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SUMMARY

Extracellular vesicles (EVs) are nanovesicles released by all eu-
karyotic cells. This work reports the first nanoscale fluorescent
visualization of tumor-originating vesicles bearing an angio-
genic microRNA (miR)-126 cargo. In a validated experimental
model of lethal murine vascular neoplasm, tumor-originating
EV delivered its miR-126 cargo to tumor-associated macro-
phages (TAMs). Such delivery resulted in an angiogenic
(LYVE+) change of state in TAM that supported tumor
formation. Study of the trafficking of tumor-originating fluo-
rescently tagged EV revealed colocalization with TAM demon-
strating uptake by these cells. Ex vivo treatment of macro-
phages with tumor-derived EVs led to gain of tumorigenicity
in these isolated cells. Single-cell RNA sequencing of macro-
phages revealed that EV-borne miR-126 characterized the
angiogenic change of state. Unique gene expression signatures
of specific macrophage clusters responsive to miR-126-en-
riched tumor-derived EVs were revealed. Topical tissue nano-
transfection (TNT) delivery of an oligonucleotide comprising
an anti-miR against miR-126 resulted in significant knock-
down of miR-126 in the tumor tissue. miR-126 knockdown
resulted in complete involution of the tumor and improved
survival rate of tumor-affected mice. This work identifies a
novel tumorigenic mechanism that relies on tumorigenic state
change of TAM caused by tumor-originating EV-borne angio-
miR. This disease process can be effectively targeted by topical
TNT of superficial tumors.

INTRODUCTION
A compound multi-cellular microenvironment contributes to tumor
development.1 Tumor-associated macrophages (TAMs) play a major
role in this process.2–4 TAMs promote angiogenesis, tumor growth,
and metastasis.5–7 Recent works have shown that macrophages
(Mɸ) are diverse and phenotypically plastic cells. Specifically,
TAMs contribute to blood vessel sprouting and remodeling. TEK re-
ceptor tyrosine kinase (TIE2), mostly identified as endothelial
1402 Molecular Therapy Vol. 31 No 5 May 2023 ª 2022 The American
marker, is expressed by classically activated pro-inflammatory M1
macrophages with angiogenic function.8 TAMs are capable of form-
ing non-endothelial blood vessels in response to the tumor microen-
vironment by a process known as vascular mimicry.9 Additionally,
that monocytes/macrophages may convert to endothelial-like cells
was proposed many years ago based on studies performing co-culture
with endothelial cells.10,11 Human monocyte-derived multipotential
cells differentiate along the endothelial lineage, thus providing an
autologous transplantable cell source for therapeutic neovasculogen-
esis.12 Today, human peripheral blood monocytes serve as a robust
alternative to generating endothelial cells required for vascular graft
production.13 Active crosstalk between macrophages and endothelial
cells precedes and enables vascularization.14,15 When human tissue-
engineered blood vessel networks were implanted into athymic
mice, macrophages formed vessel-like structures themselves.16 These
observations point toward a heightened significance of TAMs in the
development of endothelial cell tumors.

Endothelial cell tumors represent a pure form of unregulated angio-
genesis17 and are the most common soft tissue tumor of infancy,
affecting 3%–10% of live births.18 Most tumors are harmless; how-
ever, some are associated with significant morbidity and may be life
threatening. Judah Folkman established the validated model of exper-
imental murine hemangioendotheliomas (HEs) to study endothelial
cell tumors.18 Subcutaneous inoculation of tumorigenic endothelial
cells results in cell proliferation and development of blood-cell-filled
vascular tissue characteristic of HEs, including development of the
Kasabach-Merritt phenomenon (KMP).19,20 All mice die within
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2 weeks.21 In a prospective longitudinal study on children with hem-
angiomas, we reported elevated urinary levels of the angiomiR micro-
RNA-126 (miR-126).22 Although our previous works have consis-
tently established a central role of TAMs in the development of
murine HEs and related mortality,19 mechanisms underlying the po-
tential angiogenic role of TAMs remain unclear. This work demon-
strates for the first time how extracellular vesicular genetic cargoes
originating from tumor cells are capable of directing the angiogenic
state of TAMs in a way that is critical for tumor development. While
it is known that tumor-derived EVs alter macrophages into TAMs,2–4

this work presents the first evidence demonstrating that such TAMs
themselves can acquire tumorigenicity. That finding is leveraged to
successfully achieve regression of otherwise fatal tumor using tissue
nanotransfection (TNT) technology.

RESULTS
EOMA miR-126: Therapeutic target

Specifically expressed in the vasculature, miR-126 is enriched in
endothelial cells and responsible for vascular formation by regulating
vascular integrity and angiogenic signaling.23 In contrast to this phys-
iological function of miR-126, recent reports recognize a key role of
this miR in a wide range of vascular diseases. The impact of miR-
126 on disease states is context dependent. Attenuated abundance
of miR-126 has been evident under disease conditions such as type
2 diabetes,24,25 chronic kidney disease,26 coronary artery disease,27

and sepsis,28 and elevated levels of this miR have proved to be bene-
ficial.27–30 This pattern of finding has also been evident in several
studies related to cancer. LowmiR-126 has been associated with chol-
angiocarcinoma.31 Elevated miR-126 inhibited epithelial-mesen-
chymal transition and reduced cell invasion of gastric cancer.32

Upregulation of miR-126 inhibited the proliferation of skin squa-
mous cell carcinoma.32 Exosomal miR-126 improved non-small cell
lung cancer outcomes.33 In oral squamous cell carcinoma, miR-126
inhibited cell migration and invasion.34 In children with hemangioma
in the proliferative phase, urinary levels of miR-126 are elevated.
When the proliferative phase passes, urinary miR-126 levels are lower
and comparable with those of healthy age-matched controls.22 In the
murine model of HE, the miR-126 levels in tumor-forming mouse HE
endothelial (EOMA) cells were three orders of magnitude higher
compared with those in normal murine aortic endothelial (MAE)
cells (Figure S1A). This tumor has 100% mortality by day 17 (d17)
of EOMA inoculation.35 This is caused by development of the KMP
characterized by red blood cell and platelet sequestration within HE
tumors, anemia, and high-output heart failure.36 This is also evident
in humans with HE.36 Findings of this work causatively link vascular
miR-126 to the development of HE, identifying it as a direct therapeu-
tic target for regression of the tumor.

To determine the significance of miR-126 in HE tumor regression,
oligonucleotide comprising an anti-miR against miRNA-126
(a-miR-126) was delivered to the tumors directly using TNT as re-
ported by us (Figures 1A and S1B).6,37,38 TNT successfully delivered
a-miR-126 (TNTa-miR-126) and significantly lowered miR-126 abun-
dance in HE tumor tissue (Figures 1B–1D and S1C). Laser capture
microdissection (LCM)-based spatial study of tumor tissue estab-
lished that TNT-based delivery of a-miR-126 decreased miR-126
abundance in both tumor perimeter and core compared with tu-
mor-associated skin (both epidermis and dermis) (Figures S1D–
S1F). In adults, a-miR-126 is known not to exhibit off-target effects,39

especially as it relates to functional blood flow (Figures S1G and S1H).
miR-126 knockdown resulted in complete involution of HE
(Figures 1E–1G). Furthermore, decreased tumor progression and
improved survival rate were noted in the TNTa-miR-126 group
(Figures 1H and S1I–S1K). These favorable outcomes were
supported by consistent improvements in blood flow velocity in the
TNTa-miR-126 group (Figures 1I and 1J). Histological studies demon-
strated tumor regression. Lymphatic vessel endothelial hyaluronan
receptor 1 or LYVE1+ is an HE tumor marker.40 LYVE1+ staining
was attenuated in mice treated with TNTa-miR-126 (Figures 1K–1M).
Thus, data establish lowering of miR-126 as an effective therapeutic
strategy for the management of HE.

Tumor EV modifies macrophage state

All eukaryotic cells secrete a range of membrane-bound vesicles of
different sizes and content.41,42 Extracellular vesicles (EVs) include
biological nanovesicles that actively contribute to intercellular com-
munications by several mechanisms, including facilitating the trans-
fer of macromolecules, including miRs.43 In the tumor microenviron-
ment, EVs play a key role in enabling the cell-cell communication
network.21 In the current study, it was found that EVs from tumor
cells (EVEOMA) contained elevated miR-126 levels compared with
EVs from normal endothelial cells (EVMAE) (Figures S2A–S2D).
Elevated levels of miR-126 were also detected in EVs isolated from
the urine of children with hemangiomas compared with healthy
age-matched children (Figures 2A and S2E). A similar pattern was
observed in HE mice urine, where miR-126 abundance increased
with the tumor progression (Figures 2B, 2C, and S2F–S2H).
TNT a-miR-126 treatment lowered the abundance of miR-126 in EVs
of HE tumors (Figures 2D and 2E). Direct stochastic optical recon-
struction microscopy (dSTORM), super-resolution microscopy,
enabled the nanoscale visualization of immunolabeled EVs carrying
the miR-126 cargo (Figures 2F and 2G).44–46

To study trafficking of EVs of EOMA origin in vivo, tumor cells were
transfected with plasmid wherein the expression of EV-specific
CD81-GFP reporter was driven by endothelial CDH5 promoter
(Figures S3A–S3D). Immunocytochemistry studies of the HE tumor
revealed colocalization of F4/80 (Mɸmarker) and EVEOMA. A subset
of these Mɸ were observed to be LYVE1+, a characteristic marker of
EOMA (Figures 2H, 2I, and S4A–S4E). For study purposes, the HE
tumor was divided into three regions: (1) M4EOMA-deficient tumor
core region (tumor core), (2) intermediary LYVE1+ TAM-populated
region (TAMLYVE1), and (3) M4EOMA-deficient tumor perimeter re-
gion (tumor perimeter) (Figures 2H, 2I, and S4A–S4E). The tumor
core and TAMLYVE1 regions were also enriched in GFP, indicative
of the presence of CD81+ EOMA cell-derived EVs. LCM-based
studies demonstrated increased abundance of miR-126 in these two
regions (tumor core and TAMLYVE1; Figures 2J and 2K). Further
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Figure 1. TNTa-miR-126 inhibits murine HE tumor growth in vivo

(A) Schematic diagram of in vivo tissue nanotransfection technology-mediated delivery of oligonucleotides based on the voltage gradient. (B) RNA in situ detection of miR-126 in

the HE tumor sections (d10) treated with scrambled oligonucleotides (TNTsham) or antagomir-126 (TNTa-miR-126). (C) Intensity calculation of RNA in situ images determined the

significant reduction ofmiR-126 level in theTNTa-miR-126group comparedwithTNTsham. *p<0.05 (n=4),MannWhitney test. (D) Level ofmiR-126 from thebiopsy samples isolated

from non-tumor (NT), HE tumor (T), and skin from HE tumor region treated with antagomir-126 (T + TNTa-126). *p < 0.05 (n = 4), MannWhitney test. (E) Representative images of

129P3/Jmice treatedwithTNTshamandTNTa-miR-126at d12andd29showingdecrease in tumor growth in TNTa-miR-126-treatedmice. (F) Tumor volumeofday-matchedanimals for

the treatment of TNTsham and TNTa-miR-126. *p < 0.05 (n = 5),MannWhitney test. (G) TNT-based delivery (twice aweek for 4weeks) of antagomir-126 (red) inhibits HE progression.

Tumor volumewas quantified using calipers (length�$width�$height). In TNTsham mice, tumor volume sharply rose, causing death on d12–d17. (H) Kaplan-Meier survival curve

of TNTsham and TNTa-miR-126 groups monitored for 90 days shows tumor-free survival for TNTa-miR-126 group. (I) Ultrasound imaging of animals from each group (n = 5) was

performedonaVevo-2100systemusinghigh-frequency linear array transducers operatingbetween 8and17MHz. (J) Tumor blood flowanalyzedusingVevo-2100systemshows

significant difference at d10 after TNTa-miR-126 treatment compared with TNTsham groups. (K) H&E images show complete regression of tumor with TNTa-miR-126 treatment on

d29 compared with d12 TNTa-miR-126 group. (L) Day-matched immunohistochemical analysis showing decrease in ratio of CD31+ (red) and LYVE1+ (green) cells in TNTa-miR-126-

treated HE tumor at d12 compared with TNTsham group-treated HE tumor, and (M) its quantification. *p < 0.05, n = 5, Mann Whitney test. Data presented as mean ± SEM.
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characterization of these TAMLYVE1 tissue elements using hallmark
markers of classically or alternative activation state of Mɸ revealed
a mixed activation state with increase in classical activation markers
inducible nitric oxide synthase (iNOS) and interleukin (IL) 6 as
well as alternative activation marker IL10 (Figure 2L). Interactions
between HE-derived EVs and TAMs were further analyzed using
GW4869, which inhibits EV release by blocking the inward budding
of the multivesicular bodies.47 GW4869 pre-treated EOMA cells were
deficient in tumor-forming ability. This was manifested as attenuated
tumor growth, smaller tumor volume, and increase in the survival rate
of the mice (Figures 3A–3C). HE formation requires the subcutane-
ous inoculation of a critical number (5 � 106) of EOMA cells.35,48

Such GW4869 treatment led to the appearance of alternative active
(M2) macrophage markers (Figures 2L and S5A). As expected, inoc-
ulation of half that number of cells failed to produce a tumor. How-
ever, if this sub-critical number of EOMA cells were mixed with equal
number of Mɸ (MɸEOMA EV) pre-treated with EOMA-derived EVs,
tumor formation was evident. In contrast, control experiments with
an equal number of Mɸ pre-treated with EVMAE (MɸMAE EV) was
ineffective in tumor formation (Figures 3D–3F). These findings estab-
lish the critical significance of TAMs in HE formation. In the tumor
microenvironment, such TAMs are exposed to EOMA-derived EVs,
making them ready to support tumor formation. Tumor cells release
heterogeneous populations of EVs containing proteins, lipids, and
nucleic acids. EVs are known to transfer functional RNA in the tumor
microenvironment in a way that supports tumor development.49,50

Intravital imaging has shown that uptake of tumor-derived EVs by
cells can enhance their tumorigenic properties.51 In several forms of
cancer, miR-126 shuttled by exosomes is biologically active in the
target cells, contributing to disease progression.21,52,53 In this work,
conversion of Mɸ to LYVE+ tumorigenic TAMs by EOMA-origi-
nating EVsmay be viewed as an angiogenic state change that supports
tumorigenicity. Previously, such an angiogenic state has been as-
signed to TIE2-expressing TAMs.54,55 Identification of the LYVE+

tumorigenic TAMs represents an important addition to that reper-
toire. Importantly, this work reveals for the first time that such angio-
genic switch of TAMs can be achieved via tumor-originating EVs.
That EVs are capable of changing cell state was evident in our previ-
Figure 2. Characterization of EOMA-derived EVs and their preferential uptake

(A) miR-126 expression in the extracellular vesicles (EVs) isolated from urine samples from

test. (B) Abundance of EVs frommouse urine isolated from different days after tumor pro

from murine urine samples in different days of tumor development. *p < 0.05 n = 6, o

treatment with scrambled oligonucleotides (TNTsham) or antagomir-126 (TNTa-miR-126). *p

samples collected from tissue after TNTa-miR-126 or TNTsham treatment. *p < 0.05, n = 4,

CD63, CD81, and exosome-negative marker GRP94. (G) Super-resolution microscopi

exosome isolated from EOMA cell culture media. Red represents Alexa 647-tagged CD

bled control oligonucleotide for miRNA and Alexa Fluor 647-labeled IgG antibody-stain

transduced EOMA cells into mice formed HE tumors in which EVs secreted by EOMA ce

(M4marker, red), LYVE1 (EOMA cell marker, blue) with GFP expressed by EVEOMA (green

10� magnification (left) and its expansion (right) representing different regions of tumor,

populated region (TAMLYVE1), and (iii) M4EOMA-deficient tumor perimeter region (tumor pe

colocalization between F4/80 and LYVE1. Single-channel images of F4/80/LYVE1 coloc

from different regions of tumor tissue sections before and after cut. (K) Abundance of miR

ANOVA. (L) Heatmap representing the expression of M1 andM2macrophage markers in
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ous work reporting on keratinocyte-originating EV-dependent con-
version of wound-site Mɸ to fibroblast-like cells.56 In humans, the
Kaposiform HE (KHE) shows the presence of CD68+ Mɸ expressing
LYVE1+ and CDH5 supporting the translational relevance of the mu-
rine LYVE+ TAMs reported in that work (Figures S5B and S5C). A
similar activation pattern was noted inMɸ associated with HE tumors
isolated from mice (Figures S5D and S5E). Ex vivo treatment of Mɸ
with EVEOMA led to gain of EOMA cell-like characteristics in isolated
Mɸ (Figures 3G–3I). Such gain was significantly attenuated in Mɸ
exposed to EVEOMA derived from miR-126-inhibited EOMA cells.
These data establish that EVEOMA carrying miR-126 cargo is crucial
for the change of Mɸ activation state in a way that shares LYVE+

EOMA characteristics (Figures 3J–3M). miR-126 knockdown in
EOMA using a-miR-126 attenuated angiogenic properties and
depleted the miR in EVs (Figures S6A–S6M).

Characterization of macrophage subsets responsive

to tumor EVs

Single-cell RNA-seq (scRNA-seq) was conducted to study the angio-
genic Mɸ subsets in response to EV-borne miR-126 (Figure 4A). To
address the effects of miR-126-independent factors of the tested EVs,
additional controls were used wherein macrophages were treated with
miR-126 null EVs derived from endothelial cells (Figures S6N). A to-
tal of 23,250 cells that passed the quality control parameters were sub-
jected to downstream analyses (see section “materials and methods”;
Figures S7A and S7B). Clustering of single cells from the three sam-
ples combined resulted in identification of 14 distinct clusters (Fig-
ure 4B) with unique markers for each, as shown in Figure S7C. The
analysis uncovered two transcriptionally distinct Mɸ populations
out of a total of 14 clusters identified. Unique gene expression signa-
tures of these clusters formed in response to exposure to miR-126-en-
riched EVEOMA were revealed. We identified subpopulation CD11b+

Mɸ (cluster 4) enriched in Serpine1, collagen, type1, alpha 1 (Col1a1),
and Col1a257,58 as well as for transgelin (Tagln), actin alpha 2 (Acta2),
and S100 calcium-binding protein A4 (S100a4) in wound-associated
macrophages. This subset belonged to highly plastic and functionally
diverse steady-state condition as reported by us and others.56,58,59

Cluster 7 was identified to be specifically populated in response to
by TAMs

age-matched healthy and HE patients (6 months old, n = 6), *p < 0.05, Student’s t

gression, n = 6, *p < 0.05, one-way ANOVA. (C) miR-126 abundance in EVs isolated

ne-way ANOVA. (D) Quantification of EVs, estimated from tumor tissue (d10) after

< 0.05 (n = 4), Mann Whitney test. (E) Abundance of miR-126 from the isolated EV

Mann Whitney test. (F) Western blot analysis of exosome markers Alix, HSP90, CD9,

c image shows Cy3-labeled miR-126 mimic cargo present inside Atto 488-labeled

81. Eighty-two percent fraction of EVEOMA containing miR-126 cargo. Cy3 scram-

ed EOMA EVs were used as negative controls. (H) Injection of CDH5-CD81-GFP-

lls expressed GFP. Immunohistochemical analysis showing co-expression of F4/80

). Nucleus is counter-stained with ToPro3. Representative confocal image is taken at

(i) M4EOMA-deficient tumor core region (tumor core), (ii) intermediary LYVE1+ TAM-

rimeter). (I) Panel represents magnification (63�) of these three regions and extent of

alization is provided in Figure S4C. (J) Laser capture microdissection (LCM) images

-126 in different regions of HE tumor captured using LCM. *p < 0.05, n = 6, one-way

different HE tumor regions captured through LCM. Data presented as mean ± SEM.
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EVEOMA. Of the 1,177 cells in this cluster, 1,013 were derived from the
EVEOMA-treated sample. In response to EVEOMA, cluster 4 was also
responsive but in a contrasting manner compared with cluster 7. In
cluster 4, the number of cells decreased (1,823/390) in response
to EVEOMA. The number of cells in each cluster is listed in
Table S1. Cluster 7 was high in transcripts, as shown in Figure S7D.
All positive cluster markers are provided in Table S2. Our findings
reveal a heterogeneity of angiogenic transcriptional responses in resi-
dent Mɸ not previously appreciated by traditional bulk mRNA-seq
approaches (Figure 4A).60 Differential expression analysis using Wil-
coxon rank-sum test resulted in the identification of a total of 2,074
genes significantly different in MɸEOMA EV (adjusted p value <0.05;
Table S3). Among them, 393 genes were found to be upregulated
(logFC cutoff >0.2) and 481 genes were found to be downregulated
(logFC < �0.2). The top 10 upregulated and 10 downregulated genes
are depicted as a heatmap in Figure S8A. Gene set enrichment anal-
ysis (GSEA) resulted in the identification of six upregulated gene sets
and seven downregulated gene sets (Figure S8B). A comparison of
cluster 7 versus 4 identified 246 upregulated and 187 downregulated
genes using cutoff logFC ±0.2 and adjusted p value <0.05 (Figure 4C;
Table S4). The top 10 upregulated and 10 downregulated genes are
depicted as a heatmap in Figure S8C. GSEA results for cluster 7 versus
4 led to the identification of a SNF5 gene set that includes genes up-
regulated in mouse embryonic fibroblast (MEF) cells with knockout
of the tumor suppressor SNF5.61 The downregulated gene sets are
similar to the gene sets downregulated when comparing all MɸEOMA

EV versus Mɸ cells, as shown in Figure S8D. GSEA results are listed in
Table S5.

Monocle3 trajectory inference algorithm-based analyses of the
scRNA-seq data identified a path in which cells from cluster 4 pass
along a defined trajectory to reach cluster 7 gene expression profile
states, as shown in Figure 4D. The middle part of the trajectory in-
cludes cells from cluster 7 of the Mɸ sample and cluster 4 of the
MɸEOMA EV sample. Cluster 4 cells present in the MɸEOMA EV sample
were distributed differently along the trajectory than cluster 4 cells
present in the Mɸ sample. These cells were scattered along the path
of the trajectory in between cluster 4 and cluster 7. This pseudotime
Figure 3. EOMA-derived EVs containing miR-126 are responsible for macroph

(A) Representative images of mice shows 6- to 8-week-old female 129P3/J mice received

or vehicle control. (B) Tumor volume was decreased on d10 compared with control grou

n = 11, Student’s t test. (C) Kaplan-Meier survival curves show GW4869 pre-treatment o

calipers (length�$width�$height). (D) Mice (129P3/J) injectedwith a combination of EOM

isolation as for EVEOMA-treated cells except that M4 were treated with EVMAE. Here, (i) th

cause tumor, (iii) sub-threshold dose caused tumor in presence of M4EOMA EV, (iv) sub-th

subcutaneous tumor. (F) Tumor volumes were measured until d10 after injecting the abov

diagram demonstrating the study design of macrophage isolation and treatment with EV

by nano-electroporation (NEP). (H) Representative images of isolated wound macrophag

eNOS after incubation with EVEOMA (10
7/mL) for 7 days. (I) Percentage of colocalization o

individual repeats. Results are expressed as mean ± SD, *p < 0.05, n = 6, two-way ANOV

intensity of endothelial markers compared with macrophages treated with EVEOMA+ NEP c

endothelial marker intensity in treated group compared with control group. Results are e

isolated from HE tumor after delivering the antagomir-126 by TNT showed a similar pat

tification (M) confirms it. Results are expressed as mean ± SD, *p < 0.05, n = 6, two-wa
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trajectory-powered analysis indicated that the highly plastic cluster 4
upon exposure to EVEOMA changed its state and gave rise to a new
cluster (cluster 7). This new cluster was enriched in genes such as allo-
graft inflammatory factor 1 (Aif1) and chemokine (C-C motif) ligand
5 (Ccl5), known to cause progression of hemangioma.62–65 Interest-
ingly, in a previous report, Aif1 expression was detected in 89% of
hemangioma specimens, with a specific location in endothelial cells.62

Characterization of Aif1hiCcl5hi cells using Gene Ontology (GO) an-
alyses indicated the increased expression of Ccl2 along with other
genes involved in the vasculature development process (Figures 4E,
4F, and S9; Table S6). Our previous work has directly implicated
Ccl2 in HE development by recruitment of Mɸ to the tumor site.35 In-
hibition of inducible Ccl2 expression improved HE tumor out-
comes.66 Using Ccl2 knockout mice, we demonstrated that Ccl2 is
required for HE proliferation and may promote the growth of these
lesions by bolstering angiogenic behavior of endothelial cells. Anti-
CCL2 therapy in animals with intact immune systems was effective
in HE management.19 Suppression of inducible Ccl2 in the HE by di-
etary factors also inhibited tumor growth, assigning high value to this
tumor Mɸ-recruiting protein with respect to its role in HE develop-
ment.48,67 Other chemokines, such as Ccl3 and Ccl4, were also
increased in the cluster 7, suggestive of the presence of inflammatory
stimulus conferred by EVEOMA.

68 Flow sorting of AIF1hi MɸEOMA EV

(MɸAIF1+) cells also demonstrated the temporal gain of Ccl2 and Ccl4
compared with macrophages treated with miR-126 null EVs (MɸmiR-

126 null EV) (Figure S10A). A previous report has demonstrated that
endothelial cell-originating EVs enhance monocyte activation by
shifting the monocyte/macrophage balance from anti-inflammatory
activation state to a pro-inflammatory activation state.54 Presence
of such pro-inflammatory cellular clusters contributes to tumor pro-
gression.6,69 This was validated by significant increase in tumorigenic
colony formation of these flow-sorted MɸAIF1+ compared with
MɸmiR-126 null EV (Figures S10B–S10E). To characterize the Mɸ state
change, we studied the residual macrophage properties of the LYVE+

macrophage. No significant departure from Mɸ signature was
observed in MɸEOMA EV cells (65 genes out of total 88 detected genes
remained changed, logFC ±0.2) (Figures S11A and S11B). Mixed
macrophage phenotype with increased levels of tumor-promoting
age conversion to LYVE+ tumorigenic TAMs cells

subcutaneous injection of EOMA cells pre-treated with GW4869 (2.5 mg/mL� 48 h)

p and tumor progression was slow, as control group mice died on day17. *p < 0.05,

f cells significantly increased life span of HE-affected mice. Volume quantified using

A cells andM4EOMA EV. Sham cells were used frompair-matchedm4 from the same

reshold dose of EOMA cells caused tumor, (ii) sub-threshold of EOMA cells failed to

reshold dose failed to cause tumor in presence of sham cells. (E) Flipped skin shows

e-mentioned cell quantities. *p < 0.05, n = 3 and 4), one-way ANOVA. (G) Schematic

EOMA after delivering the antagomir-126 or scrambled oligonucleotides in EOMA cells

es on d7 using CD11bmagnetic sorting was stained with LYVE1, F4/80, and CDH5,

f fluorescence intensity of different endothelial markers. Images were taken on three

A. (J and K) d7 woundmacrophages treated with EVEOMA+ NEP a-miR126 showed less

i. Quantification of Pearson colocalization coefficient (K) shows significant decrease in

xpressed as mean ± SD, *p < 0.05, n = 6, two-way ANOVA. (L and M) Macrophages

tern in expressing endothelial and tumor markers to NEP, and colocalization quan-

y ANOVA. Data presented as mean ± SEM (B,F) or mean ± SD (I,K,M).
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IL10 was evident (Figure S11C). Taken together, these scRNA-seq
studies identify specific Mɸ subsets responsive to EVEOMA. The reten-
tion of macrophage characteristics in TAMLYVE1 argue in favor of a
state change as opposed to a fate change.
DISCUSSION
This work establishes a direct tumorigenic role of tumor-derived
EVs. This role is enacted by a specific miR cargo of the EV. EVs,
originating from the tumor, are loaded with miR-126, which is
known to be specifically enriched in vascular tissue. EV-borne
miR-126 is taken up by TAMs, resulting in an angiogenic state
change of such macrophages. Macrophages, affected by such
change of state, are capable of enabling tumor formation under
conditions of sub-critical tumor cell inoculation that are otherwise
known to be unable to form tumor. Topical tissue nanotransfection
of the tumor in vivo was effective in successfully delivering a-miR-
126, thus significantly lowering miR-126 abundance in tumor
tissue and causing complete involution of the tumor. This was fol-
lowed by improved survival of tumor-affected mice. TNT-depen-
dent knockdown on tumor miR-126 depleted this miR in the EV
and intercepted the angiogenic state change of macrophages neces-
sary for tumor formation.
MATERIALS AND METHODS
Cell culture

EOMA cells were maintained under the same conditions as previ-
ously described.70 In brief, cells were grown in Dulbecco’s high-
glucose (4.5 g/L) modified Eagle’s medium (DMEM) (Gibco, Life
Technologies) enriched with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin, in a humidified incubator at 37�C and
5% CO2.

For collection of wound macrophages, 8-mm round sterile polyvi-
nyl alcohol (PVA) sponges were implanted subcutaneously on the
backs of 8-week-old 129P/3 mice. On day7, Mɸ (CD11b+) were
isolated from sponges by using magnetic CD11b beads (Miltenyi
Biotec, CA) as described previously.71 The isolated cells were
cultured in RPMI-1640 medium (Gibco, Life Technologies) sup-
plemented with 10% Hi-FBS and 1% antibiotic-antimycotic for
single passage. The cells were cultured in a standard cell culture
incubator at 5% CO2. This is a routine technique in the laboratory
and has been set up under conditions that do not change cell
phenotype.71–73
Figure 4. Single-cell RNA sequencing data analysis of LYVE+ tumorigenic TAM

(A) Schematic diagram of sample collection and single-cell analysis workflow. (B) Unifo

clustered into 14 clusters. Each cell is represented as a dot. (C) Schematic representatio

all untreatedM4 and between cluster 7 versus cluster 4. (D) Trajectory inference of cells f

sample (right). (E) Violin plots representing expression level ofCcl2 in M4, M4miR126 null EV

of upregulated genes found in both comparisons M4 EOMA EV versus M4 or in cluster 7 v

in both comparisons M4EOMA EV versus m4 and cluster 7 cells versus cluster 4 cells. Nod

cells, but not in cluster 7 cells versus cluster 4 cells. Nodes with golden color represen

M4EOMA EV versus M4 cells. Data presented as mean ± SEM.
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Animals

All animal protocols were approved by the Institutional Animal Care
and Use Committee (IACUC) of the Indiana University, Indianapo-
lis, Indiana. Mice were maintained under standard conditions at
22�C ± 2�C with access to food and water ad libitum. 129P/3 mice
(6–8 weeks old, female) were purchased from Jackson Laboratories.
HE tumors were produced as previously described.35 Briefly, 5 million
live EOMA cells (per mouse) were injected subcutaneously into
dorsum of the 129P/3 mice. Trypan blue stain is used to quantify
the live cells to ensure that each mouse gets the same number of
live cells. Tumor volume was determined by using calipers to measure
length � width � height of each tumor, as previously described.35

Tumors were harvested on day 10 after EOMA cell injection, and tis-
sues were collected frozen in OCT (optimal cutting temperature)
compound for histological analyses and liquid nitrogen for RNA
isolation.

Human subjects

Human samples were collected from the Institutional Review Board
(IRB)-approved study (ClinicalTrials.gov identifier NCT01598116).
Declaration of Helsinki protocols was followed, and patients gave
their written informed consent. Urine and tumor samples were
collected from children with hemangioma at the Hemangioma and
Vascular Malformation Clinic and the Primary Care Clinic at Nation-
wide Children’s Hospital, Columbus, Ohio using inclusion and
exclusion criteria as reported previously.22 Urine samples from age-
matched and healthy volunteers were collected and analyzed as
controls.

Isolation of EVs from cell culture medium

EOMA cell conditioned medium from the culture plates was centri-
fuged at 500 � g for 5 min to remove cell debris. The supernatant
was again centrifuged at 3,400 � g for 15 min and 10,000 � g for
45 min to remove cell organelles. The supernatant from the differen-
tial centrifugation was used for ultracentrifugation (Beckman Coulter
OptimaMax-XP Ultracentrifuge, Rotor TLA 120.2) at 75,000 rpm for
2 h. The pellet was resuspended in phosphate-buffered saline (PBS)
and pelleted again by ultracentrifugation. These EVs were character-
ized for size and concentration by Nanosight S300, Malvern
Panalytical.

Isolation of EVs from mouse tumor tissue

After being collected from the mouse, HE tumor tissue was ground
in liquid nitrogen and dissolved in PBS. After a brief vortex and
s cells identified the cellular trajectories responsible for tumor growth

rm Manifold Approximation and Projection (UMAP) of the filtered data (23,250 cells)

n of the differential expression analysis performed between all EVEOMA treated versus

rom clusters 4 and 7 colored by clusters (left), pseudotime (middle), or the originating
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mini-centrifugation, supernatant was collected and centrifuged at
5,000 � g for 15 min followed by 20,000 � g for 45 min. The super-
natant was used for ultracentrifugation at 75,000 rpm for 2 h. The pel-
let was resuspended in PBS and centrifuged again at 75,000 � g for
2 h. These EVs were characterized for size and concentration by
Nanosight S300, Malvern Panalytical, and used for transmission elec-
tron microscopy (TEM) imaging.

Nanoparticle tracking analysis

Extracellular vesicles were characterized for size and concentration by
using Nanosight S300 (Malvern Panalytical). After dilution in PBS
100 times, each EV sample was loaded into a microfluidics chamber
by using a syringe pump and captured at 20� magnification. Five
representative videos of 30 s were documented for each sample and
particle size, and concentrations were averaged.

Oxford nanoimaging

To visualize EVs under super-resolution microscopy, we followed
manufacturer’s protocol. EVs were isolated from Cy3-labeled
miR126 (catalog [cat.] no. # CS-MmiR-SN0099-SN-01-20,
GeneCopoeia) transfected EOMA cells conditioned media, incubated
with NHS ester 488 for 30 min at room temperature (RT), and dia-
lyzed overnight in carbonate buffer. Next day, EVs were incubated
with Alexa Fluor 647-conjugated CD81 antibody at 4�C. Next day,
the surface of each lane of the capture chip was prepared by using sur-
face solutions. A mixture of EV samples and capture supplement was
added to the lanes and incubated for 50 min at RT by shielding from
light. After washing three times with the wash solution, samples were
fixed with the fixation buffer for 10 min at RT. Before imaging under
super-resolution microscopy, BCubed imaging buffer was added to
the lanes. Images were obtained at 100� magnification. Cy3 scram-
bled control oligonucleotide for miRNA (cat. no. # CS-CmiR-
SN0001-SN-01-20, GeneCopoeia) and Alexa Fluor 647-labeled
immunoglobulin (Ig) G (antibody conjugation kit, cat. no. #
A10475, Invitrogen) were used as negative controls.

Transfection

EOMA cells were seeded (1 � 105 cells/well) in a 12-well plate. After
achieving the�70% confluency, transfection was performed by deliv-
ering miRCURY LNA miRNA hsa-miR126-3p inhibitor (QIAGEN,
cat. No. YI04109148) or miRIDIAN miRNA hairpin inhibitor nega-
tive control (cat. no. IH-001005-01-20) using DharmaFECT transfec-
tion reagent (GE Dharmacon) and OptiMEM serum-free medium
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). Fresh
medium was added after 4 h of treatment. EOMA cells were collected
after 72 h of transfection to look for miR-126 abundance. EVs were
isolated from the conditioned medium as described above and
used to treat the wound Mɸ, and 107 EVs were used to treat 0.5
million Mɸ on d1, d3, and d7 after isolating from the PVA
sponges. These Mɸ were used for immunocytochemistry (ICC)
staining. For generation of miR-126 null EVs, MAE cells were trans-
fected with miRCURY LNA miRNA hsa-miR126-3p inhibitor using
DharmaFECT transfection reagent. EVs were isolated from condi-
tioned medium by using differential ultracentrifugation and analyzed
for the miR-126 levels (Figure S6N), and 107 EVs were used to treat
0.5 million Mɸ until d7.

Transduction and stable cell-line creation

EOMA cells (1 � 105) were seeded in a 10-cm-diameter dish 24 h
before transduction in DMEM media with 10% FBS and 1% peni-
cillin/streptomycin. Cells were treated with 10 mL of virus (MOI-
10) having Cdh5-CD81-copGFP plasmid vector (Applied Biolog-
ical Materials, Richmond, BC, Canada). After 3 h, fresh medium
was added. Cells were observed under confocal microscope (63�
magnification) to check for successful transduction. After 72 h,
cells were subjected to different concentrations (1 mg/mL,
2.5 mg/mL, 5 mg/mL, and 10 mg/mL) of puromycin to optimize
it for stable cell-line creation. EOMA cells were used as control
for standardization of puromycin concentration. After standardi-
zation, 2.5 mg/mL of puromycin was used for stable cell-line crea-
tion. These transduced EOMA cells (5 million per mouse) were in-
jected subcutaneously into 129P3/J mice for HE tumor formation.
Tumors were harvested on d10 in OCT compound for immuno-
histochemistry (IHC) staining.

Nanochannel electroporation

In vitro nanochannel electroporation (NEP) was performed as previ-
ously described.38 Briefly, 1� 105 EOMA cells were seeded in Corning
12-mm Transwell membrane cell culture inserts in high-glucose
(4.5 g/L glucose) DMEM medium supplemented with 10% FBS and
1% penicillin/streptomycin. After 24 h, medium was replaced with
sterile PBS and inserts were placed on a gold-coated electrode in
direct contact with the plasmid solution. A counter-electrode was
then immersed in the PBS of the insert, and a square wave pulse
(275 V, 35-ms pulse duration, 10 pulses) was applied across the elec-
trodes using Bio-Rad Gene Pulser Xcell power supply. Fresh medium
was added after the delivery. Cells were delivered with either LNA
miRNA hsa-miR126-3p inhibitor (50 mM) or control inhibitor
(50 mM). After 72 h, EVs were isolated and characterized as described
above, and 107 EVs were used to treat 0.5 million Mɸ on d1, d3, and
d7 after isolating from the PVA sponges. TheseMɸwere used for ICC
staining and RT-PCR for miR-126 abundance.

TNT

In vivo TNT was performed as previously described.74–77 Briefly, after
the first sign of tumor (d3 after injecting the EOMA cells), either
50 mMLNAmiRNA hsa-miR126-3p inhibitor (TNTa-miR-126) or con-
trol inhibitor (TNTsham) was delivered into the tumor by placing the
TNT chip directly over the tumor. A gold-coated electrode (the cath-
ode) was immersed in the plasmid solution and a 24G needle (the
anode) was inserted intradermally, juxtaposed to the TNT platform
surface (Figure S1A). To nanoporate the cell membranes, electrical
stimulation (250 V, duration 10 ms, 10 pulses) was applied across
the electrodes. Three doses were given on d3, d7, and d10. Laser
speckle imaging (PeriCam PSI High Resolution, PeriMed) was per-
formed to analyze cutaneous perfusion. Tumors were collected on
d10 in either OCT for IHC or in liquid nitrogen for RT-PCR or
used to isolate TAMs.
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In vitro angiogenesis assay

Four-well plates were coated with 100 mL of Matrigel (Cultrex Base-
ment Membrane Extract reduced growth factor; R&D Systems,
Minneapolis, MN) and allowed to solidify for 30 min at 37�C.
EOMA cells transfected with antagomir-126 and control inhibitor
were seeded (50,000 cells/well) on top of the Matrigel and main-
tained in a cell culture incubator. After 12 h, cells were stained
with 3 mM calcein-AM (Invitrogen) for 15 min at 37�C in a cell cul-
ture incubator. Tube formation was observed, and images were
captured at 10 � magnification under laser-scanning confocal sys-
tem (CARL ZEISS confocal microscope LSM 888, Zeiss, Germany).
Tube length was quantified by using ZEN software (Zen blue) as
reported.78

TAM isolation

After being disrupted mechanically, tumors were digested with 40 mL
of DNase 1 (15 mg/mL, Roche, Germany) along with 40 mL of Liber-
ase DL (Roche, Germany) and 80 mL of Liberase DL (Roche, Ger-
many) for 1 h at 37�C. Red blood cells were lysed with RBC lysis
buffer (Invitrogen, CA). TAMs (CD11b+) were isolated by using mag-
netic CD11b beads (Miltenyi Biotec, CA). The isolated cells were
cultured in RPMI-1640 medium (Gibco, Life Technologies) supple-
mented with 10% Hi-FBS and 1% antibiotic-antimycotic. The cells
were cultured in a standard cell culture incubator at 5% CO2 and
used for ICC and RT-PCR for miR-126 abundance.

Western blot

EVs were lysed with RIPA buffer containing a proteinase and phos-
phatase inhibitors (Cell Signaling) and the protein concentration
determined using a standard BCA protein assay. Samples (25 mg of
protein/lane) were separated using 4%–12% sodium dodecyl sul-
fate/polyacrylamide gel electrophoresis. The membranes were
blocked with 5% milk in Tris-HCL Tween buffer for 1 h at RT and
incubated overnight at 4�C with Alix (Novus Biologicals, JM 85-31,
1:1,000), HSP-90 (Abcam, ab59459, 1:1,000), CD9 (Novus Biologi-
cals, SA35-08, 1:1,000), CD63 (Novus Biologicals, SY21-02,
1:1,000), and CD81 (Invitrogen, MA5-32333, 1:1,000). Next day,
membranes were incubated with secondary antibodies, horseradish
peroxidase-conjugated donkey anti-rabbit-IgG (1:2,000, cat. no.
NA934V, lot no. 9583369; Amersham Biosciences, Piscataway, NJ)
and anti-mouse-IgG (1:2,000, cat. no. NA931V, lot no. 6652622;
Amersham Biosciences) for 1 h at RT.79 Blots were developed by us-
ing enhanced chemiluminescence plus western blotting detection re-
agents (Amersham Biosciences) according to the manufacturer’s
instructions.

RNA extraction and quantitative RT-PCR

Total RNA from cells or exosomes was extracted using an miR-
Vana miRNA isolation kit according to the manufacturer’s proto-
col (Ambion, Life Technologies).80 To measure the miRNA abun-
dance, Taqman MicroRNA Assays hsa-miR-126 (assay ID
0022280), snoRNA202 (assay ID 001232), TaqMan miRNA reverse
transcription kit (Applied Biosystems), and Taqman universal PCR
Master Mix (Applied Biosystems) were used. The quantification of
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gene expression was performed by using the comparative Ct (cycle
threshold) method.

IHC and microscopy

IHC was performed on cryosections from mouse tumor samples us-
ing specific antibody as described previously.81 In brief, tissue speci-
mens were frozen in optimum cutting temperature compound
(Miles). Frozen tissues were sectioned at 10-mm thickness and fixed
for 5 min in acetone at 4�C. Then sections were blocked with 10%
normal goat serum and incubated with specific antibodies Lyve1 (Ab-
cam, ab14917; 1:200), F4/80 (Bio-Rad, MCA497R; 1:200), and GFP
(Abcam, ab13970; 1:500) overnight at 4�C. Next day, sections
were washed and incubated with the Alexa Fluor 488 goat anti-rabbit
antibody (1:200 dilution; Invitrogen), Alexa Fluor 568 goat anti-rat
antibody (1:200 dilution; Invitrogen), and Alexa Fluor 405 goat
anti-rabbit antibody (1:200 dilution; Invitrogen) for 1 h at RT. After
incubation, the sections were incubated with ToPro3 for 5 min and
mounted in without DAPI (Vector Laboratories). Images were ob-
tained at 10� and 63� magnification by using a laser-scanning
confocal system (CARL ZEISS confocal microscope LSM 888, Zeiss,
Germany). Fluorescent intensity quantitation and colocalization
was performed by using ZEN software (Zen blue). Pearson correla-
tion coefficient was determined for each cell as a measure of colocal-
ization and was expressed as mean ± standard deviation (SD).

ICC and imaging

Macrophages (1 � 105 cells/well) were seeded on a coverslip placed
in 12-well plates for 24 h. Cells were washed with PBS, then fixed
with 4% paraformaldehyde solution for 20 min at RT. After fixation,
cells were incubated in a permeabilized buffer (0.1% Triton X-) for
10 min at RT. After washing with PBS, cells were blocked with
10% normal goat serum for 1 h at RT and stained with the Lyve1
(Abcam, ab14917; 1:200), F4/80 (Bio-Rad, MCA497R; 1:200), VE-
Cadherin (Abcam, ab33168; 1:200), and eNOS (Invitrogen, PA3-
031A, 1:200) and incubated overnight at 4�C. Next day, cells were
washed and incubated with the same secondary antibody used for
tissue section for 1 h at RT. After incubation, the cells were counter-
stained with DAPI (aqueous mount; Vector Laboratories). The im-
ages were captured by confocal microscopy (CARL ZEISS confocal
microscope LSM 888, Zeiss, Germany) at 63�magnification. Quan-
tification of the fluorescence intensity of an image and colocalization
was analyzed using ZEN software (Zen blue). Pearson correlation
coefficient was determined for each cell as a measure of
colocalization.

LCM and quantitative RT-PCR

LCM was performed using the laser microdissection system from
PALM Technologies (Zeiss, Germany).82 The mouse tissues sections
(10 mm) on membrane slides were subjected to a quick histological
staining. Briefly, sections were fixed in cold acetone for 2 min. After
washing twice with DEPC (Diethyl pyrocarbonate)-H2O, sections
were incubated with primary (F4/80 and GFP) and secondary anti-
bodies in the dark for 5 min. Subsequently, sections were washed
twice with PBS and dehydrated with increasing ethanol
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concentrations (75%, 95%, and 100% for 2 min each). Tissue sections
were cut under 20� ocular lens and samples were collected in 25 mL of
direct cell lysis extraction buffer (Invitrogen) and stored at�80�C for
further processing.

Ultrasound

A high-frequency, high-resolution ultrasound imaging system (Vevo
2100; Visual-Sonics, Toronto, Canada) with an MS 550D (22–
55 MHz) linear array transducer was used as described previously.21

Mice were anesthetized using a mixture of 1.5% isoflurane inhalant
anesthesia with 95% oxygen, and animals were placed in the supine
position on a moveable heated stage maintained at 37�C. Hair was
removed from tumors using a depilatory cream. Ultrasound scan
transmission gel was applied to the tumor surface and the probe
was positioned on a fixed stand perpendicular to the stage. The image
resolution was maintained at 100 mm laterally and 50 mm axially.
B-mode mapping was performed until clearly visualizing the tumor
anatomical location. Each targeted tumor was visualized in two-
dimensional (2D) imaging for the visualization of the tumor. Fine po-
sition adjustment was done for the highest signal intensity with
continuous adjustment of contrast dynamic range and gain until
the minimal noise appeared in the background. For tumor volume
measurement, different locations on the tumor were set up with the
transducer and B-mode recordings were made with the ultrasound
beam perpendicular to the targeted tumor. Several recordings (cine
loops), each up to 5 s, of Bmode were saved. Color Doppler flowmetry
of tumor vasculature and tumor feeder vessel flow were also recorded
using color Doppler flow imaging mode in 2D mode.

The tumor volume was measured during postprocessing. VevoLab
software (Visual-Sonics) was used to compile each 2D image slice
with other acquired slices and trace the area and depth of the wound,
resulting in volumetric data. From the real-time B-mode observation,
the framewise tracing of tumor edge borders was performed.

Single-cell sequencing and data analysis

Macrophage treatment

Mɸ (1 � 105 cells/well) were either treated or not treated with
EVEOMA (107/well). Treatment was given in three doses on d1, d3,
and d7. EOMA cells were used as controls.

Raw data processing and quality control for cell exclusion

Seurat package (v.3.1.1) in R (v.3.5.1)83,84 was used to preprocess and
visualize the data. The initial dataset, containing 26,617 cells from
three samples (untreated cells, Mɸ, 8,723 cells; cells treated with
EVEOMA containing miR-126, MɸEOMA EV, 7,700 cells; and EOMA
cells, 10,194 cells), was integrated using canonical correlational anal-
ysis (CCA) as described previously.85 Gene expression values were log
normalized and scaled to 10,000 transcripts per cell. The top 2,000
variable genes were identified using the FindVariableFeatures func-
tion in Seurat using the vst method. The algorithm first fits a line to
the relationship of the variance log and the mean log using polyno-
mial regression. Then, it standardizes the feature values using the
observed mean and expected variance, which was given by the fitted
line. Feature variance is then calculated on the standardized values.
Then principal-component analysis (PCA) was performed. For qual-
ity control, cells with more than 10% mitochondrial RNA, less than
100 or more than 7,500 detected transcripts, and cells with total num-
ber of counts more than 30,000 were excluded. Finally, genes that
were detected in fewer than three cells were excluded. Integration
of samples was performed again after excluding low-quality cells,
and the top 20 principal components were used for clustering the
cells, resulting in 14 clusters. The Uniform Manifold Approximation
and Projection (UMAP) algorithm was used for dimensionality
reduction and visualization.

Identification of clusters markers and differential expression

analysis

After excluding low-quality cells, cluster markers were identified by
comparing each cluster with the rest of the cells. Additionally, all cells
from the treated sample were compared with all untreated cells.
Furthermore, differential expression analysis was performed to
compare cluster 7 cells with cluster 4 cells. All the differential expres-
sion analyses were performed using Wilcoxon rank-sum test by
Seurat while excluding genes that were not expressed (gene level
<0) in 20% of cells in either group during each comparison. GSEA
was performed for the upregulated and downregulated genes result-
ing from comparing all treated cells versus untreated cells and for
the genes resulting from comparing cluster 7 cells versus cluster 4 cells
using adjusted p value <0.05.86 GSEA was performed against the C6
collection (oncogenic signature gene sets), which includes 189 gene
sets that represent signatures of cellular pathways, which are often
dis-regulated in cancer. Those gene sets were a collection of mainly
microarray data from NCBI GEO or from internal unpublished
profiling experiments that involved perturbation of known cancer
genes. In addition, a small number of oncogenic signatures were
curated from scientific publications.87

Vasculature development analysis

The vasculature development gene set (GO: 0001944) was retrieved
from the MGI database including 787 genes.88 The differentially ex-
pressed genes with adjusted p value <0.05 and logFC >0.2, which
were found to be upregulated while comparing treated cells versus un-
treated cells or cluster 7 versus cluster 4, were annotated using the
vasculature development gene set. To identify whether treated cells
have significant alteration in macrophage activation function, a
macrophage activation gene set was retrieved from MGI database
(GO: 0042116), including 101 genes.88 We next identified the per-
centage of genes in the macrophage activation gene set to be differen-
tially expressed among all the identified genes in the single-cell
sequencing.

Pseudotime analysis of clusters 4 and 7

Subsetting cluster 4 and 7 cells from the main Seurat object was per-
formed and the monocle3 package in R was used to infer the trajec-
tory.89,90 PCA was chosen for preprocessing. Then, UMAP was per-
formed while passing cosine as the distance matrix, maximum
components to be 2, a minimum distance of 0.6, and the number of
Molecular Therapy Vol. 31 No 5 May 2023 1413

http://www.moleculartherapy.org


Molecular Therapy
neighbors to use during KNN (k-nearest neighbors) graph of 15L to
the UMAP function.

Soft agar colony-forming assay

Wound-site macrophages (Mɸ) were treated with EVEOMA for
different time points (d4, d7, d10). Next, based on the cluster markers
identified for specific clusters in a single-cell RNA seq experiment
(Figure S7C), Aif1 was used to sort cluster 7 out from the total cell
population. The colony-forming potential of such AIF1+ sorted cells
(representing cluster 7) were then quantified using CytoSelect 96-well
cell transformation assay kit (Cell Biolabs, San Diego, CA, USA).91,92

Mɸs treated with miR-126 null EVs were used as controls (Fig-
ure S6N). Briefly, a base agar layer of 0.6% agar, RPMI medium,
and 10% FBS was added into each well and covered with a cell agar
layer of the same composition containing 5,000 cells/well. After
7 days, the agar was solubilized, and the mixture was incubated
with CyQuant working solution. Fluorescence was measured at
485/520 nm using a Biotek Synergy 96-well microplate reader.

Statistical analysis

GraphPad Prism (GraphPad Software) 9 was used for statistical ana-
lyses. The DDCt value was used for statistical analysis of all RT-qPCR
data. Statistical analysis between multiple groups was performed us-
ing one-way analysis of variance with the Bonferroni multiple com-
parison test. Statistical analysis between two groups was performed
using unpaired Student’s two-sided t tests or Mann Whitney test,
and p < 0.05 was considered statistically significant. Data for indepen-
dent experiments were presented as mean ± SEM unless otherwise
stated. Pearson correlation coefficient was determined for each cell
as a measure of colocalization and was expressed as mean ± SD.
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Supplementary Figures 

Figure S1: A, EOMA cells have higher miR-126 abundance compared to MAE cells. *, p<0.05 

(n=4), Mann Whitney test. B, Schematic representation of α-miR-126 delivery into HE tumor by 

tissue nanotransfection (TNT). C, Quantification of miR-126 in tumor after delivering α-126 into 

HE tumor by TNT, *p<0.05, n=7,9, Mann Whitney test. D, FITC labeled α-126 was delivered in 

129P3/J mouse to check the efficiency of TNT delivery. 24h after delivery shows mostly in 

epidermis region. E, Abundance of miR-126 in different regions of tumor (d10) isolated using 

LCM after scramble and α-126 delivery for two doses (d3, d7) after EOMA injections, *p<0.05, 

n=4, Two-way ANOVA. F, Laser capture Micro dissection (LCM) evidences from different regions 

of tumor tissue (d10) sections before and after cut. G, Cutaneous perfusion analysis by using 

Perimed Laser speckle imaging at different timepoints post- TNTsham and TNTα-126 and its analysis 

(H) in adult mice. n=6, Two-way ANOVA. I, Tumor volume of day-matched animals for the 

control and TNTsham groups. (n=11, 5), Mann–Whitney test. J, Sequential evidences of tumor 

regression of an animal at different days after α-miR-126 delivery. K, H&E staining of tissue 

sections from animal treated with α-miR-126 in both tumor region and non-tumor region.  

Figure S2: A, Schematic diagram of isolating extracellular vesicles from cell culture conditioned 

media by differential centrifugation. B, Nanosight distribution and quantification (C) of EVs 

isolated from MAE and EOMA cells. *, p<0.05 (n=5), Mann Whitney test. D. miR-126 is more 

abundant in EOMA EV compared to MAE EV. *, p<0.05 (n=6), Mann Whitney test. E, Nanosight 

characterization of EVs isolated from control and HE patient’s urine samples. F, Schematic 

diagram of experimental plan for isolation of mouse urine samples after different days (d3 and 

d10) after EOMA cell injection. G, Transmission electron microscopy (TEM) images of negatively 



stained EV with 2% uracyl acetate after removing the moisture.  H, EV size distribution pattern of 

mouse urine samples collected at different days. 

Figure S3: A, Plasmid vector map showing CDH5 promotor driven recombinant plasmids 

encoding CD81 with GFP. B, Confocal images shows expression of GFP tagged exosomes in 

EOMA cells (endothelial cells) but, not in keratinocytes, shows GFP tagged plasmids are specific 

for endothelial cells. 63× magnification. C, Optimization of puromycin concentration to generate 

transduced EOMA stable cell line. Representative day4 images after treating with 2.5µg/ml 

puromycin shows live transduced EOMA cells, not EOMA cells. D, Selection of stable transduced 

cells after treating with 2.5µg/ml puromycin. 

Figure S4: A, Full image representation of F4/80 (Mϕ marker) and LYVE1 (endothelial marker) 

labelled tumor section and their colocalization (B) for Figure 3 H.10× magnification. C, Elaborated 

images for Figure 3G (63× magnification). Immuno labelling with F4/80, LYVE1 and GFP of 

tumor core, TAMLYVE1 and tumor perimeter. D, H&E image shows tumor regions 1, Tumor core, 

2, TAMLYVE1 region, 3, tumor perimeter region. E, Graphical representation of tumor regions, LCM 

samples have been collected. 

Figure S5: A, Expression of M1 and M2 markers in TAMLYVE1 region captured by LCM. M2 

markers were more abundant in GW4869 treated HE tumor compared to control HE tumor. Tumors 

were collected on day10. *, p<0.05 (n=6), Mann Whitney test. B, Tumor tissue sections from HE 

patient’s samples were stained with anti-LYVE (EOMA cell marker) and anti-CD68 (Mϕ marker) 

shows greater than 50% of EOMA cells (LYVE1) co-expressed with CD68+ (C). *, p<0.05 (n=5), 

Mann Whitney test. D, Mouse tumor sections (d10) were stained with anti-LYVE1 and anti- F4/80+ 

(Mϕ marker) shows about 50% of EOMA cells (LYVE+) co-expressed F4/80+ (E). *, p<0.05 (n=5), 

Mann Whitney test. 



Figure S6: A, in vitro nanoelectroporation (NEP) delivery of nucleotides into cells based on the 

voltage gradient. B, Propidium Iodide (PI, 1μM/ml) immuno-staining of MAE and EOMA cells 

after delivering scrambled and antagomiR126 at 24, 48, 72h using NEP. *, p<0.05 (n=5), One way 

ANOVA. C, Evidence of successful knockdown (RT-PCR) of miR-126 level after 48h of NEP with 

control and α-126 *, p<0.05 (n=5,6), Mann Whitney test. D, Matrigel angiogenesis assay was used 

to evaluate the functional effects of miR-126 knockdown in vitro. Cells were stained with calcein-

AM, and the area within the formed tubes was quantitated (E) by analyzing three high powered 

fields per well using AxioVision Rel 4.8 software. *, p<0.05 (n=5), Mann Whitney test. F, EV 

content was measured using nanosight detection and EV specific inhibition of miR-126 was 

established (G) in control and α-126 delivered cells. *, p<0.05 (n=4-6), Mann Whitney test. H, PI 

immuno-staining of control inhibitor (100nM) and α-126 (100nM) transfected (72h) EOMA cells. 

(n=5), Mann Whitney test. I, Significant change in miR-126 levels in EOMA cells after 

transfecting with α-126, *, p<0.05 (n=6), Mann Whitney test. J, Matrigel assay shows decrease in 

tube formation after mir-126 inhibition by transfection compared to control inhibition. K, 

Quantification of tube formation by analyzing three high powered fields per well using AxioVision 

Rel 4.8 software. *, p<0.05 (n=3,4), Mann Whitney test. L, EV isolated from these transfected 

cells showed less miR-126 abundance (M) in α-126 group. *, p<0.05 (n=6), Mann Whitney test. 

N, Transfection of α-126 to MAE cells resulted in miR-126 knock down in EV (EVα-126). EV 

isolated from MAE cells (EV) and MAE cells transfected with control inhibitor (EVcon inh) were 

used as controls. *, p<0.05 (n=6), One way ANOVA.  

 

Figure S7. Quality check and identification of clusters markers. 



(A) UMAP representing all cells before excluding low quality cells. (B) UMAP representing all 

cells with low quality cells colored by black and cells which passed quality check colored with 

grey. (C) Dotplot showing relative expression level of top 3 markers for each cluster. Aif1, more 

abundant in cluster 7, was used to sort the cluster 7 specific cells from Mϕ treated with EVEOMA 

for tumorigenicity assay (Figures S10B – S10C). (D) Top transcription factors, transmembrane 

receptors and cytokines upregulated in cluster 7 when compared to the rest of the cells (using 

adjusted p value < 0.05 and logFC > 0.2). Red stars over x axes-es represents cluster 7. 

Figure S8. Differential expression analysis and gene set enrichment analysis of Mϕ vs 

MϕEOMA EV. A, Heatmap representing relative expression level of top 10 upregulated and 

downregulated genes between Mϕ vs MϕEOMA EV. B, GSEA results with FDR q-val < 0.05 for DEG 

when comparing Mϕ vs MϕEOMA EV using adjusted p value < 0.05 and logFC cutoff +-0.2. C, 

Heatmap representing relative expression level of top 10 upregulated and downregulated genes 

between cluster 7 and cluster 4. D, GSEA results with FDR q-val < 0.05 for DEG when comparing 

cluster 7 cells vs cluster 4 cells using adjusted p value < 0.05 and logFC cutoff +-0.2. 

Figure S9. Expression level of upregulated vasculogenic genes in cluster 7 or in MϕEOMA EV. 

A, Violin plots representing expression level of genes Mϕ, MϕmiR-126 null EV and MϕEOMA EV.  Genes 

are found to be upregulated in MϕEOMA EV compared to Mϕ and also upregulated in cluster 7 

compared to cluster 4. B, Violin plots representing expression level of genes found to be 

upregulated in MϕEOMA EV compared to Mϕ, but not in cluster 7 compared to 4. C, Violin plots 

representing expression level of genes found to be upregulated in cluster 7 compared to cluster 4, 

but not in MϕEOMA EV compared to Mϕ. *, p<0.05 (n=6), student’s t-test.  



Figure S10. A, Time dependent increased expression of chemokines (Ccl2, Ccl3, Ccl4, Ccl5) in 

Mɸ treated with miR-126 null EV (Figure S6N) (MɸmiR126 null EV) and cluster 7 specific 

macrophages, sorted by using Aif1 (MɸAIF1+) (Figure S7C). p<0.05 (n=3), Two-way ANOVA. B, 

Time dependent increase in colony formation in MɸAIF1+ as compared to MɸmiR126 null EV displayed 

no colonies in soft gel agar plate. Representative images show colonies from each cell type. 10× 

magnification. C, Fluorescence based quantification of cell transformation assay at 485/520 filter. 

p<0.05 (n=5, 10), One-way ANOVA. D, Representative images show colony formation of EOMA 

cells, but not Mɸ. 10× magnification. E, Fluorescence based quantification of cell transformation 

assay of Mɸ and EOMA cells at 485/520 filter. p<0.05 (n=5), student’s t-test.  

Figure S11. Analysis of genes involved in macrophages activation process. 

A, Heatmap representing relative expression of genes found in our data having role in macrophage 

activation based on the gene ontology term macrophage activation (GO:0042116). B, Pie chart 

representing the number of upregulated, downregulated and not altered genes identified to have a 

role in macrophage activation. 
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Supplementary Tables:  

Sup Table 1: Number of cells in each cluster in the samples analyzed for single cell RNA 
sequencing 

Sup Table 2: Top 10 markers for each cluster identified in single cell RNA seq data 

Sup Table 3: Differentially expressed genes in MɸEOMA EV compared to Mɸ 

Sup Table 4: Differentially expressed genes in Cluster 7 vs Cluster 4 

Sup Table 5: Gene Set Enrichment Analysis (GSEA) between Mɸ and MɸEOMA EV 

Sup Table 6: Vascular development genes analyzed between samples 
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