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SUMMARY

Macrophages play a pivotal role in tumor immunity. We report that reprogramming of macrophages to tumor-
associated macrophages (TAMs) promotes the secretion of exosomes. Mechanistically, increased exosome
secretion is driven by MADD, which is phosphorylated by Akt upon TAM induction and activates Rab27a.
TAM exosomes carry high levels of programmed death-ligand 1 (PD-L1) and potently suppress the prolifer-
ation and function of CD8+ T cells. Analysis of patient melanoma tissues indicates that TAM exosomes
contribute significantly to CD8+ T cell suppression. Single-cell RNA sequencing analysis showed that exo-
some-related genes are highly expressed in macrophages in melanoma; TAM-specific RAB27A expression
inversely correlates with CD8+ T cell infiltration. In a murine melanoma model, lipid nanoparticle delivery of
small interfering RNAs (siRNAs) targeting macrophage RAB27A led to better T cell activation and sensitized
tumors to anti-programmed cell death protein 1 (PD-1) treatment. Our study demonstrates tumors use TAM
exosomes to combat CD8 T cells and suggests targeting TAM exosomes as a potential strategy to improve
immunotherapies.

INTRODUCTION

Immune checkpoint blockade (ICB)-based therapies such as an-

tibodies against programmed cell death protein-1 (PD-1) have

shown unprecedented efficacy in treating many types of can-

cers. However, the majority of patients fail to respond to the

treatment. A better understanding of immune checkpoint-medi-

ated immune evasion is needed for the development of effective

new therapeutic strategies to improve patient response. Expres-

sion of programmed death-ligand 1 (PD-L1) on the tumor cell

surface is thought to be important for the response to PD-1/

PD-L1 blockade. However, clinical data have shown that many

cancer patients with PD-L1-negative tumor cells can also benefit

from anti-PD-1 therapy.1–3 Recent studies have shown that

myeloid cells, such as macrophages and dendritic cells (DCs),

express higher levels of PD-L1 than tumor cells.2,4–7 Animal

studies demonstrated that PD-L1 in tumor cells was largely

dispensable for T cell inhibition, whereas PD-L1 in host myeloid

cells was essential.4–7 In non-small cell lung cancer patients

treated with anti-PD-1 antibodies, high levels of PD-L1 expres-

sion in macrophages, rather than in tumor cells, correlated with

better overall survival.8

Tumor-associated macrophages (TAMs) represent a domi-

nant immune component in the tumor microenvironment

(TME),9–15 and macrophage infiltration has been correlated

with poor prognosis inmany types of cancer.8,13,16,17 In addition

to their well-established functions in promoting tumor growth,

angiogenesis, and metastasis,18–22 recent studies demon-

strated that TAMs play an important role in immune

suppression.4,5,8,13,23,24 The expression of PD-L1 in host cells
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including TAMs is essential for the response of melanoma pa-

tients to PD-1 blockade immunotherapy.4,5 Furthermore,

macrophage depletion inmice led to a significantly improved ef-

ficacy of PD-1/PD-L1 blockade, which was associated with

increased recruitment and enhanced function of cytotoxic

CD8+ T cells in tumors.16,23–25 Furthermore, therapeutic strate-

gies targeting macrophages have demonstrated combinatorial

effects with PD-1/PD-L1 blockade.13,23,25,26

Extracellular vesicles (EVs) carry bioactive molecules that

affect the TME and the immune system.27–30 Recently, we and

others have demonstrated that tumor-derived small EVs

(sEVs), especially exosomes, carry PD-L1 on their surfaces

that suppress the proliferation and function of CD8+

T cells.31–37 On the other hand, as solid tumors contain many

cell types in addition to tumor cells, exosomes from other cells

may also contribute to immune suppression. Cells of the mono-

cyte-macrophage lineage are critical components of the cancer

ecosystem. Previous studies have shown that M2 or TAM-

derived EVs carry microRNAs and proteins that have significant

impacts on tumor proliferation, migration, invasion, and angio-

genesis.20,21,38–44 Furthermore, these EVs promote the progres-

sion and therapy resistance of tumors.20,21,38–46 Despite these

studies, the function of TAM-derived EVs on anti-tumor immunity

is unclear. As macrophages are a major cellular component of

tumor lesions that express high levels of PD-L1,2,4–7 it is partic-

ularly interesting to investigate the roles of TAM-derived exo-

somes on immune suppression.

In this study, we investigated the biogenesis of immune-sup-

pressive exosomes by TAMs. Our study demonstrates a molec-

ular mechanism by which the induction of TAMs leads to their

secretion of high levels of exosomes that suppress the CD8

T cells. Our study also implicates TAM-derived exosomes as a

potential therapeutic target in cancer treatment.

RESULTS

Transition of macrophages to TAMs promotes the
secretion of sEVs
We isolated human monocytes and induced them to macro-

phages using standard methods (see section ‘‘experimental

model and subject details’’). These macrophages were then

induced to TAMs using conditioned medium (CM) from WM9

melanoma cells as adapted from previous studies.47–54 Macro-

phages co-cultured with CM displayed elongated, spindle-like

morphology (Figure S1B) and showed increased expression of

CD163 and CD206 and decreased expression of CD80

(Figures S1C and S1D). Moreover, qPCR analysis showed that

CM-induced TAMs had higher expression of transforming

growth factor (TGF)-b and lower expression of TNF-a, interleukin

(IL)-1b, and IL-6 (Figure S1E). These features are consistent with

the TAM phenotypes reported previously using similar induction

methodologies.47–54 sEVs derived from TAMs andM4were then

purified by differential centrifugation and verified using nanopar-

ticle tracking analysis (NTA). The WM9 CM-induced TAMs

released significantly more sEVs compared to their matching

M4 (Figure 1A). In addition to human macrophages, we exam-

ined murine TAMs (mTAMs) induced from bone marrow-derived

macrophages (mBMDMs) using CM from mouse YUMM1.7

melanoma cells (Figures S1F‒S1I). The mTAMs also secreted

higher levels of sEVs (Figure 1B).

Analysis of the purified the sEVs derived from WM9 cell-

induced TAMs by transmission electron microscopy (TEM)

showed that the shapes and diameters of the vesicles were

indicative of exosomes (Figure 1C). Furthermore, western blot-

ting using antibodies against CD63, TSG101, and CD9, which

are commonly used exosome markers, indicates that WM9-

induced TAMs released more exosomes (Figure 1D). The same

observation was made for YUMM1.7 cell-induced TAMs (Fig-

ure 1E). Collectively, these results demonstrate that the transi-

tion of M4 to TAMs leads to increased exosome secretion.

Akt promotes exosome secretion in TAMs by activating
Rab27a through MADD
It was well established that the small GTPase, Rab27a, plays a

pivotal role in exosome release from cells.35,55 Indeed,

RAB27A knockdown decreased exosome secretion from the

CM-induced TAMs (Figure S2). Rab27a cycles between its inac-

tive GDP-bound state and active GTP-bound states. JFC1 (also

called synaptotagmin-like protein 1) is a downstream effector of

Rab27a that specifically binds to Rab27a in its GTP-bound

form.56,57 To detect the level of Rab27a activation in cells, we

used recombinant GST-tagged JFC1 to pull down GTP-

Rab27a from cell lysates. Higher levels of GTP-Rab27a were de-

tected in TAMs macrophages compared to M4 (Figures 2A–2C).

GTP loading and activation of Rab27a are mediated by its gua-

nine nucleotide exchange factor (GEF),MADD.58–60MADDknock-

down significantly inhibited the activation of Rab27a in TAMs

(Figures 2D–2G). Similar to RAB27A knockdown, MADD knock-

down also decreased exosome secretion (Figures 2H and 2I).

MADDwas previously reported to be phosphorylated and acti-

vated by Akt.61 Akt is known to be activated in TAMs.13,16,62–64

Indeed, we found that the level of phospho-Akt (p-Akt) was

increased in TAMs induced from human monocytes and

mBMDMs compared to their matching M4 cells (Figures 2J

and 2K), consistent with previous studies. The phosphorylation

of Akt was blocked by 0.5 nM of MK2206, an inhibitor of Akt,65

without significant effect on the apoptosis of TAMs, and this

decreased the levels of GTP-bound activated Rab27a in TAMs

and reduced exosome secretion (Figures 2L–2P, S3A, and

S3B). In contrast, the MEK/ERK inhibitor (U0126) showed no

such inhibitory effect (Figures S3C‒S3H). Akt phosphorylates
MADD at residue serine 70.61 We therefore expressed wild-

type MADD (MADDwt), Akt phospho-deficient mutant MADD

(MADDS70A), and phospho-mimetic mutant MADD (MADDS70D)

in TAMs. The level of GTP-Rab27a was significantly higher in

TAMs expressing MADDwt and MADDS70D, and was reduced in

cells expressing MADDS70A (Figures 2Q and 2R). Correspond-

ingly, expression of MADDwt and MADDS70D strongly promoted

exosome secretion (Figure 2S). These results suggest that phos-

phorylation of MADD by Akt in TAMs is required for the increased

exosome secretion.

Increased expression of PD-L1 on TAM-derived
exosomes
Next we analyzed the proteins carried on different exosomes by

reverse-phase protein array (RPPA), an antibody-based
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quantitative proteomics technology.31,66 From the same

amounts of exosomes, PD-L1 was expressed at significantly

higher levels on both TAM- and mTAM-derived exosomes (Fig-

ure 3A). This is also consistent with a recent report showing

that glioblastoma cell-induced TAMs secrete exosomes with

PD-L1.38 Recent studies, including those from our group,

demonstrated that PD-L1 expressed on the surface of tumor

exosomes plays a pivotal role in the suppression of CD8+

T cells.31–37,67 We therefore focused our study on exosomal

PD-L1 generated from the macrophages. Immunoelectron mi-

croscopy with an antibody against the extracellular domain of

PD-L1 detected PD-L1 on the surface of TAM exosomes (Fig-

ure 3B), suggesting that exosomal PD-L1 has the same mem-

brane topology as cell surface PD-L1. Western blot analysis

shows that PD-L1 was enriched in exosomes derived from

TAMs (Figure 3C). Iodixanol density gradient analysis showed

that PD-L1 co-fractionated with exosome markers CD63,

TSG101, CD81, and CD9 (Figure 3D). Importantly, transition of

M4 to TAMs resulted in a marked increase in PD-L1 on exo-

somes (Figures 3E and 3F).

The biogenesis of exosomes ismediated by a defined intracel-

lular trafficking pathway involving the generation of multivesicu-

Figure 1. Transition ofmacrophages to TAMs

leads to increased exosome secretion

(A) NTA of sEVs purified from human monocyte-

derived macrophages (M4) and TAMs induced by

WM9 cell CM. The x axis represents the diameter

and the y axis represents the concentration (parti-

cles/mL) of the sEVs. Quantification of the sEVs

released from these cells is shown at the right.

(B) NTA of sEVs purified from murine bone marrow-

derived macrophages, and TAMs induced by

YUMM1.7 cell CM (mTAM). Quantification of the

sEVs is shown at the right.

(C) A representative TEM image of sEVs purified from

TAMs and mTAMs, respectively. Scale bar, 100 nm.

(D) Western blot analysis showing the expression

levels of exosomal marker proteins (CD63, TSG101,

and CD9) in whole-cell lysate (Wcl) and exosomes

from humanM4 and TAMs. The sEVs from the same

number of cells were loaded for the western blot

analysis.

(E) Western blot analysis showing the expression

levels of CD63, TSG101, andCD9 inwhole-cell lysate

(Wcl) and exosomes from murine M4 and mTAMs.

The sEVs from the same number of cells were loaded

for western blot analysis. Data represent mean ± SD

(n = 3). Statistical analysis was performed using two-

sided unpaired t test (A, B, D, E).

lar endosomes (MVEs) and their subse-

quent fusion with the plasma membrane

for exosome release.55,68 We thus exam-

ined the intracellular localization of PD-L1

by immunofluorescence microscopy. PD-

L1 partially co-localized with the exosome

marker CD63 in M4. The level of their co-

localization was significantly higher in

TAMs (Figures 3G and 3H), suggesting

that the transition of M4 to TAM increased the recruitment of

PD-L1 to the MVEs for exosome secretion.

TAM exosomes inhibit CD8+ T cells
To investigate whether PD-L1+ exosomes from TAMs inhibit

CD8+ T cells, we first examined their interactions. Using fluores-

cence microscopy, we observed the association of carboxy-

fluorescein succinimidyl ester (CFSE)-labeled TAM exosomes

with human CD8+ T cells (Figure 4A). Flow cytometry analyses

showed that exosomes derived from TAMs induced from both

human monocytes and mBMDMs had a stronger interaction

with CD3/28-stimulated CD8+ T cells compared to unstimulated

CD8+ T cells (Figures 4B and 4C). Furthermore, exosomes from

TAMs showed a much stronger interaction with the CD3/CD28-

stimulated CD8+ T cells than exosomes from M4 (Figures 4D

and 4E).

Next, we examined whether exosomes derived from macro-

phages inhibited CD8 T cells. Exosomes derived from TAMs,

but not M4, inhibited the proliferation and function of stimulated

CD8 T cells, as shown by the decreased expression of Ki-67 and

granzyme B (GzmB). Pre-treatment of the exosomes with anti-

PD-L1 antibodies attenuated these effects (Figure 4F). Similar

Cell Reports 42, 113224, October 31, 2023 3

Article
ll

OPEN ACCESS



(legend on next page)

4 Cell Reports 42, 113224, October 31, 2023

Article
ll

OPEN ACCESS



observations were made for exosomes derived from TAMs

induced from mBMDMs (Figure 4G). We also purified exosomes

using size-exclusion chromatography (SEC) and found that

TAM-derived exosomal PD-L1 isolated by SEC also had the

same inhibitory effect on CD8 T cells (Figures S4A‒S4F). In addi-

tion to anti-PD-L1 antibody blocking, we also induced the TAMs

using mBMDMs isolated from PD-L1-deficient (PD-L1�/�)
C57BL/6 mice. Exosomes from TAMs with PD-L1 KO had a

weaker inhibitory effect on stimulated CD8+ T cells compared

to the corresponding control exosomes (Figure S4G and S4H).

Next, we examinedwhether TAM-derived exosomes affect the

cytotoxic effect of tumor-infiltrating lymphocytes (TILs). We used

melanoma WM35 cell human leukocyte antigen (HLA)-matched

TILs.69 Treating TILs with exosomes derived from WM9-TAMs,

but not those from M4, inhibited the killing of WM35 tumor cells.

The inhibitory effect on tumor killing was attenuated when the

exosomes were pre-treated with PD-L1 antibodies (Figure S4I).

CD163+ exosomes contribute significantly to the
inhibitory effect of melanoma tumor-tissue-derived
exosomes on CD8+ T cells
To understand the role of TAM-derived exosomes in immune

suppression in tumors, we isolated exosomes from tumor tis-

sues obtained from surgical resections from immunotherapy

treatment-naive melanoma patients (Figure 4H). NTA showed

that patient tumor tissue exosomes had a size distribution

ranging from 30 to 150 nm in diameter, similar to the exosomes

derived from cultured cells (Figure 4I). CD163 is enriched in

TAMs and has been widely used to identify the TAM popula-

tion.23,70,71 To examine the contribution of TAM exosomes to im-

mune suppression, we isolated CD163+ exosomes using Dyna-

beads conjugated to anti-CD163 antibodies (Figure 4J).

Removal of CD163+ exosomes markedly reduced the levels of

PD-L1 on the remaining exosomes, and the captured CD163+

exosomes showed high levels of PD-L1 (Figure 4K).

We next examined the inhibitory effect of tumor-tissue-derived

exosomes on CD8+ T cells. Total exosomes extracted from tu-

mor tissues of different melanoma patients inhibited the expres-

sion of Ki-67 and GzmB of human CD8+ T cells. The same

amount of exosome devoid of CD163 had significantly reduced

inhibitory effects on CD8+ T cells (Figure 4L). CD163+ exosomes

showed a significant inhibitory effect on CD8+ T cells, and the

inhibitory effect was attenuated by pre-treatment with anti-PD-

L1 antibodies (Figure 4M). These data strongly suggest that

CD163+ TAM-derived exosomes are important contributors to

the suppressive effect of CD8+ T cells in melanoma tissues.

PD-L1-negative tumor cells inhibit CD8 T cells through
macrophage exosomal PD-L1
It was previously reported that some patients could benefit from

anti-PD-1 treatment even though PD-L1 expression in the tumor

cells was low or even non-detectable.2,4,72 We asked whether

TAMs induced by PD-L1-low or even -negative tumor cells ex-

press PD-L1 that suppresses CD8+ T cell function. To test this

hypothesis, we knocked out PD-L1 from WM9 and YUMM1.7

cells by CRISPR-Cas9. PD-L1 expression in these cells was

not detected even after interferon-g treatment (Figure S5A).

CM from these cells was able to induce TAM features such as

increased expression of CD163 and CD206 and decreased

expression of CD80 (Figures S5B‒S5E). Importantly, PD-L1

levels on exosomes derived from these TAMs were similar to

those induced using the matching tumor cells (Figure 5A).

Furthermore, these PD-L1-positive exosomes significantly in-

hibited CD8 T cells (Figures 5B and 5C). The same observations

were made for exosomes from mTAMs induced by the CM from

YUMM1.7 cells with PD-L1 KO (Figures 5D–5F).

In addition to PD-L1 KO, we took advantage of MEL624 cells,

which do not express endogenous PD-L1.31,73 Consistent with

our previous study,31 MEL624-cell-derived exosomes did not

show any suppressive effect on CD8+ T cells (Figure S5F).

Figure 2. Akt phosphorylation of MADD mediates Rab27a activation and exosome secretion in TAMs

(A) The levels of Rab27a, total Akt (t-Akt), and phospho-Akt (p-Akt) in the whole-cell lysates (Wcl) of WM9-TAMs and parental M4 cells (left), YUMM1.7-TAMs

(mTAM), and parental mouse M4 cells (right). The levels of GTP-Rab27a bound to GST-JFC1 in these cells is shown in the lower panel. GST-JFC1 was

stained with Ponceau S.

(B) Quantification of the levels of GTP-Rab27a in TAM and M4.

(C) Quantification of the levels of GTP-Rab27a in mTAM and M4.

(D) Western blot analysis showing the levels of GTP-Rab27a in control (CTL) and MADD knockdown (KD) TAMs. Two short hairpin RNA (shRNA) constructs were

used in the KD.

(E) Quantification of the level of GTP-Rab27a in TAMs with or without MADD KD.

(F) Western blot analysis showing the levels of GTP-Rab27a in mTAMs with or without MADD KD.

(G) Quantification of the level of GTP-Rab27a in mTAMs with or without MADD KD.

(H) Quantification of the exosomes secreted by TAMs using NTA.

(I) Quantification of the exosomes secreted by mTAMs using NTA.

(J and K) Quantification of p-Akt levels in human (J) and mouse (K) macrophages based on western blot data (A).

(L) Pull-down assay for the levels of GTP-Rab27a in WM9-TAMs and YUMM1.7-TAMs (mTAM) with or without Akt inhibitor treatment.

(M) Quantification of the levels of GTP-Rab27a in TAMs with or without Akt inhibitor treatment.

(N) Quantification of the levels of GTP-Rab27a in mTAM with or without Akt inhibitor.

(O) Quantification of exosome released from TAMs with or without Akt inhibitor.

(P) Quantification of exosome released from mTAM with or without Akt inhibitor treatment.

(Q) Cells expressing the wild-type MADD (WT), the phospho-deficient mutant MADD (S70A), or phospho-mimetic MADDmutant (S70D) were lysed for GST-JFC1

RBD pull-down assay to assess the levels of GTP-Rab27a.

(R) Quantification of the levels of GTP-Rab27a in mTAMs expressing WT, S70A, or S70D MADD.

(S) Quantification of the exosomes released from mTAMs expressing WT, S70A, or S70D MADD. Data represent mean ± SD (n = 3). Statistical analysis is

performed using two-sided unpaired t test (B, C, J, K, and M–P), one-way ANOVA with Dunnett’s multiple comparison tests (E, G, H, and I), or one-way ANOVA

with Sidak’s multiple comparison tests (R and S).
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However, MEL624 CM-treated macrophages (MEL624-TAMs)

showed TAM features (Figures S5G and S5H), and their exo-

somes significantly inhibited the expression of Ki-67 and

GzmB in stimulated CD8+ T cells (Figure S5I). We also purified

exosomes using SEC from TAMs induced by PD-L1-negative tu-

mor cells and found that exosomal PD-L1 from these TAMs also

had the same inhibitory effect on CD8 T cells as those purified by

ultracentrifugation (Figures S5J and S5K). Collectively, these re-

sults indicate that PD-L1 is upregulated in TAM exosomes inde-

pendent of the expression of PD-L1 in corresponding tumor

Figure 3. Exosomes released from TAMs carry more PD-L1 compared with M4

(A) Volcano plots analysis of the levels of proteins based on RPPA comparing WM9 cell CM-induced TAM-derived exosomes (TAM Exo) or YUMM1.7 cell CM-

inducedmurine TAM-derived exosomes (mTAMExo) with their matchingM4-derived exosomes (M4 Exo). Each point represents the difference in the expression

of individual proteins in the indicated exosomes. Dotted vertical lines represent expression differences of ±30%, while the dotted horizontal line represents a

significance level of p < 0.05. Proteins indicated in blue are different by at least ±30% fold change with a statistically significant level of p < 0.05. PD-L1 (shown in

red) is expressed at significantly higher levels in both TAM Exo and mTAM Exo.

(B) A representative TEM image of macrophage-derived exosomes. Arrowheads indicate individual PD-L1 proteins labeled with 5-nm gold particles. Scale bar,

100 nm.

(C) Western blot analysis of PD-L1 and exosome marker proteins (CD63, TSG101, and CD9) in the whole-cell lysate (W) and exosomes (E) purified from WM9-

TAMs (TAM) and YUMM1.7-TAMs (mTAM). All lanes were loaded with equal amounts of proteins.

(D) PD-L1 co-fractionated with CD63, TSG101, CD9, and CD81 on iodixanol density gradients.

(E) Western blot analysis of the exosomes from humanmacrophages. All lanes were loaded with equal amounts of proteins. PD-L1 was upregulated in exosomes

on TAM.

(F) Western blot analysis of the exosomes from murine macrophages. All lanes were loaded with the same amounts of proteins.

(G and H) Immunofluorescence staining of PD-L1 and CD63 in M4 and TAMs. Scale bar, 20 mm. Quantification of the levels of co-localization of PD-L1 with CD63

in TAMs compared to their matching M4 is shown to the right. Fifty cells from each group were used in the quantification. Data represent mean ± SD (n = 3).

Statistical analysis is performed using two-sided unpaired multiple t test (A) or two-sided unpaired t test (G and H).
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Figure 4. TAM-derived exosomes inhibit CD8 T cells

(A) Confocal microscopy images showing the association of

stimulated human CD8 T cells (red) with CFSE-labeled TAM-

derived exosomes (green). Nuclei were stained with DAPI

(blue). The association of TAM-derived exosomes with CD8

T cells is indicated by arrows. Scale bar, 10 mm.

(B) Representative images of flow cytometry of human CD8

T cells with or without anti-CD3/CD28 antibody stimulation

after incubation with CFSE-labeled TAM exosomes. Quan-

tification of the exosome-bound CD8 T cells is shown at the

right.

(C) Representative images of flow cytometry of murine CD8

T cells with or without CD3/CD28 antibody stimulation after

incubation with CFSE-labeled mTAM exosomes. Quantifi-

cation of the exosome-bound CD8 T cells is shown to the

right.

(D) Representative images of flow cytometry of human CD8

T cells with CD3/CD28 antibody stimulation after incubation

with CFSE-labeled M4- or TAM-derived exosomes. Quan-

tification of the exosome-bound CD8 T cells is shown at the

right.

(E) Representative images from flow cytometry of murine

CD8 T cells with CD3/CD28 antibody stimulation after in-

cubation with CFSE-labeled M4- or mTAM-derived exo-

somes. Quantification of the exosome-bound CD8 T cells is

shown at the right.

(F) Representative histogram of human peripheral CD8

T cells examined for the expression of Ki-67 and GzmB after

indicated treatments. Quantification of cells with positive

GzmB and Ki-67 expression in CD8 T cells after indicated

treatments is shown at the right.

(G) Representative histogram of murine CD8 T cells exam-

ined for the expression of Ki-67 and GzmB after indicated

treatments. Quantification of cells with positive GzmB and

Ki-67 expression in CD8 T cells after indicated treatments is

shown at the right.

(H) Schema of isolation of melanoma patient tumor-tissue-

derived exosomes (see section ‘‘experimental model and

subject details’’).

(I) Characterization of exosomes purified from melanoma

patient tumor tissues using NTA. The x axis represents the

diameters of the isolated vesicles; the y axis represents the

concentration of isolated vesicles.

(J) Schema of CD163+ exosome removal from tumor-tissue-

derived exosomes by magnetic beads (see section

‘‘experimental model and subject details’’).

(K) Western blot analysis of the total (Control), remaining

(Void), and CD163+ exosomes purified from the tumor

samples of three representative melanoma patients (MP). All

lanes were loaded with equal amounts of exosome proteins.

(L) Inhibition of stimulated CD8 T cells by total exosomes

(Total Exo) and CD163 removed exosomes (Void Exo) from

the tumor samples of three melanoma patients (MP1, MP2,

and MP3), as demonstrated by the decreased proportion of

cells expressing GzmB and Ki-67.

(M) Quantification of CD8 T cells with positive GzmB and Ki-

67 expression after indicated CD163+ exosomes treat-

ments. Data represent mean ± SD (n = 3). Statistical analysis

was performed using two-sided unpaired t test (B–E), Welch

ANOVAwith Sidak’s T3 multiple comparison tests (F, G, and

M), or one-way ANOVA with Dunnett’s multiple comparison

tests (L).
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Figure 5. Exosomes from TAMs induced by PD-L1-negative tumor cells inhibit CD8 T cells

(A) Western blotting of PD-L1 in exosomes from TAMs induced by WM9 cells (TAM) and PD-L1 KOWM9 cells (PD-L1 KOWM9-TAM). All lanes were loaded with

equal amounts of exosomes.

(legend continued on next page)
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cells. The expression of exosomal PD-L1 on TAM exosomes

suggests a mechanism by which PD-L1-negative tumor cells

can inhibit CD8+ T cell activation through exosomal PD-L1

from TAMs.

TAM exosomes suppress anti-tumor immunity in mice
Next, we examined the effect of TAM-derived exosomes on tu-

mor growth in mice. We established melanoma tumors using

PD-L1 KO YUMM1.7 cells in PD-L1-deficient (PD-L1�/�)
C57BL/6 mice (Figure 6A). We used both the PD-L1 KO cells

and PD-L1�/� mice to avoid interference of endogenous PD-

L1. Tail vein injection of exosomes purified from YUMM1.7-

TAMs (TAM Exo) but not those from M4 (M4 Exo) promoted tu-

mor growth (Figures 6B and 6C). Exosomes from TAMs induced

from macrophages originating from the PD-L1�/� mice (PD-

L1�/� TAM Exo) failed to promote tumor growth. Exosomes

from TAMs induced by PD-L1 KO YUMM1.7 cells (pkoTAM

Exo) also promoted tumor growth, while those from PD-L1�/�

TAMs induced by PD-L1 KO YUMM1.7 cells (PD-L1�/� pkoTAM

Exo) failed to do so (Figures 6B and 6C). Immunohistochemistry

(IHC) staining showed that the number of CD8+ TILs was lower in

mice with injection of exosomes from different YUMM1.7 (with or

without PD-L1 KO)-induced TAMs (Figures 6D and 6E). A similar

result was obtained using flow cytometry analysis 21 days after

the implantation of xenografts (Figure 6F). Further analysis

showed that exosomes from YUMM1.7-TAMs significantly in-

hibited the expression of Ki-67 and GzmB of the TILs (Figure 6G

and S6). The same inhibitory effect was observed for CD8+

T cells in lymph nodes (Figure 6H) and spleens (Figure 6I).

Together, our data suggest that tumor cells induce TAMs to

secrete PD-L1 exosomes in the battle against CD8 T cells (Fig-

ure 6J). Even tumor cells with low or no PD-L1 expression can

use TAM-derived exosomes to inhibit CD8 T cell function

(Figure 6K).

RAB27A expression in TAMs is negatively correlated
with CD8+ T cell tumor infiltration
TAM gene signature is enriched in aggressive tumors and corre-

lated with poor clinical outcome.17 To investigate the expression

of exosome-related genes in macrophages in melanoma tumor

tissues, we analyzed the high-dimensional single-cell RNA

sequencing (scRNA-seq) data of immune cells isolated from 48

tumor biopsies.74 Exosome-related genes including RAB27A,

RAB27B, MADD, HGS, PDCD6IP, and TSG101 were highly ex-

pressed in macrophages (TAMs) from tumor samples compared

to B cells (BCs), plasma cells (PCs), and DCs (Figure 7A). In addi-

tion, RAB27A is highly expressed in macrophages marked by

CD163 and CD206 compared to those marked by CD80,

CD86, and HLA-DRA (Figure 7B). Importantly, the expression

level of RAB27A in macrophages from tumor biopsies had a sig-

nificant negative correlation with the percentage of CD8+ T cells

in total CD45+ immune cells (Figure 7C).

Targeting macrophage RAB27A by lipid nanoparticles
sensitizes tumor to anti-PD-1 antibodies
Wenext examined the therapeutic potential by targetingRAB27A

in TAMs. As natural phagocytes,macrophages preferentially take

up lipid nanoparticles (LNPs).75–77 Leuschner and colleagues

have succeeded in siRNA delivery using C12-200 (an ionizable

lipid)-formulated LNPs that preferentially target macrophages,

including TAMs.77–79 Here, we formulated C12-200 LNPs with

RAB27A siRNA (siRAB27A-LNP) and tested whether it improves

the effectiveness of anti-PD-1 treatment in mice (Figure 7D). We

established a syngeneic C57BL/6 mouse model using

YUMM1.7 cells, which is known to be refractory to anti-PD-1 anti-

body treatment.80 To confirm the targeting specificity of siR-

AB27A-LNP, 3,30-dioctadecyloxacarbocyanine (DIO)-labeled

C12-200 LNP was intraperitoneally injected into mice bearing

YUMM1.7 tumors. YUMM1.7 tumor tissues were then collected

to prepare single-cell suspensions for flow cytometry analysis

(see section ‘‘experimental model and subject details’’). On

average, �88.00% of the DIO+ cells were F4/80+ TAMs, indi-

cating that they were the dominant cell type that internalized siR-

AB27A-LNP in the tumor (Figure S7A). Furthermore, injection of

siRAB27A-LNP to mice significantly reduced the expression of

Rab27a in F4/80+ TAMs isolated from YUMM1.7 tumor tissues

(Figure S7B‒S7E). Treatment with anti-PD-1 antibody alone

had no effect on the growth of YUMM1.7 tumors, consistent

with a previous report.80 siRAB27A-LNP inhibited tumor growth

and sensitized anti-PD-1 antibody treatment (Figures 7E and

7F). siRAB27A-LNP treatment also prolonged the survival of

mice bearing YUMM1.7 tumors, with the siRAB27A-LNP and

anti-PD-1 combination group showing the longest survival time

(Figure 7G). The level of CD163+ exosomal PD-L1+ in mouse

plasma was significantly reduced (Figure S7F). Flow cytometry

analysis showed no significant difference in the expression of

CD163, CD206, and CD80 on the macrophages (Figure S7G).

Infusion of exosomes derived from YUMM1.7-induced TAMs

recovered the inhibitory effect of siRAB27A-LNP on the tumor

growth (Figures S7H and S7I), indicating that the effect of siR-

AB27A-LNP was indeed dependent on the inhibitory effect of

TAM exosomes. The inhibitory effect of siRAB27A-LNP on tu-

mors was abolished when CD8 T cells were depleted with anti-

CD8 monoclonal antibodies, indicating the effect of Rab27a de-

pends on its effect on CD8 T cells (Figure S7J and S7K).

We next examined the infiltration of CD8+ T cells and F4/80+

TAMs in tumors using IHC and flow cytometry. The numbers of

CD8+ TILs increased after the injection of siRAB27A-LNP

(Figures 7H–7J). The combination of siRAB27A-LNP and anti-

PD-1 antibody led to the highest level of TILs (Figures 7H–7J),

while flow cytometry showed that the infiltration of F4/80+

(B and C) Flow cytometry showing the percentage of CD8 T cells with GzmB (B) and Ki-67 (C) expression after indicated treatments. Quantification of cells with

GzmB- or Ki-67-expressing CD8 T cells with indicated treatments is shown at the right.

(D)Western blotting of PD-L1 in exosomes frommTAMs induced by YUMM1.7 cells (YUMM1.7-TAM) and PD-L1KOYUMM1.7 cells (PD-L1KOYUMM1.7-TAM).

(E and F) All lanes were loaded with equal amounts of exosomes. Flow cytometry showing the percentage of CD8 T cells with GzmB (E) and Ki-67 (F) expression

after indicated treatments. Quantification of cells with GzmB- or Ki-67-expressing CD8 T cells with indicated treatments is shown at the right. Data represent

mean ± SD (n = 3). Statistical analysis was performed using Welch ANOVA with Sidak’s multiple comparison tests (B, C, E, and F).
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TAMs in the TME did not change significantly in the four treat-

ment groups (Figure 7K). The combination of siRAB27A-LNP

and anti-PD-1 antibody increased the expression of Ki-67 and

GzmB on TILs (Figure 7L). A similar effect was observed for

CD8+ T cells in local lymph nodes and spleens (Figures 7M

and 7N). Together, these results suggest that targeting

RAB27A in TAMs via siRNA LNP delivery improves the anti-

PD-1 treatment.

DISCUSSION

Recent studies have established the role of TAMs in tumor

immunity.5,6,8,13,23,24,81,82 TAMs are a dominant cellular compo-

nent of tumor lesions that can sometimes even exceed tumor

cells in number.14,83 TAMs suppress T cell function through the

expression of immune checkpoint molecules such as PD-L1 on

their surface.13,64,84 In the current study, we have made the

following observations: (1) transition of macrophages to TAMs

significantly stimulated exosome secretion. (2) Mechanistically,

the increase of exosome secretion from TAMs is driven by the

activation MADD, which promotes GTP loading to Rab27a, a

master regulator of exosome secretion. The activation of

MADD in TAM is mediated by Akt phosphorylation of MADD on

serine 70. (3) TAM-derived exosomes strongly interact with stim-

ulated, but not unstimulated, CD8+ T cells and potently suppress

their proliferation and cytotoxic function not only in tumors but

also lymph nodes and spleens; TAM-derived exosomes express

high levels of PD-L1 on their surface, which is involved in the im-

mune-suppressive effect of the exosomes. (4) CD163+ exo-

somes contribute significantly to immune suppression in mela-

noma patient tumor tissues. (5) In a mouse melanoma model,

LNPs targetingmacrophageRAB27A led to increased T cell acti-

vation and sensitized tumors to anti-PD-1 treatment. (6) scRNA-

seq analysis of melanoma patient samples showed a high-level

expression of exosome-related genes in TAMs. Particularly,

the TAM-specific RAB27A expression was inversely correlated

with CD8+ T cell infiltration. This series of findings demonstrate

a mechanism of tumor immune resistance mediated by TAMs

and suggests targetingmacrophage exosome secretion as a po-

tential therapeutic strategy in ICB.

Previous studies have demonstrated the roles of M2 and TAM-

derived EVs on tumor growth, invasion, angiogenesis, and

therapy resistance through their microRNA and protein

cargos.18,20,21,38–41,43–46 In the current study, we show that

TAM-derived exosomes carry high levels of PD-L1 on their sur-

face and potently inhibit CD8+ T cells. Importantly, tumor cells

with no PD-L1 expression can induce TAMs that express high

levels of PD-L1. These observations led to our model that tumor

cells use TAM exosomes to combat CD8+ T cells (Figures 6J and

6K). The large number of PD-L1-enriched exosomes released

from TAMs may function as the ‘‘frontline infantry’’ to interact

with CD8+ T cells in the tumor microenvironment and in circula-

tion to suppress anti-tumor immunity systemically before CD8+

T cells reach the tumor site. Especially in areas of melanoma

with low PD-L1 expression, or cancers such as pancreatic ductal

adenocarcinoma that have minimal PD-L1 expression,85,86 PD-

L1 expression on TAM exosomes could play a crucial role in

checkpoint-mediated immune suppression.

Our study also provides amolecular mechanismbywhich exo-

some secretion is upregulated in TAMs. It has been well docu-

mented that the small GTPase, Rab27a, controls exosome

release from cells. However, the regulatory mechanism for

Rab27a activation was unknown. Studies have shown that tumor

cells can activate the Akt in TAMs by secreting epidermal growth

factor87 or collagen triple helix repeat containing 1 (CTHRC1).88

Our present study showed an increased level of p-Akt in TAMs,

and Akt led to the activation of Rab27a through the phosphory-

lation of MADD. In addition to regulation by MADD phosphoryla-

tion, Rab27a can also be activated by the upregulation of the

expression levels of MADD in cells.

Our analysis of scRNA-seq data also indicates that exosome-

related genes were overexpressed in TAMs from human mela-

noma samples compared to BCs, PCs, and DCs in the tumor

microenvironment, consistent with the observed active exosome

biogenesis and release by TAMs. In particular, the expression of

RAB27A in macrophages, which was inversely related to CD8+

T cell infiltration in the TME, is consistent with our data that

immunosuppressive exosome secretion is upregulated in TAMs.

Given the important role of TAMs in tumor immunity, strate-

gies targeting macrophages have been actively pursued in

the field.9,13 Animal studies showed that approaches targeting

CSF1/CSF1R improved the efficacy of immunotherapy.13,25

However, such strategies to reduce the number of TAMs could

also cause the depletion of tissue-resident macrophages,

which are crucial for maintaining tissue homeostasis.14 The

LNP technology has demonstrated enhanced stability and

Figure 6. Exosomal PD-L1 from TAMs suppressed the anti-tumor immune response
(A) Exosome treatment of PD-L1�/� C57BL/6 mouse model with PD-L1 KO YUMM1.7 tumors (see section ‘‘experimental model and subject details’’).

(B) Growth curves of PD-L1 KO YUMM1.7 tumors in PD-L1�/� C57BL/6 mice injected with exosomes derived from M4 cells (M4 Exo), TAMs induced from

mBMDMs of WT C57BL/6 mice (TAM Exo), TAMs induced from mBMDMs of PD-L1�/� C57BL/6 mice (PD-L1�/� TAM Exo), TAMs induced by PD-L1 KO

YUMM1.7 from mBMDMs from WT C57BL/6 mice (pkoTAM Exo), or PD-L1�/� C57BL/6 mice (PD-L1�/� pkoTAM Exo).

(C) Tumor weights for mice with indicated treatments.

(D) Representative IHC images of CD8+ TILs in tumor tissues. Scale bar, 100 mm.

(E) The number of CD8+ TILs per mm2 was quantified from IHC analysis.

(F) The number of CD8+ TILs per gram of tumor was quantified from flow cytometry.

(G) The percentage of Ki-67+GzmB+ CD8 TILs was quantified by flow cytometry.

(H and I) The percentages of Ki-67+ GzmB+CD8 T cells from lymphatic nodes (H) and spleens (I) were quantified by flow cytometry. Data representmean± SD (n = 7).

(J and K) Schema showing that PD-L1+ tumor cells not only attack CD8 T cells using their own exosomes but also reprogram macrophages to TAMs, which

secrete a large number of exosomes carrying a higher level of PD-L1 to inhibit CD8+ T cells (J). PD-L1- tumor cells can also induce TAMs to secrete PD-L1

exosomes to inhibit CD8+ T cells (K). Statistical analysis is performed using two-way ANOVA with Tukey’s multiple comparison tests (B), or Welch ANOVA

with Dunnett’s T3 multiple comparison tests (C and E–I).
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Figure 7. Targeting Rab27a by siRNA-loaded LNPs sensitized tumors to anti-PD-1 antibody

(A) Heatmap showing scaled expression values of RAB27A, RAB27B, MADD, HGS, PDCD6IP, and TSG101 in four clusters of cells, including B cells (BCs),

plasma cells (PCs), monocytes/macrophages (TAM), and dendritic cells (DCs).

(legend continued on next page)
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efficacy in RNA therapeutics and is currently being used with

remarkable success in mRNA vaccines against COVID-19.89

Recently, LNP-based RNA delivery has been used to improve

cancer immunotherapy.76,90,91 Following systemic administra-

tion, LNPs have been shown to preferentially accumulate in

macrophages due to their phagocytic nature.92,93 This made

LNPs more suitable for gene silencing in macrophages.77

Through a screening of several hundreds of compounds,

Leuschner and co-workers successfully developed an ioniz-

able lipid-like nanoparticle called C12-200 LNPs that preferen-

tially target macrophages, including TAMs.77–79 Here, we used

C12-200 LNPs carrying RAB27A siRNA in combination with

anti-PD-1 antibody for the treatment of melanoma in the

YUMM1.7 murine model, which is known to be refractory to

anti-PD-1 treatment. This strategy successfully knocked

down the expression of RAB27A in TAMs and boosted the

anti-tumor activity of the anti-PD-1 antibody with T cell activa-

tion. Interestingly, recent studies indicate that T cells respond

to checkpoint inhibition peripherally and are later recruited to

tumor site.94,95 Knockdown of RAB27A in TAMs inhibits the

secretion of immune-suppressive exosomes in circulation,

and thereby functional peripheral T cells can be recruited to

the tumors. Infusion of purified TAM-derived exosomes to

mice is sufficient to offset the effect of siRAB27A-LNP on tumor

growth, supporting that the effect of siRAB27A-LNP on tumors

is mostly through the exosomes from TAMs. Targeting RAB27A

in macrophages using LNPs may thus represent a suitable

strategy to improve the efficacy of ICB-based therapies.

Limitations of the study
First, while our data demonstrate that PD-L1 on TAM-derived

exosomes plays an important role in T cell suppression, we do

not exclude the possibility that other molecules, such as TGF-

b, in the exosomes may also contributed the inhibitory effect

on CD8 T cells. Second, while C12-200 LNPs were formulated

for preferential macrophage uptake77–79 and our in vitro and

in vivo data on Rab27A KD were consistent with the literature,

we do not completely exclude the possibility that other cells

also uptake the LNPs. It is also possible that the amounts of

Rab27A siRNA internalized by these cells were small, and thus

no significant KD effect was observed in these cells.
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(B) The expression level of RAB27A in macrophages expressing different markers, including CD163, CD206, CD68, CD80, CD86, HLA-DRA, HLA-DRB, HLA-

DRB5, or MSR.

(C) Spearman correlation analysis showing that expression status of RAB27A in macrophages from melanoma biopsies possessed a significant correlation with

the proportion of CD8 T cells in total CD45+ immune cells.

(D) A syngeneic C57BL/6 mouse model was established using YUMM1.7 cells and treated as indicated.

(E) Growth curves of YUMM1.7 tumors in mice with indicated treatments.

(F) The weights of YUMM1.7 tumors in mice with indicated treatments.

(G) Survival curves of mice in the indicated groups.

(H) Representative IHC images of CD8+ TILs in tumor tissues. Scale bar, 100 mm.

(I) The number of CD8+ TILs for each group of mice quantified from IHC analysis.

(J) The number of CD8+ TILs per gram of tumor was quantified from flow cytometry.

(K) The number of F4/80+ TAMs for each group quantified from flow cytometry.

(L) The percentage of Ki-67+ GzmB+ CD8 T cells quantified by flow cytometry.

(M) The percentage of Ki-67+ GzmB+ CD8 T cells quantified by flow cytometry.

(N) The percentage of Ki-67+GzmB+ CD8 T cells quantified by flow cytometry. Data represent mean ± SD (n = 5). Statistical analysis was performed using

Spearman’s correlation (B), two-way ANOVA with Tukey’s multiple comparison tests (E), Welch ANOVA with Dunnett’s T3 multiple comparison tests (F and I–N),

or log rank test (G).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and reagents
The human melanoma cell lines WM9 used in this study were established in Meenhard Herlyn’s laboratory (The Wistar Institute). The

murine melanoma cell line YUMM1.7 was obtained fromMarcus Bosenberg (Yale University).98 WM35 cells HLA-matched TILs were

kindly provided by Jane Messina (H. Lee Moffitt Cancer Center and Research Institute). The cells were cultured at 37�C with humid-

ified 5% CO2. WM9 cells were cultured in RPMI1640 medium (Gibco, CA, USA) with 10% fetal bovine serum (FBS), 100 mg/mL of

streptomycin and 100 units/mL of penicillin. YUMM1.7 cells were maintained in DMEM/F12 media containing 10% FBS, 1% non-

essential amino acids and 1%penicillin–streptomycin. Enrichedmonocytes were obtained from healthy volunteers by Human Immu-

nology Core at the University of Pennsylvania, and only used when the purity of monocytes was >90% (confirmed by FACS analysis).

Information about the reagents and antibodies used in this study is listed in Table S1.

Patient samples
For the scRNAseq analysis, the clinical data can be found in the original study.74 For isolation of exosomes from tumor tissues, the

melanoma patient samples were collected from Department of Medicine, Perelman School of Medicine, University of Pennsylvania

with written informed consent from patients and approval by the Perelman School of Medicine Institutional Review Board. The basic

clinical data for those patients were listed in Table S2.

Mice
6-8 weeks old female C57BL/6 wide type mice were used for all experiments. C57BL/6 wide type mice were purchased from The

Jackson Laboratory. PD-L1�/� mice were generated by Dr. Haidong Dong.4 Prior to all experiments, purchased mice were allowed

one week to acclimate to housing conditions at the University of Pennsylvania, Perelman School of Medicine animal facility. All mice

were housed in specific pathogen–free conditions and all mouse experiments were carried out according to protocols approved by

the Institutional Animal Care and Use Committee (IACUC) of the University of Pennsylvania.

METHOD DETAILS

Induction of TAMs in vitro

Humanmonocytes were isolated and obtained from the Human Immunology Core at the University of Pennsylvania. Monocyte purity

was >94% as analyzed by FACS. mBMDM were prepared from C57BL/6 mice femur and tibias as previously described.16,48,62 To

induce human M4, human monocytes were incubated for 5 days in the presence of M-CSF (10 ng/mL). Induction of TAMs was per-

formed using conditioned media (CM) as reported previously with modifications.47–54 To produce CM,WM9, or YUMM1.7 cells were

seeded in 15-cm plates at 70–80% confluence and cultured in RPMI1640 medium (10 mM HEPES, 100 mM 2-mercaptoethanol, 100

IU penicillin, and 100 mg/mL streptomycin) supplemented with 2% FBS for 3 days. The supernatant was harvested. Bovine EVs and

tumor cell-derived EVs in supernatant were pelleted by 18 h of centrifugation at 100,000 3 g followed by a further filtration using a

sterile syringe filter (20 nm pore size, Whatman). CM was then concentrated 40-fold using centricons (Millipore, Inc.). Concentrated

media were added to complete RPMI 1640 medium at a 1:80 ratio to make the final CM. TAMs were induced with the CM for 48 h in

absence of M-CSF based on previous studies.47–54

Real-time quantitative PCR
Total RNA isolation, cDNA synthesis and real-time qPCR were performed as previously described.66 18S ribosomal RNA (rRNA) was

selected as the internal control in our experiments. The primer nucleotide sequences for PCR were listed as follows: TNF-a:

50-TCTTCTCGAACCCCGAGTGA-30 and 50-CCTCTGATGGCA CCACCAG-3’; IL-1b: 50-TACGAATCTCCGACCACCACTACAG-30
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and 50-TGGAGGTGGAGAGCTTTCAGTTCAT ATG-3’; IL-6: 50-TACATCCTCGACGGCATCT-30 and 50-ACCAGGCA AGTCTCCTCAT-

3’; TGF-b: 50-CAATTCCTGGCGATACCTCAG-30 and 50-GCACAACTCCGGTGACATCAA -3’; 18S rRNA: 50-AACCTGGTTGATCCTG

CCAGT-30 and 50- ACTGGCAGGATCA ACCAGG TT-3’. Murine TNF-a: 50-GGTGCCTATGTCTCAGCCTCTT-30 and 50-GCCATAGAA

CTGA TGAGAGGGAG-3’; Murine IL-1b: 50- TGGACCTTCCAGGATGAGGACA-3’; Murine IL-6: 50-T ACCACTTCACAAGTCG

GAGGC-30 and 50- CTGCAAGTGCATCA TCGTTG TTC-3’; TGF-b: 50-TGATACGCCTGAGTGGCTGTCT-3’; GAPDH: 50-CATCACT
GCCACC CAGAAGACTG-30 and 50-ATGCCAGTGAGCTTCCCGTTCAG-3’.

shRNA knockdown and CRISPR-Cas9 knockout
shRNAs against human RAB27A (NM_004850, GCTGCCAATGGGACAAACATA, CAGGAGAGGTTTCGTAGCTA),96 mouse RAB27A

(NM_001301230.1, CGAAACTGGATAA GCCAGCTA, GACAAACATAAGCCACGCGAT), human MADD (NG_029462.1, CCACAAGT

ACAAGACGCCAAT, CCTGAAAGTATTTGGGCTAAA), mouse MADD (NM_001177720.1, CCACAAGTACAAGACGCCAAT,

CCGCTCATTTATGGCAATGAT) or scrambled shRNA (Addgene, Catalog Number:1864) were co-transfected with viral packaging

plasmids to package lentiviral particles using HEK293T cells. Lentiviral supernatants were harvested 48–72 h after transfection

and then filtered before use. Infected cells were selected with 2 mg/mL puromycin. Human MADD plasmids in this study were con-

structed by Sino Biological, Inc. (PA, USA) and confirmed by full-length sequencing. The knockdown and overexpression efficiency

were verified by western blotting.

The gRNA oligonucleotides against human PD-L1 (50-CCTTGCACTTCTGAAGAGATTGA-30), and mouse PD-L1 (50-GGTCCAG

CTCCCGTTCTACA-30) (synthesized by Genewiz, MA, USA) were cloned into lentiCRISPR-v2-Puro vector (Addgene, Catalog Num-

ber: 52961) according to the previous protocol.99 The plasmids were packaged into lentiviral particles using 293T cells. Cells were

infected with lentivirus and then selected by 2 mg/mL puromycin for 7 days. Single cell clones were isolated using limited dilution and

finally identified by flow cytometry.

Purification of EVs
TAMsupernatants were collected following a standard differential centrifugation protocol.31 Briefly, supernatants were centrifuged at

2,0003 g for 20min at 4�C to remove dead cells and cell debris (Beckman Coulter, Allegra X-14R). Supernatants were collected, and

microvesicles (MVs) were pelleted and suspended in PBS after centrifugation at 16,5003 g for 45 min at 4�C (Beckman Coulter, J2-

HS). Supernatants were obtained and further centrifuged at 100,0003 g for 2 h at 4�C (Beckman Coulter, Optima XPN-100) to pellet

sEVs. The sEVs were suspended in PBS and further purified by ultracentrifugation at 100,0003 g for 2 h. The concentration and size

of purified sEVs were analyzed using a NanoSight NS300 (Malvern Instruments). Purification of EVs from supernatants was also per-

formed using size exclusion chromatography (SEC) with SmartSECMini EV Isolation System (System Biosciences, Catalog Number:

SSEC100A-1).

Iodixanol density gradient centrifugation
Iodixanol gradients (5%, 10%, 20% and 40%) were generated by diluting 60% OptiPrep aqueous iodixanol in 0.25 M sucrose in

10mMTris-HCl. Purified sEVswere loaded on the top of the iodixanol gradients and centrifuged at 100,0003 g for 18 h at 4�C (Beck-

manCoulter, OptimaMAX-XP). Twelve fractions of equal volumewere collected from the top of the gradients with the density ranging

from 1.13 to 1.19 g/m. The sEVs in each fraction were pelleted by ultracentrifugation at 100,0003 g for 2 h at 4�C for western blotting

analysis.

Reverse phase protein array (RPPA)
RPPA was carried out at the MD Anderson Cancer Center core facility using 40 mg protein per sample as described in previous

studies.31,66

Western blotting
Cell lysates or EVs were lysed in lysis buffer (20 mM Tris-HCl, pH 7.5, 100mM KCl, 5mMMgCl2, 0.5% Triton X-100, 1mM DTT, 1mM

PMSF, and protease inhibitor cocktail), and proteins were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE). The proteins were electroblotted onto polyvinylidene fluoride membranes. The blots were blocked with 5%

skimmed milk at room temperature for 1 h, and incubated with primary antibodies overnight at 4�C. The blots were then probed

with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature, and subsequently developed using

ECL Western Blotting Substrate (Pierce).

GTP-Rab27a pulldown assay
To detect the GTP-bound Rab27a in cell lysates, GST-JFC1 was purified from E. coli. Cells with indicated treatments were lysed in

lysis buffer. The supernatants were obtained by centrifugation (12,000 rpm, 15 min, 4�C) and then incubated with GST-JFC1 RBD for

4 h at 4�C. GST-JFC1 RBD beads were washed 4 times with lysis buffer. Rab27a and GTP-bound Rab27a were analyzed by SDS-

PAGE and western blotting.
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Isolation of sEVs from tumor tissues
To obtain tumor tissue-derived sEVs, tumor tissues were dissociated enzymatically with 1 mg/mL type I collagenase in the presence

of 50 U/mLRNase and DNase I at 37�C for 25min. The suspensions were filtered using a 0.22-mm filter and then centrifuged at 3003

g for 10 min to discard the cells, 2,000 g for 20 min to remove dead cells and debris (Beckman Coulter, Allegra X-14R). MVs were

pelleted after centrifugation at 16,500 3 g for 45 min (Beckman Coulter, J2-HS). The supernatants were then centrifuged at

120,000 3 g for 2 h at 4�C (Beckman Coulter, Optima XPN-100) to obtain sEVs. After removing the supernatants, the sEVs pellets

were washed with a large volume of ice-cold PBS and were centrifuged again at 120,000 3 g for 2 h at 4�C The final pellets were

resuspended in PBS. The concentration of sEVs was measured by a Bio-Rad protein assays kit before magnetic sorting.

CD163+ exosome subpopulation isolation
500 mL of magnetic beads (MagniSort Streptavidin Positive Selection Beads, Invitrogen, Catalog Number: MSPB-6003) were incu-

bated with biotinylated anti-CD163 antibody (1:50, clone GHI/61, Biolegend), or biotinylated anti-human IgG Fc antibody (1:50, clone

HP6017, Biolegend) as a control on a shaker for 1 h at room temperature. The beads were then placed on the magnet and washed

three times with PBS. 1 mg of tissue-derived exosomes (in 1 mL PBS) from each sample was used in this study, of which 500 mg was

collected as the control group and the other 500 mg exosomeswere incubatedwith biotinylated anti-IgG or CD163 antibody-bounded

magnetic beads overnight at 4�C. Afterward, the supernatant was transferred into a new tube for ultracentrifugation (120,0003 g for 2

h) to obtain the exosomes as the void group. Themagnetic beads bound with CD163+ exosomes were collected, placed on the mag-

net, and washed 3 times with PBS to obtain CD163+ exosomes. The same amounts of exosomal proteins from each group were

loaded for western blotting analysis. Exosomes from the control group, the void group were used for T cell suppression studies.

Immune electron microscopy
For immunogold labeling, exosomes in PBS were placed on formvar carbon-coated nickel grids, blocked, and incubated with a

mouse anti-human antibody that recognizes the extracellular domain of PD-L1 (Clone 5H1-A3, Dr. Haidong Dong, Mayo Clinic), fol-

lowed by incubation with anti-mouse secondary antibody conjugated with protein A-gold particles (5 nm). Each step was followed by

PBSwash three times and ddH2Owash ten times. After contrast stained with 2% uranyl acetate, sEVs on the formvar carbon-coated

nickel grids were air-drying, and visualized using a JEM-1011 transmission electron microscope.

Enzyme-linked immunosorbent assay (ELISA)
To detect the PD-L1 level on CD163+ exosomes in plasma, the 96-well ELISA plates were coated with antibodies against murine

CD163 (Clone S15049I, Biolegend), and 100 mL of exosome samples purified from plasma were added to each well and incubated

overnight at 4�C. Afterward, 100 mL biotinylated monoclonal PD-L1 antibody (Clone MIH5, eBioscience) was added to each well and

incubated for 1 h at room temperature, After washed three times, samples in each well were incubated with 100 mL horseradish

peroxidase-conjugated streptavidin for 1 h at room temperature. Recombinant murine PD-L1 (R&D Systems, Catalog Number:

1019-B7) was used to set up a standard curve. The ELISA Plates were then developed at room temperature, stopped with 0.5N

H2SO4 and read at 450 nm using a BioTek plate reader.

Fluorescence microscopy
Cells cultured on glass coverslips were fixed in 4% paraformaldehyde for 15 min. After permeabilization within 0.1% Triton X-100 in

PBS for 20 min, cells on glass coverslips were incubated with primary antibodies overnight at 4�C, and then incubated with fluores-

cence-labeled secondary antibodies (Life Technologies) for 1 h at room temperature. Stained samples were mounted with ProLong

Gold Antifade Reagent with DAPI (#8961, Cell Signaling Technology). Samples were observed using an Eclipse TE2000-U inverted

microscope (Nikon) driven by Metamorph imaging software (Molecular Devices). The images were analyzed using NIS-Elements

Advanced Research software (Nikon, version 4.50).

For tissue immunofluorescence, all collected fresh samples were fixed in 4% paraformaldehyde followed by dehydration, paraffin

wax embedding. 5 mm paraffin sections were made and microwave repair was performed for antigen retrieval. Afterward, sections

were incubated with a primary antibody against CD8 (Cell Signaling Technology, Catalog Number: 85336) in 2% BSA. After incuba-

tion with second antibodies, all sections were covered with coverslips with mounting medium containing DAPI. All specimens were

observed under a fluorescence microscope (Nikon). The degree of CD8+ T cell infiltration was measured with 10 independent high-

power microscopic fields for each tissue sample (n = 20).

Treatment of CD8+ T cells with exosomes
Human CD8+ T cells were obtained from the Human Immunology Core at the University of Pennsylvania. Mouse CD8+ T cells were

isolated from the spleens of C57BL/6 using the Dynabeads Untouched Mouse CD8 Cells Kit (Invitrogen). Human or mouse CD8+

T cells were used only when the purity of CD8+ T cells was >90%. CD8+ T cells were stimulated with 2 mg/mL anti-CD3 (Clone

OKT3, Bio X Cell) and 2 mg/mL anti-CD28 (clone CD28.2, BD Biosciences) antibodies for 24 h, and then incubated with exosomes

with or without PD-L1 blocking for 48 h. CD8+ T cells were plated in a 96-well plate at a seeding density of 2 3 105 cells/well.

20 mg/mL indicated exosomes were used for the treatment. The treated CD8+ T cells were analyzed using flow cytometry. To block
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exosomal PD-L1, 200 mg exosomes in 100 mL PBS were incubated with 10 mg/mL PD-L1 blocking antibodies or IgG isotype anti-

bodies overnight at 4�C, and then washed with PBS and collected by ultracentrifugation to remove the free antibodies.

Tumor cell killing assay
To study the effects of TAM-derived exosomes on the ability of TILs to kill tumor cells, WM35 HLA-matched TILs (43 105 cells/well in

48-well plate) were treated with PBS or macrophage-derived exosomes (20 mg/mL for 48 h) with or without IgG isotype or PD-L1

antibody blocking (10 mg/mL), and then co-cultured with WM35 cells (4 3 105) in 6-well plates for 72 h with an effector to target

(E:T) ratio of 1:1. Cells were then intracellularly stained with BV650-conjugated antibody against cleaved caspase-3 (BDBiosciences)

and prepared for flow cytometry. T cells isolated from blood of healthy donors were used as controls.

The exosome-T cell binding assay

To assess the interactions betweenmacrophage-derived exosomes andCD8+ T cells, exosomeswere stainedwith CFSE in 100 mL

PBS, and then washed with 30 mL PBS, and pelleted by ultracentrifugation. Unstimulated or stimulated human CD8+ T cells (23 105

cells/well in 96-well plates) were incubated with 20 mg/mL CFSE-labeled exosomes for 24 h, and then collected for flow cytometry

analysis.

Flow cytometry
For flow cytometry, peripheral blood mononuclear cells (PBMCs) were isolated using a Ficoll gradient, and analyzed using flow cy-

tometry as previously described. Live/Dead Fixable Aqua Dead Cell Stain Kit (Life Technologies) were used to discriminate between

live or dead cells. Cellular surface staining was performed for 30min on ice. Intracellular staining was performed for 60min on ice after

using a fixation/permeabilization kit (eBioscience). Flow cytometry was carried out by using a FACS LSR II. The gating strategy used

in this study was performed as our previous studies.31

Lipid nanoparticles
Four siRNAs with the lowest predicted off-target potentials and 100% homology with mouse RAB27A gene sequence

(NM_001301230.1) were selected for synthesis and screening. Single-strand RNAs were purchased from Horizon Discovery (Louis,

MO, USA). Mousemacrophage line IC-21 ormelanoma YUMM1.7 cells were transfected with siRNA againstRAB27A using Lipofect-

amine RNAiMAX reagent according to the manufacturer’s protocols. The expression of Rab27a protein was examined 24 h after

transfection by western blotting. siRNA sequence 50-GUACAGAGCCAAUGGGCCA-30 showed best knockdown efficiency and

was selected for further studies. Lipid nanoparticles were prepared with C12-200 ionizable lipid, cholesterol, DOPE (1,2-dioleyl-

sn-glycero-3-phosphoethanolamine) and C14-PEG2000 at M ratios of 35:46.5:16:2.5 using microfluidic mixing as previously

described.77,100 C12-200 LNP was tested on a Zetasizer Nano (Malvern Instruments, Malvern, UK) to obtain the hydrodynamic

size, polydispersity index (PDI) and zeta potential. siRNA concentration and encapsulation efficiency were determined by a

Quant-iT RiboGreen assay (Invitrogen, MA, USA).

Mouse studies
All animal experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee

(IACUC) of the University of Pennsylvania. PD-L1�/�mice were generated by Dr. Haidong Dong.4 To study the effect of TAM-derived

exosomal PD-L1 on the anti-tumor immunity, PD-L1 KO YUMM1.7 cells (1 3 106 cells in 100 mL medium) were subcutaneously in-

jected into PD-L1�/� C57BL/6 mice. Seven days after implantation, mice were allocated randomly to each treatment group. 10 mg of

exosomes derived from M4 or YUMM1.7-TAM-derived exosomes with or without PD-L1 KO were injected into mouse tail vein 3

times a week. To investigate the influence of siRAB27A-LNP on the anti-PD-1 therapy, YUMM1.7 cells (5 3 105 cells in 100 mL me-

dium) were subcutaneously injected into C57BL/6 wide typemice. Seven days after implantation, mice were also allocated randomly

to each group. To investigate the targeting specificity of siRAB27A-LNP, DIO-labeled C12-200 LNP (100 mL of C12-200 LNP contain-

ing 5 mg siScramble) was intraperitoneally (i.p.) injected into mice bearing YUMM1.7 tumors. YUMM1.7 tumor tissues were then

collected after 12 h to prepare single-cell suspensions and flow cytometric analysis was performed to detect the specificity of siR-

AB27A-LNP for F4/80+ TAMs using F4/80+ antibodies. For the treatment of siRAB27A-LNP, mice received 100 mL of C12-200 LNP

containing 5 mg siRAB27A intraperitoneally (i.p.) twice a week. For the anti-PD-1 treatment, anti-PD-1 monoclonal antibody (clone

RMP1-14, BioXCell) was administered i.p. at 200 mg/mouse from twice a week. The volume of tumors was measured using a digital

caliper and calculated by the formula: length 3 (width)2/2. The mice were euthanized before the longest dimension of the tumors

reached 2.0 cm. For flow cytometry, single cell suspensions of tumor cells, lymphatic nodes and spleens were prepared. Flow cy-

tometry was carried out in a double-blind fashion as our previous studies.31 To determine the knockdown efficiency of Rab27a in

TAMs in mice, F4/80+ TAMs were sorted from YUMM1.7 tumors using the MaginSort Mouse F4/80 Positive Selection Kit (Invitrogen,

MA, USA). Briefly, tumor tissues were dissociated with 1mg/mL type I collagenase in the presence of 50 U/mL RNase and DNase I to

obtain single cell suspensions. 20 mLMagniSort Positive Selection Beadswere added into 13 107/100 mL cells with 10min incubation

at room temperature.MagniSort Positive Selection Bead-bound F4/80+ cells were then sorted by amagnet (Invitrogen,MA, USA) and

then used for western blot analysis.
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Immunohistochemistry
The immunohistochemistry study was performed as previously reported.66 Brifly, 4 mm tissue sections were dewaxed in xylene, an-

tigen retrieved by high pressure, and incubated in 3% hydrogen peroxide for 15 min at 37�C. After PBS wash, the sections were

blocked with goat serum, and incubated with primary antibodies overnight at 4�C. The antibody binding was then detected by horse-

radish peroxidase-conjugated secondary antibody, and visualized by immersing the tissue sections in a 3,30-Diaminobenzidine (DAB)

staining followed by diaminobenzidine and hematoxylin in sequence.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single cell RNA-seq data analysis
Single cell RNA-seq metadata and processed count matrix data were downloaded from https://singlecell.broadinstitute.org/

single_cell/study/SCP 398/defining-t-cell-states-associated-with-response-to-checkpoint-immunotherapy-in-melanoma. Detailed

data generation and preprocessing methods can be found in the original study.74 UMAP was done by R package umap (v0.2.4.1)

with parameters n_neighbors 20, min_dist 0.25. In calculating the proportion of RAB27A+CD163+ cells, samples with less than three

cells were excluded for statistical stability.

Statistical analyses
All the statistical analyses were performed using GraphPad Prism v.8.0 software. The quantitative analysis for western blot was per-

formed by Fiji software.97 For equal variance data, significance of mean differences was determined using unpaired two sided Stu-

dent’s t-test (two groups) or one-way ANOVAwith appropriate post-hoc tests (more than two groups); for groups that differed in vari-

ance, unpaired t test withWelch’s correction (two groups) orWelch’s ANOVAwith appropriate post-hoc tests (more than two groups)

was carried out. Error bars shown in graphical data represent mean ± s.d. p < 0.05 was considered statistically significant.
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Supplemental information: 

 

 

Figure S1. Characterization of induced tumor associated macrophages (TAMs), related to 

Figure 1. (A) Workflow of TAM induction by CM from tumor cells (See EXPERIMENTAL MODEL AND 
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SUBJECT DETAILS). (B) Morphological features of human monocyte-derived macrophages with or 

without the treatment of WM9 cell conditioned media (CM). (C) Representative flow cytometry analysis 

showing increased expression of CD163 and CD206, and the decreased expression of CD80 in CM 

induced TAMs. (D) Quantitative analysis showing the levels of CD163, CD206 and CD80 in human Mφ 

and TAMs. (E) Quantitation of the expression levels of TNF-α, IL-1β, IL-6 and TGF-β in human Mφ 

and TAMs. (F) Morphological features of murine bone marrow-derived macrophage with (“mTAM”) 

induced by YUMM1.7 cell CM. (G) Representative flow cytometry analysis showing the expression of 

CD163, CD206, and CD80 in murine Mφ and mTAM. (H) Quantitation of the levels of CD163, CD206 

and CD80 in murine Mφ and mTAM. (I) Quantitation of the expression levels of TNF-α, IL-1β, IL-6 

and TGF-β in murine Mφ and mTAMs. Data represent mean ± s.d. (n=3). Statistical analysis is 

performed using one-way ANOVA analysis with two-sided unpaired t-test (D, E, H, I). 

 

 

 

Figure S2. Rab27a mediates the increased exosome secretion in TAMs, related to Figure 2. (A) 

Western blot analysis showing the knockdown of Rab27a levels in TAMs induced from human 

monocytes (“TAM”) by two shRNAs. (B) NTA showing the number of exosomes released from TAMs 

with or without Rab27a knockdown. (C) Western blot analysis showing the knockdown of Rab27a in 

TAMs induced from murine bone marrow-derived macrophage (“mTAM”) with two shRNAs. (D) NTA 

showing the number of exosomes released from mTAM with or without Rab27a knockdown. Data 

represent mean ± s.d. (n=3). Quantitation of RPPA indicating the increased level of exosomal PD-L1 

derived from WM9-TAMs is shown at the right. Data represent mean ± s.d. (n=3). Statistical analysis is 

performed using one-way ANOVA analysis with Dunnett’s multiple comparison tests (A, D). 
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Figure S3. Apoptosis analysis of cells after Akt and MEK inhibition, related to Figure 2.  (A) 

Apoptosis assay showing 0.5 nM Akt inhibitor MK2206 had no significant effect on the apoptosis of 

TAMs. Quantification of apoptosis was shown to the right. (B) Quantification of apoptosis showing 0.5 

nM of MK2206 had no significant effect on the apoptosis of mTAMs. (C) Western blot analysis showing 

the inhibition of Erk1/2 activation in TAMs using 3 μM MEK inhibitor U0126 (“MEKi”). (D) Western blot 

analysis showing the inhibition of Erk1/2 activation in mTAMs using 3 μM U0126. (E) Quantification of 

apoptosis showing 3 μM U0126 had no significant effect on the apoptosis of TAMs. (F) Quantification 

of apoptosis assay showing 3 μM U0126 had no significant effect on the apoptosis of mTAMs. (G) 

Quantitation of the amounts of exosomes released from TAMs with or without MEKi treatment. (H) 

Quantitation of the amounts of exosomes released from mTAMs with or without MEKi treatment. Data 

represent mean ± s.d. (n=3). Data represent mean ± s.d. (n=3). Statistical analysis is performed using 

one-way ANOVA analysis with two-sided unpaired t-test (A, B, E-H). 
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Figure S4. Exosomal PD-L1 from TAMs inhibits the activation of CD8 T cells and tumor-killing 

by tumor-infiltrating lymphocytes (TILs), related to Figure 4. (A) Western blot analysis of PD-L1 

and CD63, an exosome marker in exosomes (“Exo”) purified from WM9-TAMs (“TAM”) induced from 

human monocyte-derived macrophages and their matching Mφ. Exosomes were purified from cell 

medium using size exclusion chromatography (SEC). All lanes were loaded with equal amounts of 

exosomes. (B) Quantification of CD8 T cells with positive GzmB expression after indicated treatments. 

(C) Quantification of CD8 T cells with positive Ki-67 expression after indicated treatments. (D) Western 

blot analysis of PD-L1 and CD63 in exosomes (“Exo”) purified mTAM induced from murine bone 

marrow-derived macrophage and the matching Mφ. Exosomes were purified from cell medium using 

SEC. All lanes were loaded with equal amounts of exosomes. (E) Quantification of mouse splenic CD8 

T cells with positive GzmB expression after indicated treatments. (F) Quantification of mouse splenic 

CD8 T cells with positive Ki-67 expression after indicated treatments. (G) Western blot analysis of 

PD-L1 in exosomes of mTAMs induced from bone marrow-derived macrophage isolated from wide 

type or PD-L1
-/- 

C57BL/6
 
mice. (H) Representative contour plots of mouse splenic CD8 T cells 

examined for the expression of Ki-67 and GzmB with indicated treatments. The percentage of Ki-67
+ 

GzmB
+
 CD8 T cells stimulated with anti-CD3/CD28 antibodies is shown after indicated treatments 

(right panel). (I) TILs treated with PBS (as a control), exosomes derived from Mφ or TAMs with IgG 

isotype or PD-L1 antibody blocking, were co-cultured with WM35 cells for 48 hrs. Apoptosis of tumor 

cells was evaluated by flow cytometry analysis of cleaved caspase-3, and the relative cytotoxicity was 

calculated (right panel). Data represent mean ± s.d. (n=3). 20 μg/ml indicated exosomes were used for 

the treatment. Statistical analysis is performed using Welch ANOVA with Sidak’s T3 multiple 

comparison tests (B, C, E, F and I), or one-way ANOVA analysis with Dunnett’s multiple comparison 

tests (H). 
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Figure S5. Analysis of CD8 T cells after treatment with exosomes derived from TAMs induced 

by PD-L1 negative tumor cells, related to Figure 5. (A) Flow cytometry analysis of PD-L1 

expression on wild type control and PD-L1 KO WM9 cells (left) and PD-L1 KO YUMM1.7 cells (right) 

treated with IFN-γ. (B) Representative flow cytometry analysis showing the expression of CD163, 

CD206, and CD80 in Mφ and TAMs induced from human monocytes cultured with CM from PD-L1 KO 

WM9 cells (“PD-L1 KO WM9-TAM”). Quantification of the levels of CD163, CD206 and CD80 in these 

cells are shown in (C). (D) Representative flow cytometry analysis showing the expression of CD163, 

CD206, and CD80 in Mφ and TAMs induced from murine bone marrow-derived macrophage cultured 

with CM from PD-L1 KO YUMM1.7 cells (“PD-L1 KO YUMM1.7-TAM”). Quantification of the levels of 

CD163, CD206 and CD80 in these cells are shown in (E). (F) The effect of MEL624 cell exosomes on 

the expression of GzmB (left) and Ki-67 (right) in stimulated CD8 T cells. (G) Representative flow 

cytometry analysis showing the expression of CD163, CD206, and CD80 in Mφ cells and TAMs 

induced from human monocytes cultured with CM from MEL624 cells (“MEL624-TAM”). Quantification 

is shown in (H). (I) Quantification of the percentage of CD8 T cells with GzmB (upper) and Ki-67 (lower) 

expression after indicated treatments with Mφ or MEL624-TAM exosomes. (J) Quantification of the 

percentage of CD8 T cells with GzmB (upper) and Ki-67 (lower) expression after indicated treatments 

with exosomes purified using SEC. (K) Quantification of the percentage of mouse splenic CD8 T cells 

with Ki-67 (upper) and GzmB (lower) expression after indicated treatments with exosomes purified 

using SEC. Data represent mean ± s.d. (n=3). Statistical analysis is performed using two-sided 

unpaired t-test (C, E, F and H), or one-way ANOVA with Sidak’s multiple comparison tests (I, J and K). 
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Figure S6. The gating strategy used in the analysis of Ki-67
+
GzmB

+
 CD8 T cells, related to 

Figure 6. Representative contour plots showing the general gating strategy used in the analysis of 

Ki-67
+
GzmB

+
 CD8 T cells. 
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Figure S7. C12-2000 LNPs carrying siRNA against RAB27A selectively reduced Rab27a 

expression in TAMs, related to Figure 7. (A) Flow cytometry showing F4/80
+
 TAMs were the 
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dominant cell type that up took the siRAB27A-LNP in the tumor (see EXPERIMENTAL MODEL AND 

SUBJECT DETAILS). (B) Workflow of the procedure for F4/80
+
 TAMs sorted from YUMM1.7 tumors 

with the MagniSort® Mouse F4/80 Positive Selection Kit. (C) Sorted F4/80
+
 TAMs were stained with 

anti-mouse F4/80 antibody. Total cells and sorted F4/80
+
 TAMs were used for flow cytometry analysis 

(left). Sorting efficiency for F4/80
+
 TAMs of representative tumors from five mice was shown (right). (D) 

F4/80
+
 TAMs from YUMM1.7 tumors treated with siRAB27A-LNP were isolated from YUMM1.7 tumors 

and analyzed by western blotting for Rab27a expression (n=5 for each group). Quantitation of Rab27a 

expression is shown in (E). (F) ELISA of the PD-L1 levels in circulating CD163
+
 exosomes in mice with 

or without siRAB27A-LNP treatment. (G) Representative flow cytometry analysis showing the 

expression of CD163, CD206, and CD80 in TAMs from YUMM1.7 tumors with or without 

siRab27A-LNP treatment (left). Quantitation is shown at the right. (H) Growth curves of YUMM1.7 

tumors in mice with indicated treatments. (I) The weight of YUMM1.7 tumors from mice with indicated 

treatments. (J) Growth curves of YUMM1.7 tumors in mice with indicated treatments. (K) The weight of 

YUMM1.7 tumors from mice with indicated treatments. Data represent mean ± s.d. (n=3 or indicated). 

Statistical analysis is performed using two-sided unpaired t-test (E-G), or two-way ANOVA analysis 

with Tukey’s multiple (H, J), or one-way ANOVA analysis with Dunnett’s multiple comparison tests (I, 

K).  
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Table S1. Antibody Information, to STAR Methods. 

Antibody Provider Application Identifier 

Anti-human CD163 Cell Signaling Technology IF, WB Cat#: 93498S 

Anti-human CD163 BioLegend FC Cat#: 333618 

Anti-human CD163, biotin BioLegend depletion Cat#: 333604 

Anti-human PD-L1 (5H1) Lab of Haidong Dong 
Blocking, 

TEM，IF 
PMID: 21355078 

Anti-human PD-L1 Cell Signaling Technology IF Cat#: 86744 

Anti-human PD-1 BioLegend Blocking Cat#: 329912 

Mouse IgG isotype control BioLegend Blocking Cat#: 401404 

Anti-mouse PD-L1 BioXCell Blocking Cat#: BE0101 

Rat IgG isotype control BioXCell Blocking Cat#: BE0090 

Anti-human active caspase-3 BD Horizon™ FCM Cat#: 564094 

Anti-human PD-L1 BioLegend FCM Cat#: 329706 

Anti-human PD-L1 BD Biosciences FCM Cat#: 558065 

Anti-human CD8 eBioscience FCM Cat#: 48-0088-42 

Anti-human CD4 Biolegend FCM Cat#: 317416 

Anti-human PD-1  BioLegend FCM Cat#: 329904 

Anti-human Ki-67  BD Biosciences FCM Cat#: 561283 

Anti-human Granzyme B  Life Technologies FCM Cat#: GRB04 

Anti-mouse PD-1  BioLegend FCM Cat#: 109110 

Anti-mouse Ki-67  BioLegend FCM Cat#: 652420 

Anti-mouse Granzyme B eBioscience FCM Cat#: 12-8898-82 

Anti-mouse CD8a eBioscience FCM Cat#: 48-0081-82 

Anti-human CD63 Abcam IF Cat#: ab8219 

Anti-human CD8a Biolegend IF Cat# 372902 

Anti-human CD63 Abcam IF, WB Cat#: ab134045 

Anti-human CD63 Abcam WB Cat#: ab68418 

Anti-TSG101 Abcam WB Cat#: ab125011 

Anti-human PD-L1 Cell Signaling Technology WB Cat#: 13684S 

Anti-MADD Abcam WB Cat#: ab134117 

Anti-mouse PD-L1 eBioscience ELISA Cat#: 12-5982-82 

Anti-mouse CD163 BioLegend ELISA Cat#: 155302 

Anti-CD9 Cell Signaling Technology WB Cat#: 13403 

Anti-GAPDH Cell Signaling Technology WB Cat#: 5174S 

WB: Western blotting; IF: Immunofluorescence; FCM: Flow cytometry; IP: Immunoprecipitation; 

ELISA: Enzyme-linked immunosorbent assay.  
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Table S2. Melanoma patient information, related to Figure 4. 

Patient number Age Gender AJCC Stage 

1 46 Male III 

2 52 Female III 

3 35 Male III 
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