-specific antigens can reset the immunologic
milieu in favour of effector T cells, which are critical for sustained
immunologic response.

Since luciferase and GFP-encoding uRNAs are not readily translat-
able, we tested whether ML uRNA encoding for animmunogenic human
viral protein (CMV matrix protein pp65) would elicit similar effects. In
SCID mice intravenously implanted with human cell lines, KHOS and
143B tumour cells to model metastatic pulmonary human osteosar-
coma (Fig.7a), we observed significantimprovement in survival benefit
following ML uRNA coding for pp65 (Fig. 7b). To ensure that ML uRNA
couldelicit long-term immunity with memory recall response, we vac-
cinated immunocompetent Balb/c mice inoculated with pulmonary
K7M2 and rechallenged long-term survivors after 100 days (Fig. 7c).
We compared different non-tumour-specific ML uRNA formulations
encoding for GFP and pp65. Since pp65 s flanked by a full-length lyso-
somal membrane protein (human LAMP), we rationalized that longer
uRNAs might be moreimmunogenic. In mice bearing pulmonary osteo-
sarcomas from K7M2inoculation, we observed possible differencesin
anti-tumour immunity from GFP versus pp65 (Fig. 7d), which might
be secondary to the innate immunogenicity of each protein, or due
to the longer transcript length of pp65. Upon rechallenge, half of the
long-term survivors across both ML uRNA groups (GFP and pp65)
were able to successfully ward off tumours (Fig. 7e), suggesting the
ability to develop adaptive immunity from epitope spreading. Since
vaccines were administered soon after tumour implantation in the
previous studies, we wanted to investigate whether ML uRNA could
elicit improved survivorship in late-stage tumour models. We chose
another paediatric tumour to model late-stage disease as these tend
to be immunologically ‘cold’. In neonatal mice bearing midline K2
diffuse midline gliomas (DMG), beginning treatment ~30 days after
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Fig. 4 | RNA encoding for non-tumour-specific IFN-1driver antigens (uRNA)
sensitizes antigen recognition and ICI response. a,b, Diagram of liposomes
loaded with uRNA (a) or nucleoside modRNA (b). ¢, C57BI/6 mice (n=7-8 per
group) were vaccinated with OVA-encoding uRNA or modRNA versus vector
control (empty LPs), and serum was collected from blood within 6 h for detection
of IFNa levels by ELISA. d, C57BI/6 mice bearing B16F10-OVA tumours (n = 8 per
group) were vaccinated with OVA-encoding uRNA or modRNA once weekly x3
vaccines. e, Treatment schema for f.f, C57BI/6 mice (n = 7-8 per group) were
subcutaneously inoculated with B1I6FO tumours into the flank and vaccinated

i.v. with luciferase-encoding uRNA on the following day with and without
concomitant treatment with PD-L1mAbs. g, Flow plots of intratumoural CD8 cells

following each treatment condition. h, Boxplot of tumour volume measurements
from fon day 24 (collection day) from remaining animals (n = 5-7 per group).

i, Boxplot of intratumoural T cells by flow cytometry in BL6FO tumours from fon
day 24 (collection day).j, Boxplot of splenocytes from fon day 24 (collection day)
for PD-1' T cells by flow cytometry. Significance was determined via unpaired
t-test (c), log-rank test (d), mixed-effect analysis/two-way ANOVA (f), Mann-
Whitney test (h,i) and unpaired ¢-test (j). Boxplots display box at first and third
quartile with line at median and whiskers from minimum to maximum datapoint
values (h,ij). Error bars are reported ass.e.m. (c,f). Panels a, band e created with
BioRender.com.
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uRNA was administered on day 5. Serum was assessed for IFNf3 (a), Thl cytokines
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withand without IFNAR1 mAbs. e, Boxplots of the percentage of intratumoural
central memory T cells from Balb/c mice bearing pulmonary K7M2 (n=8

per group) compared with untreated (UT) animals. Tumours were collected
following 3 weekly i.v. ML uRNA (GFP). f, Boxplots of the percentage of CD69°4-
1BB' CD4 and CD8" splenocytes from C57BI/6 mice (n =5 per group) bearing
B16FO pulmonary tumours vaccinated i.v. with serial ML uRNA encoding for pp65
ondays1,5,10 and 15. g, Balb/c mice (n = 3 per group) bearing pulmonary K7M2

tumours received i.v. ML uRNA (pp65) ondays 5,7, 9,16, 23 and 30 before tumour
collection and gene expression analysis of CD3, CD40, CD14 and CD68.

h-m, C57BI/6 mice (n =3 per group) bearing pulmonary B16FO tumours
receivedi.v. ML URNA (pp65) ondays 1, 5,10 and 15 before tumour collection

and nanostring analysis of interferon response (h), adaptive immunity (i), T-cell
immunity (j), antigen processing (k), MHC presentation (I) and cell types (m),
versus UT mice (h-m) and mice treated with concomitant IFNARI mAb (m).
Significance was determined via unpaired ¢-test (a-d,f) and Mann-Whitney

test (e). Boxplots display box at first and third quartile with line at median and
whiskers from minimum to maximum datapoint values (e,f). Colour bars for heat
maps represent distribution for log, normalized expression (g-1) and cell types
by Z-score (m). Error bars are reported as s.e.m. (a-d).
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Fig. 7| ML uRNA elicits activity against human cell line xenografts, confers
protective recall responses and elicits long-term survival in animals near
endpoint. a, Treatment schema of b. b, Kaplan-Meier survival curves of Fox
Chase SCID mice (n =5 per group) inoculated with KHOS or 143B human cell lines
receivingi.v. ML uRNA (pp65) once weekly (x3). ¢, Treatment schema of

dand e. Balb/c mice (n = 8 per group) bearing K7M2 tumours implantedi.v.on
day O received i.v. ML uRNA encoding for GFP (ML uRNA) or pp65 (ML uRNA
long) the following day and weekly thereafter (3 vaccines total).d, Survival
curve of Balb/c mice (n = 8 per group) bearing pulmonary K7M2 tumours treated
with GFP-encoding ML uRNA or pp65-encoding ML uRNA (long). e, Long-term
survivors fromd (n =10) were challenged with K7M2 tumour cells and compared
with age-matched untreated controls (n =5).f, Treatment schema of g. g, K2
gliomas were implanted midline in neonatal C57BI/6 pups at postnatal days

0-2. Mice were monitored for 4 weeks near endpoint before receiving vaccines.
GFP-encoding ML uRNA or pp65-encoding ML uRNA (long) were administered
intravenously at-day 30; 3 administrations were administered in first week
followed by once-weekly vaccines (x3). Kaplan-Meier curve displays the merge
of 3 separate experiments for displayed groups (n =16-21 per group). h, Canines
(n=3)with glioma diagnosis were treated i.v. with non-specific pp65 ML uRNA
(single dose) after the owner’s consent, and organ function tests for the liver
(aspartate aminotransferase (AST)/alanine aminotransferase (ALT)), kidney
(blood urea nitrogen, creatinine) and heart/muscle/brain (creatine kinase) were
performed at pre, 2 hand 6 hafter booster infusion. Significance was determined
vialog-rank test (b,d,e,g). Error bars are reported as s.e.m. (h). Panels a, ¢c,fand h
created with BioRender.com.

tumour implantation (Fig. 7f), ML uRNA encoding for either GFP or
pp65 elicited significant anti-tumour efficacy (Fig. 7g). Unlike pulmo-
nary tumours, there was no difference between longer uRNA lengthin
intracranial tumour models, suggesting that differences between GFP
and pp65 uRNAs may be due to localizing effects within the pulmonary
TME. To ensure there was no acute toxicity, we performed end-organ

toxicology within 24 h of ML uRNA which showed similar end-organ
hematoxylin and eosin (H&E) findings between untreated and ML
uRNA-treated animals (Supplementary Fig.14 and Table1). Since acute
toxicities can occur over very short intervals and mice may not reca-
pitulate the biological effects of large animals, we treated canines
with non-specific ML uRNA (single dose) as previously described*
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bearing pulmonary B16FO0 (n = 5 per group) received i.v. ML uRNA (pp65), and
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spleens were collected for assessment of AIM* (CD40L*CD25%) CD4 (e) and CD8
() T cells after ex vivo restimulation with single overlapping peptides from 10
melanoma-associated antigens in the presence of IL-2. Supernatants were then
collected for assessment of IFNy recall responses (g). h, Illustration of tumour
immunogenicity induced by neoantigens within TME or through exogenous RNA
vaccination eliciting a damage response and epitope spreading. Significance

was determined via unpaired ¢-test (c,d) and mixed-effect analysis/two-way
ANOVA (e-g). DAMPs, damage-associated molecular patterns; PAMPs, pathogen-
associated molecular patterns. Panels a and h created with BioRender.com.
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and monitored acute changesin liver and kidney function tests, which
remained stable 2-6 h post booster infusion (Fig. 7h).

While ML uRNA encoding for tumour-unspecific antigens can
induce early IFN-Iresponses necessary forimmunotherapeutic sensi-
tization, we sought todetermine direct evidence of epitope spreading
against tumour-specific antigens in poorly immunogenic tumours
(that is, K7M2 and B16F0). To more quantitatively assess epitope
spreading, we leveraged an antigen-induced marker (AIM) assay that
tags antigen-reactive T cells in response to tumour/peptide stimulus
via double positive expression of T-cell activation markers (such as
CD40L and CD25 co-expression), which can denote antigen-specific
T cells in mice®. In animals vaccinated with ML uRNA, we demon-
strate restimulation of AIM-reactive T cells following ex vivo co-culture
with K7M2 tumour cells (Fig. 8a-c and Supplementary Fig. 15) and
B16FO in repeat studies (Fig. 8d). To demonstrate epitope spreading
against melanoma-relevant antigens, we co-cultured isolated T cells
from ML uRNA-treated mice with overlapping peptides from 10
tumour-associated antigens expressed in melanoma (including gp100
egs (EGSRNQDWL), gp100 kvp (KVPRNQDWL), tyrosinase, survivin,
WTI, claudin 6, MART-1, Trpl, Trp2 and p53). In these co-culture assays,
we foundincreases in AIM-reactive CD4 and CD8 T cells against nearly
all selected peptides (Fig. 8e,f). These results were concordant with
increasesin IFNy upon restimulation with each peptide (Fig. 8g), con-
firming epitope spreading in ML uRNA-treated animals. Overall, these
datahighlight that RNA biomimetics encoding for non-tumour-specific
immunogens can incite a damage response that spills over to target
more tumour-specific epitopes (Fig. 8h) resulting in long-term effec-
tivity in poorly immunogenic tumour models. These observations
may be used to universally vaccinate patients with immunologically
‘cold’ tumours.

Discussion

In recent years, our understanding of ICI response predictors has
evolved, with several indicators such as PD-L1 expression”, TMB*
and microsatellite instability (MSI)*’ being proposed as potential
determinants of therapeutic activity. However, these paradigms are
confounded by the many patients with PD-L1-positive, MSI-high or
TMB-high disease, who do not exhibit a favourable response to ICIs*.
Inaddition, these conventional biomarkers donot address theintricate
immunological cascade of events within the TME that underpins the
effectiveness of ICI treatments. Therefore, a deeper understanding
of these interactions is pivotal for identifying patients most likely to
benefit fromICls and for development of rational combination strate-
gies to activate this cascade in ICI non-responsive patients.

Our understanding of cancer immunogenicity drivers remains
limited. Studies have implicated the involvement of BATF3 expres-
sion, stimulator of interferon genes and interferon response factorsin
cancer immunogenicity***. The role of IFN-I in this context has been
conflicting, with reports suggesting that it canexert both anti-tumoural
and pro-tumoural effects™'*'%%°, Our study explored the impact of
IFN-I signalling on cancer immunogenicity and response to ICls.
Early IFN-I responses are expected to be generated by both immune
and non-immune cell types (stromal cells) in the TME, respond-
ing to the release of pathogen-associated molecular patterns and
damage-associated molecular patterns from rapidly dividing and
dying tumour cells releasing single-/double-stranded RNA/DNA that
triggers various pattern recognition receptors (Toll-like receptors
(TLRs), RIG-I-like receptors and cyclic GMP-AMP synthase-stimulator
of interferon genes receptor activation). This is expected to happen
naturally inICl-responsive tumours but needs to be re-ignited in poorly
immunogenic tumours.

We hypothesized that early IFN-I production (during tumouri-
genesis) is critical for initiating the cycle of cancer immunotherapy
and could be exploited with RNA-encoding biomimetics. Early IFN-I
signalling was critical in mediating ICI responsiveness in extracranial

solid tumours and intracranial tumour models. In these models, IFN-I
was more important than IFN-II (IFNy) in eliciting a response to ICls.
While enrichment of type Il IFN-responsive genes has been proposed
as a predictive biomarker for ICI response®, our data suggest that a
fully coordinated immune response requires both innate (IFN-I) and
adaptive (IFN-1I) elements.

Notably, ICI response in sensitive tumours was transferable to
resistant tumours in an IFN-I-dependent manner. In follow-up stud-
ies, we assessed whether ICl-resistant tumours could be sensitized
through exogenous introduction or stimulation of IFN-I. We found that
the intratumoural IFN-I was critical for inducing immunotherapeutic
response and leveraged this understanding to create RNA biomimet-
ics (URNA) encoding for non-tumour-specific IFN-l1 driver antigens to
depot within the TME. Non-tumour-specific RNA vaccines sensitized
ICIresponse in poorlyimmunogenic murine models and could be used
as amonotherapy to elicit IFN-I-dependent survivorship and epitope
spreading in animals that warded off tumour rechallenge.

Although we have shown that late administration of uRNA can
mediate anti-tumour efficacy, uURNA was administered early in many
experiments. Early treatment may be used to clear micrometastatic
disease and could be used inthe future to replace ‘preventative chem-
otherapy’ which is probably harmful to an immunologic response.
However, early-treatment models in small animals contain clinical
relevancy concerns. To more appropriately model the clinical care
scenario, investigating the protective effects of ML uRNA in murine
resection models would be valuable follow-up studies.

Our findings suggest that the early presence of IFN-Isignatures and
its downstream effects in the TME might serve as anovel biomarker for
predicting which patients have immunogenic tumours that are more
likely to respond to ICls. This knowledge could be used to identify
PD-L1/TMB/MSI-low patients who may respond to ICIs through the
presence of asingle strong antigen that triggers an IFN-Iresponse and
epitope spreading. Although this phenomenon could conceivably
occur in any malignancy and might explain anecdotal reports of ICI
response in TMB-low tumours, TMB-high tumours are more likely to
present strongly immunogenic or foreign epitopes. Identifying these
driver antigens may be instrumental in distinguishing true immuno-
therapy responders from non-responders. In the absence of strong
IFN-I driver antigens, we show that cancer immunogenicity can be
sensitized through systemic administration of RNA-loaded biomimet-
ics encoding for non-tumour-specific IFN-1driver antigens. These data
could lead to the creation of a universal ‘off the shelf” mRNA vaccine
to sensitize cancer immunogenicity in prototypically ‘cold’ tumours.
In summary, our findings challenge the prevailing notion that the
limitations ofimmunotherapy are primarily dictated by the presence
of a substantial mutational burden. Instead, our results indicate that
successful cancerimmunotherapy may be drivenmore by the presence
of a strong, even irrelevant, antigenic stimulus initiating a damage
response which can be restored by boosting early type-l interferon
responses to enable epitope spreading and self-amplifying responses
intreatment-refractory tumours.

Methods

Cell culture procedures

Tumour cell lines, B1I6F10-OVA and GL261, were procured as described
in previous studies®***. B16F0 and K7M2, murine melanoma and osteo-
sarcoma celllines, were purchased from ATCC (CRL-6322). B16FO and
B16F10-OVA were cultivated in DMEM medium supplemented with
pyruvate, 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
Cellswere maintained at 37 °Cina 5% CO, environment. Human KHOS
and 143B osteosarcoma lines were purchased from ATCC. K2 glioma
cells were provided as a kind gift from Dr Oren Becher as previously
described®. Cell lines were authenticated on the basis of tumouri-
genicities of new cell line stocks and routinely tested and validated for
contaminants including mycoplasma.
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Tumour implantation protocols
Collection of B16F0, B16F10-OVA and GL261 cells from culturesinvolved
treatment with 0.05% trypsin (Gibco), followed by washing in PBS
containing serum and subsequent washing in PBS alone. Tumouri-
genicimplantations were based on previously established methods for
B16F10-OVA, GL261B16F0, K7M2 and K2 (refs. 20,21,24,35). In experi-
ments with human KHOS and 143B osteosarcoma lines, 1,250,000
cellswere administered intravenously to each mouse. In experiments
with incomplete tumourigenicities for BI6F10-OVA, tumours were
injected into either untreated naive C57BIl/6 mice or mice pretreated
withIFNAR1 mAb (500 pg, 24 hbefore and after tumour injections).
For subcutaneousimplantation, subcutaneousinjections of BI6FO
and B16F10-OVA cells were administered into the right flank of anaes-
thetized C57BI/6 mice using a 25-gauge syringe. Tumour dimensions
were monitored three times weekly with a Westward digital caliper,
and tumour volumes were calculated on the basis of measurements
as previously described®®?. Intravenous injections of BI6F0, K7M2
and B16F10-OVA cells were performed through i.v. tail vein injection
to model pulmonary disease. Measurements were censored at early
timepoints due toloss of animalsin control groups with larger tumours
and/or ulcerations that required humane killing at later timepoints.
For intracranialimplantation, GL261 cells were resuspended in a
PBS/methylcellulose mixture (1:1 ratio) before being stereotactically
implantedintracranially (2 mmright of the bregmaand 3 mmdeep into
the brain) withaHamilton microlitre syringe (80000). K2 gliomas were
injected into neonatal mice using methods previously described*.

Mouse models

C57BI/6,Balb/c and SCID (strain 001913), PMEL (strain 005023), IFNAR1
KO (strain 032045-JAX) and IFNy (strain 002287) female/male mice of
5-7 weeks of age were acquired fromJackson Laboratories. Fox Chase
mice were utilized for inoculation of human cell lines 143B and KHOS
tumours. Animal experiments were conducted following protocols
approved by the Institutional Animal Care and Use Committee (IACUC)
at the University of Florida (protocol number 202009685). We com-
plied withallrelevant ethics regulations regarding animal care and use
for experimental research. K7M2 tumours were injected into Balb/c
mice and B16F0, GL261 and B16F10-OVA were implanted into C57BI/6
mice. KHOS and 143B tumour cells were injected into Fox Chase mice.
K2 tumours were implanted into neonatal C57BI/6 mice at postna-
tal day 0-2. Following implantation, mice were blindly randomized,
except for pre-implantation treatment groups. Luciferase imaging
by in vivo imaging system was conducted as previously described?.
Animal experiments were approved by the University of FloridaIACUC
for compliance with all relevant ethics guidelines.

Canine trial

Pet dogs diagnosed with glioma were enrolled through owner’s con-
sent in a University of Florida IACUC-approved trial administering
tumour-unspecific RNA vaccine encoding for pp65 as previously
described®. After single vaccine administration, serum chemistries
were obtained for liver and renal function tests and creatine kinase
levels. Serum chemistry was performed at UF College of Veterinary
Medicine Small Animal Hospital. Animal experiments were approved
by the University of Florida IACUC for compliance with all relevant
ethics guidelines.

Antibodies

Checkpointinhibition was achieved via the blockade of programmed
cell death protein1or ligand-1 (PD-1 or PD-L1) signalling. Anti-PD-1
monoclonal antibody (mAb) (clone RMP1-14) and anti-PD-L1 mAb
(clone 10F.9G2) were procured from Bio X cell and were delivered via
i.p.injectionto C57BI/6 mice, using a400-pgloading dose, followed by
200-pg dosing twice weekly. IFNAR1 blocking mAb (clone MARI-5A3),
CD4 mAb (clone GK1.5) and CD8a mAb (clone 2.43) were also sourced

fromBio X celland administered i.p. witha500-pg, 200-pg and 200-pg
loading dose, respectively, followed by respective maintenance doses
of 250 pg, 100 pg and 100 pg twice weekly. For studies with RNA vac-
cines, mAb treatment was concurrent with vaccines.

IFNa administration

Recombinant mouse IFNa A protein (R&D Systems, 12100-1) was admin-
istered i.v. as a single dose on day 1to the systemic treatment groups
at a concentration of 10,000 IUs per mouse. For the IFNa cytokine
culturegroups, IFNa A wasadded to the cell culture medium 24 hbefore
implantation. For the mixed treatment groups, it was included inthe 1x
PBSsolutionused to resuspend cellsimmediately before implantation.
For tumour culture and IFNa intratumoural mixing, conditions were
optimized to administer ~-10,000 IUs of IFN« to each animal.

Peptide vaccines

Complete Freund’s adjuvant (CFA; InvivoGen, vac-cfa-10) and OVA End-
oFit (InvivoGen, vac-pova) were administered as a single/loading dose
subcutaneously -5 days post tumour implantation, following manu-
facturer protocol. Subsequent booster doses of incomplete Freund’s
adjuvant (IFA) mixed with OVA were administered subcutaneously on
approximately days 7,9,16,23 and 30, according to manufacturer guide-
lines. To prepare the emulsion, 50 pl of either CFA or IFA was mixed with
50 plof 1 g OVA dissolved in 1x PBS following manufacturer protocol,
using a21-gauge needle and syringe. The emulsion was mixed vigorously
for several minutes to ensure stability and was vortexed before use.

RNA nanoliposomes and ML uRNA LPAs

Messenger RNA encoding for GFP and luciferase were packaged into
nanoliposomes as previously described®?'. Briefly, full-length mRNAs
were loaded and encapsulated into DOTAP liposomes generated
through athin-filmrehydration method, followed by heating, sonica-
tionand extrusion. ML uRNA lipid particles were manufactured as LPAs
andimaged viacryo-electron microscopy using previously described
methods*. Briefly, upon addition of LP to uridine-containing mRNAs
(15:1 mass ratio), multilamellar complexes were allowed to form and
aggregates were injected intravenously without further disruption
orextrusion.

RNA

RNAswere manufactured as previously described. RNA encoding for
GFP and luciferase was made in house and also purchased from Trilink
Biotechnologies. pp65 mRNA was made as previously described?.
uRNA references mRNA with naturally occurring unmodified uridines,
and modRNA encoding for OVA was purchased from Trilink, with uri-
dines modified using 5-methoxyuridine.

Enzyme-linked immunosorbent assays

Retro-orbital blood collection was carried out in C57BI/6 mice, and
serumwas separated through coagulation and centrifugation processes.
The detection of IFNa and IFNy was conducted using an enzyme-linked
immunosorbent assay (ELISA) kit (Thermo Fisher, BMS6027). Multi-
plex ELISA was performed through Eve Technologies using the Mouse
Cytokine/Chemokine 44-Plex Discovery Biomarker Assay (MD44) fol-
lowing manufacturer preshipment preparation protocol.

Phagocyte depletion

For phagocyte depletioninvivo, clodronate liposomes procured from
Liposomawereinjected intravenously into the tail vein of C57Bl/6 mice
using aloading dose of 200 pl. This phagocyte depletion protocol was
initiated a day before intracranial tumour implantation.

Cell transfer assay
Mice were implanted with BI6F10-OVA tumours (1,000,000 cells per
animal) subcutaneously in the flank. Animals underwent treatment
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with PD-1mAb with and withoutIFNAR1as described above. Onday 21,
splenocytes were collected and the CD3 fraction was purified using a
PanT-cellisolation kit before being adoptively transferred (-8 million
cells per mouse) to new cohorts of animals inoculated with B16FO
(250,000 cells per animal) implanted into the flank.

Immunofluorescence staining

Mouse tissues were fixed in 4% paraformaldehyde overnight at 4 °C
and submergedin30% sucrose overnight at 4 °C. Post cryoprotection,
tissues were embedded in OCT compound (Sakura, 4583), frozen at
-80 °C, sectioned at-30 pumusing a Leica cryostat and placed on micro-
scope slides, before storage at —20 °C. For immunostaining, sections
were advanced to room temperature for 15 min and underwent three
5-min washes with PBS. Blocking solution was applied at room tem-
perature for 1 h, containing 2% goat serum, 1% bovine serum albumin
and 0.1% Triton X-100 in 1x PBS. After primary antibody incubation,
sections were washed in PBS three times for 5 min each. Sections were
subsequently stained with DAPI (1:3,000 in PBS) for 10 min at room
temperature, washed with PBS three times for 5 min each and mounted
with antifade mounting medium (Vector Laboratories, H-1700-10).
Imaging was subsequently performed viaa Leica Stellaris 8 WLL spec-
tral confocal microscope. Image processing was conducted with a
Fiji-Image]J software (NIH).

Invitro cultures

B16F0 melanomacells were seeded atadensity 0f 100,000 cells per well
in a 6-well plate. After 24 h, the cell count was expected to double to
~200,000 cells per well. Experiments were designed to include 3 wells
per group that were cultured on separate plates. Each treatment well
received either 375 pg of IFNAR1 mAb, 10,000 units of IFNa cytokine,
or 300 pg of PD-1 mAb administered directly into the designated
groups’ culture medium 48 h before cell collection. The cell fraction
was analysed for MHC-1 and MHC-Il expression using flow cytometry
with standard Live/Dead APC-Cy?7 staining protocol. For the P-mel
co-culture experiments, BI6FO melanoma cells were seeded similarly
atadensity of100,000 cells per well for expected doubling after 24 h.
Splenocytes were collected from two pmel-1 mice (B6.Cg-Thyla/Cy
Tg(TcraTcrb)8Rest/),Jackson Laboratories) using a 70-um cell strainer,
yielding a total of ~240 million cells. T-cell isolation was performed
using a Pan T-cellIsolation Kit I (Miltenyi Biotec, 130-095-130) follow-
ing manufacturer protocol, witha1:10 ratio of T cells to B16FO cells, and
2millionT cells were added per well. Cells were collected 48 h after the
initiation of treatments for flow cytometric analysis.

3D culture

B16FO melanoma and K7M2 tumour cells were suspended in an inert
liquid-like solid solution and plated in a perfusion Darcy plate. A medi-
calsuction device was utilized to enable negative pressure that allowed
media to gently perfuse via the interstitial spaces between liquid-like
solid particles. This provided a continuous supply of nutrients to the
cellsand ensured the proper removal of metabolic waste. Cells formed
tumour spheres. Spheres were treated with either IFNa cytokine alone
oracombination of IFNa cytokine and IFNAR1 mAb. Immunofluores-
cent antibodies to detect MHC-I, PD-L1 and MHC-Il expression were
usedonallgroups, and aninverted microscope was used to take images
for all previously mentioned channels.

Murine antigen recall assay

On harvest days for antigen recall assay experiments, mice were
euthanized in a CO, chamber in compliance with humane practices
and spleens were aseptically collected. Splenocytes were isolated via
mechanical disruption and passed through a 70-pum filter (BD Bio-
sciences, 352350). Following centrifugation, the cell pellet underwent
lysis via BD Pharm Lyse lysing buffer (BD, 555899) and neutralized in
complete T-cell medium composed of RPMI 1640 (Gibco, 11875-119),

10% FBS (Thermo Fisher, 35-011-CV), 1% penicillin/streptomycin (Gibco,
30-002-Cl), 1% MEM non-essential amino acids (Gibco, 11140050), 1%
sodium pyruvate (Gibco, 11360070) and 0.1% beta-mercaptoethanol
(Gibco, 21985-023), all without added cytokines. T cells were purified
using the Pan T-cell Isolation Kit Il (Miltenyi Biotec, 130-095-130), enu-
merated and co-cultured at 500,000 cells per well with tumour cells
or tumour-associated peptides in a 96-well round-bottom plate. The
co-culture was maintained for 48 hin a37 °Cincubator supplemented
with 5% CO,. Co-culture was performed in the presence of human
recombinant IL-2 (30 IU mI™) (from R&D). After co-culture, cells were
collected for AIM assay using staining protocols to assess T-cell activa-
tioninresponse to the antigen recall.

In experiments with peptide restimulation for AIM assay, pep-
tides were identified on the basis of their suggested upregulation in
melanoma tumours®**° and co-cultures were performed as previously
described®. Selected peptides including gp100 H2Db EGSRNQDWL,
gpl00 H2Db KVPRNQDWL, tyrosinase, survivin, WT1, claudin 6, MART-1,
tyrosinase-related protein1, tyrosinase-related protein2 and p53 were
prepared according to manufacturer instructions (JPT Peptide Tech-
nologies). Homology of human peptides with murine sequences was
confirmed using NCBI BLAST to ensure a minimum of 70% similarity,
thus verifying cross-species compatibility forimmunogenicity studies.

Flow cytometry

Spleens and tumours from animals were collected and prepared into
single-cell suspensions of white blood cells after RBC digestion. Cells
were then stained as follows: CD8 FITC, PD-1BV421, CD62L APC, CD44
PERCPS.5, Live/Dead APC-Cy7 and CD45 V500. Samples were run on
FACS Canto/LSR flow cytometer. Gating of singlets from live cells was
conducted on bulk populations. Intratumoural CD8 cells were gated
on CD45" cells; peripheral cells (PD-1") from spleens were gated on
CD8 cells. Intratumoural CD3 cells from a separate experiment were
stained as follows: CD3 PE, CD62L APC, CD44 PERCPS5.5, Live/Dead
APC-Cy7. Multiparameter flow cytometry was leveraged to detect
antigen-specific T cells using the AIM assay***'. The surface markers
utilized include CD3 (anti-mouse Alexa Fluor 700, Biolegend), CD4
(anti-mouse Pacific Blue, Biolegend), CD8 (anti-mouse APC-H7, BD),
CD25 (anti-mouse PE/Dazzle 594, BD), CD69 (anti-mouse APC, Bio-
legend), 4-1BB (anti-mouse PE, Biolegend) and CD40L (anti-mouse
FITC, Biolegend, 310804). Samples were run via a BD Symphony A3
flow cytometer and analysed using Flowjo 10.

RNA sequencing and analysis

Amouse tissue (50-100 mg) for each sample was acquired, QR coded
and put in RNALater (AM7020, Thermo Fisher) for 24 h at 4 °C and
long-term storage at —80 °C for batchisolation. To avoid noisy signals
during analysis, necrotic cells were excluded, keeping the viability of
bulk tumour cells. The specimens were homogenized by mechanical
dissection and immediately transferred to TRIzol reagent (15596026,
Invitrogen). Reagent volumes were adjusted on the basis of the tissues
to optimize RNAyield and purity. To cleanand purify RNA, we immedi-
ately used PureLink RNA mini kit (12183018A, Invitrogen).

RNA quality control and preparation. RNA isolated from samples were
checked for quality and quantity using aNanodrop One C spectropho-
tometer (Thermo Fisher). Samples deviating from the normal quality
were checked using BioAnalyzer. All samples were also normalized to
auniformstarting concentration on the basis of NanoString Technolo-
gies’ established methods and protocols.

Gene expression profiling. NS_CancerImmune_V1.1and XT Mm Glial
Profiling CSO panels were used for gene expression profiling, com-
prising genes critical to immune response, oncogenesis and glial cell
biology. The protocol hybridization times were modified to provide
enough time for specific hybridization and avoid non-specific binding.
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Normalization of gene expression data was achieved through the selec-
tive housekeeping genes for mouse tissue, by the geometric mean, using
the nSolver Analysis Software to guarantee analytical consistency.

Differential expression analysis. The Rosalind platform was used to
analyse differential gene expression variations in different biologi-
cal pathways. Heat maps were made in R (v.4.2.2) using ggplot2 and
pheatmap packages to show differential gene expression landscapes
inall experimental cohorts.

Data and statistical analysis

The primary continuous outcome variables of interest, such as tumour
volume and nodules, were obtained by calculating the mean and standard
error foreachgroup attimepoints along graphicalillustrations. Tumour
volume measurements were repeated measures from the same animal
over time. Statistical analysis of tumour volumes was conducted using
a mixed-effect analysis/two-way analysis of variance (ANOVA). When
animals were lost following euthanasia during continuous timepoint
measurements, mixed-effect analysis replaced two-way ANOVAin Prism
statistical analysis. Comparisons for tumour andintratumoural analyses,
suchasfor nodules/tumour volume and intratumoural T cells at discrete
timepoints, were performed using the Mann-Whitney test, assuming the
datawere non-normally distributed. Immunologic parameters fromthe
periphery comparing two independent groups were analysed using an
unpaired t-test. The Kaplan-Meier method with a log-rank test was uti-
lized for survival data. Datawere validated across experimentsinseparate
model systems. All statistical analyses were performed using Prism and
were two-sided, and we considered P< 0.05as the threshold for statistical
significance. No adjustment for multiplicity was conductedin statistical
inferences. Any additional materials, dataand associated protocols could
be madeavailable upon reasonable request without undue qualifications.
Allefforts were made tobeinclusive and objectiveindatareporting, with
appropriate and ethical resource allocation.

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

Data availability

The maindatasupporting the results in this study are available within
the paper and its Supplementary Information and provided as sup-
plementary source data. Raw data for sequencing results canbe found
athttps://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE255666.
Source data are provided with this paper.
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