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Tumour-derived small extracellular vesicles 
act as a barrier to therapeutic nanoparticle 
delivery
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Xuexiang Han    1, Lulu Xue    1, Rakan El-Mayta    1, Gan Zhao    5, 
Andrew E. Vaughan    5, Zhiyuan Qin3, Fengyuan Xu3, Alex G. Hamilton    1, 
Dongyoon Kim1, Junchao Xu1, Junhyong Kim    3, Xucong Teng6, Jinghong Li    6, 
Xing-Jie Liang    7, Drew Weissman    4,8  , Wei Guo    3   & 
Michael J. Mitchell    1,8,9,10,11,12 

Nanoparticles are promising for drug delivery applications, with several 
clinically approved products. However, attaining high nanoparticle 
accumulation in solid tumours remains challenging. Here we show that 
tumour cell-derived small extracellular vesicles (sEVs) block nanoparticle 
delivery to tumours, unveiling another barrier to nanoparticle-based 
tumour therapy. Tumour cells secrete large amounts of sEVs in the tumour 
microenvironment, which then bind to nanoparticles entering tumour 
tissue and traffic them to liver Kupffer cells for degradation. Knockdown 
of Rab27a, a gene that controls sEV secretion, decreases sEV levels and 
improves nanoparticle accumulation in tumour tissue. The therapeutic 
efficacy of messenger RNAs encoding tumour suppressing and pro
inflammatory proteins is greatly improved when co-encapsulated with 
Rab27a small interfering RNA in lipid nanoparticles. Together, our results 
demonstrate that tumour cell-derived sEVs act as a defence system against 
nanoparticle tumour delivery and that this system may be a potential target 
for improving nanoparticle-based tumour therapies.

Nanoparticle-based tumour drug delivery systems have shown great 
promise for disease treatment in the clinic1,2. It is desired that nano-
particles deliver drugs and genes specifically to tumour tissues for 
tumour cell killing or tumour microenvironment modulation3. How-
ever, studies have shown that only 0.7% of injected nanoparticles can 
reach solid tumours4. To improve delivery efficiency, several strategies 
have been developed. For example, studies focused on the optimization 
of the size5, shape6, surface chemistry7 and stiffness8 of nanoparticles 
to improve tumour accumulation through the passive mechanism of 
enhanced permeability and retention9 or through the active mechanism 
of ligand-based targeting10. Others have demonstrated that the pro-
tein corona on nanoparticles can alter their tumour accumulation11,12.  

In addition, reduced hepatic clearance of nanoparticles can improve 
their blood circulation and enhance tumour accumulation13. Although 
these strategies have demonstrated promise, improved nanoparticle 
accumulation in tumour tissues remains marginal, limiting the poten-
tial of nanoparticles for tumour treatment.

Recent studies have found that the dense extracellular matrix14, 
solid stress15 and abnormal vascular structures9,16,17 in the tumour 
microenvironment18 are critical factors that may affect nanoparticle 
tumour accumulation19, and these have been taken into consideration 
in improving nanoparticle design for tumour accumulation20. The 
high level of small extracellular vesicles (sEVs) in solid tumours21 is 
an understudied factor that may affect nanoparticle accumulation,  
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(Fig. 1i,j and Supplementary Fig. 10a). We also found that LNP accumula-
tion in Rab27a KO tumour tissues was notably higher than that of WT 
tumour tissues (Fig. 1k,l and Supplementary Fig. 11). We repeated the 
IVIS imaging experiment and found that the biodistribution pattern 
of LNPs at 24 and 48 h post injection did not change (Supplementary 
Fig. 12), further confirming that Rab27a KO affected LNP biodistribu-
tion. We also demonstrated that liver enzyme levels across different 
groups were similar (Supplementary Fig. 13), indicating that the altered 
liver biodistribution was not a result of differences in liver damage 
among the different groups. Altogether, Rab27a KO in tumour cells 
decreased LNP uptake by Kupffer cells and enhanced LNP delivery to 
tumour cells.

sEV binding to LNPs drives trafficking to liver 
Kupffer cells
In vivo biodistribution experiments demonstrated that sEV levels in 
tumour tissue affect LNP accumulation in tumours (Fig. 1k,l, Supple-
mentary Fig. 11). We then sought to investigate the possible mechanism 
underlying this. We first demonstrated that tumour sEVs did not affect 
the phagocytic capability of Kupffer cells, as the cells express similar 
levels of the phagocytosis marker CD206 in different groups (ref. 34) 
(Fig. 2a,b). We then explored whether sEVs affect LNP uptake by Kupffer 
cells (Supplementary Fig. 14). We found that sEVs were taken up spe-
cifically by Kupffer cells while LNP uptake by Kupffer cells was lower 
(Supplementary Fig. 14b). However, mixing LNPs with sEVs before 
incubation with cells greatly increased LNP uptake by Kupffer cells 
(Fig. 2c,d), indicating that there might be physical interactions between 
sEVs and LNPs. Using transmission electron microscopy (TEM) (Fig. 2e,f 
and Supplementary Fig. 15a,b) and a pulldown assay (Fig. 2g and Sup-
plementary Fig. 15c–e), we demonstrated the presence of physical inter-
actions between LNPs and sEVs. Van der Waals interactions between 
sEVs and LNPs may be responsible for the interactions between the 
two particles35.

The uptake of sEVs by cells relies on sEV surface adhesion mol-
ecules36. Since we have demonstrated that there are physical interac-
tions between sEVs and LNPs, it is possible that the uptake of LNPs by 
Kupffer cells is mediated by certain surface molecules on sEVs. Thus, 
we used antibodies to block adhesion molecules on sEVs to investigate 
their effects on the cellular uptake of LNPs by Kupffer cells. We found 
that blocking of ICAM-1 greatly decreased LNP uptake by Kupffer cells 
(Supplementary Fig. 16a–c). Moreover, sEVs from an Icam-1 KO tumour 
cell line failed to improve LNP uptake (Supplementary Fig. 17a,b), fur-
ther confirming the role of ICAM-1 in improving Kupffer cell uptake. 
Chemical conjugation of LNPs and sEVs further enhanced LNP deliv-
ery to Kupffer cells (Supplementary Fig. 17c,d). These results further 
demonstrated that the binding of sEVs to LNPs aids in the trafficking of 
LNPs to liver Kupffer cells. Next, we investigated the potential mecha-
nism behind Kupffer cell uptake of LNPs. Since sEV uptake appeared 
to be mainly mediated by ICAM-1, we analysed the expression of Mac-1 
subunits CD11b and CD18 in different primary liver cells, as Mac-1 can 
recognize ICAM-1 and initiate cell uptake. We found that liver Kupffer 
cells displayed the largest CD11b+CD18+ population compared with 
other liver cells (Fig. 2h, Supplementary Fig. 18a–f and Supplementary 
Figs. 19 and 20). This is consistent with a recent publication showing 
that tumour-derived sEVs can traffic to the liver and target liver Kupffer 
cells37. Collectively, these results suggest that LNPs bind to sEVs and 
the resulting LNP–sEV complex can be delivered to liver Kupffer cells 
through the ICAM-1–Mac-1 interaction.

To further investigate the mechanism underlying LNP traffick-
ing to Kupffer cells, we treated Rab27a KO tumour-bearing mice with 
DiR-labelled LNPs via intratumoural (i.t.) injection and analysed their 
biodistribution (Supplementary Fig. 21a). We found that only ~22% 
of LNPs trafficked to the liver. However, when injecting sEVs directly 
into the tumour, about 75% of the sEVs trafficked to the liver (Fig. 2i,j 
and Supplementary Fig. 21a). These results indicate that sEVs more 

as the high sEV gradient between tumours and healthy tissue22 may act 
as a biological barrier for nanoparticle penetration and accumulation.

Here, we found that tumour cell-derived sEVs act as a defence 
system against nanoparticle tumour delivery and that overcoming this 
intrinsic defence mechanism can improve the delivery of therapeutic 
nanoparticles to tumours and improve tumour treatment.

Rab27a knockout promotes nanoparticle 
accumulation in tumours
Studies have shown that there are high concentrations of sEVs in many 
solid tumours22,23, with malignant cells representing the major source 
of sEVs23 and Rab27a as a major gene that controls sEV secretion24. 
We first induced Rab27a knockout (KO) using the clustered regularly 
interspaced short palindromic repeats (CRISPR)–Cas9 system in a 
mouse colon tumour cell line, MC38 (MC38 Rab27a KO) and a mouse 
melanoma cell line, YUMM1.7 (YUMM1.7 Rab27a KO). Tumour mod-
els were constructed using wild-type (WT) or KO cells. We found that 
Rab27a KO decreased tumour growth in immune competent mice25. 
This is because sEVs can suppress anti-tumour immunity25–31. Since we 
wanted to compare nanoparticle accumulation in WT and Rab27a KO 
tumours with similar tumour volumes, we depleted CD8+ T cells32 to 
ensure that tumour growth is not affected by Rab27a KO. Lipid nano-
particles (LNPs) were used as a model nanoparticle in this article33. 
LNPs were labelled with a fluorescent dye (1,1′-dioctadecyl-3,3,3′,3′-tet
ramethylindotricarbocyanine iodide (DiR)) and intravenously (i.v.) 
administered. After 24 h, mouse organs and tumours were collected 
and in vivo imaging system (IVIS), flow cytometry and immunofluo-
rescence experiments were performed to examine LNP biodistribu-
tion in both the MC38 (Fig. 1 and Supplementary Figs. 1–6) and the 
YUMM1.7 tumour models (Supplementary Figs. 7–11). As expected, WT 
tumour-bearing mice displayed a typical distribution pattern in the liver 
and spleen with negligible fluorescence detected in the tumour (Fig. 1a 
and Supplementary Fig. 7a). In contrast, Rab27a KO tumour-bearing 
mice with CD8+ T cell depletion showed significant increases in DiR 
signal in the tumour tissue compared with WT tumour-bearing mice 
treated with LNP (Fig. 1b–d and Supplementary Fig. 7b–d). A slightly 
decreased DiR signal was observed in the livers of mice bearing Rab27a 
KO tumours compared with that of the WT tumour-bearing mice (Fig. 1b 
and Supplementary Fig. 7b). We also demonstrated that the observed 
nanoparticle accumulation in Rab27a KO tumours was not a result of 
CD8+ T cell depletion (Supplementary Fig. 2). Instead, Rab27a KO led 
to increased LNP delivery to tumours. Through flow cytometry experi-
ments (Fig. 1e–h and Supplementary Figs. 3–5, 7e–g, 8 and 9), we found 
that LNP accumulation in liver Kupffer cells was significantly decreased 
in Rab27a KO tumour-bearing mice compared with WT tumour-bearing 
mice. However, LNP biodistribution in CD31+ endothelial cells, CD19+ B 
cells and hepatocytes remained unaffected (Supplementary Fig. 1e–g 
and Supplementary Fig. 8a–d). We also analysed LNP biodistribution 
in both blood and spleen and found no difference between WT and 
Rab27a KO tumour-bearing mice (Supplementary Figs. 3, 4, 8e–h and 
9a–c). However, Rab27a KO greatly increased LNP uptake by tumour 
cells and tumour-infiltrating immune cells (Fig. 1h and Supplementary 
Figs. 5 and 9d–h). Collectively, these results indicate that inhibition 
of sEV secretion by Rab27a KO substantially increased LNP uptake by 
cells in tumours and simultaneously decreased uptake by Kupffer cells.

We further investigated the biodistribution of LNPs in WT or 
Rab27a KO MC38 and YUMM1.7 tumour-bearing Ai14 mice that pos-
sess a loxP-Stop-loxP-tdTomato expression cassette (Fig. 1i,j and 
Supplementary Figs. 6, 10 and 11). Cre recombinase messenger RNA 
(Cre mRNA) encapsulated in LNPs was used for the biodistribution 
assay. We found that the majority of LNPs accumulated in liver hepat-
ocytes (Fig. 1i,j and Supplementary Figs. 6 and 10). In the livers of 
WT tumour-bearing mice, there was also high LNP uptake by Kupffer 
cells (Fig. 1i and Supplementary Fig. 10). However, in the Rab27a KO 
tumour-bearing mice, LNP uptake by Kupffer cells was decreased 
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heavily favour liver accumulation compared with LNPs. Moreover, 
pre-incubation of LNPs (labelled with DiR) with sEVs can increase the 
amount of LNPs that traffic to the liver (Fig. 2i,j and Supplementary 
Fig. 21a). In mice bearing WT tumours, the liver accumulation of LNPs 
was about 50% (Supplementary Fig. 21c). We speculate that this is a 
result of the formation of LNP–sEV complexes in the tumour tissue. 
Moreover, when chemically conjugating sEVs to LNPs, ~62% of LNPs 
trafficked to the liver (Fig. 2i,j and Supplementary Figs. 21a and 22). In 
contrast, when LNPs were injected subcutaneously (s.c.) into healthy 

mice (without tumours), LNPs remained at the injection site and did 
not traffic to the liver (Supplementary Fig. 21b). These results pro-
vide further support for the connection between the physical interac-
tions between LNPs and sEVs and their increase in trafficking from the 
tumour to the liver.

There are several variations of Mac1+ macrophages in different 
tissues38. We, therefore, investigated why sEVs target liver mac-
rophages but not other macrophages (Fig. 1e and Supplementary 
Figs. 3e and 4b). We found that the expression of SIRPα (recognition 
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Fig. 1 | Rab27a KO in tumour cells promotes the accumulation of LNPs in 
tumours. a, An anti-CD8 antibody was used to deplete CD8+ T cells in Rab27a KO 
MC38 tumour-bearing mice. LNP-DiR were i.v. injected, and after 24 h, mouse 
major organs and tumours were collected and imaged. b–d, Quantification 
of the mean fluorescence intensity (MFI) signal in the liver (b), spleen (c) and 
tumour (d). n.s., not significant. a.u., arbitrary units. e–h, DiR+ Kupffer cells 
(e), endothelial cells (f), B cells (g) and tumour cells (h) were quantified. i, 
Immunofluorescence images of Ai14 mouse livers and tumours showing the 
biodistribution of LNPs (Kupffer cells are shown in green and LNPs are shown in 

red). j, Quantification of the overlap of the green (Kupffer cells) and red (LNPs) 
signal. k, Distribution of LNPs in tumour tissues (the nucleus is shown in blue, the 
tumour cells are shown in green and LNP–DiD is shown in red). l, Quantification 
of the overlap of green (tumour cells) signal and red (LNPs) signal. The data in 
b–g, h, j and l are shown as mean ± s.d. (n = 5 biological independent samples for 
b–g and n = 3 biological independent samples for h, j and l). One-way ANOVA with 
Tukey’s post hoc test was used to analyse statistical differences unless specifically 
stated. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. The experiments were 
repeated three times with similar results.
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of Mac1 by SIRPα mediates endocytosis inhibition) on liver Kupffer 
cells is much lower compared with macrophages in other tissues 
(Fig. 2k,l and Supplementary Fig. 23). The delivery of LNP–sEV com-
plexes to Kupffer cells and not other types of macrophages may be 
partially attributable to this lower degree of SIRPα expression on 
Kupffer cells.

sEVs alter cellular uptake of LNPs in vitro
We next investigated the effect of sEVs on LNP delivery to tumour cells 
in vitro. We found that Rab27a KO greatly improved LNP cellular uptake 
(Fig. 3a), whereas sEV supplementation substantially decreased LNP 
uptake (Fig. 3b) in many tumour cell lines (Fig. 3c–f). High levels of 
SIRPα were detected in MC38, YUMM1.7, B16-F10 and WM9 tumour cell 
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lines and many primary human tumour cells (Supplementary Fig. 24). 
sEVs binding to LNPs may, therefore, be responsible for decreased LNP 
uptake by tumour cells. Thus, we speculate that both sEV binding to LNPs 
and the CD47–SIRPα interaction decrease LNP uptake by tumour cells. 
In contrast to tumour cells, normal cells may not have such a defence 
system, as normal cells exhibited relatively low sEV secretion compared 
with tumour cells (Supplementary Fig. 25a). We also demonstrated that 
microvesicle (MV) inhibition did not affect LNP uptake (Supplementary 
Fig. 25b,c), probably due to the relatively low concentration of MVs 
compared with sEVs in culture medium (Supplementary Fig. 25b,c).

We further investigated the potential mechanisms underlying 
sEV-mediated LNP uptake inhibition. When treating tumour cells with 
an equivalent number of sEVs and LNPs, tumour cells take up more 
LNPs than sEVs (Supplementary Fig. 26a,b), likely because the CD47 
molecules expressed on sEVs can be recognized by SIRPα expressed 
on tumour cells39, inhibiting the uptake of sEVs. Moreover, we investi-
gated if the added sEVs compete with LNPs for uptake or if they satu-
rate the endocytic capacity of tumour cells. Our results showed that 
pretreatment with unlabelled LNP only slightly decreased the uptake 
of LNPs labelled with 3,3'-dioctadecyloxacarbocyanine perchlorate 
(DiO) (LNP-DiO) by MC38 cells, while pretreatment with unlabelled 
sEV greatly decreased LNP-DiO uptake (Supplementary Fig. 26c,d). 
Moreover, a blockade of the sEV surface marker CD47 greatly rescued 
sEV-mediated LNP uptake inhibition (Supplementary Fig. 26c,d). Alto-
gether, these results demonstrate that sEV-dependent LNP uptake 
inhibition is mediated by CD47 on the sEV surface.

Considering that sEV binding to LNPs resulted in nanocomplexes 
with larger sizes, we investigated the effect of size increase on the 
uptake of the particles by MC38 cells (Supplementary Fig. 27a) and 
demonstrated that LNP size increase alone does not explain decreased 
uptake by tumour cells. We also investigated the effect of size increase 
on the uptake of LNPs by Kupffer cells and found that the uptake of 
larger LNPs (125 nm and 93 nm) by Kupffer cells is higher than that of 
more typically sized (66 nm) LNPs (Supplementary Fig. 27b). Moreover, 
we found that conjugation of LNP encapsulating Luc mRNA (LNP-mLuc) 
to sEVs greatly increased the uptake of LNP-mLuc by Kupffer cells, com-
pared with conjugation of LNP-mLuc to LNP encapsulating eGFP mRNA 
(LNP-meGFP). However, blocking ICAM-1–Mac-1 interactions greatly 
decreased the uptake of LNP–sEV complexes (Supplementary Fig. 27c). 
These results demonstrate that both increased size and ICAM-1–Mac-1 

interactions play important roles in increasing LNP uptake by Kupffer 
cells. Moreover, we found that even though sEVs derived from normal 
cells can also bind to LNPs, these sEVs only lead to moderate LNP uptake 
inhibition, probably due to their lower expression of SIRPα compared 
with sEVs derived from tumour cells (Supplementary Fig. 28a–d). Alto-
gether, these results suggest that the sEV-mediated defence system is 
more restricted to tumour cells.

Next, we assessed if delivery of siRNA targeting Rab27a (siRab27a) 
can decrease sEV levels and, thus, improve nanoparticle delivery to 
tumour cells. Rab27a knockdown greatly decreased sEV secretion (Sup-
plementary Fig. 29a–c) and increased enhanced green fluorescent pro-
tein (eGFP) expression (Fig. 3g) mediated by LNP-meGFP and luciferase 
expression (Fig. 3h) mediated by LNP-mLuc. Moreover, knockdown of 
Rab27a also enhanced the delivery of LNPs encapsulating mRNA encod-
ing tensin homologue deleted on chromosome 10 (Pten)40 (mPten) to 
YUMM1.7 cells (Supplementary Fig. 29d) and a mRNA encoding the 
stimulator of interferon genes (mSting) in MC38 cells (Supplementary 
Fig. 30a). These results demonstrate that knockdown of Rab27a to 
decrease sEV secretion can improve in vitro LNP transfection.

We then asked if siRab27a delivery can improve the penetra-
tion of LNPs in a tumour spheroid model41 (Fig. 3i–k). We found that  
siRab27a-LNP pretreatment substantially improved the spheroid pen-
etration of 1,1-dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine 
(DiD)-labelled LNPs (Fig. 3i–k and Supplementary Fig. 31). We investi-
gated if the improved LNP penetration is a result of the increase in nano-
particle size and found that, in Rab27a KO MC38 tumour spheroids, 
increasing the size of LNPs leads to slightly decreased LNP penetration. 
A similar trend was observed in WT MC38 tumour spheroids. However, 
the penetration of LNPs was substantially lower in WT MC38 tumour 
spheroids than in Rab27a KO MC38 spheroids, irrespective of LNP size 
(Supplementary Fig. 32). These results indicate that both the increase in 
particle size and the high sEV concentration facilitated the exclusion of 
the sEV–LNP complex from the tumour. Collectively, our results show 
that inhibition of sEV secretion improves tumour spheroid penetration.

Suppression of sEVs improves Pten mRNA 
delivery in vivo
Next, we investigated whether decreasing sEV levels in tumour tissue 
improves LNP accumulation in tumours. We first investigated if LNPs 
co-delivering siRab27a and a scrambled mRNA can knockdown the 

Fig. 2 | Binding of LNP to sEVs promotes the delivery of LNPs to liver Kupffer 
cells. a,b, CD206 expression in liver Kupffer cells from MC38 (a) or YUMM1.7 
(b) tumour-bearing mice. n.s., not significant. c,d, Liver cells were incubated 
with sEVs-DiR, LNP-DiR or sEVs pre-mixed with LNPs (where only LNPs were 
labelled with DiR). After 2 h, the DiR signal in Kupffer cells was analysed (c) and 
quantified (d). e, Percentage of LNPs bound to sEVs from MC38 cells or YUMM1.7 
cells. f, TEM images showing LNPs bound to sEVs. g, Pulldown assay to assess 
LNP binding to sEVs. h, t-distributed stochastic neighbour embedding (tSNE) 
visualization plot of single-cell RNA sequencing data from healthy mouse liver 
cells. NK, natural killer. i,j, Different nanoparticles were i.t. injected to Rab27a KO 

MC38 tumours: (1) LNP-DiR, (2) sEVs-DiR, (3) LNP-DiR mixed with sEVs and  
(4) LNP-DiR conjugated (conj.) to sEVs. After 24 h, mouse liver (i) and tumours  
(j) were imaged (Supplementary Fig. 21a) and quantified. k, Flow cytometry 
analysis of SIRPα expression in macrophages from blood, spleen or liver.  
l, Quantification of k. Data in a, b, d, e, i, j and l are shown as mean ± s.d.  
(n = 5 biological independent samples for a and b, n = 3 biological independent 
samples for d, e and l and n = 4 biological independent samples for i and j). One-
way ANOVA with Tukey’s post hoc test was used to analyse statistical differences 
unless specifically mentioned. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
The experiments were repeated three times with similar results.

Fig. 3 | sEVs act as a defence system against lipid nanoparticle-based mRNA 
delivery. a, eGFP expression was measured in WT or Rab27a KO MC38 cells 
following treatment with LNPs encapsulating eGFP mRNA (LNP-meGFP) for 24 h. 
b, eGFP expression was measured in Rab27a KO cells treated with LNP-meGFP 
for 24 h in the presence or absence of sEVs. c–f, MC38 (c), YUMM1.7 (d), B16-F10 
(e) and WM9 (f) cells were treated with LNPs encapsulating luciferase mRNA 
(LNP-mLuc) in the presence of sEVs for 24 h, and the luciferase expression was 
measured. g, WT MC38 cells were incubated with LNPs encapsulating siRab27a 
(LNP-siRab27a) for 24 h and then treated with fresh medium containing LNP-
meGFP for 24 h before eGFP expression was measured. h, Cells were treated 
with LNP-siRab27a for 24 h and then with fresh media containing LNP-mLuc for 
24 h, after which luciferase expression in the cells was analysed. i–k, tumour 
spheroids were pretreated with PBS or LNP-siRab27a for 24 h and then the 

tumour spheroids were treated with fresh media containing DiD-labelled LNPs 
for another 24 h before the penetration of DiD-labelled LNPs was characterized 
(i). The ratio of DiD signals in deep tumour spheroids to that in shallow tumour 
spheroids is quantified in j. The ratio of DiD signal in deep tumour (DiDDT) 
spheroids to eGFP signal in deep tumour (GFPDT) spheroids after PBS or LNP-
siRab27a treatment is quantified in k. The data are shown as mean ± s.d. (n = 3 
biological independent samples for a (right), b (right) and c, d, h, j and k; n = 6 
biological independent samples for e and f). Statistical analysis in b–f and h 
was performed using one-way ANOVA with Tukey’s post hoc test. For statistical 
analysis in a, j and k, a two tailed unpaired Student’s t-test was used. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001. The experiments were repeated three 
times with similar results. MFI, mean fluorescence intensity; a.u., arbitrary unit; 
GFP, green fluorescent protein.
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Rab27a gene and decrease sEVs in tumour tissue (Fig. 4a). While mice 
with no pre-injections of siRab27a-loaded LNP showed very low LNP-DiR 
signal at the tumour site, those with three and five pre-injections of 
siRab27a-loaded LNP showed substantially decreased Rab27a expres-
sion and sEV secretion in the tumour tissue (Fig. 4b and Supplemen-
tary Fig. 33). These eventually increased LNP-DiR signal in the tumour 
(Fig. 4c).

We investigated if co-delivery of siRab27a and mPten could elicit 
an anti-tumour effect. YUMM1.7 tumour-bearing mice were treated 
with: (1) LNPs co-encapsulating siRab27a and scrambled mRNA, 

(2) LNPs co-encapsulating scrambled siRNA and mPten or (3) LNPs 
co-encapsulating siRab27a and mPten (Fig. 4d). All mice were imaged 
at day 23 (Supplementary Fig. 33g). LNPs co-encapsulating siRab27a 
and mPten led to the greatest tumour growth inhibition and the long-
est mouse survival compared with other treatments without induc-
ing body weight loss (Fig. 4e,f and Supplementary Fig. 33g,h). We 
repeated this animal experiment and found that Rab27a expression 
was greatly decreased in tumour tissues collected from mice treated 
with LNPs co-encapsulating siRab27a and mPten (Fig. 4g,h). Moreover, 
LNP treatment also increased PTEN and cleaved caspase-3 expression 
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Fig. 4 | Rab27a knockdown enhances LNP tumour delivery and the anti-
tumour efficacy of Pten mRNA. a,b, YUMM1.7 tumour-bearing mice were 
treated with zero, three or five injections of LNP co-encapsulating siRab27a and 
scrambled mRNA. A total of 48 h after the last injection (day 17), LNP-DiR was 
i.v. injected (a). Biodistribution of LNP-DiR in major organs and tumours was 
determined (b). c, Quantification of DiR signal in tumour tissues. d, Tumour-
bearing mice were i.v. injected with LNPs encapsulating indicated RNAs at days 7, 
9, 11, 13 and 15. e,f, Tumour growth curves (e) and survival curves (f), respectively. 

g,h, Immunohistochemistry (g) and western blot analysis (h) of RAB27A and PTEN 
expression in tumours collected on day 23. The data in c, e and f are shown as mean 
± s.d. (n = 5 biological independent samples for c; n = 10 biological independent 
samples for e and f). The statistical differences in c and e were calculated using 
one-way ANOVA with Tukey’s post hoc test. The statistical differences in f were 
calculated using a Mantel–Cox two-sided log-rank test. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001. The experiments were repeated three times with 
similar results.
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while decreasing Ki67 and Bcl-2 expression (Fig. 4g and Supplementary 
Fig. 34a). Importantly, we found that this treatment induced negligible 
toxicity to major organs (Supplementary Fig. 34b), indicating the safety 
of this co-delivery strategy. After demonstrating that co-delivery of 
siRab27a and mPten can improve the therapeutic efficacy of mPten, 
we next evaluated if this co-delivery strategy could be applied for the 
improvement of other mRNA-based therapeutics.

Suppression of sEVs improve Sting mRNA delivery 
in vivo
STING has attracted increasing attention for immunotherapy in 
recent years42. Most current studies focus on the development of 
STING agonists to activate STING in tumours to induce anti-tumour 
immune responses43. However, STING agonist-based tumour therapy 
is restricted due to the ease of degradation and low cell membrane 
permeability44; moreover, many tumours do not express STING45, 
further limiting the efficacy of STING agonists46. Here we assess the 
potential of LNPs co-encapsulating siRab27a and a mRNA encoding 
a constitutively activated Sting (R283S) (mSting) for tumour therapy. 
We found that the successful delivery of mSting to cells can effectively 
activate downstream signaling (Supplementary Fig. 30b–l). However, 
treatment of mice with mSting-loaded LNPs led to rapid loss of body 
weight, elevated cytokine levels in the blood and liver damage (Supple-
mentary Fig. 35), indicating toxicity, which we attributed to off-target 
translation of the STING cargo.

To solve the off-target issue, we added a microRNA-122 (miR-122) 
binding site in the 3′ UTR of the Sting mRNA (mSting-miR-122) follow-
ing a reported method47 and found that hepatocyte cell toxicity was 
greatly decreased while tumour cell toxicity was maintained (Sup-
plementary Fig. 36a,b). We then investigated the anti-tumour efficacy 
of mSting-miR-122-encapsulating LNPs in vivo. MC38 tumour-bearing 
mice were treated with LNPs encapsulating indicated RNAs (Fig. 5a). All 
mice were imaged on day 20 and their body weights were monitored dur-
ing the treatment (Supplementary Fig. 37a,b). LNPs co-encapsulating 
siRab27a and mSting-miR-122 showed the greatest tumour growth 
suppression (Fig. 5b) compared with other treatments. Moreover, 
co-delivery of siRab27a and mSting-miR-122 enhanced the expres-
sion of interferon-beta (IFN-β) and tumor necrosis factor (TNF) in 
tumour tissue (Fig. 5c,d). RNA sequencing (Fig. 5e–i) data showed 
that the LNPs co-encapsulating siRab27a and mSting-miR-122 greatly 

increased STING-downstream signaling (Fig. 5f–i) and extended mouse 
survival (Fig. 5j and Supplementary Fig. 37c–f). We repeated the ani-
mal experiment and found that LNPs co-encapsulating siRab27a and 
mSting-miR-122 greatly increased STING and cleaved caspase-3 expres-
sion while decreasing Ki67 and Bcl-2 expression in tumour tissue (Fig. 5k 
and Supplementary Fig. 37g).

Compared with treatment with siRab27a and unmodified mSting, 
limited toxicity was induced in mice treated with LNP co-encapsulating 
siRab27a and mSting-miR-122. Blood biochemistry analysis and hae-
matoxylin and eosin (H&E) staining assay demonstrated that the levels 
of liver enzymes and various blood cytokines were maintained in nor-
mal ranges, and mSting-miR-122 did not induce major organ damage 
(Extended Data Fig. 1a–f).

sEVs act as a defence system against other 
therapeutics
Finally, we examined if the sEV-based defence system is applicable to 
other nanoparticle-based delivery systems and tumour therapy modali-
ties. Organic nanoparticles, such as liposomes, polylactic-co-glycolic 
acid (PLGA) nanoparticles, polystyrene (PS) nanoparticles and inor-
ganic nanoparticles such as gold nanoparticles and silica nanoparticles, 
were characterized (Supplementary Table 1). The internalization of 
various nanoparticles by Rab27a KO cells was found to be higher than 
that of WT cells. Moreover, when adding sEVs to culture medium, the 
uptake of different nanoparticles by Rab27a KO cells decreased in a sEV 
dose-dependent manner (Fig. 6a–h and Supplementary Fig. 38a–d), 
as these particles can also bind to tumour cell sEVs (Supplementary 
Fig. 38e–h). These results demonstrate that tumour cell sEVs act as a 
defence system against various nanoparticles.

Since oncolytic virus therapy and antibody therapies have shown 
great success in the clinic48, we examined whether tumour sEVs also 
affect these therapeutics. A lentiviral construct that delivers a lucif-
erase reporter was used as a model virus to infect cells. The expres-
sion of luciferase by Rab27a KO cells was much higher than that of the 
WT cells (Fig. 6g). Moreover, when adding sEVs to the culture medium, 
an sEV dose-dependent decrease in luciferase expression was observed 
(Fig. 6h). Similarly, we demonstrated that many therapeutic antibod-
ies49,50 that need to bind to the tumour cell surface to exert their func-
tions can also be affected by tumour cell sEVs, including anti-epidermal 
growth factor receptor (EGFR) antibody and anti-programmed death 

Fig. 5 | Rab27a knockdown enhances the anti-tumour efficacy of a Sting 
mRNA. a, MC38 tumour-bearing mice were i.v. injected with LNP co-
encapsulating siRab27a and scrambled mRNA, LNP co-encapsulating scrambled 
siRNA and mSting-miR-122 or LNP co-encapsulating siRab27a and mSting-
miR-122 at days 7, 9, 11, 13 and 15. b, Tumour growth curves. c,d, Quantification 
of IFN-β (c) and TNF (d) concentrations in tumour tissues. e, RNA sequencing 
data from tumour tissues. Volcano plots of differentially expressed genes due to 
treatment with LNP co-encapsulating siRab27a and mSting-miR-122 compared 
with PBS treatment. f–i, Heat map of selected differential expressed genes (DEGs) 
including type-I interferon (IFN-I) and interferon-stimulated genes (ISGs) (f), 

leukocyte chemokines (g), pro-inflammatory cytokines (h) and apoptosis genes 
(i) in response to treatment with LNP co-encapsulating scrambled siRNA and 
mSting-miR-122 or LNP co-encapsulating siRab27a and mSting-miR-122. j, Mouse 
survival curves. k, Immunohistochemistry images showing the expression of 
STING in tumour tissues. The data in b, c, d and j are presented as mean ± s.d. 
(n = 10 biological independent samples). The statistical differences in b, c and 
d were calculated using one-way ANOVA with Tukey’s post hoc test for multiple 
comparisons. The statistical difference in j was calculated using a Mantel–Cox 
two-sided log-rank test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. The 
experiments were repeated three times with similar results.

Fig. 6 | Tumour cell-derived extracellular vesicles act as a defence system 
against other nanoparticles and tumour therapeutics. a–f, Effect of sEVs 
on the cellular uptake of nanoparticles including liposomes (a and b), PLGA 
nanoparticles (c and d) and PS nanoparticles (e and f). Dye-labelled nanoparticles 
were incubated with WT or Rab27a KO MC38 cells for 24 h. Nanoparticle 
accumulation was determined by measuring the mean fluorescence intensity 
of cells using flow cytometry (a, c and e). Rab27a KO cells were treated with 
liposomes (b), PLGA nanoparticles (d) and PS nanoparticles (f) in the presence 
of increasing amounts of sEVs for 24 h before analysis of fluorescence intensity. 
g, Luciferase expression levels of WT or Rab27a KO cells treated with a lentivirus 
delivering a luciferase reporter gene. h, Luciferase expression levels of Rab27a 
KO MC38 cells treated with lentivirus in the presence of increasing amounts of 
sEVs. i–l, The effect of sEVs on the binding of anti-EGFR antibody (i and j) and 

anti-PD-L1 antibody (k and l) to tumour cells. WT or Rab27a KO MC38 cells were 
treated with anti-EGFR antibody (i) or anti-PD-L1 antibody (k) for 30 min before 
determining antibody binding by flow cytometry. Rab27a KO cells were treated 
with anti-EGFR antibody (j) or anti-PD-L1 antibody (l) in the presence of different 
amounts of sEVs for 30 min. Then, binding of the antibody to cells was measured 
using flow cytometry. m, Schematic illustration of the mechanism of the tumour 
cell sEV-mediated defence system. The data in a–l are shown as mean ± s.d. (n = 3 
biological independent samples). The statistical differences in a, c, e, g, i and 
k were calculated using a two tailed unpaired Student’s t-test. The statistical 
differences in b, d, f, h, j and l were calculated using one-way ANOVA with Tukey’s 
post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. The experiments 
were repeated three times with similar results. MFI, mean fluorescence intensity; 
a.u., arbitrary unit.
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ligand 1 (PD-L1) antibody (Fig. 6i–l). These results demonstrate 
that the sEV-based defence system is also applicable to viral- and 
antibody-based tumour therapeutics.

Outlook
The findings made in this study may influence other nanoparticle-based 
therapies in the clinic1. For example, Doxil, a doxorubicin liposome, 
has been shown to accumulate in Kupffer cells51. Overcoming the sEV 

defence system in tumours may improve the anti-tumour efficacy of 
Doxil. Future studies will explore the sEV-based defence system in 
other tumour types, such as breast, pancreatic, lung, prostate and 
liver tumours. We will also explore how sEVs interact with other parti-
cles while maintaining their own stability. The development of strate-
gies that can effectively overcome the sEV-based defence system to 
improve disease treatment will also be a direction that we will pursue 
in the future.

j

h

a

li

b

g

k

KOWT
0

2

4

6
×104

×104 ×104

×104 ×104 ×104 ×104

×105 ×105

×104 ×104 ×104

M
FI

 (a
.u

.)

sEVs (µg ml−1)

M
FI

 (a
.u

.)

0

2

4

6

0 50 100 150 300

0

2

4

6

8

Lu
ci

fe
ra

se
 (a

.u
.)

2

4

6

8

10
Lu

ci
fe

ra
se

 (a
.u

.)

M
FI

 (a
.u

.)

M
FI

 (a
.u

.)

0

2

4

6

8

0

2

4

6

8

M
FI

 (a
.u

.)

M
FI

 (a
.u

.)

0

3

6

12

9

***P = 0.0004

***P = 0.0007
****P < 0.0001

****P < 0.0001 ****P < 0.0001 **P = 0.0021 ****P < 0.0004

***P = 0.0005 ****P < 0.0001

****P < 0.0001

***P = 0.0010
***P < 0.0001

10

10

sEVs-target Kup�er cells

Nanoparticles,
oncolytic virus or

therapeutic antibodies

Tumour cells

sEVs released by 
tumour cells

Degradation of 
therapeutics 

Kup�er cells

c d

e

KOWT
0

2

4

6

8

M
FI

 (a
.u

.)

sEVs (µg ml−1)

M
FI

 (a
.u

.)

0

2

4

6

8

0 0

2

4

6

8

M
FI

 (a
.u

.)

f

M
FI

 (a
.u

.)

2

4

6

8

10

m

10

0

2

4

6

8

0 50 100 150 300

KOWT
sEVs (µg ml−1)

0 50 100 150 300 KOWT
sEVs (µg ml−1)

0
0 50 100 150 300

KOWT
sEVs (µg ml−1)

0 50 100 150 300 KOWT
sEVs (µg ml−1)

0 50 100 150 300

http://www.nature.com/naturematerials


Nature Materials

Article https://doi.org/10.1038/s41563-024-01961-6

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41563-024-01961-6.

References
1.	 D’Mello, S. R. et al. The evolving landscape of drug products 

containing nanomaterials in the United States. Nat. Nanotech. 12, 
523–529 (2017).

2.	 van der Meel, R. et al. Smart cancer nanomedicine. Nat. Nanotech. 
14, 1007–1017 (2019).

3.	 Sindhwani, S. et al. The entry of nanoparticles into solid tumours. 
Nat. Mater. 19, 566–575 (2020).

4.	 Wilhelm, S. et al. Analysis of nanoparticle delivery to tumours. 
Nat. Rev. Mater. 1, 1–12 (2016).

5.	 Sykes, E. A., Chen, J., Zheng, G. & Chan, W. C. Investigating the 
impact of nanoparticle size on active and passive tumor targeting 
efficiency. ACS Nano 8, 5696–5706 (2014).

6.	 Zhang, Y. R. et al. Strategies to improve tumor penetration of 
nanomedicines through nanoparticle design. Wires Nanomed. 
Nanobi. 11, e1519 (2019).

7.	 Choi, K. Y. et al. Self-assembled hyaluronic acid nanoparticles for 
active tumor targeting. Biomaterials 31, 106–114 (2010).

8.	 Kong, S. M., Costa, D. F., Jagielska, A., Van Vliet, K. J. & Hammond, 
P. T. Stiffness of targeted layer-by-layer nanoparticles impacts 
elimination half-life, tumor accumulation, and tumor penetration. 
Proc. Natl Acad. Sci. USA 118, e2104826118 (2021).

9.	 Acharya, S. & Sahoo, S. K. PLGA nanoparticles containing various 
anticancer agents and tumour delivery by EPR effect. Adv. Drug 
Del. Rev. 63, 170–183 (2011).

10.	 Bazak, R., Houri, M., El Achy, S., Kamel, S. & Refaat, T. Cancer 
active targeting by nanoparticles: a comprehensive review of 
literature. J. Cancer Res. Clin. Oncol. 141, 769–784 (2015).

11.	 Cedervall, T. et al. Understanding the nanoparticle–protein 
corona using methods to quantify exchange rates and affinities 
of proteins for nanoparticles. Proc. Natl Acad. Sci. USA 104, 
2050–2055 (2007).

12.	 Zhang, T. et al. Magnetothermal regulation of in vivo protein 
corona formation on magnetic nanoparticles for improved cancer 
nanotherapy. Biomaterials 276, 121021 (2021).

13.	 Zhang, Y.-N., Poon, W., Tavares, A. J., McGilvray, I. D. & Chan, W. C. 
Nanoparticle–liver interactions: cellular uptake and hepatobiliary 
elimination. J. Control. Release 240, 332–348 (2016).

14.	 Nia, H. T., Munn, L. L. & Jain, R. K. Physical traits of cancer. Science 
370, eaaz0868 (2020).

15.	 Stylianopoulos, T. et al. Causes, consequences, and remedies  
for growth-induced solid stress in murine and human tumors. 
Proc. Natl Acad. Sci. USA 109, 15101–15108 (2012).

16.	 Chen, Y. et al. Vasodilator hydralazine promotes nanoparticle 
penetration in advanced desmoplastic tumors. ACS Nano 13, 
1751–1763 (2019).

17.	 Fukumura, D. & Jain, R. K. Tumor microvasculature and 
microenvironment: targets for anti-angiogenesis and 
normalization. Microvasc. Res. 74, 72–84 (2007).

18.	 Binnewies, M. et al. Understanding the tumor immune 
microenvironment (TIME) for effective therapy. Nat. Med. 24, 
541–550 (2018).

19.	 Dai, Y., Xu, C., Sun, X. & Chen, X. Nanoparticle design strategies 
for enhanced anticancer therapy by exploiting the tumour 
microenvironment. Chem. Soc. Rev. 46, 3830–3852 (2017).

20.	 Gong, F. et al. Tumor microenvironment-responsive intelligent 
nanoplatforms for cancer theranostics. Nano Today 32,  
100851 (2020).

21.	 Zieren, R. C. et al. Extracellular vesicle isolation from human renal 
cancer tissue. Med. Oncol. 37, 1–11 (2020).

22.	 Silva, J. et al. Analysis of exosome release and its prognostic value 
in human colorectal cancer. Genes Chromosomes Cancer 51, 
409–418 (2012).

23.	 Miller, I. V. & Grunewald, T. G. Tumour‐derived exosomes: tiny 
envelopes for big stories. Biol. Cell 107, 287–305 (2015).

24.	 Ostrowski, M. et al. Rab27a and Rab27b control different steps of 
the exosome secretion pathway. Nat. Cell Biol. 12, 19–30 (2010).

25.	 Poggio, M. et al. Suppression of exosomal PD-L1 induces systemic 
anti-tumor immunity and memory. Cell 177, 414–427. e413 (2019).

26.	 Chen, G. et al. Exosomal PD-L1 contributes to immunosuppression 
and is associated with anti-PD-1 response. Nature 560, 382–386 
(2018).

27.	 Fan, Y. et al. Exosomal PD-L1 retains immunosuppressive activity 
and is associated with gastric cancer prognosis. Ann. Surg. Oncol. 
26, 3745–3755 (2019).

28.	 Kim, D. H. et al. Exosomal PD-L1 promotes tumor growth through 
immune escape in non-small cell lung cancer. Exp. Mol. Med. 51, 
1–13 (2019).

29.	 Monypenny, J. et al. ALIX regulates tumor-mediated 
immunosuppression by controlling EGFR activity and PD-L1 
presentation. Cell Rep. 24, 630–641 (2018).

30.	 Ricklefs, F. L. et al. Immune evasion mediated by PD-L1 on 
glioblastoma-derived extracellular vesicles. Sci. Adv. 4,  
eaar2766 (2018).

31.	 Yang, Y. et al. Exosomal PD-L1 harbors active defense function to 
suppress T cell killing of breast cancer cells and promote tumor 
growth. Cell Res. 28, 862–864 (2018).

32.	 Gargiulo, E. et al. Extracellular vesicle secretion by leukemia cells 
in vivo promotes CLL progression by hampering antitumor T-cell 
responses. Blood Cancer Discov. 4, 54–77 (2022).

33.	 Billingsley, M. M. et al. Ionizable lipid nanoparticle-mediated 
mRNA delivery for human CAR T cell engineering. Nano Lett. 20, 
1578–1589 (2020).

34.	 Ruiz-Alcaraz, A. J. et al. Characterization of human peritoneal 
monocyte/macrophage subsets in homeostasis: phenotype, 
GATA6, phagocytic/oxidative activities and cytokines expression. 
Sci. Rep. 8, 1–14 (2018).

35.	 Jing, H., Sinha, S., Sachar, H. S. & Das, S. Interactions of gold  
and silica nanoparticles with plasma membranes get 
distinguished by the van der Waals forces: implications for  
drug delivery, imaging, and theranostics. Colloids Surf., B 177, 
433–439 (2019).

36.	 Tian, T. et al. Exosome uptake through clathrin-mediated 
endocytosis and macropinocytosis and mediating miR-21 
delivery. J. Biol. Chem. 289, 22258–22267 (2014).

37.	 Wang, G. et al. Tumour extracellular vesicles and particles induce 
liver metabolic dysfunction. Nature 618, 374–382 (2023).

38.	 Springer, T., Galfré, G., Secher, D. S. & Milstein, C. Mac‐1: a 
macrophage differentiation antigen identified by monoclonal 
antibody. Eur. J. Immunol. 9, 301–306 (1979).

39.	 Kamerkar, S. et al. Exosomes facilitate therapeutic targeting of 
oncogenic KRAS in pancreatic cancer. Nature 546, 498–503 
(2017).

40.	 Simpson, L. & Parsons, R. PTEN: life as a tumor suppressor.  
Exp. Cell. Res. 264, 29–41 (2001).

41.	 Huang, K. et al. Size-dependent localization and penetration 
of ultrasmall gold nanoparticles in cancer cells, multicellular 
spheroids, and tumors in vivo. ACS Nano 6, 4483–4493 (2012).

42.	 Barber, G. N. STING: infection, inflammation and cancer. Nat. Rev. 
Immunol. 15, 760–770 (2015).

43.	 Le Naour, J., Zitvogel, L., Galluzzi, L., Vacchelli, E. & Kroemer, G. 
Trial watch: STING agonists in cancer therapy. Oncoimmunology 
9, 1777624 (2020).

http://www.nature.com/naturematerials
https://doi.org/10.1038/s41563-024-01961-6


Nature Materials

Article https://doi.org/10.1038/s41563-024-01961-6

1Department of Bioengineering, University of Pennsylvania, Philadelphia, PA, USA. 2Division of Life Sciences and Medicine, Center for BioAnalytical 
Chemistry, Hefei National Research Center for Physical Science at the Microscale, University of Science and Technology of China, Hefei, China. 
3Department of Biology, School of Arts and Sciences, University of Pennsylvania, Philadelphia, PA, USA. 4Department of Medicine, University of 
Pennsylvania, Philadelphia, PA, USA. 5Department of Biomedical Sciences, School of Veterinary Medicine, University of Pennsylvania, Philadelphia, PA, 
USA. 6Department of Chemistry, Tsinghua University, Beijing, China. 7Chinese Academy of Sciences Center for Excellence in Nanoscience, National 
Center for Nanoscience and Technology, Beijing, China. 8Penn institute for RNA innovation, University of Pennsylvania, Philadelphia, PA, USA. 9Abramson 
Cancer Center, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA. 10Institute for Immunology, Perelman School of Medicine, 
University of Pennsylvania, Philadelphia, PA, USA. 11Cardiovascular Institute, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, 
USA. 12Institute for Regenerative Medicine, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA. 13These authors contributed 
equally: Ningqiang Gong, Wenqun Zhong, Mohamad-Gabriel Alameh.  e-mail: dreww@upenn.edu; guowei@sas.upenn.edu; mjmitch@seas.upenn.edu

44.	 Dane, E. L. et al. STING agonist delivery by tumour-penetrating 
PEG-lipid nanodiscs primes robust anticancer immunity. Nat. 
Mater. 21, 710–720 (2022).

45.	 De Queiroz, N. M. G. P., Xia, T., Konno, H. & Barber, G. N. Ovarian 
cancer cells commonly exhibit defective STING signaling which 
affects sensitivity to viral OncolysisSTING signaling in ovarian 
cancer. Mol. Cancer Res. 17, 974–986 (2019).

46.	 Liu, W. et al. Selective reactivation of STING signaling to  
target Merkel cell carcinoma. Proc. Natl Acad. Sci. USA 117, 
13730–13739 (2020).

47.	 Jain, R. et al. MicroRNAs enable mRNA therapeutics to selectively 
program cancer cells to self-destruct. Nucleic Acid Ther. 28, 
285–296 (2018).

48.	 Kaufman, H. L. & Maciorowski, D. Advancing oncolytic virus 
therapy by understanding the biology. Nat. Rev. Clin. Oncol. 18, 
197–198 (2021).

49.	 Heinemann, V., Stintzing, S., Kirchner, T., Boeck, S. & Jung, A. 
Clinical relevance of EGFR-and KRAS-status in colorectal cancer 
patients treated with monoclonal antibodies directed against the 
EGFR. Cancer Treat. Rev. 35, 262–271 (2009).

50.	 Kimiz-Gebologlu, I., Gulce-Iz, S. & Biray-Avci, C. Monoclonal 
antibodies in cancer immunotherapy. Mol. Biol. Rep. 45,  
2935–2940 (2018).

51.	 Ohara, Y. et al. Effective delivery of chemotherapeutic 
nanoparticles by depleting host Kupffer cells. Int. J. Cancer 131, 
2402–2410 (2012).

Publisher’s note Springer Nature remains neutral with  
regard to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)  
holds exclusive rights to this article under a publishing  
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article is 
solely governed by the terms of such publishing agreement and 
applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 
2024

http://www.nature.com/naturematerials
mailto:dreww@upenn.edu
mailto:guowei@sas.upenn.edu
mailto:mjmitch@seas.upenn.edu


Nature Materials

Article https://doi.org/10.1038/s41563-024-01961-6

Methods
Chemicals and antibodies
DLin-MC3-DMA was purchased from MedChem Express. DiR was 
bought from Invitrogen. 1,2-distearoyl-sn-glycero-3-phosphocholine, 
cholesterol and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene 
glycol-2000 (DMG-PEG 2000) were purchased from Avanti Polar 
Lipids. Anti-mouse F4/80 (clone: BM8, cat. no. 123110, 1:100 dilution), 
anti-mouse CD19 (clone: 6D5, cat. no. 115538, 1:100 dilution), anti-mouse 
CD3 (clone: OKT3, cat. no. 317306, 1:100 dilution), anti-mouse CD31 
(clone: 390, cat. no. 102410, 1:100 dilution), anti-mouse CD11c (clone: 
N418, cat. no. 117310, 1:100 dilution), anti-mouse PD-L1 (clone: 10F.9G2, 
cat. no. 124312, 1:100 dilution) and anti-mouse EGFR (clone: H11, cat. 
no. MA5-13070, 1:100 dilution) were purchased from Thermo Fisher. 
Anti-mouse EpCAM (clone: VU-1D9, cat. no. NBP2-33078PECY55, 1:100 
dilution) was obtained from NOVUS Biologicals. Anti-mouse TRP1 
antibody (clone: EPR13063, cat. no. ab178676, 1:100 dilution) was 
ordered from Abcam. The Live/Dead Fixable Aqua Dead Cell Stain Kit 
was obtained from Thermo Fisher (cat. no. L34957). PLentipuro3/TO/
V5-GW/EGFP-Firefly luciferase plasmid was purchased from Addgene 
(plasmid #119816). PS nanoparticles with COOH groups on the surface 
were purchased from Phosphorex (cat. no. 103).

Cell lines and animals
The human melanoma cell lines WM9 were established in Meenhard 
Herlyn’s laboratory (The Wistar Institute) (cat. no. WM9-01-0001). The 
murine colon cancer cell line MC38 was purchased from Sigma-Aldrich 
(cat. no. SCC172). Other cell lines including YUMM1.7 (cat. no. CRL-
3362), B16-F10 (cat. no. CRL-6475), NIH3T3 (cat. no. CRL-1658) and 
293T (cat. no. CRL-3216) were obtained from ATCC. All cell lines tested 
negative for mycoplasma at the University of Pennsylvania Cell Center. 
The 200 C57BL/6J mice (female, 6–8 weeks) were ordered from Jackson 
laboratory (strain #000664) and housed in a specific-pathogen-free 
animal facility. Ai14 mice (female, 6–8 weeks) were from Jackson labo-
ratory (strain #:007914). All protocols performed on animals in this 
article were approved by the institutional animal care and use com-
mittee of the University of Pennsylvania (protocol number 806540). 
The maximal tumour size/burden permitted by the ethics commit-
tee is 2 cm. We confirmed that during this study, the size limit was  
not reached.

Construction of Rab27a and Icam-1-KO cell lines
T h e  g u i d e  R N A  t a rge t i n g  m u r i n e  Ra b 2 7 a  ( s g R N A  1 , 
5′-CCAAGGCCAAGAACTTGATG-3′, sgRNA 2, 5′-CATCAAGTTCTTGGC 
CTTGG-3′) (synthesized by Genewiz) and murine Icam-1 (sgRNA 1,  
5′-GAAGGCTTCTCTGGGATGGA-3′, sgRNA 2, 5′-GCAGGAAGGCTT 
CTCTGGGA-3′) were annealed and cloned into lentiCRISPR-v2-Puro 
vector (Addgene, cat. no. 52961) as previously described52. The plas-
mid was co-transfected into 293T cells along with lentiviral packaging 
plasmids. Following a 72 h incubation, lentiviral supernatants were 
gathered and filtered for subsequent cell infection. The cells exhibit-
ing a successful Rab27a KO were selected through the use of 2 μg ml−1 
puromycin. Monoclonal KO cells were then isolated utilizing a limited 
dilution technique and confirmed via western blot analysis.

Collection of sEVs
To collect sEVs, tumour cells underwent a 48–72 h incubation in RPMI 
1640 or DMEM medium supplemented with 10% sEV-depleted foetal 
bovine serum. Subsequently, supernatants were gathered for sEV isola-
tion employing a standard differential centrifugation protocol outlined 
in our prior studies52. Typically, the supernatants underwent centrifu-
gation at 2,000g for 20 min at 4 °C, removing the pellet containing dead 
cells and cell debris. The resulting supernatants were then subjected 
to centrifugation at 16,500g for 40 min at 4 °C to pellet MVs. These 
supernatants were collected and further centrifuged at 100,000g for 
2 h at 4 °C to isolate sEVs. The resuspended sEVs underwent additional 

purification through centrifugation at 100,000g for 2 h and were sub-
sequently resuspended in phosphate-buffered saline (PBS).

Evaluation of the uptake of LNPs or sEVs by MC38 cells
We first quantified the particle number of a sEV stock solution and a 
LNP (with similar size to sEVs) stock solution. A total of 5 × 109 sEVs or 
LNPs were labelled with the same amount of DiO and were added to 
MC38 Rab27a KO cells. After 24 h of incubation, the uptake of sEV-DiO 
or LNP-DiO by the cells was quantified using flow cytometry. To dem-
onstrate if the addition of sEVs competing with LNPs or saturating 
the endocytosis capacity of tumour cells, MC38 Rab27a KO cells were 
cultured in 1 ml medium containing 5 × 109 sEVs or 5 × 109 LNPs. Then, 
to the cell culture medium, 5 × 109 LNP-DiOs were added. After 24 h 
of incubation, the uptake of LNP-DiO by MC38 Rab27a KO cells was 
quantified using flow cytometry.

Determining the ratio of tumour cell-derived sEVs in the 
tumour tissue
We investigated the ratio of the tumour cell-derived sEVs in sEVs col-
lected from tumour tissues. A total of 1 × 1010 of sEVs collected from 
MC38 cells and sEVs collected from the MC38 tumour tissue were 
incubated with the same dose of anti-EPCAM-PE antibody for 40 min. 
After that, free antibody was removed by centrifuge and the pellet was 
resuspended in 1 ml PBS. The fluorescence intensity of the mixture 
was measured using a fluorescence spectrophotometer. The ratio of 
tumour cell-derived sEVs (R1) was calculated as

R1 = F2/F1,

where F1 represents the fluorescence intensity of the tumour 
cell-derived sEVs and F2 represents the fluorescence intensity of the 
tumour tissue-derived sEVs.

We further investigated the ratio of tumour cell-derived sEVs using 
a pulldown experiment. First, tumour cells were metabolically labelled 
with excess amount of azide group following a published method53. 
This is to ensure that sEVs released from tumour cells are labelled with 
azide group. Azide-modified MC38 cells were used to construct the 
tumour model. After 14 days of tumour model construction, tumour 
tissues were collected and the total sEVs in the tumour tissue were 
isolated. Tumour-released sEVs were collected using a pulldown experi-
ment described in Supplementary Fig. 15c. The total sEVs number and 
tumour-released sEVs number were determined using a nanoparticle 
tracking system, and the ratio of tumour cell-derived sEVs (R2) in all 
sEVs was calculated as

R2 = number of bead pulldown sEVs/number of total sEVs.

Flow cytometry
Liver, spleen or tumour tissues were sliced into 3 × 3 × 3 mm cubes and 
enzymatically dissociated using 1 mg ml−1 type IV collagenase, 50 U ml−1 
RNase and 50 U ml−1 DNase I for 40 min at 37 °C to obtain single-cell 
suspensions. The exclusion of dead cells was achieved using the Live/
Dead Fixable Aqua Dead Cell Stain Kit (Thermo Fisher, cat. no. L34957). 
Cellular surface staining was conducted for 30 min on ice. Afterwards, 
the cells were washed with PBS three times, and the stained cells were 
analysed using flow cytometry (FACS LSR II). The data were analysed 
using FlowJo V10 software.

Synthesis of mRNAs
The codon-optimized sequences for firefly Luciferase, Cre recom-
binase, mouse phosphatase and tensin homologue (Pten), mutated 
mouse stimulator of interferon genes (Sting, R283S) and miR-122-Sting 
were cloned into an mRNA production plasmid. This plasmid, opti-
mized with a 3′ and 5′ UTR and containing a 101 polyA tail, underwent 
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in vitro transcription in the presence of N1-methyl pseudouridine 
modified nucleoside. The transcripts were co-transcriptionally capped 
using CleanCap technology from TriLink and then cellulose purified to 
eliminate double-stranded RNAs. Following purification, the mRNAs 
were precipitated in ethanol, washed, resuspended in nuclease-free 
water and subjected to quality control measures such as electrophore-
sis, dot blot and endotoxin content analysis. Subsequently, all mRNAs 
were stored at −80 °C until their use.

Preparation of LNPs, gold nanoparticles, silica nanoparticles, 
PLGA nanoparticles, PS nanoparticles and liposomes
DLin-MC3-DMA, 1,2-distearoyl-sn-glycero-3-phosphocholine, choles-
terol, and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol 
were combined at a molar ratio of 50/10/38.5/1.5 and dissolved in 
ethanol, while mRNA was dissolved in citrate buffer with a pH of 3. The 
lipid-containing ethanol phase was mixed with the aqueous phase using 
a microfluidic device at a flow rate ratio of 1:3. Subsequently, the result-
ing LNPs were dialysed against 1× PBS in a dialysis cassette (molecular 
weight cut-off (MWCO) 20 kDa) for 2 h to eliminate ethanol and citrate 
buffer. The purified LNPs were then filtered through a 0.22 μm mem-
brane and stored at 4 °C until needed. For experiments investigating 
the impact of tumour-derived extracellular vesicles on LNP cellular 
uptake, an mRNA encoding firefly luciferase was used for LNP formula-
tion. In the synthesis of 93 nm and 125 nm LNPs, the ethanol phase and 
citrate buffer phase were mixed using a microfluidic chip device at a 
flow rate ratio of 1:3. The mixtures were left at room temperature for 
30 or 90 min, respectively, before being added to dialysis cassettes 
(MWCO 20 kDa). For the DiR and/or DiD labelling process, 1 ml of LNPs 
were combined with 2 μl of DiR or DiD dissolved in DMSO (1 mg ml−1) in 
a 1.5 ml tube. After pipette mixing and incubation at 25 °C for 30 min, 
the mixture was loaded onto a 2 ml centrifugal filter device (MWCO 
10 kDa) and washed with PBS three times to remove free DiR or DiD 
dye, ensuring that the dye remained attached to the LNPs.

Gold nanoparticles were produced using a seed-growth method, 
as detailed in prior reports54. Initially, 15 nm gold nanoparticles were 
synthesized as seeds. A solution of 0.1 ml HAuCl4•3H2O in 10 ml water 
was heated to boiling, followed by the addition of a 0.3 ml sodium cit-
rate solution. The mixture continued boiling for an additional 30 min 
and was allowed to cool to room temperature. To create 56.6 nm gold 
nanoparticles, 4.5 ml of the 15 nm gold nanoparticle seed solution was 
combined with 4.88 ml of HAuCl4•3H2O solution (10 mmol l−1), and the 
mixture was diluted to 300 ml with ultrapure water. Subsequently, 
200 ml of ascorbic acid solution (0.4 mM) was added drop-wise to 
the solution, resulting in the formation of 56.6 nm gold nanoparticles 
with a purple–red hue. A fluorescein isothiocyanate isomer I (FITC) 
modification approach was employed to prepare fluorescent gold 
nanoparticles, facilitating the examination of cellular uptake by cells.

The synthesis of silica nanoparticles was carried out according 
to a previously documented procedure55. Pluronic F127 (0.025 g) was 
combined with N-cetyltrimethylammonium bromide (CTAB, 0.25 g) 
and dissolved in 120 ml of ultrapure water. Subsequently, 875 μl of 
2 M NaOH solution was introduced, and the temperature was set to 
80 °C. Following 15 min of stirring, 1.25 ml of tetraethyl orthosilicate 
was added drop-wise to the mixture. The stirring continued for an 
additional 2 h until a blue–white colloidal solution was achieved. The 
resulting nanoparticles underwent filtration and were washed five 
times with methanol. For assessing cellular uptake of the nanopar-
ticles, FITC was incorporated into the silica nanoparticles to impart 
fluorescence.

PLGA nanoparticles loaded with FITC were formulated using a 
nanoprecipitation approach56. Specifically, 1 ml of a solution containing 
PLGA polymer and FITC in acetonitrile was swiftly introduced into 50 ml 
of PBS, leading to the generation of FITC-loaded PLGA nanoparticles. 
Subsequently, the nanoparticles underwent centrifugation and were 
subjected to three washes with PBS before being utilized.

The PS nanoparticles were labelled with amine functionalized rho-
damine B using the 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDC) N-hydroxysuccinimide (NHS) chemistry reported previously57.

Liposome nanoparticles were prepared employing a thin-film 
evaporation method. DPPC, cholesterol and DSPE-PEG-2000 in a molar 
ratio of 55:40:5 were dissolved in chloroform within a round-bottom 
flask. The organic solvent was evaporated overnight under reduced 
pressure (1 mbar). Subsequently, 1× PBS was introduced to the lipid 
film, and the flask underwent sonication for 6 min. Finally, the particles 
were purified using centrifugal filters with a molecular weight cut-off 
of 10 kDa. For the creation of fluorescent liposomes, FITC-labelled 
DSPE-PEG-2000 was employed.

Characterization of nanoparticles
The size and polydispersity index of LNPs, gold nanoparticles, silica 
nanoparticles, PLGA nanoparticles, PS nanoparticles and liposomes 
were determined using a Malvern NanoZS 90.

Conjugation of LNP with sEV
Azide-modified LNPs were prepared using the protocol mentioned 
previously, except DOPE-azide was used to replace DOPE. Then, sEVs 
were labelled with DSPE-PEG-DBCO by incubating sEVs with 0.1% (w/w) 
DSPE-PEG-DBCO for 2 h. After that, free DSPE-PEG-DBCO was removed 
by dialysis (MWCO 20,000 Da), and sEV-DBCO was obtained. The LNP–
sEV conjugation was prepared by mixing LNP-azide and sEV-DBCO (at 
a 1:1 particle number) and incubating in PBS (room temperature) for 
1 h. The azide-DBCO click chemistry can induce fast conjugation of 
the two particles.

Generation of tumour spheroids
To establish a low attachment surface, 96-well round-bottom micro-
plates were treated with 5% (v/v) Synperonic F-108 for 12 h. Subse-
quently, the F-108 solution was aspirated from each well, and the wells 
were washed three times with PBS before cell seeding. MC38 cells were 
then seeded into the coated wells at a density of 5,000 cells per well. 
The 96-well plates were placed in a cell incubator at 37 °C, with a 5% CO2 
atmosphere and 95% air humidity. After an incubation period of 11 days, 
the tumour spheroids were collected for confocal experiments (Zeiss 
LSM710 equipped with a ZEN2010 software).

IVIS imaging
The IVIS scan was performed using a PerkinElmer Lumina III IVIS sys-
tem. The images were acquired in the specified DiR channel (excitation 
710 nm, emission 760 nm) using the auto exposure mode. The LivingIm-
age 4.5 software’s Auto region of interest (ROI) function was employed 
to quantify the fluorescence level. The figures were generated based 
on the average fluorescence intensity in each tissue.

Processing of single-cell RNA sequencing data
Data for single-cell RNA sequencing of healthy mouse liver was sourced 
from a previous publication58. Mouse single-cell RNA sequencing data-
sets were downloaded from Gene Expression Omnibus (GSE109774). 
De-multiplexing of sequences from the NovaSeq was conducted using 
bcl2fastq version 2.19.0.316. Alignment of reads to the mm10plus 
genome was performed using STAR version 2.5.2b, with parameters 
TK. Gene counts were generated using HTSEQ version 0.6.1p1 with 
default settings, except for ‘stranded’, which was set to ‘false’, and 
‘mode’, which was set to ‘intersection-nonempty’. De-multiplexing and 
alignment were carried out using CellRanger version 2.0.1, provided 
by 10x Genomics, with default parameters.

The images in Supplementary Figs. 19, 20, 23 and 24b were 
adapted from The Human Protein Atlas based on a previous publi-
cation59 for the following figures: Supplementary Fig. 19a, https://
www.proteinatlas.org/ENSG00000169896-ITGAM/tissue+cell+type/
liver; Supplementary Fig. 19b, https://www.proteinatlas.org/
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ENSG00000169896-ITGAM/single+cell+type/liver; Supplementary 
Fig. 20a: https://www.proteinatlas.org/ENSG00000160255-ITGB2/
tissue+cell+type/liver; Supplementary Fig. 20b, https://www.proteinat-
las.org/ENSG00000160255-ITGB2/single+cell+type/liver; Supplemen-
tary Fig. 23, https://www.proteinatlas.org/ENSG00000198053-SIRPA/
tissue+cell+type/; and Supplementary Fig. 24b, https://www.protein-
atlas.org/ENSG00000198053-SIRPA/pathology.

Bulk RNA sequencing
MC38 tumour cells underwent a 24 h treatment with PBS, LNPs contain-
ing siRab27a and a control mRNA, LNPs containing a control siRNA 
and Sting mRNA and LNPs containing both siRab27a and Sting mRNA. 
Following treatment, the cells were collected, and the total RNA was 
extracted using the Invitrogen PureLink RNA Mini Kit. The extracted 
RNA was stored in a −80 °C freezer until further use. Sequencing and 
data analysis were conducted by Novogen Co. The DEGSeq R package 
(version 1.20.0) was employed for analysing differentially expressed 
genes, and the Benjamini–Hochberg method was applied to adjust P val-
ues. Significantly differentially expressed genes were identified by set-
ting a threshold of corrected P values at 0.05 and a log2 fold change of 1.

For sequencing of MC38 tumour tissue, mice bearing MC38 
tumours were i.v. injected with PBS, LNPs containing siRab27a and 
a control mRNA, LNPs containing a control siRNA and Sting mRNA or 
LNPs containing both siRab27a and Sting mRNA. Intravenous injections 
were administered on days 8, 10, 12, 14 and 16, totalling five injections. 
On day 20, the mice were killed, and the tumour tissues from different 
treatment groups were collected. Total RNA was extracted from tumour 
tissues using the Invitrogen PureLink RNA Mini Kit, and the sequencing 
was performed by Novogen Co. using the methods mentioned above. 
Transcriptomics sequencing data are available from the Sequence Read 
Archive under accession code PRJNA1086632.

Immunofluorescence sample preparation
To prepare samples for immunofluorescence, a transcardiac perfu-
sion was conducted by slowly injecting 50 ml of 10% neutral buffered 
formalin into the left ventricle. Subsequently, the organs and tumours 
from the mice were collected.

Statistics and reproducibility
Statistical analyses were conducted using GraphPad Prism 7.0 software. 
The error bars in the results represent the mean ± standard deviation 
(s.d.). To assess statistical differences between two groups, a one-way 
analysis of variance (ANOVA) with Tukey’s post hoc test was employed. 
For animal survival experiments, the P values were calculated using the 
Kaplan–Meier method-based log-rank test. All the data met the assump-
tions of the statistical tests used, including normality and equal vari-
ances, were formally tested before statistical differences were calculated. 
The sample size was not predetermined by a specific statistical method, 
and dosing groups were filled by randomly selecting from the same 
pool of animals for both in vitro and in vivo experiments. No data were 
excluded from the analyses. Importantly, all investigators were blinded 
to group allocation during the data collection and analysis processes.

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

Data availability
All relevant data of this article are available within the paper and its 
Supplementary Information files. A dataset is provided with this paper. 
Transcriptomics sequencing data is available from the Sequence Read 
Archive under accession code PRJNA1086632. Mouse single-cell RNA 
sequencing datasets were downloaded from Gene Expression Omnibus 
(GSE109774). The images in Supplementary Figs. 19, 20, 23 and 24b 
were downloaded from The Human Protein Atlas (primary publication: 

Uhlén M., Fagerberg L., Hallström B.M., et al. Science, 2015, 347(6220): 
1260419.). Source data are provided with this paper.
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Extended Data Fig. 1 | LNPs delivering siRab27a and mSTING-miR-122 do 
not induce systemic toxicity. 1x106 MC38 cells were s.c. injected into the right 
flank of mice at day 0. At day 8, the tumour size reached 50 mm3. Mice were then 
treated with the following LNPs: 1) LNP co-encapsulating siRab27a and scrambled 
mRNA; 2) LNP co-encapsulating scrambled siRNA and mSTING-miR-122; or 3) LNP 
co-encapsulating siRab27a and mSTING-miR-122. These LNPs were i.v. injected 
(0.25mg/kg) into mice at days 7, 9, 11, 13, and 15. PBS injections into mice at 
different time points were used as a control group. When tumour sizes in the PBS 

group reached 1500 mm3 (day 20), mice were euthanized and ALT (a), AST  
(b), IL-6 (c), and IL-12p70 (d) in mouse blood were measured. e, H&E staining of 
mouse livers collected from different groups. f, H&E staining of major mouse 
organs collected from the PBS group and the STING-miR-122 + siRab27a group 
at day 50. Data in a-d was shown as mean ± s.d. (n=5 biologically independent 
samples). One-way ANOVA was used to determine statistical differences.  
e and f, Experiments were repeated independently 3 times with similar results.
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