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Tumour-brain crosstalk restrains cancer
immunity viaa sensory-sympathetic axis
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Body-brain communication has emerged as a key regulator of tissue homeostasis'™.
Solid tumours are innervated by different branches of the peripheral nervous system
and increased tumour innervation is associated with poor cancer outcomes® s,
However, it remains unclear how the brain senses and responds to tumoursin peripheral

organs, and how tumour-brain communication influences cancer immunity. Here

we identify a tumour-brain axis that promotes oncogenesis by establishing an
immune-suppressive tumour microenvironment. Combining genetically engineered
mouse models with neural tracing, tissue imaging and single-cell transcriptomics,

we demonstrate that lung adenocarcinomainduces innervation and functional
engagement of vagal sensory neurons, a major interoceptive system connecting
visceral organs to the brain. Mechanistically, Npy2r-expressing vagal sensory nerves
transmit signals from lung tumours to brainstem nuclei, driving elevated sympathetic
efferent activity in the tumour microenvironment. This, in turn, suppresses anti-
tumour immunity via 3, adrenergic signalling in alveolar macrophages. Disruption

of this sensory-to-sympathetic pathway through genetic, pharmacological or
chemogenetic approaches significantly inhibited lung tumour growth by enhancing
immune responses against cancer. Collectively, these results reveal a bidirectional
tumour-brain communicationinvolving vagal sensory input and sympathetic output
that cooperatively regulate anti-cancer immunity; targeting this tumour-brain circuit
may provide new treatments for visceral organ cancers.

Solid tumours are innervated by different branches of the peripheral
nervous system; increased tumour innervation has been associated
with aggressive tumour phenotypes and poor prognosis in cancer
patients® 2, Although body-brain interactions through the nervous
system have emerged as key regulators of a number of physiological
and pathological conditions', it remains poorly understood how the
brainsenses and responds to tumours arising from peripheral organs,
and how the tumour-brain communication shapes cancerimmunity.

As a major interoceptive system, vagal nerves connect various
visceral organs with the brain. They sense different types of signals
and are critical for maintaining physiological homeostasis of the
body®. Within the lung, distinct vagal sensory neuron (VSN) subtypes
respond to various pulmonary signals and are differentially involved
inrespiratory regulation'*”. Neuropeptides that are locally released
from the VSN terminals have been shown to modulate immune
responsesinallergy and bacterial infections'®'’. However, it remains
unclear whether VSNs transmit signals from the tumour microenvi-
ronment (TME) to the central nervous system, and how the afferent—
efferent neural circuit affects cancer development. Here we uncover
a critical role of the bidirectional tumour-brain communication

mediated by vagal sensory-to-sympathetic axis in restraining anti-
cancer immunity.

Vagal sensory innervation of LUAD

To visualize tumour innervation in lung cancer, we applied whole-
mount tissue clearing and 3D imaging to a genetically engineered
mouse model of lung adenocarcinoma (LUAD) driven by oncogenic
Kras®?” and TrpS53loss (the KP model). Abundant TUBB3* nerve fibres
were detected that both penetrated and enveloped the autochtho-
nously arising tumour masses throughout the lung (Fig. 1a). Simi-
larly, when orthotopically transplanted into syngeneic Baf53b-cre;
Rosa26'st-tdTomato (1 §j -tdTomato) mice, KP-zsGreen tumours were
extensively infiltrated by tdTomato-positive nerve fibres (Fig. 1b and
Supplementary Video 1). In addition to pan-neuronal markers TUBB3
and BAF53b, we specifically tracked the sensory innervation of LUAD
in Vglut2-IRES-cre; Rosa26'S-4°mato mijce and found an abundance
of VGLUT2" sensory nerves across the cancerous lesions (Fig. 1c).
As most lung-innervating sensory nerves originate from the vagal
nodose ganglia (VNG)*?°%, we further performed anterograde labelling

'Department of Cancer Biology, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA. ?Cell and Molecular Biology Graduate Group, Perelman School of Medicine,
University of Pennsylvania, Philadelphia, PA, USA. *Department of Neuroscience, Yale University School of Medicine, New Haven, CT, USA. “Department of Cellular and Molecular Physiology,
Yale University School of Medicine, New Haven, CT, USA. ®Interdepartmental Neuroscience Program, Yale University School of Medicine, New Haven, CT, USA. °Department of Immunology,
St Jude Children’s Research Hospital, Memphis, TN, USA. "Department of Physiology, University of Texas Southwestern Medical Center, Dallas, TX, USA. ®Lymphocyte Biology Section, Laboratory
of Immune System Biology, NIAID, National Institutes of Health, Bethesda, MD, USA. °Center for Advanced Tissue Imaging, Laboratory of Immune System Biology, NIAID, National Institutes of
Health, Bethesda, MD, USA. "°These authors contributed equally: Haohan K. Wei, Chuyue D. Yu. ®e-mail: rui.chang@yale.edu; chengcheng.jin@pennmedicine.upenn.edu

Nature | Vol 650 | 26 February 2026 | 1007


https://doi.org/10.1038/s41586-025-10028-8
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-025-10028-8&domain=pdf
mailto:rui.chang@yale.edu
mailto:chengcheng.jin@pennmedicine.upenn.edu

Article

)

KraSLSL-GYZD; p5

LSL-tdTomato

37//”;

o

Baf53b-cre;
LSL-tdTomato

+ KP-zsGreen

Vglut2-IRES-cre;
LSL-tdTomato

o

+ KP-zsGreen

Tumour region Healthy region » Tumour region Healthy region 2
5 8
E 20 g
g 15 @
& 10 £
[te} =)
< 5 &
o >
5 0 k]
S <]
R z
d AAV9-CAG-GFP e
AT ““lEs or TES
g< f + KP-tdTomato S
VNG C57BL/6 VNG
C57BL/6
Tumour region Healthy region Control +LES +KP TES £ 800
32
3 £ 600
5 5
= o
2 © 400
[} =
i= 3
b 2
200
s =
e} 0
z
| GFP(VSN) tdTomato (tumou) |
f h
) Upregulated in tumour Downregulated in tumour
. (0)
*] e B 1 et 2o =
@,y_‘w“ Y 2 13 5] At @ Cumulative % et CTmulaﬁ\‘Ie
1 g5 3 log,FC]|
L ~ee 3 14 7 - log,FC 7 - 2
04 IR - 1 __.-16‘@ ~ 04 1 o @ 1676) ~ 04 1 o' 1696}
iy e i g 12 5 1 ‘ 75 &' 11 ' I 30
< . 13 13 20
s Lo o6 17 2 51 47 10 0 3 54 47 10 10
S 54 ) A e7 18 9 5 17 ¢ 20| |25 S5 g 20
@pé A, .2 e8 o19 10 4 18 0 _10 | 18 0
d 15 20| @9 20 14 19 14 19
18 ® 10 12 12
-10 10 : : : : . . . .
14 19 -5 0 5 10 -5 0 5 10
o
L4 UMAP_1 UMAP_1
T T T T
- 0 5 10 1 Cluster 6 (lung-innervating) Other clusters
UMAP_1 Healthy Tumour Healthy Tumour
g ARt RS
Kceng1+ (lung-innervating) ‘”l”'h IR A il ‘“;\‘ | WA, o
A T A | ol (R !
I Er e P i M SR T e
T 24 AR
[ el A
2 | (RN S A T
= I B Vit R A
9 \ e S e e
2 1 i St 2 s
5 1 il L e bl ®
g ‘ ‘ | YRR I Ak N o §
Yoo : L R i S LR i -1 &
i et b R X
pyooneog 2

OrAMITVONODO N
-

Cluster

Fig.1|LUADisinnervated by VSNs. a, Representative immunofluorescence
image showing TUBB3" nerves (white) around tdTomato" lung tumours (red) in
KP; LSL-tdTomato mice (n =3 mice).Scale bar,100 pum.b, Experimental scheme,
representative immunofluorescenceimages and quantification of BAF53b*
nerves (red) around zsGreen® KP tumours (green, n = 6) or adjacent healthy
alveolarregions (n=>5).P=0.0409.Scale bar,300 pm. ¢, Experimental scheme,
representativeimmunofluorescenceimages, and quantification of VGLUT2*
nerves (red) around zsGreen® KP tumours (green, n = 6) or adjacent healthy
alveolarregions (n=4).P=0.0138.Scalebar,200 pm.d, Experimental scheme,
representativeimmunofluorescenceimages and quantification of GFP* vagal
sensory nerves (green) around tdTomato* KP tumours (red, n =11) or adjacent
healthy alveolar regions (n=8).P=0.0410.Scale bar,100 pm. White arrows
denote tumour-innervating nerve fibresinb-d. e, Experimental scheme,
representative immunofluorescence images and quantification of neurite
outgrowthin cultured VSNs. The average length of TUBB3" neurites per neuron
was quantified under following treatments: control medium (control, n=42),
healthy LES (n=49) or KP TES (n =78, P<0.0001 compared to control or LES).
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Each dotrepresentsanindividual VSN. Results shown are from one experiment,
representative of threeindependent experiments. Scale bar,200 um. Cartoon
was created in BioRender. Jin, C. (2026) https://BioRender.com/ujbfywi.

f, Uniform manifold approximation and projection for dimension reduction
(UMAP) plotshowing all VSN clusters from scRNA-seq. Cells were isolated from
thevagalnodose ganglia of healthy mice or littermates transplanted with KP
lung tumours; VSNs were selected based on Phox2b expression. g, Violin plot
showing Kcngl expression across VSN clusters. h, UMAP plots displaying the
cumulative fold change of differentially expressed genes (DEGs) ineach VSN
cluster (DEG cutoff: [log, fold change (FC) | >1, adjusted P< 0.05 by Wilcoxon
rank-sumtest, min. pct >0.1).i, Heat maps showing top DEGs in VSNsisolated
from tumour-bearing versus healthy mice (adjusted P < 0.05 by Wilcoxon rank-
sumtestand [log,FC|>lincluster 6). Dataare expressed asmean +s.e.m.Unpaired,
two-tailed Student’s t-test (b—-d); one-way ANOVA with Tukey’s multiple
comparisons (e). *P<0.05,**P<0.01,***P< 0.001, ***P< 0.0001; NS, not
significant (P> 0.05).
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of VSNs using adeno-associated viruses (AAVs) by directly injecting
AAV9-CAG-GFP into the VNG of tumour-bearing mice. Consistently,
GFP-positive vagal sensory nerves were present throughout KP lung
tumours (Fig. 1d and Supplementary Video 2).

Notably, increased nerve densities were detected within lung tumours
incomparison to adjacent healthy alveoliregions (Fig. 1b—d), suggesting
certain factorsin the TME may promote sensory innervation. Support-
ingthisnotion, in vitro exposure of VSNs to tumour explant supernatant
(TES) or conditioned medium from KP tumour cells (TCM), as well as
co-culture with tumour cells, all potently induced neurite outgrowth
(Fig.leand Extended Data Fig.1a-c). This neurotrophic effect was not
presentinlungexplant supernatant (LES) from healthy mice (Fig. 1e) and
was significantly reduced when TCM was heat-inactivated (Extended
Data Fig. 1¢), indicating that cancer cells may secrete certain protein
factorsto stimulate vagal sensory nerve growth. Indeed, the expression
of several neurotrophic factorsincluding nerve growth factor (NGF) and
semaphorins were upregulated in late-stage KP tumour cells (Extended
DataFig.1d and Supplementary Table 1). Knocking out NGF in KP tumour
cells significantly reduced their ability to promote neurite outgrowth
from VSNs (Extended Data Fig. 1e,f). Collectively, our results suggest
that tumour cell derived neurotrophic factors such as NGF promote
vagal sensory innervation in lung cancer.

To further understand how tumoursinfluence VSNs, we performed
single-cell RNA-sequencing (scRNA-seq) analysis of VSNsisolated from
healthy or tumour-bearing mice (Fig. 1f and Extended Data Fig. 1g,h).
Across all VSN populations (Phox2b+), cluster 6 selectively expressed
Kcngl (Fig. 1g and Extended Data Fig. 1i), a highly specific marker for
lung-innervating VSNs**?2, Projection of lung-innervating VSNs identi-
fied by multiplex barcode tracing from a published dataset” (K1-K3)
onto our scRNA-seq profile showed anear-perfect overlap with cluster
6 (Extended Data Fig. 1j), further confirming this cluster as bona fide
lung-innervating VSNs. Notably, differential gene expression analysis
revealed that cluster 6 displayed the most pronounced transcriptional
changes between tumour-bearing and healthy conditions (Fig.1h and
Extended DataFig. 1k). These include significant upregulation of genes
associated with sensory nerve functions (NpyIr and Calca), immune
responses ([fi27[2a and Tifa) and nerve growth (Bdnf) (Fig.1i), indicating
that tumour-derived factors may induce transcriptional reprogram-
ming of lung-innervating VSNs.

VSNs promote LUAD

Within the VSNs, NPY2R and P2RY1 neurons account for the majority of
lung-innervating vagal sensory fibres'* and differentially regulate physi-
ological functions of the lung™**. To examine the roles of these molecu-
larly distinct VSN subpopulationsin LUAD, we first anterogradely labelled
their nerve terminals by injecting AAV9-CAG-flex-tdTomatointo the VNG
oftumour-bearing Npy2r-IRES-cre or P2ry1-IRES-cremice and performed
immunofluorescent imaging of the lungs. Of note, only Npy2r+ vagal
sensory nerves were found within KP lung tumours, whereas P2ry1+
fibres were not detected (Fig. 2a). This pattern aligns with the finding
that cluster 6 VSNs, the subset exhibiting the greatest tumour-associated
geneexpression changes, highly express Npy2rbut not P2ry1 (Extended
Data Fig. 11). Next, to investigate the functional relevance of these VSN
subtypes in lung cancer development, we selectively depleted vagal
NPY2R or P2RY1neurons by injecting diphtheria toxin (DT) into the VNG
of Npy2r-IRES-cre; LSL-DTR or P2ryI-IRES-cre; LSL-DTR mice, respectively
(Extended Data Fig. 2a,b). Remarkably, ablation of Npy2r+ VSNs, but
not P2ryI+VSNs, significantly reduced lung tumour burden (Fig. 2b,c),
indicating a subtype-specific role of VSNs in tumour control.

Previous work showed that vagal Npy2r+neurons largely co-express
Trpuvl and respond to capsaicin, whereas P2ryI+neurons do not*. Inline
with this, scRNA-seq analysis revealed overlapping expression of Npy2r
and Trpvl inlung-innervating VSNs® (Extended Data Fig. 2c). To further
delineate therole of these VSN subpopulationsin LUAD, we performed

anterograde labelling in TrpvI-cremice. Our results showed dense inner-
vation of lung tumours by Trpv1+VSNs (Fig. 2d), mirroring the pattern
observed in Npy2r-IRES-cre mice. Moreover, both Npy2r+ and TrpvI+
vagal sensory fibres were enriched in tumour regions compared with
surrounding healthy alveolar area (Extended Data Fig. 2d). Targeted
ablation of TrpvI+ VSN viavagal DT administrationin TrpvI-cre; LSL-DTR
mice led to a marked reduction in lung tumour growth, equivalent to
the effect of eliminating Npy2r+ VSNs in Npy2r-IRES-cre; LSL-DTR mice
(Fig.2e and Extended Data Fig. 2e). RNAscope in situ hybridization of
the VNG in TrpvI-cre; LSL-DTR mice confirmed that most Npy2r+ VSNs
co-express Trpvl (89%, 496 out of 559) while the majority of Trpvi+
VSNs co-express Npy2r (77%, 496 out of 642), and vagal DT treatment
effectively depleted approximately 98% of both populations (Extended
DataFig. 2f). Given their substantial molecular and functional conver-
gence, we refer to these VSNs hereafter as vagal NPY2R/TRPV1 neurons,
whichrepresentafunctional class of VSNs that is critical for regulating
lung tumour growth.

Notably, TrpvI-cre; LSL-DTR mice exhibited markedly decreased
tumour burden compared to their Cre-negative LSL-DTR littermates
when both groups received identical DT dosing (Extended Data
Fig.2g,h), recapitulating the PBS versus DT differences and ruling out
non-specificeffects of DT treatment. Moreover, we crossed Kras-st-6120/wt.
pS3™ (KP) mice with TrpvI®™* mice? to examine the role of Trpvl+
VSNs in the autochthonous LUAD model. Three weeks post tumour
initiation, we performed vagal DT injection which ablated Trpv1+VSNs
inKP; TrpvI°™* mice but not their DTR-negative littermates. In this set-
ting, loss of TrpvI+ VSNs significantly inhibited LUAD progression as
manifested by decreased overall tumour burden and reduced frequency
of high-grade adenocarcinoma nodules (Fig. 2f).

Asacomplementary approach, chemical denervation of Trpv1+VSNs
viaintra-VNG administration of resiniferatoxin (RTX) also robustly
suppressed lung tumour growth (Extended DataFig. 3a,b). By contrast,
intrathecalinjection of RTX, which efficiently depleted Trpvi+neurons
inthe dorsalroot ganglia (DRG) without affecting TrpvI+ VSNs, had little
effect onlung tumour burden (Extended Data Fig. 3c,d). Theseresults
support that VNG afferents, rather than DRG afferents, are essential
for LUAD control.

Furthermore, to selectively target the Trpvl+ VSNs that innervate
the tumour-bearing lungs, we intratracheally delivered retrograde
AAVs encoding the Cre-inducible inhibitory DREADD (designer recep-
tors exclusively activated by designer drugs) hM4Di under aneuronal
promoter in TrpvI-cre mice. Following clozapine-N-oxide (CNO) admin-
istration post tumour inoculation, chemogenetic inactivation of this
defined VSN population markedly inhibited lung tumour growth
(Fig.2g), phenocopying the effects of genetic ablation of vagal NPY2R
or TRPV1neurons.

In addition to reduced tumour growth, TrpvI+ VSN-ablated mice
also exhibited a significant extension in median survival, attenuated
tumour-associated weight loss, and sustained nesting scores indica-
tive ofimproved activity and welfare (Extended Data Fig. 4a-c). These
data suggest that targeting Trpvi+ VSN suppresses LUAD and confers
tangible benefits in host physiology and behaviour. Supporting the
clinical relevance of this finding, TUBB3, UCHLI (encoding PGP9.5) or
TRPVI expression all exhibited significant negative correlation with
overall survival of patients with non-small cell lung cancer (NSCLC)
(Extended DataFig. 4d-f). Together, these findings establish a crucial
role of vagal NPY2R/TRPV1 neurons in lung cancer promotion.

VSNs inhibit anti-tumour immunity

Of note, multiplex volumetric imaging with clearing-enhanced 3D
(Ce3D)* of tumour-bearing lungs revealed an enrichment of immune
cellsincluding CD11c" myeloid cells and CD3" T cells in proximity to
tumour-innervating nerves (Fig.3a). Furthermore, the tumour-inhibitory
effect of Trpvl+ VSN or Npy2r+ VSN ablation was completely abrogated
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Fig.2|VagalNPY2R/TRPV1neurons promote LUAD growth. a, Experimental
setup and representative immunofluorescence images showing anterogradely
labelled Npy2r+ or P2ry1+vagal nerve fibres (red) around KP tumours (green).
White arrows denote tumour-innervating nerve fibres. n =3 mice per group.
Scalebars: 500 um (left), 100 pm (right). b,c, Experimental setup, representative
haematoxylin and eosin (H&E)-stained lung sections and tumour quantification
in Npy2r-IRES-cre; LSL-DTR (b) or P2ryI-IRES-cre; LSL-DTR (c) mice that received
VNG injection of PBS or DT and were orthotopically transplanted with KP
tumour cells. Lung tumour burden was assessed as the fraction of tumour area
over total tissuearea (b:n=16 pergroup, P<0.0001;c:n=8 PBS,n=9DT,
P=0.5919) and total lung mass (b: n=13 per group, P=0.0001;c:n=8PBS,n=9
DT,P=0.2787).Scalebars,1mm.d, Experimental setup and representative
immunofluorescenceimages showing anterogradely labelled TrpuI+ vagal
nerve fibres (red) around KP tumours (green). White arrows denote tumour-
innervating nerve fibres. n =3 mice per group. Scale bar: 500 pm (left), 100 pm
(right). e, Experimental setup, representative H&E-stained lung sections and
tumour quantificationin Trpvl-cre; LSL-DTR mice that received VNG injection
of PBS or DT and were orthotopically transplanted with KP tumour cells.

by antibody-mediated depletion of CD4 and CD8 T cells (Fig. 3b and
Extended Data Fig. 5a-c), suggesting that vagal NPY2R/TRPV1 neurons
may promote lung tumour growth by modulating the host immunity.

To understand how VSNs influence tumour-associated immune
responses, we assessed the abundance and activity of variousimmune
cell populations using high-dimensional spectral flow cytometry
(Extended Data Fig. 5d,e). Although no major differences were observed
in neutrophils, dendritic cells or monocytes in the tumour-bearing
lungs from TrpvI+VSN-intact or depleted mice (Extended DataFig. 6a),
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Lung tumour burden was assessed by tumour/tissue area (n=10PBS,n=12DT,
P<0.0001) and total lung mass (n =20 per group, P< 0.0001). Scale bars,
1mm.Inb,c,e, Tumour/tissue area and total lung mass for individual mice are
expressed relative to mean of the corresponding PBS-treated group within
each cohort (pooled from2to 3independent experiments). f, Experimental
setup, representative H&E-stained lung sections, and tumour quantification
inKP; Trpv1®™* (n=7) or KP; TrpvI°™ (n=11) miceinjected intratracheally (IT)
withadSPC-cretoinitiate tumours, injected with DT in the VNG 3 weeks after
tumour induction, and tissue collected 13 weeks post tumour initiation.
Tumour/tissue area P = 0.0248, total lung mass P=0.0236, tumour grade
P=0.0060.Scalebars,1 mm.g, Experimental scheme, representative H&E
section and tumour quantification from TrpvI-cre mice injected intratracheally
with retro-AAV-hSyn-flex-hM4Di-mCherry (hM4Di, n=7) or retro-AAV-hSyn-
flex-mCherry (control, n = 8),and treated with CNO (intraperitoneal (IP)
injection). Tumour/tissue area P=0.0150, total lung mass P=0.0151. Scale bars,
1mm.Infg, resultsshownare fromone experiment, representative of two
independent experiment. Data are expressed as mean = s.e.m.Unpaired,
two-tailed Student’s t-test (b,c,e-g).

we observed profound changesin the alveolar macrophage and T cell
compartments. Specifically, ablation of vagal NPY2R or TRPV1neurons
led to markedly enhanced tumour-reactive T cell responses, as mani-
fested by increased abundance of IFNy* CD4 T cells and IFNy"TNF*CD8
T cells both in tumour-bearing lungs and in tumour-draining lymph
nodes (Fig. 3c and Extended Data Fig. 6b-e). Immunofluorescence
staining further showed higher densities of CD8 T cells within lung
tumour lesions from Trpvl+ VSN-depleted mice in comparison to
size-matched tumours from VSN-intact controls (Fig. 3d). By contrast,



PBS vs DT

A

VNG KP-tdTomato

Trovi-cre; LSL-DTR

IP anti-CD4/CD8

= NS
< 50
o 40 © o
o
2 30
2
2 20
T
3 10
£
2
PBS DT

Anti-CD4/CD8

0
w
3 g 10
Gated on ivCD45™ CD90.2* ’3—2 é_
& £ s
L
z
ells W 0
o
0 CD44-BUV615
>
m
E'r PBS
8 25
L ~ g
CD8-Spark Blue550 < 15
w
S £
S 10
m =
uw L 5
Z [— .
= 0
IFNy-PerCP-Cy5.5
e Alveolar macrophages
PBS
AMs gMFI = 6,544 15,000
~
<
£ £
< < 10,000
[T —_— =)
g ot 2
_(% gMFI = 3,651 8 5,000
<
L CD11c-BUV563
ARG1-PE
9
PBS vs DT

(QB . < >§ A +IT clodronate

VNG KP-tdTomato

Trovi-cre; LSL-DTR

Fig.3|Vagal NPY2R/TRPV1neuronsrestrain anti-tumour immunity.
a,Representative Ce3D images showing enrichment ofimmune cells in proximity
to tumour (outlined by orange dashed line)-innervating nerve fibres (n =3 mice).
Scalebar:100 pm (left), 50 um (right). b, Experimental setup (top), representative
H&E-stained lung sections (bottom left) and tumour quantification (bottom
right) from TrpuvI-cre; LSL-DTR mice injected with PBS (n=4) or DT (n=4) inthe
VNG, orthotopically transplanted with KP tumour cells and treated with anti-
CD4 plus anti-CD8 antibodies. P= 0.9810. Scale bars,1 mm. ¢, Representative
flow cytometry plots and quantification of IFNy"TNF* CD8 T cellsand IFNy*
CD4 T cellsin tumour-bearing lungs from TrpuvI-cre; LSL-DTR mice injected
withPBS (n=4) or DT (n=5)inthe VNG (CD8:P=0.0002; CD4: P=0.0073).

d, Representativeimmunofluorescence images and quantification of CD8
Tcellswithin grade-matched, size-matched lung tumours from Trpvi-cre;
LSL-DTR miceinjected with PBS or DT in the VNG. Each dot represents a tumour
(PBS: n=62tumoursfrom4 mice, DT: n =84 tumours from4 mice, P<0.0001).
Scale bars,100 pm. e, Representative flow cytometry histogram and

PBS DT

Hkkk

a 1,500
o T
o
% ]

25 1,000
T E
32

ONE 00

P 5

X €
*kk O5%
5 k=3

PBS DT

4,000

ARG1" cell density
(per mm? tumour area)
- N w
=) = =]

S] S] S]

S] S] S]

o

Tumour/tissue area (%)

PBS PBS DT

Clodronate

quantification of ARGl in alveolar macrophages (AMs) from Trpvi-cre; LSL-DTR
miceinjected withPBS (n=4)or DT (n=5) inthe VNG. P= 0.0154. gMFI, geometric
mean fluorescence intensity. f, Representative immunofluorescence images
and quantification of ARGI" cells within grade-matched, size-matched lung
tumours from Trpvl-cre; LSL-DTR mice injected with PBSor DT inthe VNG. Each
dotrepresentsatumour (PBS: n=62tumours from4 mice, DT: n =84 tumours
from4 mice, P=0.0087).Scalebars,100 pm. g, Experimental setup (left),
representative H&E-stained lung sections (middle) and tumour quantification
(right) from TrpuI-cre; LSL-DTR mice thatreceived VNG PBS (G1,n=7), VNG PBS
plusintratracheal clodronate (G2,n=7,P=0.0329 compared to G1) or VNGDT
plusintratracheal clodronate (G3,n=6,P=0.9994 compared to G2). Results
shown are from one experiment, representative of at least two independent
experiments. Scalebars,1 mm. Data are expressed as mean + s.e.m. Unpaired,
two-tailed Student’s t-test (b—f) or one-way ANOVA with Tukey’s multiple
comparisons(g).

Nature | Vol 650 | 26 February 2026 | 1011



Article

depletion of Npy2r+ VSNs or TrpvI+ VSNs did notincrease the activity
of splenic CD4 or CD8T cells (Extended Data Fig. 6f,g), suggesting that
these VSN populations specifically suppress the anti-tumour T cell
response in the local lung TME.

In addition to the changes in effector T cell populations, tumour-
associated alveolar macrophages exhibited significantly decreased
ARG1 expression along with increased surface major histocompat-
ibility complex class Il (MHC-II) when vagal NPY2R or TRPVI neurons
were depleted (Fig. 3e,f and Extended Data Fig. 6h,i). As ARG1 has a
key role in mediating T cell inhibition? whereas MHC-Il expression is
positively correlated with the antigen presentation activity of alveolar
macrophages?, this resultindicates that vagal NPY2R/TRPV1 neurons
promote alveolar macrophage polarization towards an immunosup-
pressive phenotype. By comparison, loss of vagal P2RY1 neurons had
minimal effects on tumour-associated alveolar macrophages and T cells
(Extended DataFig. 6j,k), suggesting that different VSN subtypes have
distinct roles inimmune regulation and cancer control.

Tofurther examine the functional relevance of alveolar macrophages
in Npy2r+/Trpvl+VSN-mediated tumour promotion, we delivered clo-
dronate liposomesintratracheally to tumour-bearing mice, which effec-
tively eliminated lung-resident alveolar macrophages without affecting
other major myeloid cell populations (Extended Data Fig. 61,m). This
clodronate-mediated alveolar macrophage depletion significantly
inhibited lung tumour growth (Fig. 3g, G2 versus G1), confirming a
tumour-promoting role for alveolar macrophages in this model®®. Nota-
bly, in the absence of alveolar macrophages, ablation of Trpvl+ VSNs
no longer conferred tumour suppression (Fig. 3g, G3 versus G2), indi-
cating that alveolar macrophages are required for the VSN-mediated
LUAD promotion. By contrast, loss of type 1 conventional dendritic
cells (cDCls), which cross-present antigens to CD8 T cells, was not suf-
ficient to diminish the tumour-inhibitory effect of Trpv1+ VSN depletion
(Extended Data Fig. 6n,0). Together, these results reveal that vagal
NPY2R/TRPV1 neurons have a key role in restraining the anti-tumour
immunity by promoting immunosuppressive alveolar macrophages
andinhibiting tumour-reactive T cells; ablation of these VSNs thereby
boosts cancerimmunosurveillance and suppresses tumour growth.

LUAD engages a VSN-to-sympathetic circuit

We next sought to identify the downstream neural pathways that medi-
ate the action of vagal NPY2R/TRPVI1 neurons in LUAD. As part of the
vagal interoceptive system, sensory afferents may transmit signals
fromthe periphery to the brain, which in turn modulates efferent nerve
activities; alternatively, VSNs may release neuropeptides from their
localterminalsinthe lungto directly regulate surrounding cells. Among
the main neuropeptides known to be produced by Trpvi+ sensory
neurons'®®?, we found that genes encoding calcitonin gene-related
peptide (CGRP) to be highly expressed by lung-innervating Npy2r+
VSNs but not by P2ryI+ VSNs (Extended Data Fig. 7a,b). To assess the
potential contribution of CGRP to VSN-mediated LUAD control, we
administered the CGRP receptor antagonist BIBN4096 using varied dos-
ing regimens (systemic and local delivery, and at different time points).
Incontrast to the robustimmune-stimulatory and tumour-suppressive
effects observed with Trpv1+ VSN or Npy2r+ VSN ablation or inactiva-
tion, blockade of CGRP signalling under matched conditions did not
alter lung tumour growth or tumour-associated immune responses
(Extended Data Fig. 7c-k). These distinct outcomes indicate that the
tumour-promoting role of vagal NPY2R/TRPVI1 neurons is independ-
ent of CGRP.

As the findings above do not support a VSN-mediated local reflex,
we next investigated whether vagal NPY2R/TRPV1 neurons mediate
tumour-to-braincommunicationin LUAD. Previous studies have shown
that lung-innervating sensory nerves arise predominantly from neu-
rons in the VNG*?°?, which transmit signals to the nucleus tractus
solitarius (NTS) in the brainstem®**; NTS neurons, in turn, can project
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directly to the rostral ventrolateral medulla (RVLM)**3*, Although the
VSN-to-RVLM axis has beenimplicated in regulating sympathetic out-
flow in respiratory, cardiovascular and intestinal homeostasis*>>>*,
its functional relevance in cancer biology has not been defined. We
found that chemogenetic activation of lung-innervating Trpvl+ VSNs
viaintratracheal delivery of retro-AAVs encoding the Cre-inducible,
excitatory DREADD hM3Dq into Trpvi-cre mice followed by CNO admin-
istration elicited robust FOS inductioninboth NTS and RVLM neurons
in healthy mice (Extended DataFig. 8a,b). Anidentical activation pat-
tern was observed in tumour-bearing mice (Extended Data Fig. 8c,d),
indicating that lung tumours co-opt this pre-existing VSN to RVLM
interoceptive pathway.

Remarkably, ablation of vagal TRPV1 or NPY2R neurons markedly
reduced Fos expression in VGLUT2-expressing (encoded by Slc17a6)
sympathetic premotor neurons within the RVLM (Fig. 4a,b). Support-
ing their pivotal role in driving sympathetic output**, chemogenetic
activation of VGLUT2* RVLM neurons robustly increased sympathetic
neuron activity in thoracic ganglia (Extended Data Fig. 8e). Consist-
ently, loss of tumour-induced RVLM activation in VSN-ablated mice
abolished downstream FOS inductionin thoracic gangliasympathetic
neurons (Fig. 4c). To directly examine the functional relevance of RVLM
pre-sympathetic neuronsin LUAD, we targeted this population by deliv-
ering AAVs encoding Cre-inducible hM4Diinto the RVLM of Vglut2-cre
mice. CNO-mediated chemogenetic silencing of these RVLM neurons
significantly suppressed lung tumour growth (Fig.4d). Given that RVLM
premotor neurons govern the sympathetic tone in peripheral organs®®,
these results suggest that lung-innervating VSNs relay tumour-derived
signalsto the RVLM circuit that drives sympathetic efferentactivityin
cancer regulation.

We next examined how the central VSN-to-RVLM pathway influ-
ences sympathetic outflow to the lung TME. VSN ablation substan-
tially reduced the density of tyrosine hydroxylase (TH)-positive
sympathetic nerve fibres surrounding KP tumours (Fig. 4e) and signifi-
cantly decreased noradrenaline concentrationsin lung tissues (Fig. 4f).
By contrast, tumour-associated parasympathetic innervation was
minimal and remained unaffected in VSN-depleted mice (Fig. 4g and
Extended Data Fig. 8f), suggesting a selective connection between
vagal NPY2R/TRPV1 neurons and the sympathetic efferent pathway
in LUAD. Notably, loss of vagal sensory afferents led to a pronounced
reduction in both RVLM pre-sympathetic neuron activity and sympa-
thetic nerveinnervation of tumours at an early time point, before any
detectable reduction in tumour burden (Extended Data Fig. 8g-i).
This finding rules out the possibility that changes in the sympathetic
pathway are secondary to differences in tumour growth and instead
demonstrates that sympathetic activationis driven by upstream vagal
sensory input to the RVLM.

Toevaluate the clinical relevance of these findings, we analysed vagal
sensory and sympathetic nerve signatures in publicly available The
Cancer Genome Atlas (TCGA) LUAD datasets. Recognizing that cer-
tain neuronal genes can be ectopically expressed by tumour cells in
bulk sequencing data, we employed a multi-gene signature approach
incorporating both VSN-specific and sympathetic nerve-specific genes,
and performed single-sample gene set enrichment analysis (ssGSEA)
for each patient. In line with mouse studies, elevated expression of
the combined VSN and sympathetic nerve gene signature was signifi-
cantly associated with reduced patient survival and decreased CD8
T cellinfiltration (Extended Data Fig. 8j,k). Furthermore, because our
datasupportamodelinwhich heightened sensoryinnervationdrives
increased sympathetic output, we applied ssGSEA with the VSN and
sympathetic gene signatures separately. Patients with concurrently
high VSN and sympathetic scores exhibited worse survival and reduced
CDS8T cell response compared to those with low scores for both sig-
natures (Extended Data Fig. 8I,m). Together, these results reveal an
afferent-efferent feedback loop, mediated by sensory input from vagal
NPY2R/TRPV1 neurons to the RVLM and the resulting sympathetic
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Fig.4|AVSN-mediated interoceptive pathway drives sympathetic efferent
activitiesinthelung TME. a,b, Representativeimages and quantification of
Slc17a6 (red) and Fos (cyan) by RNAscope in RVLM neurons from healthy (n =5),
KP tumour-bearing Trpuvi-cre; LSL-DTR (a) or Npy2r-IRES-cre; LSL-DTR (b) mice
thatwereinjected withPBSor DTinthe VNG (a:n=7PBS,n=5DT,P<0.0001
for PBS versus healthy and PBS versus DT; b: n=5PBS,n=6DT,P< 0.0001).
Scale bars,100 pm. ¢, Representativeimmunofluorescence images and
quantification of FOS* neuronsin T3-5 thoracic ganglia from healthy (n=4)

or tumour-bearing Npy2r-IRES-cre; LSL-DTR mice injected with PBS (n=4) or DT
(n=4)inthe VNG.P<0.0001for PBS versus healthy and PBS versus DT. Scale
bars, 50 pm.d, Experimental setup (top), representative H&E-stained lung
sections (bottom left) and quantification of lung tumour burden (bottom
right) from Vglut2-cre mice injected with AAV-DIO-mCherry (control, n = 6) or
AAV-DIO-hM4Di (hM4Di,n=5)inthe RVLM.P=0.0062.Scalebars,1 mm.

e, Representativeimmunofluorescence images and quantification of TH*
sympathetic nerves (green) around KP tumours (red) from Trpvi-cre; LSL-DTR

output, that links lung tumours to the brain and back to the TME,
thereby modulating LUAD progression.

VSN-sympathetic control of tumour immunity

Noradrenaline is the major neurotransmitter produced by sympa-
thetic nerves and acts through adrenergic receptors®. The 3, adren-
ergicreceptor (ADRB2) has been reported to be the most abundantly
expressed adrenergic receptor in human NSCLC?, To examine the bio-
logical relevance of the sympathetic~ADRB2 pathway in VSN-mediated
tumour promotion, we treated Trpvi+ VSN-deficient mice with aero-
solized salbutamol, a highly selective ADRB2 agonist. Importantly,
our results showed that local activation of the sympathetic pathway
viainhaled salbutamol significantly enhanced lung tumour growth
inmice lacking Trpv1+ VSNs, restoring the tumour burden to asimilar
level to that observed in mice with intact VSNs (Fig. 5a).
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mice thatreceived VNGinjection of PBS or DT. The number of TH* nerves around
each tumour (n=153PBS,n=75DT, P<0.0001) as well as the average number of
TH* nerve fibres per tumourin eachmouse (n=13PBS,n=10 DT, P=0.0011)
were quantified. 5.1x and 1.3x refer to the fold change betweenindicated groups.
Scalebars,100 um.f, Noradrenaline levels in tumour-bearing lung tissue from
Npy2r-IRES-cre; LSL-DTR mice that received VNG injection of PBS (n=5) or DT
(n=6).P=0.0165by tissue mass, P=0.0044 by lung lobe. g, Quantification

of VAChT' parasympathetic nerves around tdTomato* tumours from TrpuvI-cre;
LSL-DTR mice that received VNG injection of PBS or DT. The number of VAChT"
nerves around each tumour (n=95PBS,n=40DT) as well as the average number
of VAChT" nerve fibres per tumourineach mouse (n=7PBS,n=5DT) were
quantified. Results shown arerepresentative of two independent experiments.
Dataareexpressed as mean +s.e.m. One-way ANOVA with Tukey’s multiple
comparisons (a,c) or unpaired, two-tailed Student’s t-test (b,d-g) was performed.
Braincartoonsina,b,d were created in BioRender. Jin, C. (2026) https://
BioRender.com/9zdoahw.

Notably, noradrenaline exerted minimal effects on KP tumour cell
growth in vitro (Extended Data Fig. 9a), suggesting that cancer cells
are not direct cellular targets of sympathetic nerves. By contrast,
ADRB2-deficient (Adrb2™") mice exhibited drastically reduced tumour
burden compared with wild-type controls whenboth were orthotopi-
cally transplanted with wild-type tumour cells (Fig. 5b), indicating that
sympathetic-ADRB2 signalling acts in a cancer-cell extrinsic manner
to control LUAD growth. Furthermore, ADRB2 deficiency abolished
the tumour-inhibitory effect of TrpvI+ VSN depletion (Extended Data
Fig.9b), further establishing the sympathetic~ADRB2 axis as the effec-
tor mechanism downstream of VSN-mediated interoceptive pathway
in LUAD.

Because both alveolar macrophages and T cells are required for
VSN-mediated tumour control (Fig. 3b,g), we next investigated how
the sympathetic-ADRB2 pathway influences these immune cell popula-
tions. Similar to theimmune phenotypes observed in Npy2r+or Trpvl+
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Fig.5|The vagal sensory-to-sympathetic axis suppresses anti-tumour
immunity through B, adrenergic signalling in alveolar macrophages.

a, Experimental setup (left), representative H&E-stained lung sections
(middle) and tumour quantification (right) from TrpvI-cre; LSL-DTR mice that
received VNG PBSinjection (G1,n=12), VNG DT injection (G2,n=13) or VNG

DT injection plus daily aerosolized salbutamol treatment (G3,n=12).Lung
tumour burden was assessed by tumour/tissue area (Gl versus G2: P=0.0133;
G2versus G3: P=0.0131) and total lung mass (Gl versus G2: P= 0.0101; G2 versus
G3:P=0.0005).Scalebars,1mm.b, Representative H&E-stained lung sections
and tumour quantification fromwild-type (WT, n=7) and Adrb2”" mice (n=7).
Lung tumour burdenwas assessed as tumour/tissue area (P=0.0398) and total
lung mass (P<0.0001). Scale bars,1 mm. ¢,d, Quantification of ARG1" alveolar
macrophages (c), IFNY'TNF*CD8 T cellsand TNF* CD4 T cells (d) in tumour-
bearing lungs fromwild-type (n=7) and Adrb2”" mice (n=5-6).c, P=0.0004.
d,CD8:P=0.0037;CD4: P=0.0213. e, Experimental setup (left), representative
H&E-stained lung sections (middle) and tumour quantification (right) from
irradiated Trpuvl-cre; LSL-DTR mice that were reconstituted with wild-type or

VSN-ablated mice, disruption of ADRB2 signalling in Adrb2” mice
resulted in a marked decrease inimmunosuppressive ARG1" alveo-
lar macrophages, accompanied by robust increases in anti-tumour
CD4 and CD8 T cells (Fig. 5¢,d). Of note, ADRB2 deficiency abolished
the effects of TrpvI* VSN denervation on tumour-associated immune
responses (Extended Data Fig. 9c), whereas activation of 3, adrenergic
signalling via inhaled salbutamol reverted the alveolar macrophage
and T cell changes induced by VSN ablation (Extended Data Fig.9d,e).
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WT Adrb2™™ WT Adrb2™"
+TES

Adrb2”"bone marrow (BM) and injected with PBS or DT inthe VNG. WT BM:
n=8PBS(Gl),n=8DT(G2); Adrb2”"BM: n=10 PBS (G3),n=10 DT (G4); pooled
from2independent experiments.Scale bars,1 mm.5.1xand 1.3x denote fold
change of tumour/tissue areabetween indicated groups. f,g, Quantification of
ARG1" alveolar macrophages (f), IFNy'TNF*CD8 T cellsand TNF*CD4 T cells (g)
intumour-bearing lungs from bone marrow chimeric mice describedine.

h,i, Arglexpressionin cultured alveolar macrophages measured by quantitative
PCRwithreverse transcription (RT-qPCR). h, Wild-type alveolar macrophages
were untreated or treated with 10 pM noradrenaline (NA) (n =4 per group,
P<0.0001).i, Wild-type or Adrb2”" alveolar macrophages were pretreated with
10 pM noradrenaline and then either left untreated (n =4 per group, P=0.0001)
ortreated with TES (n=4 per group, P=0.0073). Dataare presented as fold
changerelative to untreated wild-type alveolar macrophages (h,i). Results
shownarerepresentative of atleast two independent experiments. Dataare
expressed as mean +s.e.m. Unpaired, two-tailed Student’s t-test (b-d,h) or
one-way ANOVA with Tukey’s multiple comparisons (a,e-g,i). Exact Pvalues for
e-gare provided inthe Methods.

Collectively, gain-and loss-of-function experiments demonstrate that
ADRB2 signallingis both necessary and sufficient for VSN-sympathetic
axis-mediated neural control of anti-tumour immunity.

Tofurther determine whether the sympathetic~ADRB2 pathway acts
directlyinimmune cells, we generated chimeric Trpvi-cre; LSL-DTR mice
reconstituted with either wild-type or Adrb2”~bone marrow. Our results
show that ADRB2 deficiency in the haematopoietic compartment was
sufficient to enhance anti-tumour immune responses and suppress



LUAD growth in mice with intact VSNs (Fig. Se-g, Gl versus G3). By con-
trast, in Trpvl+VSN-depleted mice, the presence or absence of ADRB2
inhaematopoietic cells no longer affected tumour orimmune pheno-
types (Fig. 5e-g, G2 versus G4). This epistaticinteraction confirms that
tumour control via 3, adrenergic signalling requires an intact vagal
sensory pathway. Moreover, loss of ADRB2 inimmune cells abolished
both the tumour-inhibitory and immune-stimulatory effects of TrpvI+
VSN ablation (Fig. 5e-g, G3 versus G4, in contrast to G1 versus G2).
Together, these data demonstrate that the VSN-to-sympathetic axis pro-
motes LUAD progression via 3, adrenergic signallinginimmune cells.

ADRB22in alveolar macrophages mediates
immunosuppression

Because alveolar macrophages and T cells are the majorimmune popu-
lations affected by ablation of NPY2R/TRPV1 VSN, we next examined
whether alveolar macrophagesor T cells are direct cellular targets of the
sympathetic-ADRB2 pathway. Of note, tumour-associated alveolar mac-
rophages exclusively expressed Adrb2, but not other adrenergic recep-
tors (Extended DataFig. 9f). Moreover, Adrb2 expression was markedly
higher in alveolar macrophages than in CD8T cells isolated from KP
lung tumours (Extended Data Fig. 9g). Supporting a direct role for
noradrenaline-ADRB2 signalling in promoting theimmune-suppressive
phenotype of alveolar macrophages, we observed that noradrena-
line treatment significantly upregulated Argl expression in cultured
wild-type alveolar macrophages (Fig. 5h), whereas ADRB2-deficient
alveolar macrophages displayed decreased Argl expression both at
steady state and inresponse to tumour-derived factors (Fig. 5i). By con-
trast, in vitro exposure tonoradrenaline did not alter the tumour-killing
capacity of CD8 T cells (Extended Data Fig. 9h), suggesting that alveolar
macrophages, butnot T cells, are likely to be the primary cellular targets
of the VSN-sympathetic-noradrenaline pathway in lung cancer.

To establish the role of alveolar macrophages in linking the VSN-
sympathetic circuit to cancer immunity, we performed a four-way
in vivo study testing the effect of alveolar macrophage depletion on
T cell responses and tumour growth in the presence or absence of
neuronal signalling. In wild-type mice, clodronate-mediated alveolar
macrophage depletion markedly increased the abundance of IFNy*TNF*
CD8T cellsandled tosignificantreductionin tumour burden (Extended
Data Fig. 9i,j, G1 versus G3), indicating that alveolar macrophages
suppress anti-tumour T cell responses when the VSN-sympathetic
axisisintact. By contrast,in Adrb2”~ mice where sympathetic-ADRB2
signallingis disrupted, clodronate treatment had no effect on tumour
burden or T cell activity (Extended Data Fig. 9i,j, G2 versus G4), sug-
gesting that ADRB2 signalling is required for the immunosuppres-
sive function of alveolar macrophages. Notably, alveolar macrophage
depletion eliminated the enhanced anti-tumour immunity induced
by ADRB2 deficiency (Extended Data Fig. 9i,j, G3 versus G4, in con-
trast to Gl versus G2) or TrpvI+ VSN ablation (Extended Data Fig. 9k).
Collectively, these data suggest that the VSN-sympathetic circuit
restrains tumour-reactive T cellsinan alveolar macrophage-dependent,
ADRB2-mediated manner.

To directly test the functional importance of ADRB2 signalling in
alveolar macrophages, we generated mixed bone marrow chimeras
inwhichirradiated Npy2r-IRES-cre; LSL-DTR recipients were reconsti-
tuted with a mixture of Adrb2”~ and CD1Ic-cre; Pparg™ bone marrow,
thereby restricting ADRB2 loss to alveolar macrophages® (Extended
DataFig. 91). Alveolar macrophage-specific ADRB2 deletion was suffi-
cienttonormalize their phenotypes and abrogate the T cell-stimulatory,
tumour-suppressive effect of Npy2r+ VSN ablation (Extended Data
Fig.9m-o0).Notably, although ADRB1 overexpression or CGRPreleased
from DRG nociceptors were reported to promote CD8 T cell exhaus-
tion'*°, we observed no significant changes in exhausted CD8 T cells
within KP tumours following manipulations of ADRB2 signalling or
VSNs (Extended Data Fig. 9p-t). Together, these findings demonstrate

that tumour-brain communication mediated by the vagal sensory-
to-sympathetic neural pathway suppresses anti-tumour immunity by
activating [3,adrenergic signallingin alveolar macrophages (Extended
DataFig.10).

Discussion

Innervation in solid tumours has emerged as a pro-malignant factor
in multiple cancer types®’. However, systematic interrogation of the
roles of different nerve types and their interactions in cancer biology
remains lacking. Although certain brain nuclei have been recently
implicated in tumour modulation*"*, the specific mechanisms by
which afferent-efferent neural circuits mediate tumour-brain commu-
nicationarestill poorly understood. Furthermore, remains unknown
whether and how the crosstalk between the central and peripheral
nervous systemshapes the TME. In this study, our datasupportamodel
of bidirectional tumour-braininteraction in which tumour-derived fac-
tors promotetheinnervation and activation of VSNs; sensory afferents
then transmit signals to the RVLM neurons in the brainstem, driving
enhanced efferent sympathetic nerve activity and increased noradren-
alinelevelinthe TME; noradrenaline thenacts via ADRB2 signallingin
alveolar macrophages to promote theirimmunosuppressive differen-
tiation and thereby inhibit tumour-reactive T cell responses (Extended
DataFig.10). Collectively, the functional integration between sensory
inputand sympathetic output establishes a neural feedback loop that
promotes oncogenesis by restraining anti-cancer immunity.

Although the tumour-promotingrole of sympathetic nerveshasbeen
described®¥, the upstream factors that govern sympathetic activities
incancer remain unresolved. Although the vagal interoceptive system
has been shown to modulate sympathetic efferent activities under
physiological conditions*****, our study reveals a previously unrecog-
nized vagal sensory-to-sympathetic circuit in visceral organ cancers.
Specifically, using multiple genetic tools to selectively label and deplete
different VSN subtypes, we found that vagal NPY2R/TRPV1 neurons, but
not P2RY1neurons, innervate lung tumours and suppress anti-cancer
immunity. Although our manipulations targeted either Npy2r+ or
TrpvI+VSNs using separate mouse strains, the extensive molecular
and functional overlap between these neuronsindicates thatacommon
NPY2R/TRPVI1-enriched population likely mediate tumour control.
Notably, optogenetic activation of Npy2r+ VSNs triggers rapid and
shallowing breathing, a response linked to heightened sympathetic
activity***. Thisindicates that such a vagal sensory-to-sympathetic axis
existsinthe healthy lung and can be hijacked by pathological cues such
as cancer. Unlike local reflexes where sensory nerve terminals directly
release neuropeptidesin response to acute challenges™", our findings
point to a distinct mechanism by which subtype-specific VSNs sense
tumour-induced persistent changes in the tissue microenvironment
to adjust sympathetic efferent tone via the brain. Although thisbody-
brain communication may facilitate systemic adaptation to chronic
disease conditions, our data suggest that lung tumours exploit this
mechanism to evade immune surveillance.

Diverse factors in the TME, including protons, specific lipids and
tumour-derived exosomes, inflammatory cytokines and tumour-
secreted neurotrophic factors, have been shown to directly activate,
sensitize or enhance sprouting of sensory neurons®#3->°, Accordingly,
our observation that LUAD promotes VSN innervation and functional
engagement is likely driven by the combined action of multiple compo-
nents within the TME. Vagal NPY2R neurons predominantly innervate
the alveolar region, whereas P2RY1 neurons target neuroepithelial
bodies™. Because our KP LUAD model originates from AT2 cells in the
alveoli, P2ry1+VSNs appear dispensable in this context. Nonetheless,
these neurons could berelevantinother types of lung cancerssuch as
small cell lung cancer, which merits future investigation.

Various immune cell types are known to be regulated by different
neuronal signals***°, and their specific contributions to neural-tumour
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interactions are likely to depend on cancer types and the tissue micro-
environment. Here we identified 3, adrenergic signalling in alveolar
macrophages as a critical effector pathway in VSN-to-sympathetic
axis-mediated immune suppression. As the predominant immune
cell population in the lungs, alveolar macrophages are character-
ized by high expression of ADRB2 and they locate close to tumour-
associated nerve terminals. Our study demonstrates that disrupting the
vagal sensory-sympathetic-ADRB2 pathway with genetic, pharmaco-
logical and chemogenic approaches significantly inhibit lung cancer
progression. In line with this, clinical use of beta-adrenergic antago-
nists (beta-blockers) have been shown toimprove the survival of NSCLC
patients receiving various cancer treatments® >, Together, these find-
ings underscore a pivotal link between the brain and immune modula-
tionin visceral organ cancers, highlighting the therapeutic potential of
targeting the vagal sensory-to-sympathetic neural circuit to enhance
anti-tumour immunity.
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Methods

Mice and in vivo procedures

Kras"t°22": p53"7 (KP) mice have been described previously®. KP mice
were crossed with Rosa26-™mao mice to generate KP; LSL-tdTomato
mice. Wild-type C57BL/6 J, Trpvi-cre, Rosa26"-""® (LSL-DTR), Vglut2-cre,
Baf53b-cre, Ppary™and CDI1c-cre mice were purchased from The Jack-
son Laboratory. Trpvi-cre and LSL-DTR mice were crossed to produce
Trpvl-cre; LSL-DTR mice. Npy2r-IRES-cre and P2ryl1-IRES-cre mice have
been previously described™; they were crossed with LSL-DTR mice to
produce Npy2r-IRES-cre; LSL-DTR and P2ry1-IRES-cre; LSL-DTR mice,
respectively. Cryopreserved sperms of Trpv1-DTR mice were provided
by M. Hoon (National Institute of Dental and Craniofacial Research);
rederived TrpvI-DTR mice were crossed with KP mice to produce KP;
Trpv1-DTR mice. BATF3-knockout mice were generously provided by
M. Haldar. ADRB2 knockout mice were a gift fromS. Thomas; they were
crossed with TrpuvI-cre; LSL-DTR mice to produce Trpvi-cre; LSL-DTR;
Adrb2”" mice.

For tumour induction in the autochthonous model, KP mice were
intratracheally injected with 2.5 x 108 plaque-forming units of Ad5mSPC-
Crevirus (Viral Vector Core, University of lowa). Tissues were collected
12-16 weeks post tumour initiation. In the orthotopic transplant model,
1.5 x 10° KP cells were intravenously injected into the tail vein. The KP
cellline was derived from autochthonously arising lung tumours in KP
mice and stocked at low passage; they were cultured in DMEM (Corning)
supplemented with fetal bovine serum (FBS, 10%; Gibco), L-glutamine
(2 mM; Gibco), Penicillin-Streptomycin (50 U/mL; Gibco) at 37 °C with
5% CO,.Beforeinjection, cells were washed 3 times with Hank’s balanced
salt solution (HBSS) and resuspended at a density of 1.5 x 10° cells/mL
in endotoxin-free HBSS. Cells were tested negative for mycoplasma
before use in all experiments. Tissues were collected 24-32 days post
tumour cell inoculation.

For bone marrow chimera experiments, Npy2r-IRES-cre; LSL-DTR or
TrpvI-cre; LSL-DTR mice were lethally irradiated with a Gammacell-40
Irradiator (5.5 Gy x 2, 3.5 hapart) and then retro-orbitally injected with
4-8 millionbone marrow cells from donor mice. Sulfatrim (Pharmaceu-
tical Associates, Inc) water was given for 2 weeks and changed twice
weekly. Fecal pellets from unirradiated littermates were transferred to
the chimeric mice for a period of 4 weeks after the removal of sulfatrim
water to restore normal microbiota. Specifically, for mixed bone mar-
row chimera experiments, bone marrow cells from wild-type CD45.1
donors or Adrb2” donors were mixed in a 1:1 ratio with cells from
CDIIc-cre; Pparg™ donors and then injected into the recipient mice
as described above. Tumour induction was performed 7 weeks post
bone marrow reconstitution. Reconstitution efficiency was confirmed
by congenic markers to be above 95% in all experiments.

For DT-mediated ablation of VSNs, vagal nodose ganglia were
surgically exposed under anaesthesia. Briefly, an incision was made
along the ventral surface of the neck, and blunt dissection was
applied. A micropipette containing 20 ng DT (Sigma-Aldrich) in
120 nL phosphate-buffered saline (PBS) as well as 0.05% Fast Green
(Sigma-Aldrich) was inserted into the nodose/jugular complex. DT
solution wasinjected using a NanojectIlinjector (Drummond Scientific
Company). The process was repeated for the VNG on the other side of
the body. Surgical wounds were closed with CP Medical Sutures (661B,
CP Medical). Subcutaneous injection of sustained release Meloxicam
was provided as postoperative care. Mice were allowed to recover from
surgery for 2-3 weeks before proceeding to downstream experimental
procedures.

For chemical denervation of Trpvl* VSNs, VNG were surgically
exposed as described above. Each mouse was injected with 25 ng RTX
(Santa Cruz) or vehicle (PBS) as well as 0.05% Fast Green per ganglion.
Theinjection was repeated for the VNG on the other side of the body.
Mice were allowed to recover from surgery for 3to 4 weeks before pro-
ceeding to downstream experimental procedures.

For anterograde tracing of VSNs in lung tumours, VNG were sur-
gically exposed as described above. A micropipette containing
AAV-flex-tdTomato (Addgene 28306-AAV9) or AAV-eGFP (UNC AV5221),
as well as 0.05% Fast Green FCF (Sigma-Aldrich) was inserted into the
nodose/jugular complex. The process was repeated for the VNG on
the other side of the body. Mice were allowed to recover for 2 weeks
from surgery before proceeding to downstream experimental proce-
dures. Forretrograde tracing of lung-innervating sensory nerves, 5 pl of
AAVretro-hSyn-flex-mCherry (Addgene 50459-AAVrg) was mixed with
45 plof PBS and intratracheally injected to the lungs of tumour-bearing
mice.

For chemogenetic manipulation of RVLM neurons, 200 nl AAV2/9-
syn-DIO-hM4Di-mcherry or AAV2/9-CAG-Flex-GFP (Boston Children’s
Hospital Viral Core) was injected into the RVLM at anterior-posterior
—6.35, medial-lateral £1.35, dorsal-ventral -6.3 relative to bregma
(coordinates were identified using the Paxinos Mouse Brain Atlas).
Subcutaneousinjection of sustained release Meloxicam was provided
as postoperative care. Mice were allowed to recover from the stereo-
taxic surgery before initiation of any experiments; mice with little or
noreporter expressionin the brainindicative of technical issues were
removed from analyses. CNO (Fisher Scientific, A3317-50) was injected
peritoneally (1 mg kg™) twice daily starting on the same day of tumour
inoculation.

For chemogenetic silencing of lung-innervating VSNs, 5 pl of
AAVretro-hSyn-flex-mCherry (Addgene 50459-AAVrg), or AAVretro-
hSyn-flex-hM4Di-mCherry (Addgene 44362-AAVrg) was mixed with
45 pl of PBS and intratracheally injected to mice. CNO was injected
intraperitoneally (1 mg kg™) twice daily starting 5 days post tumour
inoculation and continuing till experimental endpoints. For chemo-
genetic activation of lung-innervating VSNs in healthy mice, 5 pl of
AAVretro-hSyn-flex-mCherry (Addgene 50459-AAVrg), or AAVretro-
hSyn-flex-hM3Dqg-mCherry (Addgene 44361-AAVrg), was mixed with
45 plof PBS andintratracheally injected. One dose of CNO was injected
intraperitoneally (1 mg kg™) 90 min before tissue collection.

For systemic CGRP blockade, BIBN4096 (Tocris) was intraperi-
toneally injected at 2 mg kg™ daily; for lung local CGRP blockade,
BIBN4096 (Tocris) wasintratracheally injected at 3 pg per mouse every
other day. Treatment was started one week post tumour inoculation or
two days before tumour inoculation and lasted until the experimental
endpoint.

For aerosolized salbutamol treatment, salbutamol sulfate (Sell-
eck Chemicals) was dissolved in sterile saline to a concentration of
5mg ml™. Mice were placed into an aerosolized chamber connected
to a PRONEB Max Aerosol Delivery System (PARI Respiratory Equip-
ment) and treated with the salbutamol solution for 45 min daily. Mice
inthe control group were treated with aerosolized saline. Treatment
started1day post tumour inoculation and lasted until the experimental
endpoint.

For alveolar macrophage depletion, 50 pl of clodronate liposomes
or control (Liposoma) was intratracheally injected to mice starting
1day before tumour inoculation and every three days until the expe-
rimental endpoint.

Forantibody-mediated T cell depletion, anti-CD4 (GK1.5, BioXCell),
anti-CD8 (2.43, BioXCell), or their respective isotype controls were
intraperitoneally injected twice weekly at adose of 200 pg per mouse.
Antibody injection was started one week post tumour inoculation and
lasted until the experimental endpoint.

Male and female mice were both used at the age of 6 to 24 weeks; sex-
and age-matched mice were randomly assigned to different treatment
groups. For lung tumour experiments, mice were euthanized when they
exhibited clinical signs of morbidity or met the criteria for euthanasia
inaccordance with IACUC guidelines. No limits were exceeded in any
mouse experiments. Mice were housed in specific pathogen-free condi-
tions, inatemperature-controlled (21-24 °C) and humidity-controlled
(30-70%) environment maintained on 12 h:12 h light:dark cycles and
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provided with a standard rodent diet. All animal husbandry and pro-
cedures were performed in compliance with the Institutional Animal
Care and Use Committee and the Institutional Biosafety Committee of
the University of Pennsylvania, Yale University or St Jude’s Children’s
Research Hospital.

Flow cytometry and FACS sorting

Mice were injected retro-orbitally with PE-CF594 conjugated
anti-CD45 antibody (30-F11, BD Bioscience) 2 min prior to euthana-
siato exclude the circulatingimmune cells from analysis. Lungs were
collected, dissociated with the gentleMACS dissociator system (Milte-
nyibiotec), and digested with 125 U ml™ Collagenase IV (Worthing-
ton Biochemical) and 100 U mI” DNase I (Roche) at 37 °C, 100 rpm
for 30 min. Digested lung tissue was then filtered with a100-pm cell
strainer. Lymph node samples were grinded up and passed through
a70-pm cell strainer. Red blood cells were lysed with ammonium
chloride-potassium bicarbonate (ACK) lysis buffer. After blocking
FcRwiththe Fcblock reagent (2.4G2,1:200, BD Bioscience), single-cell
suspensions were stained with the following antibodies: LIVE/DEAD
Fixable Blue dye (1:1,000, L23105, Invitrogen), Alexa Fluor 532-1-A/I-E
(M5/114.15.2,1:800, 58-5321-82, invitrogen), Alexa Fluor 647-SIGLECF
(E50-2440,1:600, 562680, BD), Alexa Fluor 647-TCF1(C63D9, 1:600,
67095, Cell Signaling Technology), Alexa Fluor 700-Ki67 (B56,1:600,
561277, BD), APC/Cy7-1-A/I-E (M5/114.15.2,1:2500, 107628, BioLeg-
end), APC/Fire810-B220 (RA3-6B2, 1:800, 103278, BioLegend),
APC-IRF8 (V3GYWCH, 1:600, 17-9852-80, Invitrogen), BUV395-CD45.1
(A20,1:300, 565212, BD), BUV563-CD11c (N418,1:800, 749040, BD),
BUV615-CD44 (IM7,1:1500, 751414, BD), BUV661-CCR7 (4B12,1:400,
741677, BD), BUV737-Ly6G (1A8, 1:800, 741813, BD), BUV805-CD11b
(M1/70,1:800, 741934, BD), BV421-CD86 (GL-1,1:600, 105005, Bio-
Legend), eFlour450-TCRd (GL3, 1:300, 48-5711-80, Invitrogen),
BV570-CD8a (53-6.7,1:600, 100740, BioLegend), BV570-CD90.2
(30-H12,1:600, 105329, BioLegend), BV605-CD45.1 (A20, 1:1,000,
110736, BioLegend), BV605-CD45.2 (104, 1:400, 109841, BioLeg-
end), BV605-CD45.2 (104, 1:600, 109836, BioLegend), BV605-TIM-3
(RMT3-23,1:400,119721, BioLegend), BV605-TNF (MP6-XT22,1:1,000,
506329, BioLegend), PE-TNF (MP6-XT22,1:1500, 506306, BioLegend),
BV650-IL-17A (TC11-18H10.1,1:600, 506930, BioLegend), BV650-XCR1
(ZET,1:600,148220, BioLegend), BV711-1-A/I-E (M5/114.15.2,1:2,500,
107643, BioLegend), BV711-KLRG1 (2F1/KLRG1,1:800, 138427, BioLe-
gend), BV711-NK1.1 (PK136, 1:600, 108745, BioLegend), BV711-TIM-3
(RMT3-23,1:300, 119727, BioLegend), BV750-CD11b (M1/70, 1:3,000,
101267, BioLegend), BV750-CD4 (GK1.5,1:600, 100467, BioLegend),
BV750-CD45.2 (104, 1:600,109857, BioLegend), BV785-CD4 (GK1.5,
1:800,100467, BioLegend), BV785-PD-1(29 F.1A12,1:800, 135225, Bio-
Legend), BV786-SIGLECF (E50-2440,1:500, 740956, BD), PE-Cy7-CD101
(Moushil01, 1:800, 25-1011-82, Invitrogen), APC-RORyt (B2D, 1:600,
17-6981-82, Invitrogen), eFluor450-ARG1 (AlexF5,1:1,200, 48-3697-
82, Invitrogen), PE-ARG1(AlexF5,1:2,000, 12-3697-82, Invitrogen),
FITC-CD103 (2E7, 1:500, 121419, BioLegend), FITC-IFNy (XMG1.2,
1:500, 505806, BioLegend), FITC-Ly6C (AL-2T, 1:1,000, 127645, Bio-
Legend), Alexa Fluor 488-TCF1 (C63D9, 1:600, 2203S, Cell Signal-
ing Technology), PE/CF594-CD45 (30-F11, 1:200, 562420, BD), PE/
Cy5-PD-L1(10F.9G2,1:2,400, 124344, BioLegend), PE/Cy7-PD-1(RMP1-
30,1:600,109110, BioLegend), PE-CD80 (16-10A1,1:1,500, 555769, BD),
PE-IL-12p40 (C15.6,1:600, 554479, BD), PerCP/eFluor710-CD172a (P84,
1:1,000, 46-1721-82, eBioscience), PerCP/eFluor710-EOMES (Dan-
11mag, 1:700, 46-4875-82, eBioscience), PerCP-Ly6C (HK1.4,1:800,
128028, BioLegend), Spark Blue 550-CD8 (53-6.7,1:600, 100780,
BioLegend), PE/Cy5-CD127(A7R34,1:400, 15-1271-81, Invitrogen).
Forintracellular cytokine staining, cells were pre-incubated with the
Cell Stimulation Cocktail (eBioscience) and the Protein Transport
Inhibitor Cocktail (eBioscience) for 4 h at 37 °C before surface stain-
ing. Transcription factor staining was performed using the Foxp3
Fixation/Permeabilization Solution Kit (eBioscience). Flow cytometry

was performed on the Cytek Aurora (Cytek Bioscience), and data
were analysed using SpectroFlow (v.3.0.3, Cytek) and FlowJo software
(v.10.5.3, Treestar).

For sorting, mouse lung tissues were digested as described above.
Dissociated lung tissue was then filtered through a100-um cell strainer
and single-cell suspensions were stained with surface antibodies on
icefor 30 minbefore sorting. Dead cells were stained with the Zombie
NIR fixable dye. FACS sorting was performed on a Cytek Aurora CS
(Cytek Bioscience) and sorted cells were subjected to downstream
RNA analyses.

Alveolar macrophage culture

Mouse bone marrow cells were cultured and differentiated into alveolar
macrophage-like cells in Dulbecco’s Modified Eagle Medium (DMEM,
Corning) medium supplemented with10% heat-inactivated fetalbovine
serum (FBS, Gibco), penicillin/streptomycin (Gibco), and L-glutamine
(Gibco), mouse TGF (Peprotech, 2 ng ml™) and mouse GM-CSF (Pepro-
tech, 20 ng ml™) for 9 days. Differentiated alveolar macrophages were
treated with10 pM noradrenaline (Sigma-Aldrich) only or together with
TES prepared from autochthonous KP tumours. Cells were washed
with Dulbecco’s PBS (DPBS) and collected 6 h after stimulation for
RNA extraction.

VSN culture

Mouse VNGs were dissected out and first dissociated in HEPES buffered
saline (Sigma) containing 1 ug pl™ collagenase P (Roche) and incubated
for21 minat 37 °C. They were then dissociated in 0.25% trypsin (Gibco)
at 37 °C for 10 min and neutralized with FBS-supplemented DMEM
medium. Neuronsin the cell suspensions were triturated with pipettes
of decreasingsize, then plated on laminin (114956-81-9, Sigma)-coated
coverslips at 1 x 10° cells per coverslip. Cells were analysed 36 to 40 h
after treatment with LES, TCM or TES.

TES was prepared from lung tumours that were minced and digested
in 2 mg ml™ collagenase Type IV (Worthington Biochemical) plus
40 U ml™Dnasel (Roche)inRPMIat 37 °C. The digested tissue was then
filtered through a 70-pm mesh screen. Cells were resuspended at 10’
cells per ml concentration and cultured overnight in 24 wells with1 ml
complete medium supplemented with Hepes, penicillin-streptomycin
and heat-inactivated FBS. Cell supernatant was collected the next day
and spundown at 350g. For LES, the same procedures were carried out
using healthy lung tissue. For TCM, KP tumour cell line was cultured
until reaching 80% confluence. Cells were trypsinized, washed with
PBS, resuspended with plain OptiMEM (ThermoFisher) to 7 x 10° cells
per ml, and plated at 10 ml per 10 cm dish. Cell supernatant was col-
lected 24 h later, spun down at 350g, and filtered through a 0.22-pm
filter.

For VSN and tumour cell co-culture, VSNs were seeded in laminin-
coated coverslips together with KP tumour cellsin 96-well-plates and
cellswere analysed 36 to 40 h after seeding. NGF-knockout tumour cells
were generated by transducing KP cell line with lentivirus expressing
CAS9 and sgRNA targeting NGF (GATCAGAGTGTAGAACAACATGG);
KP tumour cells transduced with sgRNA targeting Rosa26 locus (GAAG
ATGGGCGGGAGTCTTC) were used as controls (sgCtrl). Efficient NGF
deletion was confirmed by Western blot using anti-NGF antibody
(Alomone Labs, AN-240).

For each VSN culture experiment, nodose ganglia neurons from
6-8 mice were pooled and plated with three technical replicates per
treatment. To analyse neurite outgrowth from cultured VSNs, cells
were fixed and stained for TUBB3. Immunofluorescence images were
acquiredusingaLeicaSP8fluorescent microscope. For quantification,
we randomly selected a minimum of six imaging fields per condition
(at least two imaging fields per replicate) and analysed all neurons
within those fields. Neurite length was measured for each VSN using
avalidated ImageJ tracer SNT macro'®*® (Fiji, v.2.9.0), and all image
acquisition and analysis were performed in a double-blind manner.



Noradrenaline treatment of tumour cells

KP tumour cells were recovered from a frozen stock and passaged for
1week before use. 10 pM noradrenaline was added to the KP tumour
cellsevery 24 h. Adherent cells were collected after 3 days and the cell
number was determined by haemacytometer-based counting.

Histology and immunofluorescence staining of lung tissue
Mouse lungs were fixed in 4% paraformaldehyde (PFA; Sigma) overnight
and embedded in paraffin. H&E staining was performed by the Penn
Vet Comparative Pathology Core at the University of Pennsylvania.
H&E-stained slides were digitally scanned at 20x magnification with
Aperio Console DX (v.102.0.4.46) using the Aperio ScanScope AT2
system, and tumour burden and tumour grade were blindly quanti-
fied from scanned images. Tumour burden was assessed by calculat-
ing the percentage of tumour area to the total lung tissue area using
the QuPath software (https://qupath.github.io/); all five lobes were
analysed for each mouse.

Forimmunofluorescence staining, 5-um-thick sections of FFPE lungs
were baked and deparaffinized with xylene (Sigma) and rehydrated
using graded series of alcohol. Antigen retrieval was performed with
apressure cooker using 1 mM EDTA buffer (pH 8.0). After blocking,
slides were stained with anti-ARG1 monoclonal antibody (93668,1:250,
CellSignaling Technology) or anti-CD8a monoclonal antibody (4SM15,
1:250, Invitrogen). Images were acquired with ZEN3.1 (blue edition)
using a ZEISS Axioscan 7.

Immunofluorescence staining of brain tissue

Mouse brain samples were fixed in 4% PFA (Sigma) overnight, dehy-
drated with sucrose, and embedded in OCT compound (23-730-571,
Fisher Scientific). Cryosections were permeabilized with 0.1% Triton
X-100, stained, and mounted with Fluoromount-G with DAPI (00-4959-
52, Invitrogen). Antibodies used for immunofluorescence staining
include anti-TH (AB1542, 1:500, Abcam) and anti-cFOS (2250, 1:300,
Cell Signaling Technology). Images were acquired with LAS X (5.3.0)
using a Leica Stellaris 8.

Immunofluorescence staining of ganglia

Mouse vagal nodose ganglia, DRG, or T3-5 sympathetic ganglia were
fixed in 4% PFA (Sigma) overnight, dehydrated with sucrose, and embed-
ded in OCT compound (23-730-571, Fisher Scientific). Cryosections
were permeabilized with 0.1% Triton X-100, stained, and mounted
with Fluoromount-G with DAPI (00-4959-52, Invitrogen). Antibodies
used forimmunofluorescence staining include anti-TUBB3 (ab190575,
1:1,000, Abcam), anti-HB-EGF (AF-259-NA, 1:800, R&D system, to detect
DTR), anti-TRPV1 (ACC-030, 1:1,000, Alomone Labs), and anti-cFOS
(ab222699,1:1,000, Abcam). Images were acquired with LAS X (5.3.0)
using a Leica Stellaris 8.

RNAscope insitu hybridization, imaging and quantification

RNAscope Multiplex Fluorescent v.2 assays (Advanced Cell Diagnos-
tics) were performed according to the manufacturer’s instructions.
Mice were transcardially perfused with freshly prepared 4% PFA. Brains
were post-fixed in 4% PFA for 24 h at 4 °C before cryoprotectionina
10-20-30% sucrose gradient. Coronal sections (10 pm) containing the
RVLM were cut on a cryostat (Leica) at -20 °C and mounted directly
onto glass slides. Sections were pretreated using the protease-based
RNAscope protocol, including hydrogen peroxide treatment, target
retrieval, and Protease Ill incubation. Probe hybridization was per-
formed using Mm-Fos (316921-C1) and Mm-Sic17a6 (319171-C3) probes,
followed by labelling with Opal 520 and Opal 650 (Akoya Biosciences).
Slides wereimaged on a Leica SP8 confocal microscope equipped with a
motorized stage, PMT and HyD SP detectors, four laser lines (405, 488,
552 and 638 nm), and a10%/0.4 Plan Apo objective. For freshly frozen
vagal nodose ganglion sections, Mm-Trpv1 (313331-C1) and Mm-Npy2r

(315951-C2) probes were used, labelled with Opal 520 and Opal 690,
respectively.

Whole-mount clearing and immunofluorescence staining

To visualize BAF53b* or VGLUT2" nerve fibres or VSNs, mouse lung
tissue was cleared using the CUBIC protocol as described previously”
and stained with the following antibodies: anti-RFP (1:200, Rockland)
and anti-GFP (1:200, Aves labs). Stained lung tissue was uniformly com-
pressed toathickness of approximately 1 mmusing a customized cham-
ber. Three-dimensionalimages were acquired by Imaris (v.10.1, Oxford
Instruments) with 5-pm z-steps through an approximately 500 pm thick-
ness and imported into FlJI for quantification. Because soluble proteins
and peptide ligands generally act over a100-250 pum paracrine range
invivo®, we used 100 pmas aboundary to define ‘tumour-associated’
fibres. To avoid over-scoring very small lesions, an adaptive rule was
applied: for tumour nodules <100 um in diameter, only fibres within
adistance equal to the tumour’s radius (D/2) are counted; for larger
tumours, the100 pm limitis retained. The number of nerve fibres within
100 pm of the tumour regions or randomly selected tumour-free alveoli
regions with aradius of 100 pum was quantified.

To visualize TH" and VAChT" nerve fibres, mouse lung tissue was
cleared using the iDISCO protocol as described previously® and
stained with the following antibody: anti-RFP (1:250, Rockland), anti-TH
(1:250, Abcam), and anti-VAChT (1:250, Synaptic Systems). Images were
acquired by Imaris with 2-um z-steps through an approximately 1.5 mm
thickness. The number of TH nerves within 100 um of tumours was
quantified for eachindividual tumour, and the average number of TH*
nerve fibres per tumour in each mouse was calculated.

Multiplex volumetric imaging with clearing-enhanced 3D

Mouse lungs were fixed with BD CytoFix/CytoPerm (BD Biosciences,
554714) diluted in PBS solution (1:4) for 1day at 4 °C. Following fixation,
all tissues were washed briefly (5 min per wash) in PBS and incubated
in30% sucrose for 1 day at 4 °C before embedding in OCT compound
(SakuraFinetek, 4583). Frozen samples were sectioned at 300 pum with
a CM1950 cryostat (Leica Biosystems). The samples were hydrated
and washed with PBS to remove OCT in a 24-well plate. Samples were
incubated for atleast 12 h in BD Perm/Wash Buffer (BD Bioscience)
containing 1% mouse Fc block (BD Bioscience, 553142) and stained with
titrated antibodies in BD Perm/Wash Buffer (BD Bioscience, 554723)
containing 1% Fc block for 24 h at room temperature on a shaker.
Antibodies used include CD11c (1:50, eBioscience), MHC-II (1:200,
BioLegend), TUBB3 (1:100, BioLegend), CD3 (1:50, BioLegend), CD45
(1:50, Novus), and CD103 (1:200, R&D). Stained samples were washed
with BD Perm/Wash Buffer 3 times for at least 20 min at room tem-
perature on ashaker, fixed with 1% PFA for 10 min, and further washed
with PBS for 20 min. Samples were transferred on aslide with 2 silicon
isolators (Grace Bio-Labs, 664407) and treated with 200 pl of Ce3D
medium (1.82 g Histodenz (Millipore Sigma, D2158-100G), 0.1% sapo-
nin (Millipore Sigma, SAE0073-25G), and 0.5% thioglycerol (Millipore
Sigma, M1753) per 1 mL 40% N-methylacetamide (Millipore Sigma,
M26305-500 G) in PBS) inside a chemical fume hood and sealed with
a cover slip (Electron Microscopy Sciences, 63766-01) and incubated
atroom temperature on a shaker overnight. After removing the old
Ce3D, cleared samples were mounted with 40 pl of new Ce3D and sealed
with a coverslip with 2 SecureSeal Imaging Spacers (654002, Grace
Bio-Labs). Images were acquired using an inverted Leica Stellaris 8
confocal microscope equipped with a 20x% oil objective with 3 HyD X
and 2 HyD S detectors and a white light laser that produces a continu-
ous spectral output between 440 to 790 nm as well as a 405-nm laser.
Images were acquired with 3-um z-steps through a300 pm thickness.
Images were converted to.ims files with Imaris File Converter (Oxford
Instruments). The Channel Arithmetics function of Imaris was used to
remove spectral spillover and autofluorescence. Gaussian filters were
applied to denoise.


https://qupath.github.io/
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Noradrenaline measurement

Mouse lungtissue was homogenizedin1M perchloric acid using Tissue-
lyzer (Qiagen). The homogenate was centrifuged at 20,000g for 5 min
and the supernatant was transferred to a clean tube. The supernatant
was then neutralized with half volume of 2 MKOH/200 mM MOPS and
centrifuged at20,000g for 5 min to remove the KCIO4 precipitants. The
supernatant was then analysed with an HPLC/ECD system (HPLC, Agi-
lent 1260 Infinity Il Quaternary System; Column: Waters ACQUITY UPLC
BEH C181.7 um 10 x100 mm; ECD, Antec DECADE Elite; Electrochemical
flow cell, Antec SenCell). The mobile phase consisted of 100 mM ace-
ticacid, 20 mM citric acid, 0.2 mM EDTA, 7.5% methanol, 2 mM NaCl,
500 mg I sodium octyl sulfate, pH 4.86. The working potential of the
flow cell was setat 0.5 V.

RT-qPCR

Total RNA was isolated using TRIzol (Invitrogen). cDNAs were then
reverse transcribed using Superscript Il (Invitrogen) and random
primers following the instructions provided by the manufacturer.
Quantitative PCR (qQPCR) was performed using SYBR green (Bio-Rad Lab-
oratories). Datawere collected and analysed onaViiA 7 Real-Time PCR
system (ThermoFisher Scientific). The Gapdh housekeeping gene was
used tonormalize samples. The following primers were used: Gapdh for-
ward, 5-CATCACTGCCACCCAGAAGACTG-3’; Gapdhreverse,5-ATGC
CAGTGAGCTTCCCGTTCAG-3";ArglIforward,5-CTCCAAGCCAAAGTCCT
TAGAG-3’; Argl reverse, 5-AGGAGCTGTCATTAGGGACATC-3’; Adrb1
forward, 5’-CTCATCGTGGTGGGTAACGTG-3’; AdrbIreverse,5-ACACAC
AGCACATCTACCGAA-3’; Adrb2forward, 5" TAGCGATCCACTGCAATC
AC-3’; and Adrb2reverse, 5’-ATTTTGGCAACTTCT-3".

scRNA-seq and analysis

Both left and right vagal nodose ganglia were collected from seven
healthy mice and seven tumour-bearing mice (age and gender matched,
three weeks post tumour inoculation for tumour-bearing mice). VSNs
wereisolated and enriched as previously described™>?, Approximately
5,000-10,000 VSNs were loaded in each channel of the Chromium
Next GEM Chip G (10X Genomics). Single-cell cDNA libraries were pre-
pared at the Yale Center for Genomic Analysis (YCGA) and sequenced
using an Illlumina NovaSeq S4 sequencer. Raw sequencing datafor RNA
expression were aligned to the mm10 reference mouse transcriptome.
Low-quality cells were filtered and the remaining cells were clustered
using the R package Seurat v.3 as described previously®. 9,015 cells
from the healthy group and 13,073 cells from the tumour-bearing
group were sequenced. VSNs were identified by Phox2b expression.
Lung-innervating VSNs were defined by Kcngl expression and by label
transfer from the previously characterized lung-innervating VSN
populations as described” (publicly available under the accession
GSE192987). Label transfer was performed in Seurat (v.5.0.2) using the
FindTransferAnchors function to identify anchors between the refer-
ence and query datasets, followed by TransferData to assign cell identi-
tiesbased onthereference ‘seurat_cluster’labels. DEGs were identified
using the FindMarkers function with the Wilcoxon rank-sumtest. Genes
were considered significantly differentially expressed if they met the fol-
lowing criteria: adjusted P < 0.05, [log2(fold change)| > 1,and expressed
inatleast 10% of cells.

Clinical data analysis

For survival analysis, RNA-seq gene expression profiles and associ-
ated clinical data from 518 LUAD patients were obtained from TCGA
(https://portal.gdc.cancer.gov/). The combination of VSN and sympa-
thetic nerve signature genes were translated to human gene symbols
(Ensembl) and were used to score individual TCGA tumour expres-
sion profiles through single-sample Gene Set Enrichment Analysis
(ssGSEA), implemented via GenePattern (https://cloud.genepattern.
org/gp/pages/index.jsf). Based on median ssGSEA scores, patients were

stratified into high (top 50%) and low (bottom 50%) scoring groups.
Kaplan-Meier survival curves were then generated to compare survival
outcomes between these groups, with statistical significance assessed
using thelog-rank test. All survival analyses were performed using the
survival packageinR (v.3.6-4). The relationship between the expression
of combined VSN-sympathetic signature genesand CD8T cell related
genesin LUAD patients was analysed by Pearson correlation based on
ssGSEA scores, with linear model smoothing applied to visualize trends.
To compare the CD8 signature between VSN-Low, sympathetic-Low
and VSN-High, sympathetic-High patient groups, ssGSEA was applied
to each patient using a defined CD8 gene set. Wilcoxon rank-sum test
was performed to assess the difference in ssGSEA scores between the
two patient groups.

Statistics

All statistical analyses were performed using GraphPad Prism soft-
ware version 10 (GraphPad Software). Results were expressed as mean
+s.e.m. unless otherwise indicated. Unpaired two-tailed Student’s
t-test was used for two-group comparison; one-way ANOVA followed
by Tukey post hoc test was used for multiple-group comparison.
*P<0.05;**P<0.01; **P<0.001; ***P< 0.0001, NS not significant. Exact
samplesizes (n), statistical tests used, and exact Pvalues are reported
in the figure legends. Exact P values for the statistical comparisons
shown in Fig. 5e-g are as follows. Figure 5e: lung tumour burden was
assessed as tumour/tissue area (Gl versus G2: P= 0.0001; G3 versus G4:
P=0.9080; Glversus G3: P=0.0027; G2 versus G4: P= 0.8884) and total
lung mass (Gl versus G2: P< 0.0001; G3 versus G4: P = 0.4029; Gl versus
G3:P=0.0009; G2 versus G4: P=0.8149). Figure 5f, for ARG1" alveolar
macrophages, Gl versus G2: P=0.0013, G3 versus G4: P=0.9264, G1
versus G3: P=0.0066, G2 versus G4: P=0.9958. Figure 5g, for CD8
T cells, G1 versus G2: P=0.0116, G3 versus G4: P = 0.4425, G1 versus
G3:P=0.0319, G2 versus G4: P=0.8297; for CD4 T cells, G1 versus G2:
P=0.0002,G3 versus G4: P=0.9996, Gl versus G3: P=0.0006, G2 ver-
sus G4: P=0.8650.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Raw and fully processed scRNA-seq data reported in this study have
been deposited in the Gene Expression Omnibus and are publicly
available under the accession number GSE275770. For human survival
analysis, RNA-seq gene expression profiles and associated clinical data
from 518 patients with LUAD were obtained from The Cancer Genome
Atlas (TCGA) (https://portal.gdc.cancer.gov/). scRNA-seq data previ-
ously described by Zhao et al."” are publicly available under the acces-
sion number GSE192987. Additional data related to this paper may be
requested from C.J. Source data are provided with this paper.
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Extended DataFig.1|See next page for caption.



Extended DataFig.1|LUAD-derived factors promote vagal sensory
innervation. a, Quantification of neurite number per neuronin cultured

VSNs that were treated with control medium (Ctrl, n = 42), healthy lung explant
supernatant (LES, n=49), or KP tumour explant supernatant (TES,n=78,
p<0.0001comparedto Ctrlor LES). b, Representative IFimages and
quantification of neurite outgrowthin VSNs that were cultured alone (ctrl, n = 69),
or co-cultured with tdTomato* KP lung tumour cells (n = 87). The average
length of TUBB3" neurites per neuron (left) and the number of neurites per
neuron (right) were both quantified; p < 0.0001. ¢, Representative IFimages
and quantification of neurite outgrowth in VSNs that were treated with control
medium (ctrl, n=38), KP tumour cell derived conditioned medium (TCM, n=70),
or heat-inactivated TCM (HI-TCM, n =24). The average length of TUBB3"*
neurites per neuron (left: TCM vs Ctrlp <0.0001, TCM vs HI-TCM p = 0.0011)
and the number of neurites per neuron (right: TCM vs Ctrlp < 0.0001, TCM vs
HI-TCM p < 0.0001) were both quantified. d, Heatmap showing the average
expression of genes encoding neurotrophic factors and neurite guidance
factorsinhealthy alveolar type-11 (AT2) cells, early-stage KP tumour cells and
late-stage KP tumour cells. e-f, Representative IF images and quantification

of neurite outgrowthin VSNs that were co-cultured with wild-type (+sgCtrl
tumour cells, n=90) or NGF-knockout (+sgNGF tumour cells, n = 93) KP tumour
cells (e, p<0.0001),in VSNs that were treated with conditioned medium
derived from wild-type (sgCtrl-TCM, n = 64) or NGF-knockout (sgNGF-TCM,
n=76) KPtumour cells (f, p < 0.0001). The average length of TUBB3" neurites
per neuron was quantified. g-h, UMAP plot showing Phox2b expression (g) or
the biological sources of VSNs (h) in scRNA-sequencing. Cells were isolated
from the vagal nodose ganglia of healthy mice or littermates transplanted with
KP lung tumours; VSNs were selected based on Phox2b expression. i, UMAP
density plot showing Kcngl expression. j, Label transfer of VSN clusters
identified by Zhao et al. 2022 onto the current dataset showing overlap of
Cluster 6 with the lung-innervating populations K1-K3 (green box). k, UMAP
plotsdisplaying the number of DEGs in each VSN cluster (DEG cutoff: [log2FC | >1,
adjusted P <0.05, min.pct>0.1).1, UMAP plots showing Npy2ror P2ryl expression
inall VSNs. Each dot represents anindividual neuron (a-c, e-f). Data are expressed
asmean ts.e.m.One-way ANOVA with Tukey’s multiple comparisons (a, ) or
unpaired, two-tailed Student’s T-test (b, e, f) was performed.
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Extended DataFig.2|Ablation of vagal NPY2R/TRPV1neuronsinhibits
LUAD growth. a-b, Experimental setup, representative IFimages, and
quantification showing the depletion efficiency of Npy2r* or P2ry1* VSNsin
Npy2r-ires-cre; [sl-DTR mice (n =4 PBS,n= 6 DT) or P2ryl-ires-cre; [sl-DTR mice
(n=4PBS,n=8DT) thatwereinjected with PBS or DT in the VNG. Percentages
of DTR+neuronsintotal TUBB3" cellsinthe VNG were calculated; p <0.0001
forboth (a) and (b). c, UMAP plots showing Trpvl, Npy2rand P2ryl expressionin
lung-innervating VSNs (K1-K3, L1and A3) from the single-cell RNA-seq dataset
describedin Zhao etal.2022". d, Quantification of anterogradely labelled
TrpuI® or Npy2r vagal sensory fibers around tumour regions or adjacent healthy
alveolar regions (TrpvI-cre:n =5tumour regions, n =7 healthy regions, p = 0.0205;
Npy2r-ires-cre:n =6 tumour regions, n = 6 healthy regions, p = 0.0122).

e, Experimental setup, representative IFimages, and quantification showing the

depletionefficiency of Trpvl* VSNsin Trpuvl-cre; [sI-DTR mice that were injected
withPBSor DTinthe VNG (n=4PBS,n=4DT,p <0.0001).f, Representative
images and quantification of Npy2r (cyan) and Trpuvl (red) by RNA-scopeinthe
VNG from TrpvI-cre, Isl-DTR mice vagally injected with PBS (n =4) or DT (n = 4).
g, Experimental scheme and tumour burden quantificationindicated by total
lungweightin [sl-DTR (n=9) or TrpvI-cre;lsl-DTR (n = 8) micebothreceiving
identical vagal DT treatment. p = 0.0024. h, Flow-cytometric analysis of tumour-
bearing lungs from [sl-DTR (n=7) or TrpvI-cre;lsl-DTR (n = 5) mice both receiving
identical vagal DT treatment. Left, percentage of alveolar macrophages (AMs)
expressing ARG1, p=0.0233; middle, percentage of CD8" T cells co-expressing
IFN-yand TNF-a, p = 0.0449; right, percentage of CD4" T cells expressing IFN-y,
p=0.0213. Dataare expressed as mean £s.e.m. Unpaired, two-tailed Student’s
T-test (a,b,d,e,g,h) was performed.
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intrathecalinjection of PBS (n=7) orRTX (n=7).p=0.4972.d, Representative
images and quantification of TRPVI' neuronsinthe VNG or DRG from WT mice
receivingintrathecalinjection of PBS (n =4) or RTX (n = 6), validating the
specificity and efficiency of TRPV1* DRG neuron ablation by intrathecal RTX.
p=0.2259 for VNG, p <0.0001 for DRG. Data are expressed as mean +s.e.m.and
arefrom one experiment, representative of twoindependent experiments.
Unpaired, two-tailed Student’s T-test was performed.
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Extended DataFig.4 | TrpvI' VSN ablation prolongs the survival of LUAD-
bearing mice. a, Experimental setup and Kaplan-Meier survival plots of
Trpul-cre; Isl-DTR mice that were injected with PBS (n =10) or DT (n=10) inthe
VNG andinoculated with KP lung tumour cells (log-rank test, P= 0.0298).
b-c, Body weight change (b) and nesting-behavior scores (c, 0-5scale; higher
=better performance) of the same cohortina. Dataare expressed as mean +
s.e.m. p=0.0294 onDay 23,p=0.04400onDay26inb; p=0.0316 on Day 14,

p=0.0028onDay20,p<0.0001onday28inc (tested by two-way ANOVA with
repeated-measures). d-f, Kaplan-Meier survival curves showing the correlation
between expression of TRPVI (d), UCHLI (e) or TUBB3 (f) and overall survival of
non-small cell lung cancer (NSCLC) patients using the Kaplan-Meier Plotter as
previously described in Gyorffy, et al. 2013, A total of 2166 patients were split
by median value: TRPVI cutoffvalue =114, UCHLI cutoff value = 675, TUBB3
cutoffvalue =2359.
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Extended DataFig.5|Depletion of CD4 and CDS8T cells abolishes the tumour-
suppressive effects of Npy2r'/Trpvl' VSN ablation. a-b, Quantification of CD8

CD8 T cells
% s il 1000 -
g 6 ° (] o0 °
E . z 600
g g’ 400
T2 ® 0
bl
Go To— 0 ST
2 a ® NS
oy \00 oy \00
¢ &
'\\'0 \‘.’0 '\\'0
S S

CD4 T cells

% 15 o 1500
o
5 ° ® 2
E 10 z 1000
§ 5 £ 50
5 #
°
G 0 Lt 0 am
SRR & &

o & Q"k

SHed & O
& v
S <

—D0 D3y

¢ PBS vs. DT i.p. isotype vs. S0 ek, Rk

anti-CD4/CD8 %0
=i ==

VNG KP-tdTomato

Npy2r-cre; Isl-DTR

Tumour /tissue area (%,
8 8

°

PBS DT PBS DT
Isotype anti-CD4/CD8

Gating strategy of myeloid cell populations in tumour-bearing lungs

FSC-A

Live Dead Blue

v

=

ivCD45-PE-CF594
CD90.2-BV570

CD45.2-BV605

FSC-A

FSC-A

_ XCR1-BV650

MHC-II-APC-($/7

|

Monocytes

TLyec-PerCP

-

TSigIecF—AF647
TLyGG—BUV737

’_TSiglecF—AF647

CD172a-PerCP-eF710

CD11¢c-BUVS63

CD11b-BV750

CD11b-BV750 CD11¢c-BUVS63 CD11b-BV750

Gating strategy of lymphoid cell populations in tumour-bearing lungs

ivCD45-PE-CF594

Live Dead Blue

CD90-BV570 T

T CD4-BV750

,7.

CD8 T cefls

FSC-A

or CD4 T cellfrequency and absolute numbers in tumour-bearing lungs from
Trpul-cre; Isl-DTR mice thatreceived VNG DT injection and treated withisotype
antibody (n =4) or anti-CD4 plus anti-CD8 antibodies (n = 5). Left p = 0.0011,
rightp=0.0002ina;left p=0.0002, right p<0.0001inb. c, Quantification of
lung tumour burden from Npy2r-ires-cre; [sI-DTR mice that were injected with
PBSorDTinthe VNG, orthotopically transplanted with KP tumour cells, and

CD8-Spark Blue550 B220-APC/Fire810

treated withisotype control (G1:n=7PBS, G2:n =6 DT, p <0.0001) or anti-CD4
plus anti-CD8 antibodies (G3:n =6 PBS,G4:n=7DT, p=0.6858).p=0.8560
comparing Gland G3; p <0.0001comparing G2 and G4. Data are expressed as
mean+s.e.m.Unpaired, two-tailed Student’s T-test (a, b) or one-way ANOVA
with Tukey’s multiple comparisons (c) was performed. d-e, Gating strategy for
flow cytometric analysis of major myeloid (d) and lymphoid cell (e) populations
intumour-bearinglungs.



Article

a Lung b Lung c Tumour-draining LN
2 Neutrophil 2 cDC1 2 cDC2 2 Monocyte IFNy+TNFa+ CD8 IFNy+ CD4 CD8T cells CD4 T cells
:'JJ g s GU) ns g ns 200 * 150 * Fokok 0.0970
S 40 ns g 1.0 ,—I 5 10 o g 20: 1 . o 1 30 1 20 ’_A
o o =1 X
E 304 © o g 08 °o E o S E 15 o éﬁu ° é 100 gzu $ g 15 o
° =
£ g g Bre g © E e g -
= s =" = ; g o '4_-10 ° i
gw :8, 02 g - :30.5 ™ ° g o E 5
2 S S s °. o = )
B PBS DT = PBS DT = PBS DT = PBS DT PBS DT PBS DT PBS DT PBS DT
d Lung € Tumour-draining LN f Spleen g Spleen
CD8 T cells CDA4 T cells CD8T cells CDA4 T cells CD8T cells CD4 T cells CD8 T cells CD4 T cells
w * " 0.0878 2 - - ook . ns 4 [i| 2 = 25 ‘;L1
g ° ° g g L I g ° - .
Te gl | o M| & & £, g . €] oz 3
LE o :/ i : 2o s p 2 '-Ew 2 £ "
Z > z % > = o F3 Z"7 oo >
= z = z + 2 w i o
+ w T [ > = + .
> 20 00° > 5 =0 z 1 2' s 5
i E 0 0 = 0 0 = [ o
*"PBS DT *“PBs DT PBS DT PBS DT PBS DT PBS DT PBS DT PBS DT
h Alveolar Lung AMs i Lung AMs
macrophages
E PBS 15000- 6000 * 4000
3 gMFI=1002| *x — ° =
E o ™ LL 3000
4 E 10000 o E 4000 E
K 2 ° _9 2000
DT| = n s
ﬁoa% Q = g 2 1o00
s < =
N o
°“PBS DT *"PBS DT PBS DT
MHC-II-APC-Cy7
J k -
Lung Tumour-draining LN
CD8 T cells CD4 T cells AMs CD4 T cells
/\w ! = 40 ns 2000 ns (o\ 25 ns
X ] = < =
:’:o 3w ° 8 1500 o Y S 2 2
E o r %) o LE T o -4
Z2 T 2 = 1000. o b4 >
z py = Z 10
e e 8 + >
> 10 = 10 500 > 5
Z < 3
& 0 0 £, o
" PBS DT PBS DT PBS DT PBS DT PBS DT
I o m o " ) )
] AM AM Bl Neutrophil ] cDC1 ] cDC2 ] Monocyte
o o o s o o
25 1000 *okk 2 50 Lo c25 ns c1s
= 3 = | ud 3
2 o 2 1 ns
£ s g é 807 o0 £® g osf © 3 g =l g o gw 1
o6 = 600 230 o 0.6 o 15 °go0 o
3 g 3 S S S
T g 52 = o4 5:510 5:9 s
§ 2 200 § 10 :g 0.2: o5 ke o S
6 G 5 kS k]
X0 o = ° o 0 o O oo
& & S & T T e T S
o&o 0&o S o&o &
o o
¥9) ') i ¥e) <
n
@
Wi/ or Bosy % g & ™
g a9 g 30 o 88
¢ PBS vs. DT E 0sl 09 : 5
- = ﬁ 20 .
+KP-tdTomato 5 s °
~ % 02 50
VNG o o £
Trpvi-cre; Isl-DTR g o s
IPVICIES (S 3 BM: WT Batf3” PBSDT PBS DT

BM: WT Batf3"
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Extended DataFig. 6 | Npy2r'/TrpvI* VSN ablation enhances anti-tumour
immuneresponses. a, Quantification of neutrophils, cDC1s, cDC2s, or
monocytesin TrpvI-cre; [sl-DTR mice injected with PBS (n=4) or DT (n=5) in
the VNG. b, Quantification of the absolute numbers of IFNY'TNFa" CD8 T cells
and IFNy* CD4 T cells in tumour-bearing lungs from Trpuvi-cre; [sl-DTR mice
injected with PBS (n=9) or DT (n=8) inthe VNG (CD8: p=0.0192; CD4: p = 0.0131).
¢, Quantification of IFNy'TNFa* CD8 T cellsand IFNy* CD4 T cellsin the
tumour-draining lymph nodes (LNs) from Trpuvi-cre; [sl-DTR mice injected
withPBS (n=4) or DT (n=5) inthe VNG (CD8 p=0.0010,CD4 p=0.0970).

d-e, Quantification of IFNy'TNFa* CD8 T cellsand IFNy* CD4 T cells in tumour-
bearing lungs (d) or tumour-draining LNs (e) from Npy2r-ires-cre; [sl-DTR
miceinjected withPBS (n=8) or DT (n=10) inthe VNG.CD8 p=0.0357,CD4
p=0.0878ind.CD8p=0.0001,CD4 p=0.0008ine.f, Quantification of
IFNY'TNFa* CD8 T cellsand IFNy* CD4 T cells in the spleens from Trpuvl-cre; Isl-
DTRmiceinjected withPBS (n=4) or DT (n=5) inthe VNG.CD8p =0.2305,
CD4 p=0.8389.g, Quantification of IFNy'TNFa"CD8 T cellsand IFNy* CD4
Tcellsinthe spleens from Npy2r-ires-cre; [sl-DTR mice injected with PBS (n = 8)
orDT (n=10)inthe VNG.CD8p =0.4003, CD4 p = 0.8316. h, Quantification of
surface MHC-Il expressionin AMs from TrpuvI-cre; sI-DTR mice that received
VNG injection of PBS (n=4) or DT (n=5).p=0.0029.1i, Quantification of ARG1

and surface MHC-1l expression in AMs from Npy2r-ires-cre; [sl-DTR mice that
received VNG injection of PBS (n=4) or DT (n=5). ARG1p =0.0222, MHC-II
p=0.1213.j-k, Quantification of IFNy'TNFa" CD8 T cells, IFNy* CD4 T cells,

and AM ARGl expression in tumour-bearing lungs (j), or quantification of
IFNY'TNFa* CD8 T cellsand IFNy* CD4 T cellsin the tumour-draining lymph
nodes (k) from P2rylI-ires-cre; [sI-DTR mice that received VNG injection of PBS
(n=4)or DT (n=5).1-m, Quantification of AM frequency or absolute number
(), or neutrophils, cDCls, cDC2s, or monocytes (m) in tumour-bearing lungs
from TrpuvI-cre; Isl-DTR mice intratracheally injected with vehicle control
(n=6)or clodronate liposome (n =11). Left, p < 0.0001; right, p=0.0002in

I.n, Experimental setup and cDC1 quantification in tumour-bearing lungs

from chimeric TrpvI-cre; [sl-DTR mice reconstituted with WT (n =10) or Batf3”"
(n=17) bone marrow (BM) cells. p < 0.0001. 0, Quantification of lung tumour
burdeninchimeric TrpvI-cre; [sl-DTR mice reconstituted with WT BMand
injected with PBS (n=6) or DT (n=4) inthe VNG (p = 0.1148), or those reconstituted
withBatf3” BMandinjected with PBS (n=9) or DT (n=8) inthe VNG (p = 0.0046).
Allexperiments wereindependently repeated at least twice with similar
results. Dataare expressed as mean +s.e.m. Unpaired, two-tailed Student’s
T-test (a-n) or one-way ANOVA with Tukey’s multiple comparisons (o) was
performed.
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Extended DataFig.7| CGRPsignaling does not affect lung tumour growth
or anti-tumourimmune responses. a-b, Heatmap (a) and violin plots (b)
showing the expression of genes encoding candidate neuropeptidesin
lung-innervating Npy2r* or P2ryl* VSNs based on the single-cell RNA-seq
datasetdescribedin Zhao etal.2022". Npy2r*and P2ryl* VSNs were defined by
Npy2ror P2ryl>0.1, respectively. Pvaluesinb were generated by two-sided
Wilcoxonrank-sum test. c-e, Experimental setup and quantification of lung
tumour burden by total lung weight (c), quantification of AM ARG1 expression

(d), quantification of IFNy'TNFa" CD8 T cellsand IFNy" CD4 T cells (e) in tumour-

bearing lungs from WT mice that were intraperitoneally (i.p.) injected daily
with vehicle control (Ctrl,n =11) or BIBN4096 (n = 7) starting from Day 7
(7 days post tumour inoculation). f-h, Experimental setup and quantification

of lung tumour burden by total lung weight (f), quantification of AM ARG1
expression (g), quantification of IFNY'TNFa*CD8 T cellsand IFNy* CD4 T cells
(h) intumour-bearing lungs from WT mice that were intratracheally (i.t.)
treated daily with vehicle control (Ctrl, n = 6) or BIBN4096 (n = 6) starting
from Day 7 (7 days post tumour inoculation). i-k, Experimental setup and
quantification of lung tumour burden by total lung weight (i), quantification
of AM ARGl expression (j), quantification of IFNY*'TNFa" CD8 T cellsand IFNy*
CD4 T cells (k) in tumour-bearing lungs from WT mice that werei.p. injected
daily with BIBN4096 (n = 7) or vehicle (Ctrl, n = 7) starting from Day -2 (2 days
before tumourinoculation). Dataare expressed asmean +s.e.m.n.s.=not
significant (p > 0.05) by unpaired, two-tailed Student’s T-test (c-k).
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Extended DataFig. 8|See next page for caption.
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Extended DataFig.8|LUAD co-optsthe VSN-to-RVLMinteroceptive pathway.
a-b, Experimental scheme, representative IFimages and quantification of
c-FOS*neuronsintheNTS (a) and RVLM (b) from TrpvI-cre mice that received
intratracheal (i.t.) injection of retro-AAV-hSyn-flex-hM3Dq-mCherry (hM3Dq,
n=>5)orretro-AAV-hSyn-Flex-mCherry (Ctrl, n = 5) followed by CNO (i.p.)
treatment.p <0.0001 (a), p=0.0001(b). c-d, Experimental scheme,
representative IFimages and quantification of c-FOS* neuronsin the NTS (c)
and RVLM (d) from healthy or KP tumour-bearing mice (n =7 each group).
p=0.0015(c),p=0.0003 (d). e, Experimental scheme, representative IF images
and quantification of c-FOS immunofluorescence staining in thoracic ganglia
from Vglut2-cremicereceiving bilateral RVLM injections of AAV-DIO-hM3Dq-
mCherry (hM3Dgq, n = 6) or AAV-DIO-mCherry (Ctrl, n = 6), followed by CNO
(i.p.) treatment. p < 0.0001. f, Quantification of VAChT' parasympathetic
nerves around tdTomato* tumours from Npy2r-ires-cre; [s[-DTR mice that
received VNG injection of PBS or DT. The number of VAChT' nerves around
each tumour (n =116 PBS, n=81DT) as well as the average number of VAChT*
nerve fibers per tumourineach mouse (n=7PBS,n=5DT) were quantified.

g, Representativeimages of tumour-bearing lungs and tumour burden
quantificationin Npy2r-ires-cre; [sl-DTR mice that were injected with PBS (n = 8)
or DT (n=6)inthe VNG and inoculated with tdTomato-expressing KP tumour
cells. Mice were harvested 18 days after tumour inoculation. p = 0.6539.

h, Quantification of c-FOS*RLVM neurons from the same miceas g.p=0.0021.
i, Quantification of TH* sympathetic nerves around tdTomato* tumours from

thesame mice asg. The number of TH* nerves around each tumour (left,n =112
PBS,n=77DT, p<0.0001) as well as the average number of TH* nerve fibers per
tumour ineach mouse (right,n=8 PBS,n=6 DT, p < 0.0001) were quantified.
Dataareexpressed asmean t£s.e.m.; unpaired two-tailed Student’s T-test

was performed (a-i).j, Kaplan-Meier curves showing the correlation between
expression of the combination of VSN plus sympathetic nerve signature genes
(PHOX2B, SLC17A6, SYN1, NPY2R, TRPVI1, TH, DBH) and LUAD patientsurvival.
Survival differences between high and low groups were evaluated using a two-
sided log-rank test. p=0.00237.k, Pearson correlation between the expression
of VSN plus sympathetic nerve signature genes and CD8 T cell markers (CD8A,
CD8B, PTCRA) in LUAD patients (p = 4.7e-07 by two-sided Pearson correlation
test).I-m,Kaplan-Meier survival curves (1) and box plot of CD8 gene signature
scores (m) in LUAD patients stratified separately by ssGSEA scores for VSN-
specificand sympathetic-specific genes. Compared to those with both low
VSN and low sympathetic scores (n =130, blue), patients with both high VSN
and high sympatheticsignatures (n =130, red) show significantly worse survival
(log-rank test, p=0.00607) inl,and reduced CD8response (p = 0.036 by
two-sided Wilcoxon rank-sum test) in m; boxplots in mshowed the median
(center), IQR (box), and whiskers extending to 1.5 x IQR; outliers were excluded.
RNA-seq gene expression profiles and the associated clinical data from 518
LUAD patients were obtained from The Cancer Genome Atlas and the ssGSEA
score was calculated as previously described®.
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Extended DataFig.9 |NE-ADRB2ssignaling in AMs suppresses anti-tumour
immunity downstream of the VSN-to-sympathetic axis. a, Quantification
ofthe number of KP tumour cells that were untreated (Ctrl) or treated with

10 pM norepinephrine (NE) for three days (triplicates for each condition).

b, Experimental setup, representative H&E-stained lung sections, and
quantification of lung tumour burden from Trpvl-cre; Isl-DTR; Adr32” mice
injected withPBS (n=9) or DT (n = 6) inthe VNG. ¢, Quantification of ARGI"
AMs, IFNY'TNFa* CD8 T cells,and TNFa* CD4 T cells in tumour-bearing lungs
fromthe same mice asb. d-e, Quantification of ARGl and surface MHC-II
expressionin AMs (d), and quantification of IFNY'TNFa" CD8 T cellsand

TNFa* CD4 Tcells (e) in tumour-bearing lungs from Trpvl-cre; [sl-DTR mice that
received VNG PBSinjection (n=12,G1), VNG DT injection (n =13, G2), or VNG DT
injection plus daily aerosolized salbutamol treatment (n =12, G3).d, ARG1:
p=0.1276 (G1vs G2),p=0.2619 (G2 vs G3); MHC-11: p< 0.0001(G1vs G2, G2 vs G3).
e, CD8:p=0.0797 (G1vs G2),p=0.0276 (G2 vs G3); CD4: p=0.0456 (G1vs G2),
p=0.0271(G2vs G3).f, Expressions of genes encoding adrenergic receptorsin
AMs sorted from healthy (n = 3) or tumour-bearing (n = 6) lungs as determined
by bulk RNA-sequencing. g, Adrf1and Adrf2 expressionin AMsand CD8 T cells
sorted from tumour-bearinglungs (n = 2) as determined by RT-qPCR. p=0.0015.
h, Tumour cell viability frominvitro T cell-killing assay. OT-1CD8" T cells were
co-cultured with OVA-expressing KP tumour cellsin the presence or absence of
norepinephrine (NE, 10 pM). Percentages of live tumour cells were determined
by flow cytometry 24 h after co-culture. i, Experimental scheme, tumour
quantification by totallung weight and representative H&E lung sections of WT
or Adrf32”" mice that were inoculated with KP tumour cells and intratracheally
treated with PBS or clodronate liposomes. WT + PBS (n =6, G1), Adrf2”~ + PBS
(n=7,G2), WT +clodronate (n=6,G3), Adr2” + clodronate (n =8, G4). G1vs G2:

p=0.0047,G3vsG4:p=0.5043,G1vs G3:p=0.0587,G2vs G4: p=0.9799.
Jj,Quantification of IFNY'TNFa" CD8 T cellsand TNFa* CD4 T cells in tumour-
bearinglungs from the same cohortini.CD8:p =0.0361(G1vs G2),p=0.2254
(G3vsG4),p=0.0357 (G1vs G3), p=0.1563 (G2 vs G4); CD4: p=0.0053 (G1vs G2),
p=0.9741(G3vs G4), p=0.1673 (G1vs G3), p=0.6366 (G2 vs G4).k, Quantification
of IFNY'TNFa® CD8 T cellsand TNFa* CD4 T cellsin tumour-bearing lungs from
Trpvl-cre; Isl-DTR mice that were injected with PBS or DT in the VNG (n = 6 PBS,
n=>5DT),andintratracheally treated with clodronate liposome. 1, Experimental
setup of the mixed bone marrow chimeraexperimentinwhichirradiated Npy2r-
ires-cre; [sI-DTR mice were reconstituted with Adr2”" and CD1Ic-cre; Pparg™"
bone marrow mixed at1:1ratio and injected withPBSor DT inthe VNG (n=12PBS,
n=11DT). CD1Ic-cre; Pparg’™" mice are deficient in AMs*. m-o, Quantification
of AM ARGl and surface MHC-Il expression (m), IFNY*'TNFa*CD8 T cellsand
TNFa*CD4 T cells (n) in the tumour-bearing lungs, and quantification of lung
tumour burden (o,n=6PBS, n=7DT) from the same chimericcohortinl.

p, Representative flow cytometry plots showing the gating strategy for exhausted
CD8T cells (Tex, defined as PDI'TIM3*TCF1 CD44" CD8T cells). g-t, Quantification
of Tex populations in tumour-bearing lungs from Npy2r-ires-cre; [sl-DTR mice
injected withPBSor DT inthe VNG (q, n =4 PBS,n=6 DT), from TrpvI-cre; Isl-
DTRmice that wereinjected with PBSor DT inthe VNG (r,n=4PBS,n=5DT),
from WT (s,n="7) versus Adr32” mice (s, n = 6), and from vagal DT-injected
Trpul-cre; Isl-DTR mice that were either left untreated or treated daily with
aerosolized salbutamol (t, n=13 DT, n =12 DT+salbutamol). Data are expressed
asmean ts.e.m.and representative of atleast two independent experiments.
Unpaired, two-tailed Student’s T-test (a-c, g, k, m-o, q-t) or one-way ANOVA
with Tukey’s multiple comparisons (d-e, h-j) was performed.



Vagal NPY2R/TRPV1 sensory nerves

Lung tumour microenvironment

Extended DataFig.10|Schematic model of bi-directional tumour-brain
crosstalk mediated by the vagal sensory-sympatheticaxis. In the lung tumour
microenvironment (TME), tumour cell derived factors promote vagal sensory
nerveinnervation and activation. Sensory input from vagal NPY2R/TRPV1
afferentnervesis transmitted to RVLM neuronsin the brainstem, leading

to enhanced sympathetic output. Activated sympathetic nervesrelease
norepinephrine (NE) into the TME. NE acts via ADRB2 on tumour-associated
macrophages, promoting theirimmunosuppressive differentiationand
inhibiting tumour-reactive T cell responses. Altogether, the bidirectional tumour-
braincommunication mediated by the vagal sensory-to-sympathetic circuit
restrains anti-tumour immunity and promotes cancer development. Graph was
generatedinBioRender.Jin, C. (2026) https://BioRender.com/aqrtsqv.
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Data collection  SpectroFlow (v3.0.3) was used for flow cytometry data collection on Cytek® Aurora; ZEN3.1 (blue edition) was used for PPFE-
immunofluorescence staining image data collection on ZEISS Axioscan 7; Aperio Console DX (v102.0.4.46) was used for histology &
immunhistochemistry staining image data collection on Aperio AT2 DX digital slide scanner. LAS X (5.3.0) was used for immunofluorescence
staining image data collection on Leica Stellaris 8. Imaris (v10.1, Oxford Instruments) was used for whole-mount tissue immunofluorescence
staining image data collection and analysis.

Data analysis Flow cytometry data analysis: FlowJo 10 (v10.5.3);
Statistic: GraphPad Prism (v10);
Immunofluoresence/Immunochemistry image analysis & histology tumor burden analysis: QuPath (v0.2.3);
scRNA-seq analysis: R (v4.4.2), Cell Ranger (v6.0), Seurat R package (v4.3.0);
survival package in R (v3.6-4);
The R scripts that support the findings of this study are available from https://github.com/KWhh666/Manuscript_2024, and https://
doi.org/10.5281/zenodo.17841956.
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- A description of any restrictions on data availability

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

Raw and fully processed scRNA-seq data reported in this study have been deposited in the Gene Expression Omnibus and are publicly available under accession
numbers GSE275770. For human survival analysis, RNA-seq gene expression profiles and associated clinical data from 518 lung adenocarcinoma (LUAD) patients
were obtained from The Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov/). For analysis of lung-innervating VSN populations previously described by
Zhao et al, the dataset is publicly available under the accession number GSE192987.
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Antibodies

Antibodies used 1. For CD8 and Arg1 FFPE-IF staining: anti-CD8 (4SM15, 1:250, 14-0808-82, eBioscience); anti-Argl (D4E3M, 1:250, 93668, Cell
Signaling Technology).
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2. For in vivo mice experiments: anti-CD4 (GK1.5, BPO0O03-1, BioXCell), anti-CD8 (2.43, BEOO61, BioXCell). Rat 1gG2b (LTF-2, BEOOSO,
BioXCell) was used as the isotype control.

3. For immunofluorescence staining: anti-TH (1:250, AB1542, Abcam), anti-cFOS (1:300, 2250, Cell Signaling Technology), anti-TUBB3
(1:1000, ab190575, Abcam), anti-RFP (1:1000, 600-401-379, Rockland), anti-HB-EGF (1:800, AF-259-NA, R&D system), anti-TRPV1
(1:1000, ACC-030, Alomone Labs), and anti-cFOS (1:1000, ab222699, Abcam), anti-RFP (1:200, 200-101-379, Rockland), anti-RFP
(1:200, 200-301-379, Rockland), anti-GFP (1:200, GFP-1020, Aves labs), anti-VAChT (1:250, 139103, Synaptic Systems).

4. For flow cytometry: LIVE/DEAD™ Fixable Blue dye (1:1000, L23105, Invitrogen), Alexa Fluor 532-1-A/I-E (M5/114.15.2, 1:800,
58-5321-82, invitrogen), Alexa Fluor 647-SiglecF (E50-2440, 1:600, 562680, BD), Alexa Fluor 647-TCF1 (C63D9, 1:600, 67095, Cell
Signaling Technology), Alexa Fluor 700-Ki67 (B56,1:600, 561277, BD), APC/Cy7-I-A/I-E (M5/114.15.2, 1:2500, 107628, BioLegend),
APC/Fire810-B220 (RA3-6B2, 1:800, 103278, BioLegend), APC-IRF8 (V3GYWCH, 1:600, 17-9852-80, Invitrogen), BUV395-CD45.1 (A20,
1:300, 565212, BD), BUV563-CD11c (N418, 1:800, 749040, BD), BUV615-CD44 (IM7, 1:1500, 751414, BD), BUV661-CCR7
(4B12,1:400, 741677, BD), BUV737-Ly6G (1A8, 1:800, 741813, BD), BUV805-CD11b (M1/70, 1:800, 741934, BD), BV421-CD86 (GL-1,
1:600, 105005, BioLegend), eFlour450-TCRd (GL3, 1:300, 48-5711-80, Invitrogen), BV570-CD8a (53-6.7, 1:600, 100740, BioLegend),
BV570-CD90.2 (30-H12, 1:600, 105329, BioLegend), BV605-CD45.1 (A20, 1:1000, 110736, BioLegend), BV605-CD45.2 (104, 1:400,
109841, BiolLegend), BV605-CD45.2 (104, 1:600, 109836, BioLegend), BV605-Tim-3 (RMT3-23, 1:400, 119721, BioLegend), BV605-
TNFa (MP6-XT22, 1:1000, 506329, BioLegend), PE-TNFa (MP6-XT22, 1:1500, 506306, BioLegend), BV650-IL-17A (TC11-18H10.1,
1:600, 506930, BioLegend), BV650-XCR1 (ZET, 1:600, 148220, BioLegend), BV711- I-A/I-E (M5/114.15.2, 1:2500, 107643, BioLegend),
BV711-KLRG1 (2F1/KLRG1, 1:800, 138427, BioLegend), BV711-NK1.1 (PK136, 1:600, 108745, BioLegend), BV711-Tim-3 (RMT3-23,
1:300, 119727, BioLegend), BV750-CD11b (M1/70, 1:3000, 101267, BioLegend), BV750-CD4 (GK1.5, 1:600, 100467, BioLegend),
BV750-CD45.2 (104, 1:600, 109857, BioLegend), BV785-CD4 (GK1.5, 1:800, 100467, BioLegend), BV785-PD-1 (29F.1A12, 1:800,
135225, BiolLegend), BV786-SiglecF (E50-2440, 1:500, 740956, BD), PE-Cy7-CD101 (Moushi101, 1:800, 25-1011-82, Invitrogen), APC-
RORyt (B2D, 1:600, 17-6981-82, Invitrogen), eFluor450-Argl (AlexF5, 1:1200, 48-3697-82, Invitrogen), PE-Arg1(AlexF5, 1:
2000,12-3697-82, Invitrogen), FITC-CD103 (2E7, 1:500, 121419, BioLegend), FITC-IFNy (XMG1.2, 1:500, 505806, BioLegend), FITC-
Ly6C (AL-2T, 1:1000, 127645, BioLegend), Alexa Fluor 488-TCF1 (C63D9, 1:600, 2203S, Cell Signaling Technology), PE/CF594-CD45
(30-F11, 1:200, 562420, BD), PE/Cy5-PD-L1 (10F.9G2, 1:2400, 124344, BioLegend), PE/Cy7-PD-1 (RMP1-30, 1:600, 109110,
BioLegend), PE-CD80 (16-10A1, 1:1500, 555769, BD), PE-IL-12p40 (C15.6, 1:600, 554479, BD), PerCP/eFluor710-CD172a (P84,
1:1000, 46-1721-82, eBioscience), PerCP/eFluor710-Eomes (Danl1lmag, 1:700, 46-4875-82, eBioscience), PerCP-Ly6C (HK1.4, 1:800,
128028, BioLegend), Spark Blue 550-CD8 (53-6.7, 1:600, 100780, BioLegend), PE/Cy5-CD127(A7R34, 1:400, 15-1271-81, Invitrogen).

5. For Ce3D imaging,

CD11c N418 eFluor450 Armenian hamster / IgG eBioscience 48-0114-82 1:50

MHC-Il M5/114.15.2 Brilliant Violet 510 Rat IgG2b, k BioLegend 107636 1:200

TUBB3 TUJ1 AF488 Mouse 1gG2a, k BioLegend 801203 1:100

CD3 17A2 SparkRed718 Rat 1gG2b, k BioLegend 100282 1:50

CD45 30-F11 DyLight 755 Rat IgG2b, kK Novus NB100-77417IR 1:50

CD103 Goat polyclonal Unconjugated Goat IgG R&D AF1990 1:200

Donkey anti Goat IgG Donkey polyclonal Alexa Fluor Plus 800 Donkey 1gG Thermo A32930 1:200

Validation These antibodies have been validated for the specificity and application by the manufactures and numerous citations (see detailed
reference on the website). All antibodies used for flow cytometry are commercially available.

Live Died Blue (1:1000, L23105, Invitrogen): https://www.thermofisher.com/order/catalog/product/L23105;

Alexa Fluor 488-TCF1 (C63D9, 1:600, 22035, Cell Signaling Technology): https://www.cellsignal.com/products/antibody-conjugates/

tcfl-tef7-c63d9-rabbit-mab-alexa-fluor-488-conjugate/6444;

Alexa Fluor 532-1-A/I-E (M5/114.15.2, 1:800, 58-5321-82, invitrogen): https://www.thermofisher.com/antibody/product/MHC-Class-
|I-1-A-1-E-Antibody-clone-M5-114-15-2-Monoclonal /58-5321-82;

Alexa Fluor 647-SiglecF (E50-2440, 1:600, 562680, BD): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-

reagents/research-reagents/single-color-antibodies-ruo/alexa-fluor-647-rat-anti-mouse-siglec-f.562680;

Alexa Fluor 647-TCF1 (C63D9, 1:600, 6708S, Cell Signaling Technology): https://www.cellsignal.com/products/antibody-conjugates/

tcfl-tef7-c63d9-rabbit-mab-alexa-fluor-647-conjugate/6709;




Alexa Fluor 700-Ki67 (B56,1:600, 561277, BD): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/alexa-fluor-700-mouse-anti-ki-67.561277;

APC/Cy7-1-A/I-E (M5/114.15.2, 1:2500, 107628, BioLegend): https://www.biolegend.com/en-us/lyophilized-control-cells/apc-
cyanine7-anti-mouse-i-a-i-e-antibody-5966?GrouplD=BLG11931;

APC/Fire810-B220 (RA3-6B2, 1:800, 103278, BioLegend): https://www.biolegend.com/fr-lu/products/apcfire-810-anti-mouse-
human-cd45r-b220-antibody-19557?GrouplD=GROUP65S;

APC-IRF8 (V3GYWCH, 1:600, 17-9852-80, Invitrogen): https://www.thermofisher.com/antibody/product/IRF8-Antibody-clone-
V3GYWCH-Monoclonal/17-9852-82;

BUV395-CD45.1 (A20, 1:300, 565212, BD): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/buv395-mouse-anti-mouse-cd45-1.565212;

BUV563-CD11c (N418, 1:800, 749040, BD): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/buv563-hamster-anti-mouse-cd11c.749040;

BUV615-CD44 (IM7, 1:1500, 751414, BD): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/BUV615-Rat-Anti-Mouse-CD44.751414/;

BUV615-CD44 (IM7, 1:800, 751414, BD): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/BUV615-Rat-Anti-Mouse-CD44.751414/;

BUV661-CCR7 (4B12,1:400, 741677, BD): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/buv661-mouse-anti-human-ccr7-cd197.749824;

BUV737-Ly6G (1A8, 1:800, 741813, BD): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/buv737-rat-anti-mouse-ly-6g.741813;

BUV805-CD11b (M1/70, 1:800, 741934, BD): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/buv805-rat-anti-cd11b.741934;

BV421-CD44 (IM7, 1:1500, 103040, BioLegend): https://www.biolegend.com/en-us/explore-new-products/brilliant-violet-42 1-anti-
mouse-human-cd44-antibody-7225;

BV421-CD86 (GL-1, 1:600, 105005, BioLegend): https://www.biolegend.com/en-us/products/brilliant-violet-42 1-anti-mouse-cd86-
antibody-20728?GrouplD=BLG10719;

eFlour450-TCRd (GL3, 1:300, 48-5711-80, Invitrogen): https://www.thermofisher.com/antibody/product/TCR-gamma-delta-
Antibody-clone-eBioGL3-GL-3-GL3-Monoclonal/48-5711-82;

BV570-CD8a (53-6.7, 1:600, 100740, BioLegend): https://www.biolegend.com/en-us/products/brilliant-violet-570-anti-mouse-cd8a-
antibody-7377?GrouplD=BLG2559;

BV570-CD90.2 (30-H12, 1:600, 105329, BioLegend): https://www.biolegend.com/en-us/products/brilliant-violet-570-anti-mouse-
cd90-2-thy1-2-antibody-7514?lang=de;

BV605-CD45.1 (A20, 1:1000, 110736, BioLegend): https://www.biolegend.com/en-us/products/brilliant-violet-650-anti-mouse-
cd45-1-antibody-7644?GrouplD=BLG1933;

BV605-CD45.2 (104, 1:400, 109841, BioLegend): https://www.biolegend.com/nl-nl/products/brilliant-violet-605-anti-mouse-cd45-2-
antibody-9695?GrouplD=BLG7009;

BV605-CD45.2 (104, 1:600, 109836, BioLegend): https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-cd45-
antibody-8721?GrouplD=BLG6831;

BV605-TIM3 (RMT3-23, 1:400, 119721, BioLegend): https://www.biolegend.com/en-us/products/pe-anti-mouse-cd366-tim-3-
antibody-2657?GrouplD=BLG10656;

BV605-TNFa (MP6-XT22, 1:1000, 506329, BioLegend): https://www.biolegend.com/nl-nl/products/brilliant-violet-605-anti-mouse-
tnf-alpha-antibody-7682?GrouplD=GROUP24;

PE-TNFa (MP6-XT22, 1:1500, 506306, BioLegend): https://www.biolegend.com/nl-nl/products/pe-anti-mouse-tnf-alpha-
antibody-978;

BV650-IL-17A (TC11-18H10.1, 1:600, 506930, BioLegend): https://www.biolegend.com/en-ie/products/brilliant-violet-650-anti-
mouse-il-17a-antibody-7684;

BV650-XCR1 (ZET, 1:600, 148220, BioLegend): https://www.biolegend.com/en-ie/explore-new-products/brilliant-violet-650-anti-
mouse-rat-xcrl-antibody-12421?GrouplD=GROUP20;

BV711-I-A/I-E (M5/114.15.2, 1:2500, 107643, BioLegend): https://www.bdbiosciences.com/en-us/products/reagents/flow-
cytometry-reagents/research-reagents/single-color-antibodies-ruo/bv711-rat-anti-mouse-i-a-i-e.563414;

BV711-KLRG1 (2F1/KLRG1, 1:800, 138427, BioLegend): https://www.biolegend.com/nl-be/products/brilliant-violet-711-anti-mouse-
human-kirgl-mafa-antibody-13583;

BV711-NK1.1 (PK136, 1:600, 108745, BioLegend): https://www.biolegend.com/en-us/search-results/brilliant-violet-711-anti-mouse-
nk-1-1-antibody-9576?GrouplD=GROUP20;

BV711-Tim-3 (RMT3-23, 1:300, 119727, BioLegend): https://www.biolegend.com/en-us/soluble-mhc/brilliant-violet-711-anti-mouse-
cd366-tim-3-antibody-14918?GrouplD=BLG10656;

BV750-CD11b (M1/70, 1:3000, 101267, BioLegend): https://www.biolegend.com/en-us/products/purified-anti-mouse-human-cd11b-
antibody-351?GrouplD=BLG10660;

BV750-CD4 (GK1.5, 1:600, 100467, BioLegend): https://www.biolegend.com/en-us/punchout/search-results/brilliant-violet-750-anti-
mouse-cd4-antibody-15756;

BV750-CD45.2 (104, 1:600, 109857, BioLegend): https://www.biolegend.com/en-us/products/brilliant-violet-750-anti-mouse-cd45-2-
antibody-18842;

BV785-CD4 (GK1.5, 1:800, 100467, BioLegend): https://www.biolegend.com/en-us/productstab/brilliant-violet-785-anti-mouse-cd4-
antibody-11948;

BV785-PD-1 (29F.1A12, 1:800, 135225, BioLegend): https://www.biolegend.com/en-us/search-results/brilliant-violet-785-anti-
mouse-cd279-pd-1-antibody-9874;

BV785-PD-L1 (10F.9G2, 1:800, 124331, BioLegend): https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-mouse-
cd274-b7-h1-pd-l11-antibody-13497;

BV786-SiglecF (E50-2440, 1:500, 740956, BD): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/bv786-rat-anti-mouse-siglec-f.740956;

PE-Cy7-CD101 (Moushi101, 1:800, 25-1011-82, Invitrogen): https://www.thermofisher.com/antibody/product/CD101-Antibody-
clone-Moushi1l01-Monoclonal/25-1011-82

PE-Cy5.5-iINOS (CXNFT, 1:800, 35-5920-82, Invitrogen): https://www.thermofisher.com/antibody/product/iNOS-Antibody-clone-
CXNFT-Monoclonal/35-5920-82

APC-RORyt (B2D, 1:600, 17-6981-82, Invitrogen): https://www.thermofisher.com/antibody/product/ROR-gamma-t-Antibody-clone-
B2D-Monoclonal/17-6981-82

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A




eFluor450-Argl (AlexF5, 1:1200, 48-3697-82, Invitrogen): https://www.thermofisher.com/antibody/product/Arginase-1-Antibody-
clone-AlexF5-Monoclonal/48-3697-82;

PE-Arg1(AlexF5, 1: 2000,12-3697-82, Invitrogen): https://www.thermofisher.com/antibody/product/Arginase-1-Antibody-clone-
AlexF5-Monoclonal/12-3697-82;

FITC-CD103 (2E7, 1:500, 121419, BioLegend): https://www.biolegend.com/en-us/explore-new-products/fitc-anti-mouse-cd103-
antibody-7053;

FITC-IFNy (XMG1.2, 1:500, 505806, BioLegend): https://www.biolegend.com/en-us/products/fitc-anti-mouse-ifn-gamma-
antibody-995?GrouplD=GROUP24;

FITC-Ly6C (AL-2T, 1:1000, 127645, BioLegend): https://www.biolegend.com/en-us/explore-new-products/fitc-anti-mouse-ly-6¢-
antibody-4896;

Pacific Blue -Granzyme B (GB11, 1:500, 515408, BioLegend): https://www.biolegend.com/en-us/products/pacific-blue-anti-human-
mouse-granzyme-b-antibody-8612?GrouplD=BLG15670;

PE/CF594-CD45 (30-F11, 1:200, 562420, BD): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/pe-cf594-rat-anti-mouse-cd45.562420;

PE/Cy5-PD-L1 (10F.9G2, 1:2400, 124344, BioLegend): https://www.biolegend.com/ja-jp/products/percp-cyanine5-5-anti-mouse-
cd274-b7-h1-pd-11-antibody-13667;

PE/Cy7-PD-1 (RMP1-30, 1:600, 109110, BioLegend): https://www.biolegend.com/en-us/cell-separation/pe-cyanine7-anti-mouse-
cd279-pd-1-antibody-3612;

PE-CD80 (16-10A1, 1:1500, 555769, BD): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/pe-hamster-anti-mouse-cd80.553769;

PE-IL-12(p40/p70) (C15.6, 1:600, 554479, BD): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/pe-rat-anti-mouse-il-12-p40-p70.562038;

PerCP/Cy5.5-CD4 (RM4-5, 1:600, 100540, BioLegend): https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-
cd4-antibody-4230?GrouplD=BLG4211;

PerCP/eFluor710-CD172a (P84, 1:1000, 46-1721-82, eBioscience): https://www.thermofisher.com/antibody/product/CD172a-SIRP-
alpha-Antibody-clone-P84-Monoclonal/46-1721-82;

PerCP/eFluor710-Eomes (Danllmag, 1:700, 46-4875-82, eBioscience): https://www.thermofisher.com/antibody/product/EOMES-
Antibody-clone-Danl1mag-Monoclonal/46-4875-82;

PerCP-Ly6C (HK1.4, 1:800, 128028, BioLegend): https://www.biolegend.com/en-us/search-results/percp-anti-mouse-ly-6¢-
antibody-7166?GrouplD=BLG7242;

Spark Blue 550-CD8 (53-6.7, 1:600, 100780, BioLegend): https://www.biolegend.com/de-de/products/spark-blue-550-anti-mouse-
cd8a-antibody-18489?GrouplD=BLG6765;

PE/Cy5-CD127(A7R34, 1:400, 15-1271-81, Invitrogen): https://www.thermofisher.com/antibody/product/CD127-Antibody-clone-
A7R34-Monoclonal/15-1271-82.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

KP tumor cell line was derived from autochthonous lung tumors grown in Kras-G12D/+; p53-fl/fl; Rosa26-Isl-tdTomato mice
infected with Ad-SPC-Cre in the lab. NGF knockout tumor cell line was generated by transducing KP cell line with lentivirus
expressing cas9 and sgRNA targeting the Rosa26 locus (control) or sgRNA targeting NGF.

The KP tumor cell line identity was confirmed by PCR genotyping and characteristic morphology. NGF knockout was verified
by Western Blot.

Mycoplasma contamination The cell lines were treated with MycoZap™ Plus-CL (Lonza, 195262) and tested for no mycoplasma containmination with

Universal Mycoplasma Detection kit (ATCC, 30-1012K).

Commonly misidentified lines No commonly misidentified cell lines were used in the study.

(See ICLAC register)

Animals and other research organisms

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

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

In vivo experiments were performed using mice on a C57BL/6 background unless otherwise specified. The following mouse strains
were used in the study: KrasLSL-G12D/+; p53fl/fl (KP), KP; Isl-tdTomato, Wild type C57BL/6J (000664, JAX), B6.129-
Trpvltm1(cre)Bbm/J (Trpvl-cre, 017769, JAX), C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/J (Isl-DTR, 007900, JAX),
Slc17a6tm2(cre)Lowl/J (Vglut2-Cre, 016963, JAX), Tg(Actl6b-Cre)4092Jiwu/J (Baf53b-Cre, 027826, JAX), B6.129-Ppargtm2Rev/)
(Pparyfl/fl, 004584, JAX) and B6.Cg-Tg(ltgax-cre)1-1Reiz/) (CD11c-cre, 008068, JAX), Npy2r-ires-Cre, P2ryl-ires-Cre, Trpv1-dtr,
AdrB2-/- and Batf3-/-. Mice were 6—12 weeks of age at the start of experiments.

Study did not involve wild animals.

Both male and female mice were included in all experiments reported in this manuscirpt, as there were no differences between
sexes observed in any of our biological or functional assays.

Study did not involve samples collected from the field.

All animal procedures were performed in accordance with institutional guidelines and approved by the Institutional Animal Care and

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A




Ethics oversight Use Committee (IACUC) and the Institutional Biosafety Committee of the University of Pennsylvania, Yale University, or St. Jude's
Children's Research Hospital.

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

Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A

Flow Cytometry

Plots
Confirm that:

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

IZ 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).

|X| All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

As described in the Methods section, mice were injected retro-orbitally with PE-CF594 conjugated anti-CD45 antibody (30-
F11, BD Bioscience) 2 min prior to euthanasia to exclude the circulating immune cells from analysis. Lungs were collected,
dissociated with the gentleMACS dissociator system (Miltenyibiotec), and digested with 125U/mL Collagenase IV
(Worthington Biochemical) and 100U/mL DNase | (Roche) at 37C,100 rpm for 30 min. Digested lung tissue was then filtered
with a 100 um cell strainer. Lymph node samples were grinded up and passed through a 70 um cell strainer. Red blood cells
were lysed with ammonium chloride—potassium bicarbonate (ACK) lysis buffer. After blocking FcR with the Fc-block reagent
(2.4G2, BD Bioscience), single-cell suspensions were stained with antibodies. Dead cells were stained with LIVE/DEAD™
Fixable Blue dye. For intracellular cytokine staining, cells were pre-incubated with the Cell Stimulation Cocktail (eBioscience)
and the Protein Transport Inhibitor Cocktail (eBioscience) for 4 hours at 37 °C before surface staining. Transcription factor
staining was performed using the Foxp3 Fixation/Permeabilization Solution Kit (eBioscience).

Cytek® Aurora (Cytek Bioscience)

Flow data collection: SpectroFlow (v3.0.3)
Flow data analysis: FlowJo 10 (v10.5.3)

For flow cytometry, live cell abundance was determined by Live/dead staining. For FACS, cell purity was confirmed to be
>98%.

Gating strategies are provided in Extended Data 5d-e

1). SSC vs. FSC gating to exclude debris. 2). FSC-H vs. FSC-A gating to exclude doublets. 3). Live/Dead Blue vs. FSC-A to exclude
dead cells. 4). CD45 vs. CD11b gating to exclude non-immune cells. 5). ivCD45 vs. FSC-A gating to distinguish tissue-resident
vs. circulating cells. 6). CD8 or CD90.2 vs. B220 gating to distinguish myeloid vs. lymphoid populations. 7.1). For myeloid
gating: Ly6G vs. CD11b for neutrophils -> SiglecF vs. CD11c for AMs -> SiglecF vs. CD11b for eosinophils -> Ly6C vs. CD11b for
monocytes -> MHC-Il vs. CD11c for DCs -> XCR1 vs. CD172a for cDC1s and cDC2s. 7.2). For lymphoid gating: CD8 vs. CD4 for
CD8, CD4, and double negative T cells -> for double negative T cells, TCRd vs. FSC-A to distinguish gdT cells -> from TCRd-
population, CD127 vs. FSC-A to distinguish ILCs. All the target and/or functional populations were further determined by
specific markers in Fig. 3, Extended Data Fig. 6h, Extended Data Fig. 9p.

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