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Abstract
Extracellular vesicles (EVs) contain more than 100 proteins. Whether there are EVs
proteins that act as an ‘organiser’ of protein networks to generate a new or different
biological effect from that identified in EV-producing cells has never been demon-
strated. Here, as a proof-of-concept, we demonstrate that EV-G12D-mutant KRAS
serves as a leader that forms a protein complex and promotes lung inflammation and
tumour growth via the Fn1/IL-17A/FGF21 axis. Mechanistically, in contrast to cytosol
derived G12D-mutant KRAS complex from EVs-producing cells, EV-G12D-mutant
KRAS interacts with a group of extracellular vesicular factors via fibronectin-1 (Fn1),
which drives the activation of the IL-17A/FGF21 inflammation pathway in EV recip-
ient cells. We show that: (i), depletion of EV-Fn1 leads to a reduction of a number
of inflammatory cytokines including IL-17A; (ii) induction of IL-17A promotes lung
inflammation, which in turn leads to IL-17Amediated induction of FGF21 in the lung;
and (iii) EV-G12D-mutant KRAS complex mediated lung inflammation is abrogated
in IL-17 receptorKOmice. These findings establish a new concept in EV functionwith
potential implications for novel therapeutic interventions in EV-mediated disease
processes.

KEYWORDS
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 INTRODUCTION

Extracellular vesicles (EVs) are nano-sized vesicles released from different types of cells. The EVs have been recognised as inter-
cellular communicators (Kalluri & LeBleu, 2020). EV cargo is transferred from a donor cell to a recipient cell, leading to changes
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in gene expression and cell function in health and disease (Buzas et al., 2014; Kharaziha et al., 2012; Masyuk et al., 2013; Sriwastva
et al., 2022; Teng et al., 2018). However, whether the molecule(s) in EVs have the same function in recipient cells as in the EV
donor cells is largely unknown. Moreover, the structural mechanistics of EV protein activity in recipient cells, that is, either as
individual molecules or as functionally superior multi-protein complexes, has not been examined. Filling in this key gap in our
current knowledge would further clarify the molecular basis of the unique biological effects mediated by EVs on the recipient
cell and add to the current conceptual framework of EV biology.
The EV microenvironment is different from the microenvironment of the EV-producing cell. There is an obvious size differ-

ence in EVs compared to the EV-producing cells. Protein-protein interaction is determined by a number of factors including
proximity (Deng et al., 2012, Larochelle et al., 2019, Liu et al., 2018, To et al., 2014, Zheng et al., 2019). The proximity of proteins
for protein-protein interaction is expected to be closer within EVs than within the cytosol of EV donor cells; this fact may play
a role in the function of EV molecule interactions.
Mutant KRAS plays a pathogenic role in many different types of cancer (Belda-Iniesta et al., 2008, Piva et al., 2014, Zhu et al.,

2021) and has been shown to be present in EVs of tumour cells (Demory Beckler et al., 2013). Based on its known oncogenic
function and ability to form complexes (Jaeger et al., 2022, Waninger et al., 2022, Zheng et al., 2022), we hypothesised that EV-
KRAS could represent an importantmediator of tumour-driven inflammation/tumour progression, and a potential candidate for
a ‘group leader’ that can form complexes with other EV derived proteins to generate new biological effects.We took advantage of a
proximity-based labelling system, BioID (a biotin ligase mutated), to promiscuously biotinylate proteins that interact with KRAS
and are within 10–30 nm (Kim et al., 2014, Roux et al., 2012, Sears et al., 2019) as a means to identify the hypothesised EV-KRAS
network. In contrast to many other affinity capture approaches for studying protein–protein interactions, BioID does not rely on
physical protein–protein binding within native cell lysates. This feature allows the identification of protein proximities of weak
or transient and dynamic natures. We identify new targets for EV-KRAS-driven lung inflammation, allowing identification of
KRAS associated proteins vital for oncogene function.We demonstrate howKRAS serving as a leader molecule works with other
molecules to promote induction of inflammation via EV-Fn1 mediated induction of interleukin-17A (IL-17A) in EV recipient
cells. This approach revealed that the EV-KRAS/Fn1 centered complex network drove the expression of IL-17A, which in turn
induced an array of downstream inflammatory cytokines in lung.

 RESULTS

. The composition of EV derived GD-mutant KRAS protein complex is different from
intracellular KRAS protein complex

The majority of the data published on KRAS protein indicate that it is an early player in many signal transduction pathways
(Takács et al., 2020). KRAS is tethered to cell membranes, leading to the recruitment of numerous factors, subsequently forming
KRAS complex which is a crucial step in the process of KRAS-mediated cell proliferation and differentiation.
Recently published data indicated that KRAS can also be sorted into EVs (Demory Beckler et al., 2013). Whether the KRAS

complex in EVs has the same composition as in the EV producing cells is unknown.
The KRAS proto-oncogene is the most frequently mutated oncogene in cancer. Glycine-12 mutations are the most common

substitution in cancer (Muñoz-Maldonado et al., 2019). For this reason, KRAS(G12D)was used throughout this study. To examine
the network of proteins that interact with KRAS, we adapted the promiscuous biotin ligase (BirA*) approach. We employed a
biotin ligase-tagging approach, in which tagged KRAS proteins biotinylate neighbour proteins in a proximity-dependent fashion,
and proteins that interact with KRAS are identified via mass spectrometry (MS) sequencing. First, we generated recombinant
lentivirus that expresses HA-birA*-KRAS(G12D). HEK 293 cells were transfected with 5 μg mutant-G12D (pLEX-HA-birA*-
KRAS(G12D)-IRES-Puro; Addgene: 120562). G12D-mutant KRAS lentivirus was generated (Figure S1) in 293 cells using the
lipofectamine transfection method. Supernatant containing viral particles were collected at 48 and 72 h following transfection.
Concurrently, LL1 and TC1 lung epithelial cells were seeded in six-well cell culture plates and transduced with G12D-mutant
KRAS lentivirus in the presence of polybrene (5 mg/ml) for 24 h. The respective cells were selected in the present of puromycin
(2 mg/ml) for 72 h after initial transfection, then eGFP positive cells were FACS sorted (Figure S2a). To isolate their EVs, the
selected cells were cultured in EV-free complete media (DMEM, 10% EV-free FBS and penicillin-streptomycin cocktail) and
upon 70–80% confluency the cells were treated with biotin (50 mM) for 24 h before the supernatants were collected for isolation
of EVs and cells were lysed as per the BioID protocol (Roux et al., 2013). The EVs released from cells were isolated by differential
centrifugation (Lobb et al., 2015). The collected EVs were further purified using sucrose density gradient centrifugation (Figure
S2b) and confirmed by the presence of eGFP using confocal microscopy (Figure S2c). The size, and concentration of EVs was
calculated using a Nanosight (Figure S2d). The ultra-structure and morphology were confirmed by electron microscopy (Figure
S2e). The EVs were validated with EV markers including CD63, CD81 and CD9 which were present in the EVs and calnexin, a
non-EV protein was absent in the EVs (Figure S2f). Nanosight analyses show that CD9, CD63 and CD81 markers are positive on
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F IGURE  Proteins interacting with extracellular vesicular (EV) G12D-mutant KRAS are different from those that interact with intracellular
G12D-mutant KRAS. (a) A representative image shows silver stained proteins from EV and cell lysates pulled down with streptavidin after running PAGE. (b)
Heat map of proteins highly abundant or absent in EV-KRAS complex (EV-KRAS) group compared to the cell lysate-KRAS complex (Ly-KRAS) group, scale
represents fold change in absolute abundance. (c) Pie-chart showing the number of proteins in the EV-KRAS subset analyzed by mass spectrometry (MS). (d)
To confirm mass spectrometry data, western blots for Fn1, tubulin-β and KRAS were performed showing the differences in streptavidin pull down proteins
from EV and cell lysates. Data are from three replicates.

the EVs (Figure S2g,h). The purity of sucrose gradient purified EVs was further evaluated by analysis of the number of EVs/mg
of protein (Figure S2i).
To identify proximal protein interactions with KRAS inside of the cell and EVs, the proteins from whole cell lysates and

EVs were pulled down using streptavidin bead technology and pulled down proteins were run on PAGE and silver stained.
The patterns of silver-stained proteins from whole cell lysates and EVs were different (Figure 1a), suggesting that the proteins
interacting with KRAS inside the cell are different from the proteins in the EVs. To identify KRAS proximal interacting proteins,
streptavidin pulldown KRAS complexes were further analysed by mass spectrometry (MS), which demonstrated the presence
of a different set of proteins in EV derived-KRAS complex (EV-KRAS) when compared to whole cell lysate-KRAS complex
(Ly-KRAS) (Figure 1b, Table S1).
Comparison of the relative levels for each protein in the Ly-KRAS versus EV-KRAS revealed unique patterns of protein secre-

tion and retention. For example, 24 proteins including Fn1 were highly enriched in EV-KRAS compared with the Ly-KRAS,
whereas other proteins showed selective enrichment in the Ly-KRAS, and still other proteins were rarely found or not at all in
EV-KRAS despite being present in Ly-KRAS (Figure 1c, Table S1). We also noticed that some proteins, such as Rho-associated
protein kinase 2, phosphoglycerate mutase 1, peroxiredoxin-2 and EH domain-containing protein 1, showed nearly the same
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levels in EVs and cell lysates (Table S2). Thus, these proteins could be used as reference proteins to demonstrate that similar
levels of EV-KRAS and Ly-KRAS are used. The MS data were further verified using western blot analysis of Fn1 and tubulin-β in
EV and whole cell protein lysate, which showed EV-KRAS had higher amounts Fn1 and tubulin-β (Figure 1d).

. Extracellular vesicular GD-mutant KRAS protein complex induces more severe lung
inflammation than intracellular KRAS protein complex in a mouse model

To determine whether the phenotypic effect of EV-KRAS on EV recipient cells is different from Ly-KRAS, TC1 EV-KRAS and
Ly-KRAS were encapsulated in liposomes (isolated from mulberry bark EV-like particles [Sriwastva et al., 2022]) using a bath
sonication procedure (Kumar et al., 2021). Mulberry bark derived extracellular vesicle lipid containing large numbers and variety
of lipids are selectively used for packing K-RAS complex for the following reasons. Mulberry bark EV-like particle derived lipids
have high efficiency for packing protein (Sriwastva et al., 2022). Additionally plant lipids play an essential role in plant tolerance to
cold, heat and drought (Bhusal et al., 2021,Moreau et al., 1998, Niu&Xiang, 2018, Schwanz&Polle, 2001, Zhang et al., 2019) which
are the major factors contributing to the instability of liposomes. Plants have developed strategies against cold, heat and drought
and utilise an optimised lipid profile that enhances the plants survival and growth over many decades. Therefore, we utilised the
plant anti-cold-heat-drought feature to make liposomes. In this study, we used the liposomes made from total lipids extracted
frommulberry bark EV-like particles for delivering KRAS protein complex. Mulberry bark EV-like particles were isolated from
a single batch of mulberry tree bark using the method we published (Sriwastva et al., 2022). The quality of each lot of mulberry
lipid derived liposomes was determined by measuring the proliferation of TC1 cells transfected with liposomes listed in the
figure (Figure S3a). Additional measurements of the size, number, TEM analysis and zeta potential were made for liposomes
and liposomes loaded with TC1 EV-KRAS (Liposome-EV-KRAS) (Figure S3b-d). To determine whether loaded proteins are
located on the lipid membrane or inside the lipid layer, the liposome-EV-KRAS proteins were coated on latex beads (4 μm)
and permeabilised/non-permeabilised, stained with anti-mouse Fn1 antibody followed by FITC labeled secondary antibody and
analyzed by flow cytometry. The results indicate that the permeabilization of EV leads to increasing Fn1 positive liposomes
compared to unpermeabilised samples (Figure S3e), suggesting that the majority of Fn1 associated with EV-KRAS is located
inside the liposomes. To further determine whether EV-KRAS associated proteins are protected by liposomes, liposome-EV-
KRAS was digested for 1 h with proteinase K or PBS as a control; the digested liposome-EV-KRAS were centrifuged. The amount
of liposome protein in the supernatant was analysed. The results indicated that protein concentration was unaffected as a result
from proteinase K digestion (Figure S3f).

Next, the biological effect(s) of generated liposomes were evaluated. For potential future clinical utility of the results generated
from this study, the human cell line H1299 was used as well for evaluating the effect of liposome-EV-KRAS and liposome-
Ly-KRAS on the proliferation of human H1299, and murine LLC-1 and TC1 cells since the human KRAS protein has 96%
homology with mouse KRAS (Figure S3g) and KRAS is one of the major players in driving cell proliferation. Empty liposomes
were used as a control in addition to PBS. In vitro proliferation assessment showed that H1299, LLC-1 and TC1 cells treated
with liposome-EV-KRAS had significantly higher proliferation rates compared to liposome-Ly-KRAS, empty liposomes and PBS
controls (Figure 2a). The in vitro proliferation data prompted us to further investigate whether TC1 EV-KRAS had a different
phenotypic effect from Ly-KRAS in mice when administered intratracheally (Figure 2b). Mice treated with liposome-EV-KRAS
showed higher levels of acute inflammation and a more robust infiltration of immune cells in lung tissue as demonstrated by
HE lung tissue staining (Figure 2c). Cytokine array data generated from mouse lung tissue lysates showed that proinflamma-
tory cytokines and other inflammatory proteins, that is, IL-6, TNFα, IL-17A, MMP9, TIM-1, IGFBP-3, MMP-2 and FGF21 were
significantly upregulated in liposome-EV-KRAS treated mice compared with liposome-Ly-KRAS treated mice (Figure 2d). The
cytokine array data were further confirmed by ELISA for IL-6, IL-17A, FGF21 and TNFα (Figure 2e), and validated by gene
expression analysis (mRNA quantification) (Figure S3h) as well as immune-confocal microscopy (Figure 2f).

To determine whether the in vitro and in vivo data generated from liposome-EV-KRAS have similar phenotypes as TC1-
KRAS-G12D mutant-EVs, TC1 cells and mice were treated with liposome-EV-KRAS, TC1-KRAS-G12D mutant-EVs and PBS
and liposome as controls. The outcomes demonstrated that liposome-EV-KRAS promotes TC1 cell proliferation (Figure S3i)
and causes overproduction of lung IL-6, TNF-α and IL-17A (Figure S3j) at similar levels as TC1-KRAS-G12Dmutant-EVs (EVs).
Additionally, we performed FACS analysis of lung cells and tissue to demonstrate that cells were taking up PKH26 posi-

tive liposome-EV-KRAS. Results showed that within CD11b, CD11C, CD3 gated regions, lung macrophages (F4/80) and T cells
(CD3+CD8+) but not NKT cells (NK1.1+CD3+) take up PKH26 labelled liposome-EV-KRAS (Figure S4a). Taking up liposome-
EV-KRAS led to much higher KRAS expression in PKH26+ lung cells (67.0%) (Figure S4b) compared with KRAS (0.01%)
expressed in the lung cells of mice treated with free PKH26 dye.
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F IGURE  Effect of KRAS proximal proteins on tumour cell proliferation, lung inflammation, cytokine production and immune cell activity in B6 mice:
(a) Effect of mutant KRAS extracellular vesicle (EV) complex on the proliferation of H1299, LLC1 and TC1 cells. (b) Schematic diagram showing intratracheal
administration of KRAS complex. (c) Haematoxylin and eosin (HE) staining of lung tissue treated with KRAS complex from EVs and cell lysate (Ly) loaded in
liposome (liposome-EV-KRAS/ liposome-Ly-KRAS). (d) Comparison of cytokine expression in lung tissue harvested from mice treated with PBS, liposome,
liposome-EV-KRAS and liposome-Ly-KRAS, fold change represent pixel density. (e) ELISA for IL-6, IL-17A, TNFα, and FGF21 from lung tissue lysate showing
T cell response to KRAS complex loaded in liposome following intratracheal administration. (f) Confocal microscopy for IL-17A and TNFα positive cells in
lung tissue (scale: 10 μm). Mice were administered with 50 μl of 10 × 1010 liposome particles/ml. Data are mean ± SEM from five replicates, **p < 0.01 using
one-way ANOVA.
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. EV GD-mutant KRAS complex induces lung inflammation via Fn mediated induction of
IL-A

The STRING (https://string-db.org, Search Tool for the Retrieval of Interacting Genes/Proteins) database aims to integrate all
known and predicted associations between proteins, including both physical interactions as well as functional associations. Based
onMS/MS data fromEV-KRAS and Ly-KRAS, we next performed STRINGdatabase pathway analysis. The results suggested that
Fn1, which was highly enriched in EV-KRAS, did not appear to directly interact with KRAS (Figure S5), but is a molecule that
interacts with a group of proteins present in the EV-KRAS (Figure 3a). We then determined whether EV-KRAS-associated Fn1
plays a role in the induction of inflammatory cytokines by the EV-KRAS. The STRING database pathway analysis indicated that
Fn1 not only interacts with a cluster of inflammatory cytokines (Figure 3b,c), but also regulates the expression of three additional
clusters of related genes that promote tumour growth and IL-17A induction (Figure 3c). Next, to experimentally test whether
EV-KRAS derived Fn1 plays a causative role in the induction of these cytokines, Fn1 was depleted from the EV-KRAS (EV-
KRAS-Fn1-D) with anti-Fn1 antibody and the eluted proteins from Fn1-depleted EV-KRAS were again encapsulated in a lipid
bilayer and administered to mice intratracheally. Mice that were administered liposome-EV-KRAS-Fn1-D showed a reduced
inflammatory response in comparison to those that received Fn1-sufficient liposome-EV-KRAS as demonstrated by reduced
inflammatory tissue damage (Figure 3d) and decreased levels of IL -17A, TNFα and IL-6 (Figure 3e).

IL-17A has been reported as a master regulator of proinflammatory cytokines (Xu & Cao, 2010). Using the same protocol
described in Figure 2b, we employed wild-type and IL-17 receptor knockout (IL-17R KO) mice (C57BL/6J background) to test
whether IL-17A is involved in EV-KRAS mediated lung inflammation. The IL-17R KO mice treated with liposome-EV-KRAS
had a reduced level of acute inflammation and lower infiltration of immune cells in lung tissue as demonstrated by HE tissues
staining (Figure 3f). ELISA data generated frommouse lung tissue lysate showed that IL-17R KO leads to a reduction of IL-6 and
FGF21 (Figure 3g).
The potency of EV-KRAS in terms of induction of IL-17A expression compared with TC1- EVs was further evaluated. Mice

administered intratracheally with liposome-EV-KRAS have no difference in induction of expression of IL-17A compared to
TC1-EVs treatment and the expression of IL-17A is diminished in Fn1 depleted in the liposome-EV-KRAS group (Figure S6a).

To determine whether Fn1 is upstream of the molecule that promotes the expression of IL-17A, Jurkat cells were transfected
with IL-17A-luciferase reporter gene for 24 h before being treated with liposome-EV-KRAS, liposome-EV-KRAS-Fn1-D or
liposome-EV-KRAS-Fn1-D with exogenous recombinant Fn1 (liposome-EV-KRAS-Fn1-D + Fn1). The luciferase assay results
revealed that IL-17A promoter activity was increased in liposome-EV-KRAS, whereas depletion of Fn1 from EV-KRAS led to a
reduction of IL-17A promoter activity, and a reduction of TNFα and IL-6 induction. In contrast, addition of exogenous Fn1 to
the liposome-EV-KRAS-Fn1-D group restored IL-17A promoter activity as well as TNFα and IL-6 induction. (Figure 3h).
To determine whether liposome-EV-KRAS has an increased or enhanced ability to induce expression of IL-17A in lung epithe-

lial cells, we treated TC1 cells with liposome-EV-KRAS, liposome-Ly-KRAS and liposome and PBS as controls. qRT-PCR results
indicated that the liposome-EV-KRAS has a higher ability to induce IL-17A expression than liposome-Ly-KRAS (Figure S6b).
We then measured the level of KRAS and Fn1 in liposome-EV-KRAS and liposome-Ly-KRAS since they have distinct pheno-
types. The results showed that liposome-EV-KRAS has higher levels of KRAS and Fn1 than liposome-Ly-KRAS although it was
not statistically significant (Figure S6c). Collectively, our data support a conclusion that Fn1 contributes to EV-KRAS mediated
lung inflammation through activation of the IL-17A/IL-17R signalling pathway in liposome-EV-KRAS recipient cells including
both T cells and lung epithelial cells.

. EV GD-mutant KRAS protein complex promotes lung tumour growth

IL-17Aworks by broadmechanisms to promote tumour progression as noted by: (1) the IL-17Amediated recruitment of immuno-
suppressive myeloid cells including CD11b+Gr-1+ cells in a chemokine dependent manner, which can hinder effector cytotoxic
T-cells ormake the tumourmicroenvironmentmore ‘angiogenesis-friendly’, and acts as amitogenic stimulant (Kuen et al., 2020);
and (2) cancer intrinsic IL-17A signalling that leads to enhanced cancer cell survival/proliferation, epithelial–mesenchymal tran-
sition (EMT) and activation of the NOTCH and WNT signalling pathways (Wang et al., 2014, Wang et al., 2018, Wu et al.,
2016).

To determine whether EV-KRAS contributes to induction of these pathogenic effects as reported in the literature (Demory
Beckler et al., 2013, Muñoz-Maldonado et al., 2019) and described above, we used a mouse lung tumour model. First, to con-
firm that liposome containing KRAS complexes were taken up by TC1 cells, we labelled liposomes containing KRAS complex
using PKH26 dye with a published protocol (Teng et al., 2018). TC1 cells were cultured for 6 h in the presence of PKH26
labelled liposome-EV-KRAS (2 × 108 nanoparticles/ml) in 1 ml serum-free culture medium with/without four uptake inhibitors
(bafilomycin, 100 nM; amiloride, 100 M; chlorpamazine, 10 g/ml; and cytochalasin D, 1 g/ml) or an equal amount of free PKH26
dye as detected on the PKH26 labelled liposome-EV-KRAS as a control. After 6 h the cells were washed three times with PBS,
fixed and analysed by flow cytometry. Results demonstrated that 77.4% of TC1 cells took up liposomes only, 79.5% of the TC1

https://string-db.org
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F IGURE  Fn1 plays a central role in extracellular vesicle (EVs) KRAS mediated inflammation in vivo: (a) Enrichment analysis based on MS analysis
using the STRING database. (b) Enrichment analysis by the STRING database using proteins that were abundant in the EV KRAS complex (EV-KRAS) based
on MS analysis and the cytokines upregulated following EV-KRAS intratracheal administration. (c) Pathway analysis showing KRAS mediated inflammation.
(d) HE staining of lung tissue from the mice, intratracheal administered with PBS, liposome-EV-KRAS and Fn1 depleted EV-KRAS complex
(liposome-EV-KRAS-Fn1-D). (e) ELISA for lung tissue TNFα, IL-17A and IL-6 from mice after intratracheally being administered liposome-EV-KRAS-Fn1-D.

(Continues)
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F IGURE  (Continued)
(f) HE staining of C57BL/6J wild and IL-17A KO mice lung tissue from the mice intratracheally administered PBS and liposome-EV-KRAS. (g) ELISA for IL-6
and FGF21 from C57BL/6J wild and IL-17A receptor KO mice lung tissue after intratracheal administration of PBS and liposome-EV-KRAS. (h) ELISA for
IL-17A, TNFα, and IL-6 after treatment with PBS, liposome-EV-KRAS, liposome-EV-KRAS-Fn1-D, or liposome-EV-KRAS-Fn1-Dexogenously supplemented
with Fn1. Mice were administered with 50 μl of 10 × 1010 liposome particles/ml. Data are mean ± SEM from five replicates, *p < 0.05, **p < 0.01, ***p < 0.001
using one-way ANOVA.

cells took up liposome-EV-KRAS and 78.6% of the TC1 cells took up liposome-Ly-KRAS (Figure 4a). PKH26-positive cells
are greatly reduced when cells are treated with the inhibitors, amiloride, cytochalasin D, bafilomycin but not chlorpromazine
inhibitor, suggesting that liposome-EV-KRAS is taken up via multiple pathways (Figure S7a). In conclusion, the FACS analysis
results suggest that PKH26 positive cells are significantly decreased when the cells were treated with inhibitors bafilomycin and
amiloride whereas less than 1% of PKH26 positive cell was observed when treated with free dye PKH26. This result demonstrated
that our PKH26 labelled TC1-EVs are taken up by TC1 cells via a specific pathway.
We then determined whether repeat transfection of TC1 with liposomes can increase the transfection efficiency. The TC1 cells

were treated with PBS, liposome only (vehicle control), liposome-EV-KRAS or liposome-Ly-KRAS for three consecutive days
until the cell confluency reach 70%–80%. TC1 cells treated for three consecutive days had higher PKH26 +ve cells on day 3
compared to a single dose treatment of PKH26 labelled liposome-EV-KRAS (Figure S7b). The trypsin digested TC1 cells were
washed and reconstituted in PBS and intratracheally administered as a single dose of 3× 105 cells/mice. After 12 weeks, the lungs
were harvested assessed for tumour burden (Figure 4b). The mice that were administered liposome-EV-KRAS treated TC1 cells
had the highest percent of tumour burden and number in sectioned lungs (Figure 4c-e). KRAS gene expression in tumour tissue
was highly increased in the liposome-EV-KRAS group (Figure S7c). CD11 and Gr-1 double-positive cells were also significantly
higher inmice administered liposome-EV-KRAS treatedTC1 cells compared tomice treatedwith liposome-Ly-KRAS (Figure 4f).

Flow cytometry analysis of immune cells from lung tumour tissue revealed that mice that received liposome-EV-KRAS had
lower Granzyme B+ve and IFNγ+ve T-cells compared to control or liposome-Ly-KRAS (Figure 4g). Consistent with Figure 2 data,
ELISA results demonstrated that the liposome-EV-KRAS group had higher expression of IL-17A, IL-6 and FGF21 (Figure 4h).
Gene expression analysis of transcription factor genes, including ETS1, Zeb1, Zeb2, Foxc2, Vimentin, Fibronectin, Cadherin,

ZO-1, Desmoplakin (DSP), SNAI1, SNAI2, TGFβ and Twist-related protein 1 (TWIST1), that are involved in EMT and induc-
tion of cancer stem cells were highly upregulated in the liposome-EV-KRAS group. Gene expression analysis suggested that
liposome-EV-KRAS regulated the expression of genes such as IL4, IL6, IL10, IL-17A, KRAS, TNFα, MMP9, CXCL9, FGF21 and
ITGB1. Genes involved in the NOTCH andWNT signalling pathways that promote tumour growth were also highly upregulated
(Figure 4i).

. EV-KRAS complex facilitates lung inflammation through IL-A/FGF axis

Next, we utilised in vivo and in vitro models to determine whether lung inflammation induced by the EV-KRAS complex
is mediated via the IL-17A/IL-17R pathway leading to induction of FGF21. In vivo, mice were intraperitoneally administered
IL-17R/Fc and anti-FGF21 antibody to neutralise IL-17A and FGF21, respectively. Mice were then administered EV-KRAS (i-
t) and the lungs were analysed for acute inflammation as well as FGF21 levels after 72 h. H&E tissue staining and ELISA for
anti-inflammatory genes demonstrated that neutralising IL-17A or FGF21 effectively diminished the EV-KRASmediated inflam-
matory effect (Figure 5a,b). Furthermore, mice treated with IL-17R/Fc led to reduction of lung FGF21 (Figure 5b), consistent with
the notion that the IL-17A/IL-17R pathway regulated induction of FGF21 gene expression.
To confirm this result, an ex vivo experiment was carried out. Jurkat-T cells were treated with PBS, liposome only, liposome-

EV-KRAS or liposome-Ly-KRAS with/without depletion of IL-17A. Proliferation analysis using the ATP light assay showed that
the liposome-EV-KRAS-induced Jurkat cell proliferation and FGF21 promoter activity was abrogated in the absence of IL-17A
(Figure 5c,d). To explore the effect of FGF21 on pathways that contribute to tumour progression in the lung, lung tumour lysates
were depleted with anti-FGF21 and used to treat TC1 cells. Western blot analysis of PI3K, SIRT1 and NF-κB suggested that
depletion of FGF21 led to the loss of liposome-EV-KRAS mediated induction of PI3K, SIRT1 and nuclear translocation of NF-
κB, all of which play an important role in tumour progression (Figure 5e). Gene expression analysis further suggested that FGF21
depletion also resulted in a failure to upregulate tumour invasion factors including SNAI1 and TWIST1 (Figure 5f). Collectively,
our results generated from these experiments support the notion that EV-G12D-mutant KRAS protein complex promotes lung
inflammation and lung tumour growth via the IL-17A-FGF21 axis.

 DISCUSSION

Herein, we used a proximity-based labelling system, BioID (a biotin ligase mutated), to promiscuously biotinylate proteins that
interact with KRAS within 10–30 nm. We discovered an EV KRAS-driven protein network and further identified a unique role
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F IGURE  Extracellular vesicular (EV) KRAS complex is more potent in promoting lung tumour growth than KRAS complex from EVs donor cells: TC1
cells were treated for three consecutive days with liposome containing KRAS complex from EV or EV-donor cells (Cell lysate; Ly) and then administered

(Continues)
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F IGURE  (Continued)
intratracheally to mice. (a) Uptake of liposome-EV-KRAS in TC1 cells. (b) Timeline of in vivo experiment for TC1 cell treatment for lung tumour development
showing development of TC1 tumour following intratracheal administration of TC1 cells (PBS, liposome alone, liposome-EV-KRAS, or lysate KRAS complex
(liposome-Ly-KRAS). (c) Pictorial representation of TC1 tumour development in mouse lung. (d) HE staining of TC1 tumours. (e) Tumour volume and
number of nodules in lung tumours. (f) Immunostaining of CD11b and Gr-1 positive cells in lung tissue (scale: 20 μm). (g) Flow cytometry analysis of CD8
positive IFNγ and Granzyme B cells. (h) ELISA for IL-17A, IL-6 and FGF21. (i) Heat map showing expression of genes associated with in
epithelial–mesenchymal transition. For TC1 lung tumour development, the respective liposome-KRAS treated TC1 cells (2 × 105 cells in 50 μl) were
administered using the IMIT instillation procedure. Data are mean ± SEM from five biological replicates, *p < 0.05, **p < 0.01 using one-way ANOVA.

of the EV-KRAS protein network based on the following results: (i) MS/MS protein analysis indicated that EV-KRAS is clearly
distinct from Ly-KRAS in terms of composition and biological effects on inflammation and tumour growth; (ii) EV-KRAS serves
as an EV protein network organiser that assembles an Fn1 centered protein complex that induces lung inflammation; and (iii)
Fn1 mediated induction of IL-17A in the EV recipient cells, and subsequent induction of FGF21 with the participation of the
IL-17A/IL-17R signalling pathway.
The biological effect of EV proteins on EV recipient cells has been mainly studied on an individual protein basis, where genes

encoding for an individual protein are knocked out individually by genetic deletion. This type of approach is limited in its ability
to delineate what an EV complex contributes to the EV-driven biological effects on the recipient cells. By contrast, we show
here for the first time that EV-KRAS triggers the activation of the IL-17A-mediated inflammatory pathway via the pre-formed
KRAS/Fn1 complex in the EV-recipient cells.
A hallmark of cancer, including lung cancer, is an intense inflammatory reaction. In this report, we provide compelling evi-

dence that IL-17A lies downstream of Fn1. Both Fn1 (Bazan-Socha et al., 2018, Hamsten et al., 2016, Wang et al., 2017, Zhou et al.,
2022) and IL-17A (Akbay et al., 2017, Cai et al., 2019, Hagner et al., 2021, Salazar et al., 2020) have been shown to promote inflam-
mation and tumour progression. Interaction of IL-17A with its receptor, which is expressed on a variety of cell types (including
tumour cells and non-tumour cells), causes secretion of proinflammatory cytokines such as IL-6, various chemokines and fac-
tors that promote tumour progression.Whether EV-KRAS-Fn1mediated induction of IL-17A plays a causative role in promoting
tumour progression, on the other hand, will require further investigation.
One caveat of our study is that we have yet to determine which factor(s) cause the increasing size and charges of liposome-

EV-KRAS when compared with liposomes alone. The factor(s) could be from EV-KRAS complex derived or unidentified factors
(Sani et al., 2022, Sheikholeslami et al., 2022) including aggregation (Dhiman et al., 2022). Future work is needed to identify the
involved factor(s).
We also noticed that the expression of theKRAS gene is increased in tumour tissue in mice administered liposome-EV-KRAS.

This increased KRAS gene expression could take place in other types of cells present in the lung. The expression of KRAS gene
could be induced in other types of lung cells via soluble factors released from liposome-EV-KRAS recipient cells or other types
of cells contacting with liposome-EV-KRAS recipient cells. Future work is also needed to identify which type of lung cells have
increased expression of KRAS due to liposome-EV-KRAS treatment.
Finally, our mechanistic findings have implications that reach beyond the basic biology of EV protein networks. A more in-

depth understanding of how EV protein complexes impact disease is likely to result in the development of novel therapeutic
approaches that are designed to co-modulate beneficial and harmful effectors of such complexes to the advantage of the patient.

 MATERIALS ANDMETHODS

. Cell culture and transfection

TC1, LLC-1 and H1299 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) media supplemented with 10% FBS,
100 U/ml penicillin and 100 μg/ml streptomycin. TC1 cells were transfected with birA*-KRAS G12D using a transfection kit
(Invitrogen,Waltham,MA; cat. No. L3000-015) as per themanufacturer’s instructions and in the presence of 5 μg/ml puromycin.
The KRAS G12D positive cells were FACS sorted based on GFP+ve cells and confirmed by confocal microscopy. Jurkat cells
were culture in RPMI 1640 with 2 mM L-glutamine media supplemented with 10% FBS, 100 U/ml penicillin and 100 μg/ml
streptomycin.

. Luciferase assay for FGF and IL- promoter activity in Jurkat cells

Dr. Wenke Feng (the University of Louisville, Louisville, USA) generously provided the mouse FGF21 reporter plasmids, which
have promoter constructs 1497/+5 inserted into pGL3 (Promega) using the KpnI and XhoI sites. The lipofectamine 3000
transfection kit (Invitrogen, USA) was used to transfect cells with 2 g of the pGL3 promoter FGF21 (1497/+5).
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F IGURE  EV-KRAS complex facilitates inflammation through the IL-17A/FGF21 axis. (a) HE staining of lung tissue from mice (blocked with IL-17R/Fc
or anti-FGF21 antibody) intratracheally administered extracellular vesicle (EV) KRAS complex (liposome-EV-KRAS). (b) ELISA for TNFα, IL-17A and IL-6
from lung tissue from mice (blocked with IL-17R/Fc or anti-FGF21 antibody) intratracheal administered liposome-EV-KRAS. (c) Adenosine triphosphate
(ATP) cell proliferation assay showing proliferation of Jurkat cells in response to lung tumour lysate with and without IL-17A depletion using IL-17A

(Continues)
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F IGURE  (Continued)
immunoprecipitation. (d) Luciferase assay for FGF21 promotor assessment, TC1 cells treated with respective lung tumour lysate with and without IL-17A
depletion using IL-17A immunoprecipitation. (e) Western blot for PI3K, SIRT1, NFκB- TC1 cells treated with respective lung tumour lysate with and without
FGF21 depletion using FGF21 immunoprecipitation. (f) qRT-PCR for genes involved in EMT pathway- TC1 cells treated with respective lung tumour lysate
with and without FGF21 depletion using FGF21 immunoprecipitation. For in vivo treatment mice were administered with 50 μl of 10 × 1010 liposome
particles/ml and for in vitro treatment 2 × 108 liposome particle/ml for respective group were used. Data are mean ± SEM from three replicates using one-way
ANOVA, **p < 0.01.

Jurkat cells were grown to 70% confluency and transfected with the luciferase reporter gene assay reagents obtained from
Promega as per themanufacturer’s instructions. Briefly, Jurkat T cells were co-transfectedwith a pGL3 luciferase reporter plasmid
(Promega, Madison, WI) containing the proximal human IL-17F promoter region and a Renilla luciferase plasmid (pRL-CMV;
Promega), as well as either an empty pcDNA3.1 plasmid. Cells were treated after 24 h of transfection as per the protocol and lysed
48 h after transfection. By co-transfecting 1 g of the GFP vector, the transfection efficiency was standardised. Luciferase activity
was measured using a Dual-Luciferase Reporter Assay (Promega, Madison, WI) as per the manufacturer’s instructions.

. Preparation of lentivirus

A lentivirus preparationwasmade using a previously describedmethod (Kumar et al., 2021). A lentivirus containing birA*-KRAS
G12D (KRASG12D) fusion protein was procured fromAddgene (120562). TC1, LLC1, H1299 and 293T human embryonic kidney
293 cells (ATCC) were grown in Dulbecco’s Modified Eagle’s Medium (D-MEM; Gibco, Waltham, MA) maintained in presence
of 10% fetal bovine serum (FBS), 2 mM l-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco, Waltham, MA).
The plasmid was transfected into 293T cells with a lentivirus using the Lipofectamine 3000 transfection kit (Invitrogen, USA).
After 72 h of transfection, pseudovirus-containing culture media was collected, and the viral titer was calculated. GFP-TC1/LLC-
1/H1299 cells were created using a lentivirus encoding birA*-KRAS G12D (KRAS G12D). TC1/LLC-1/H1299 (2 × 105) cells were
plated into a six-well plate along with an appropriate amount of viral stock in the medium. After selection with puromycin, the
cells with the highest expression of GFP were sorted using a BD FACSAria III cell sorter (BD Biosciences, San Jose, CA) and
used for further downstream experiments. GFP expression was further confirmed by confocal fluorescence microscopy (Nikon,
Melville, NY).

. Isolation of EVs and analysis

The EVs from TC1 cells were isolated using a previously described method (Sriwastva et al., 2022). The TC1 cells were seeded at
30%–40% confluency in D-MEMmedium in 100 mm cell culture flask supplemented with 10% EV-free FBS media and 5 μg/ml
puromycin for 72 h. The media were collected and secreted EVs were collected using differential centrifugation. Briefly collected
culture media was centrifuged at 4000 × g for 30 min, the supernatant collected and centrifuged at 10,000 × g for 1 h and the
supernatant retained and preserved. The supernatant was further centrifuged at 100,000 × g for 2 h at 4◦C, the pellets collected
and purified on a sucrose gradient (8%, 30%, 45% and 60% sucrose in 20 mM HEPES, 20 mM Tris-Cl [pH 7.2]). The protein
concentration of purified EVs was determined using a BioRad Protein Quantitation Assay kit with bovine serum albumin as the
standard. The purified EVs were analysed for size distribution and concentration using a NanoSight NS300 (Malvern Panalytical,
Westborough, MA) at a flow rate of 30 μl/min.

The purified EV morphology was examined using electron microscopy. Purified EVs were fixed in 2% paraformaldehyde and
imaged under a Zeiss EM 900 electron microscope using a previously described method (Mu et al., 2014).
The purified EVs isolated from the cells were stored in aliquots at –80◦C until further downstream studies to avoid freeze-

thawing effects.

. Biotin tagged protein isolation and analysis

Biotin tagged proteins (KRAS complex) were isolated from whole cell and EVs using streptavidin pull down. Briefly, cells and
isolated EVs were lysed on ice for 30 min using lysis buffer (0.5% Tween 20, 150 mM NaCl, 50 HEPES supplemented with
protease inhibitor (cOmplete™ Protease Inhibitor Cocktail, Roche)) followed by centrifugation at 12,000 × g for 20 min and the
supernatant collected for downstream processing. An equal amount (2.5 mg) of total protein lysate from whole cell (TC1-G12D)
lysate and TC1-EVs derived protein lysate was incubated with streptavidin magnetic beads for 1 h at 4◦C. Biotin boundmagnetic
beads were washed thrice with lysis buffer to remove unbound protein. Proteins were eluted with elution buffer (4 mg/ml biotin,
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25-mM Tris-HCl and 0.3-M NaCl; pH 8.5) and eluted proteins were visualised using silver staining of a PAGE gel, western blot
andmass spectrometry (MS). The eluted proteins were stored in aliquots at –80◦Cuntil used in further downstream experiments.

The KRAS complex and EV biological activity (TC-1 proliferation quantified with the method as described in Figure S3i) was
measured before storing at –80◦C. Before use, each aliquot was thawed, and their biological activity (TC-1 proliferation) was
measured again and the samples having no significant diminution of TC-1 proliferation activity compared to pre-freeze samples
were used for the experiments conducted in this study.

. Liposome preparation

Liposomes were prepared using biotin tagged KRAS complex eluted proteins and total lipid isolated frommulberry bark derived
EV-like nanoparticles (Sriwastva et al., 2022). Total lipids were extractedwith chloroform and dried under vacuum. The nanopar-
ticles were prepared as described earlier (Sriwastva et al., 2022). Briefly, 20 mg of lipid was suspended in 200–400 μl of 155 nM
NaCl and the respective protein at a protein:lipid ratio of 0.1 followed by bath sonication (FS60 bath sonicator, Fisher Scientific)
for 30 min. The KRAS complex encapsulated in a lipid bilayer (nanoparticles) was collected by centrifugation at 100,000 × g
for 1 h at 4◦C and washed in PBS. Liposome with and without EV-KRAS suspended (liposome-EV-KRAS) in 1X phosphate
buffer saline were analyzed for size and number using the Nanosight NS300 (Cambridge, UK), zeta potential was analyzed using
a Zetaview (Cambridge, UK) and transmission electron microscopy was performed (Apreo C LoVac FESEM; Thermo-Fisher
Scientific, MA). To confirm and validate the loaded KRAS complex proteins on liposomes western blot was done (Figure S6d).

The liposomes were labelled with PKH26 as per the manufacturer’s instructions and ∼1 × 1010 liposomes/ml were suspended
in diluent C, stained with 2 μMPKH26 for 15 min at room temperature and washed three times with PBS by ultracentrifugation
100,000× g for 2 h at 4◦C. The prepared liposomes were stored at –80◦ for further downstream experiments. The PKH26 labelled
liposomes were used immediately without any long-term storage, otherwise all working liposomes were kept on ice (Dehghani
et al., 2020).
Total of 50 μl of each liposome-EV-KRAS fraction were incubated with 0.25 μl of aldehyde/sulfate-latex beads (ø = 4 μm;

5.5× 106 particles/ml; Invitrogen, Carlsbad, CA) for 15 min at RT. Bead-coupled liposome-EV-KRAS EVs were centrifuged at
2000 × g for 10 min to form pellets, which were then washed with PBS and centrifuged once more. For permeabilisation of
liposome-EV-KRAS, the latex attached liposomes-EV-KRAS were permeabilised by fixation. The permeabilisation Buffer Set
(eBioscience) was used to fix and permeabilise liposomes for intra-vesicular staining. After incubation, the samples were washed
twice with 1 ml of permeabilisation buffer and then resuspended in 100 μl PBS with 0.5% bovine serum albumin. Anti-Fn1
antibody was used as the primary staining antibody for 1 h at room temperature (RT), followed by FITC-conjugated secondary
antibodies for 30 min at RT. Latex beads alone and latex beads coupled to liposome-EV-KRAS without primary mAb served as
negative controls. After secondary staining, 500 ml of PBS was used for two rounds of washing followed by a 10-min, 2000 × g
centrifugation at 4◦C. A flow cytometer (FACSCanto A, BD Biosciences, San Jose, CA) was used to collect the data, which was
then analysed using FlowJo software (version Tree Star, Ashland, OR).
To determine the purity of the liposome-EV-KRAS, the liposome-EV-KRASwas digestedwith proteinase K or PBS as a control

for 1 h, and the digested liposome-EV-KRAS were then centrifuged to determine whether EV-KRAS associated proteins are
protected by liposomes. Protein content in liposomes was measured using the BCA technique.

. Mice

Female C57BL/6 (wild and IL-17R knock out (KO)) mice (aged 8- 10 weeks) were purchased from the Jackson Laboratory (Bar
Harbor, ME) and maintained on a 12-h/12-h light/dark cycle in a pathogen-free animal facility at the University of Louisville.
Animal handling was performed following the Institute for Laboratory Animal Research (ILAR) protocol, and all animal exper-
iments were conducted in accordance with protocols approved by the University of Louisville Institutional Animal Care and Use
Committee (Louisville, KY).

. Lung specific intratracheal instillation for lung inflammation and tumour development

The administration of liposome, EV KRAS complex encapsulated in liposomes (liposome-EV-KRAS); cell lysate KRAS encap-
sulated in liposomes (liposome-Ly-KRAS)) or tumour cells (TC1) were performed directly into the mouse lungs to study lung
inflammation and tumour development as per a previously described method (Au - Lawrenz et al., 2014). Intubation-mediated
intratracheal (IMIT) instillation is a non-invasive approach that allows for >98% administration into the lungs with excel-
lent spread throughout the lung. To demonstrate that intratracheal administration of TC1 cells were equally distributed into
the lung, we intratracheally administer PKH-26 labelled liposome-EV-KRAS, and results suggest that IMIT allowed for equal



 of  SRIWASTVA et al.

biodistribution (Figure S6e). For the lung inflammation model, mice were given PBS, empty liposome nanoparticles (10 × 1010
particles/ml), liposome-EV-KRAS (10 × 1010 particles/ml) and liposome-Ly-KRAS (10 × 1010 particles/ml) in 50 μl volumes.
Peripheral blood for plasma/serum collection was obtained 72 h after intratracheal injection, andmice were humanely sacrificed
for lung harvesting for later analysis.
For TC1 lung tumour development, the respective liposome-KRAS treated TC1 cells (2 × 105 cells in 50 μl) were adminis-

tered using the IMIT instillation procedure. The mice were followed for 12 weeks for tumour development and then humanely
sacrificed.
Based on the descriptions and suggestions provided by the Mouse Models of Human Cancers Consortium, tumours were

identified and outlined (Nikitin et al., 2004). Each lung lobe was first sectioned at the surface and then serially taken every
300 μm, resulting in an analytical depth of about 1200 μm. HE stained slides were examined with an Aperio ScanScope. Using
QuPath (Open-source software), the tumour area fromhistologic sectionswas quantified. The sumof segmentations of individual
tumours from all five sections was used to calculate the pulmonary tumour burden per mouse. Results are expressed as the
percentage of lung occupied by tumour ([area tumour/area lung] × 100).

. Cytokine production analysis

The effects of EV and cell lysate derived KRAS complex on cytokine production in lung tissue were evaluated. The lung tissue
was processed according to the instructions included in the Cytokine Array Kit. A Proteome Profiler Mouse XL Cytokine Array
Kit was used to assess cytokines according to the manufacturer’s instructions (R&D Systems, ARY028). HLImage++ (Western
Vision Software) based on spot intensity in the arrays.

. In vitro uptake of labelled liposome-EV-KRAS

To test uptake efficiency of KRAS complex containing liposomes with and without EV-KRAS in TC1, LLC-1 and H1299 cells,
cells were cultured at 37◦C for 6 h with PKH26 tagged liposome-EV-KRAS (2 × 108 particle/ml). Before being fixed with 2%
paraformaldehyde, the cells were washed three times in PBS. Fixed cells were collected using a BD FACSCanto flow cytometer
(BD Biosciences, San Jose, CA). The cells were then analysed using FlowJo software (TreeStar Inc., Ashland, OR).

. Western blot analysis

Tissues or cells were rinsed in ice-cold PBS and homogenised. The cells/EVs were lysed in radioimmunoprecipitation assay lysis
buffer supplemented with protease inhibitor for 30 min at 4◦C and vortexed at full speed for 15 s. The lysate was centrifuged
at 12,000 × g for 15 min at 4◦C. Using bovine serum albumin as the reference, the supernatant was collected, and the protein
concentration was measured using the BioRad Protein Quantitation Assay kit. SDS sample buffer (4X) was used to dilute the
samples, which were separated using 12% sodium dodecyl sulphate PAGE and then transferred to nitrocellulose membranes
(Bio-Rad). Specific antibodies (1:1000 dilution; Table S3) were used to detect individual proteins. Using infrared fluorescence
secondary antibodies on an Odyssey CLx Imager, the protein bands were analyzed (LiCor Inc., Lincoln, NE).

. Flow cytometry

Stained cells were fixed with 2% paraformaldehyde (PFA) and stained for 40 min at 4◦C using fluorochrome-conjugated anti-
bodies (Table S3). After three washes with PBS, cells were acquired using a BD FACSCanto flow cytometer (BD Biosciences, San
Jose, CA) and analyzed using FlowJo software (Tree Star Inc., Ashland, OR).

. Confocal microscopy

For frozen sections, periodate-lysine-paraformaldehyde fixed tissues were dehydrated overnight at 4◦Cwith 30% sucrose in PBS
before embedding in optimal cutting temperature compound. Using a microtome, tissue was then sliced into ultrathin (5 μm)
slices followed by blocking with 5% BSA in PBS. Primary antibodies (Table S3) (1:800) were added to the mix and incubated
overnight at 4◦C. Secondary antibodies conjugated to a fluorescent dye (Alexa-flour 488/ Alexa-flour 595) were added to the sec-
tions after washing three times (at 1:2000 dilution). The nuclei were stainedwith 4′,6-diamidino-2-phenylindole dihydrochloride
(DAPI). Tissues and cells were visualised using a confocal laser scanning microscopy (Nikon, Melville, NY).
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. Histological analysis

Tissues were fixed in buffered 10% formalin solution (SF93-20; Fisher Scientific, Fair Lawn,NJ) overnight at 4◦C for haematoxylin
and eosin (H&E) staining. Dehydration was achieved by immersing the tissue cassette for 40 min in a graded ethanol series of
70%, 80%, 95% and 100% ethanol. Tissues were fixed in paraffin and then sliced into ultrathin (5 μm) slices with a microtome.
Tissue sections were deparaffinised in xylene (Fisher), rehydrated in increasing concentrations of ethanol in PBS, stained with
H&E, and scanned with an Aperio ScanScope (IL, USA).

. Elisa

Enzyme-linked immunosorbent assay (ELISA) kit (eBiosciences) was used to quantify the following cytokines: IL-6, IL-17A,
TNFα, FGF21, Fn1 and KRAS as per the manufacturer’s instructions and described earlier (Teng et al. 2021). For liposome-EV-
KRAS proteins, the pelleted liposome-EV-KRAS was suspended in 50 μl radioimmunoprecipitation assay (RIPA) buffer (25 mM
Tris.HCl pH 7.6, 150 mMNaCl, 1% NP-40, 1% sodium deoxycholate and 0.1% SDS) and incubated at 4◦C for 30 min and placed
in an ice-cold sonication bath for 30 s.

. RNA extraction and qRT-PCR

Total RNAwas extracted using a RNeasyMini Kit from the cells and tissue according to themanufacturer’s instructions (Qiagen,
74104). RNA (1000 ng) was reverse transcribed into cDNA using SuperScript III reverse transcriptase and oligo dT primers
(Invitrogen). According to the manufacturer’s instructions, cDNA samples were amplified in a CFX96 Realtime System (Bio-
Rad) using SYBRGreenMaster Mix (Invitrogen) and specific primers to quantify genes of interest. The fold variations in mRNA
expression between treatments and controls were calculated using the CTmethod. Results were expressed as a fold increase over
control/baseline levels, with each sample’s results being corrected for the amount of GAPDH mRNA that was detected in the
same samples, which is set at a value of 1.

. Fn depletion from EV-KRAS complex and lung tissue lysate

Lung tissues were washed with ice-cold PBS, homogenised and lysed in RIPA lysis buffer (1 ml/100 mg tissue) supplemented
with protease inhibitor on ice for 30 min. The lysate was centrifuge for 15 min at 4◦C and the supernatant was collected. For Fn1
depletion, protein lysate fromEV-KRAS complex and lung tissue lysate wasmixedwith 50μl of proteinG agarose suspension and
incubated for 3 h at 4◦C on a rocking platform. The mixed solution was centrifuged at 12,000 × g for 10 min and the supernatant
collected. The supernatant was mixed with anti-Fn1 antibody (Table S3) and incubated for 1 h at 4◦C followed by addition of
protein G agarose pre-washed with RIPA buffer and incubated for 3 h at 4◦C. The samples were centrifuged and washed with
citrate-phosphate buffer, pH 5.0, three times and the supernatant discarded. Elution buffer (200 μl) was added to the pellet for
5 min and then centrifuged. The supernatant was collected and stored at –80◦C for further downstream processing.

. In vivo neutralisation of cytokines

In vivo cytokine neutralization experiments involved administering mAbs against FGF21 (Abclonal, Woburn, MA) and recom-
binant Mouse IL-17RA/IL-17R Fc Chimera Protein (R&D System) intraperitoneally. Mice received 100 μg of antibody or 50 μg
of recombinant Mouse IL-17RA/IL-17R Fc Chimera Protein intra-peritoneally one day prior and 6 h after liposome-EV-KRAS
administration.

. Enrichment analysis

Enrichment analysis was based on 304 proteins which were differentially expressed (p < 0.05, and more than 5-fold change)
between samples in theMS analysis. Significantly regulated proteins were subjected to GO analysis and protein network analyses
(STRING) using the STRING database. Enrichment analysis was followed by pathway analysis which was based on differ-
entially expressed protein in the MS analysis and differentially expressed cytokines following intratracheal administration of
liposome/liposome-EV-KRAS.
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. KRAS-Fn interaction

To prove whether KRAS physically interacts with Fn1, KRAS protein 20 μg (Sino Biological; cat: 12259-H07E) was incubated
with purified Fn1 (20 μg) (Sino Biological; cat: 10314-H08H) for 2 h and 30 min in 400 μl equilibrium buffer (20 mM Tris–HCl,
pH 7.5, 250 mM NaCl). The protein mixture (KRAS-Fn1) was combined with the anti-KRAS antibody (2 μg), which was then
incubated for 4 h at 4◦C with gentle agitation. Pre-washed 100 μl protein G was added to the slurry of KRAS antibody-protein
mixture and again incubated at 4◦C for 4 h with gentle agitation. After centrifugation, the supernatant was removed and washed
three times with equilibrium buffer. Beads were heated in 50 μl of 2 × SDS loading buffer without DTT for 10 min at 50◦C to
elute the antibody-protein complex, which was then separated on SDS PAGE and analysed by immunoblotting KRAS and Fn1.
We also analysed whether KRAS interacts with intracellular FN-1. TC1 cell whole cell protein was pulldown using KRAS

antibody and followed by western blot analysis of Fn1.

. Statistical analysis

The data from three independent experiments were presented as mean± SEM, and GraphPad Prism 7 was used for all statistical
analysis. The means of two groups were compared using a t-test, and in experiments with more than two groups’ data were
analysed using the one-way analysis of variance test. Statistically significant significance is shown as p ≤ 0.05*, p ≤ 0.01** and
p < 0.001***.
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