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The cellular response to extracellular vesicles is 
dependent on their cell source and dose 
Daniel W. Hagey1,2*, Miina Ojansivu3†, Beklem R. Bostancioglu1,2†, Osama Saher1,2,4,  
Jeremy P. Bost1,2, Manuela O. Gustafsson1,2, Roberto Gramignoli1, Mathias Svahn5,  
Dhanu Gupta1,2,6, Molly M. Stevens3,7, André Görgens1,2,8‡, Samir EL Andaloussi1,2‡ 

Extracellular vesicles (EVs) have been established to play important roles in cell-cell communication and shown 
promise as therapeutic agents. However, we still lack a basic understanding of how cells respond upon exposure 
to EVs from different cell sources at various doses. Thus, we treated fibroblasts with EVs from 12 different cell 
sources at doses between 20 and 200,000 per cell, analyzed their transcriptional effects, and functionally 
confirmed the findings in various cell types in vitro, and in vivo using single-cell RNA sequencing. Unbiased 
global analysis revealed EV dose to have a more significant effect than cell source, such that high doses 
down-regulated exocytosis and up-regulated lysosomal activity. However, EV cell source–specific responses 
were observed at low doses, and these reflected the activities of the EV’s source cells. Last, we assessed EV- 
derived transcript abundance and found that immune cell-derived EVs were most associated with recipient 
cells. Together, this study provides important insights into the cellular response to EVs. 
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INTRODUCTION 
Extracellular vesicles (EVs) are lipid membrane-enclosed structures 
associated with diverse biologically active molecules. The transfer of 
these renders EVs important mediators of intercellular communi-
cation and has brought attention to their therapeutic and diagnostic 
potential (1–4). EVs are secreted by all cells, but their protein (5) 
and nucleic acid (6, 7) cargo varies greatly dependent on their pro-
ducer cell and mechanism of biogenesis (8). This diversity of cargo 
can impart varied functions on EVs from different cell sources, such 
as specific cell targeting (9, 10) or unique signaling responses, al-
though the mechanisms controlling this remain unclear (11). A 
second poorly described aspect is the relationship between dose 
and physiological responses, which is critical to the clinical 
outcome of EV-based therapeutics (12, 13). This is evident from 
various studies where bimodal or inverse dose-dependent effect 
has been observed upon EVs treatment (14–20). The doses of EVs 
currently used for in vitro assays are relatively high compared to 
their physiological levels (14, 21). 

RESULTS 
To judge the common and specific cellular responses to EVs from 
different cell sources, we devised an experimental set up whereby 
human fibroblasts were left untreated, incubated with storage 

buffer (22), or treated with EVs for 24 hours before analysis by 
RNA sequencing (Fig. 1A) (23). Although the role of EVs in 
immune cell processes are well established (24, 25), fibroblasts 
were used since they represent a common primary human cell 
type that is receptive to treatment with EVs (26). We analyzed 
EVs from 12 cell sources, which were separated into five groups 
of similar cell types: BJ-5ta fibroblasts, bone marrow, umbilical 
cord blood, and Wharton’s jelly–derived mesenchymal stem cells 
(MSCs) were classified as MSC/fibroblasts. Human umbilical cord 
endothelial cell (HUVEC) and Panc-1 cell lines were grouped as ep-
ithelial cells. Human embryonic kidney (HEK) 293T adherent and 
HEK293 freestyle suspension cells were the same cell type under dif-
ferent growth conditions. Human amniotic epithelium (HAEC) 
and CEVEC’s Amniocyte Production (CAP) amnionic fluid cells 
were associated as being of in utero origin. Last, THP1 monocyte 
and Jurkat “T cell” lines were labeled as originating from immune 
cells. To confirm the presence of EVs, multiplex bead–based flow 
cytometry analysis of the EV-associated tetraspanins CD9, CD63, 
and CD81 was performed, while nanoparticle tracking was used 
to determine their concentrations (Fig. 1B and fig. S1A) (27). Five 
thousand fibroblasts were then plated and treated with 20, 2000, or 
200,000 particles per cell (105, 107, or 109 total particles per well). To 
assess the effects of these treatments, the cells were imaged under a 
light microscope and analyzed by flow cytometry to evaluate cell 
viability. This revealed no gross morphological changes or toxic 
effects of any of the EVs used (Fig. 1C and fig. S1, B and C). 

Because of the myriad different pathways potentially regulated 
by EVs, we took an unbiased and global approach to assessing 
their effects on responder cell transcriptomes. Thus, all samples 
were mapped together using a t-stochastic neighbor embedding– 
nearest neighbor (tSNE-NN) strategy based on the most variably ex-
pressed genes across the dataset (28). Although the resulting map 
agglomerated samples together, regions could be identified, such 
that all untreated and storage buffer–treated samples clustered 
closely together (Fig. 1D). To quantify whether this grouping was 
based on the dosage or cell source of the EVs cells were treated 
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with, Infomap clustering was performed to separate samples into 
four distinct clusters (#1 to 4; Fig. 2, A to C). The non–EV- 
treated samples were highly enriched within cluster 1, and thus 
these were used together as controls in future comparisons 
(Fig. 2, A, C, and D) (29). When assessing the cell source groupings, 
no clear enrichment of the samples in specific clusters was observed 
based on this parameter (Fig. 2, B and D). In contrast, a clear gra-
dient of cells treated with different doses of EVs was observable, and 
these were enriched in specific clusters. Hence, cells treated with 20 
EVs were mostly found in cluster 2, those exposed to 2000 EVs were 
concentrated in cluster 3, and samples incubated with 200,000 EVs 
per cell were primarily located in cluster 4 (Fig. 2, C and D). 

To determine what genes separated fibroblasts treated with high 
and low doses of EVs, we performed differential expression analysis 
between controls and all samples treated with the same dose of EVs, 

regardless of their cell of origin (30). To understand the function of 
the genes that were differentially expressed, gene ontology analysis 
was applied to these sets of differentially expressed genes (29, 31). 
This revealed that treatment with 200,000 EVs per cell significantly 
increased the expression of genes involved in autophagy, response 
to stress and transmembrane transport (Fig. 2E and fig. S2, A to C). 
In contrast, high doses of EVs repressed genes involved in exocyto-
sis, extracellular matrix organization, and differentiation (Fig. 2E 
and fig. S2, A, D, and E). To confirm that the transcriptomic 
changes observed had functional consequences in EV treated 
cells, we made use of an established HEK293T line expressing 
CD63-ThermoLuc, which allows the EVs secreted from these cells 
to be quantified (Fig. 2F) (32). As suggested by our transcriptomic 
data, addition of increasing quantities of unlabeled exogenous EVs 

Fig. 1. RNA sequencing of fibroblasts treated with 12 EV types at three doses. (A) Schematic depicting the experimental design of EV treatment and RNA sequencing. 
(B) Multiplex bead–based flow cytometry analysis of control [immunoglobulin G (IgG)] and common EV tetraspanin markers (CD9, CD63, and CD81) capture beads using a 
pan-tetraspanin antibody mix for detection. (C) Bright-field images showing representative fibroblasts after seeding and untreated, or treated with storage buffer or 
20,000 EVs derived from one of 12 different cell types, after 24 hours in culture. Scale bars, 100 μm. (D) tSNE-NN map of the fibroblast RNA sequencing data. This includes 
five untreated and five storage buffer–treated samples as controls, as well as triplicates from all EV treatment experiments at doses of 20, 2000, or 200,000 particles per cell.  
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to the cell media resulted in a dosage-dependent decrease in the 
quantity of engineered EVs secreted by the cells (Fig. 2G). 

To assess the cellular responses to EVs from the different cell 
sources, separate differential expression analyses were performed 
between controls and cells treated with EVs from each of the cell 
sources at each of the different doses. Unexpectedly, this revealed 
the most differentially expressed genes when comparing control 
cells to those treated with 20 EVs per cell, and the least differentially 
expressed genes in the cells exposed to 200,000 EVs per cell 
(Fig. 3A). To ensure that this was not due to structural differences 
in the different datasets, we checked the variation, fold change, and 
expression levels of the differentially expressed genes but found no 
statistical differences between these parameters at the different 

treatment doses (fig. S3, A to C). To understand whether the gene 
dysregulation observed represented a generalized cellular response 
to EVs, the overlap between the genes differentially expressed by the 
different cell sources was assessed at each EV dose. This revealed 
that the genes dysregulated by treatment with 200,000 EVs per 
cell were very similar, regardless of the EV cell source, while those 
dysregulated by 20 EVs per cell were specific for each cell source 
(Fig. 3B). This trend was maintained when comparing between 
doses, such that genes dysregulated by treatment with 200,000 
EVs per cell were more similar to those altered by treatment with 
2000 EVs per cell than with 20 EVs per cell (fig. S3D). This 
pattern further explains the distribution of samples observed in 
Fig. 1D; hence, global analysis disregards genes dysregulated in 

Fig. 2. EV treatment dose determines fibroblast transcriptomic responses. (A and C) tSNE-NN map from Fig. 1C with samples colored by Infomap cluster identity (A), 
EV cell type group (B), or EV dose per cell (C) fibroblast samples were treated with. (D) Overlap enrichment scores between samples’ Infomap cluster identity and EV cell 
type group (left) or treatment dose (right). (E) Gene ontology term fold enrichment for genes up-regulated in control over cells treated with 200,000 EVs (white), 20 over 
200,000 EV-treated cells (light gray), 200,000 over 20 EV-treated cells (dark gray), or 200,000 EV treated over control cells (darkest gray). P values for statistically significant 
terms are inset and negative values without fold change listed show no enrichment. (F) Schematic depicting the experimental design of exocytosis assays. (G) Violin plots 
of luciferase signals from CD63:ThermoLuc HEK cell EVs in media of untreated cells or those treated with 200, 2000, or 20,000 wild-type HEK EVs per cell (n = 4). Sample 
mean is shown as a large solid dot, SE as a horizontal line, and individual data points as rings, with statistics performed as two-tailed, unpaired t tests and P values 
displayed.  
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Fig. 3. Low doses of EVs produce unique transcriptional responses, while high doses induce lysosomal activity. (A) Violin plots of the raw number of significantly 
up- and down-regulated genes between control fibroblasts and those treated with each EV type at doses of 20, 2000, or 200,000 EVs per cell. Sample mean is shown as a 
large solid dot, SE as a horizontal line, and individual data points as rings. (B) Overlap enrichment scores of genes up- and down-regulated by the different EV types at 
doses of 20, 2000, or 200,000 EVs per cell. (C) Gene ontology term fold enrichment for genes up- or down-regulated by ≥5 EV types when treated with 20 (white and light 
gray) or 200,000 (dark gray and darkest gray) EVs per cell. P values for statistically significant terms are inset in bars. Values beside bars with hash marks show their fold 
enrichment beyond the graph scale, while negative bars with hash marks and no value represent no enrichment. (D) Representative microscopy images of LAMP1 
immunostaining in HEK and CAP EV–treated fibroblasts at 24 hours. The diffraction-limited image of each spot is depicted, followed by the STORM image of the corre-
sponding area and a zoom-in to the area indicated with the white rectangle. LAMP1 is shown in orange and green fluorescent protein (GFP)–EVs (only visualized in 
diffraction-limited mode) in green. Scale bars, 5 μm in diffraction-limited and full-view STORM images and 1 μm in STORM zoom-in images. (E) Violin plots of the LAMP1- 
labeled lysosomal area, as measured by STORM microscopy, in untreated fibroblasts (n = 6), or those treated with HEK or CAP (n = 3) cell–derived EVs at doses of 20, 2000, 
or 200,000 per cell. Statistics were performed by Wilcoxon signed-rank tests with Bonferroni correction for multiple comparisons, with significant values above control 
shown in (E).  
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individual samples. This result suggests that treatment with low 
doses of EVs produces profound, EV cell source–specific, transcrip-
tional changes, while exposure to high doses of EVs produces a stan-
dardized cellular response. 

To understand the biological processes commonly affected by 
EVs from multiple cell sources, gene ontology analysis was used 
to profile genes that were up- or down-regulated by at least five 
types of EVs at a single dose (table S1). This showed that genes 
down-regulated by treatment with 20 EVs per cell involved antero-
grade vesicle targeting, while those that were up-regulated partici-
pated in gene expression. In contrast, genes commonly down- 
regulated by treatment with 200,000 EVs per cell were involved in 
endocytosis, while those that were up-regulated had roles in lyso-
somal hydrolase activity (Fig. 3C). To functionally confirm that 
high doses of EVs up-regulate lysosomal activity, we turned to 
high-resolution stochastic optical reconstruction microscopy 
(STORM) to visualize lysosomal dynamics by Lysosomal-Associat-
ed Membrane Protein 1 (LAMP1) staining (33, 34). Hence, expos-
ing fibroblasts to CD63-mNeonGreen (mNG)–engineered EVs 
from HEK293 freestyle or CAP EVs revealed that lysosomes ap-
peared larger in cells treated with high doses of EVs. Moreover, 
these enlarged lysosomes were associated with abundant CD63- 
mNG EVs (Fig. 3, D and E). Last, quantifying the lysosomal area 
using a machine learning–aided workflow confirmed that lyso-
somes were significantly larger when cells were exposed to the 
200,000 EVs per cell in comparison to the 20 EV per cell dose 
(Fig. 3D and fig. S4, A to C). 

This functional in vitro confirmation of our transcriptomics data 
led us to question whether the same responses to high EV doses 
could be observed in vivo. To judge this, we injected mice with 
HEK freestyle EVs, which were engineered to express CD63- 
mNG, dissected their livers 3 hours after injection and sorted 192 
mNG+ cells for single-cell RNA sequencing (Fig. 4, A and B, and fig. 
S5A). Following mapping to the mouse genome and quality control 
cell filtering, we produced a tSNE-NN map of the remaining cells 
based on the most variable genes in the dataset (fig. S5, B to D). The 
map showed no obvious groupings, and labeling with common 
markers of the most abundant cell types in the liver (hepatocytes: 
ASGR1 and A1BG; Kupffer cells: CD14 and VSIG4; and endothelial 
cells: EDNRB and OSMR) suggested the cells to be hepatocytes 
(Fig. 4C and fig. S5E) (28, 35). To separate these cells based on 
the dose of EVs they were exposed to, we mapped the reads from 
each cell to the human genome and assessed the ratio of human 
to mouse reads in each cell (Fig. 4D). Since HEK cells are a 
human cell line, this allowed us to separate the single cells into 
four groups describing their EV dose (low, medium low, medium 
high, and high). By comparing the distribution of these groups 
with unbiased clustering, we observed that low– and high–EV- 
dosed cells were enriched in separate clusters (Fig. 4, E to G). Dif-
ferential expression analysis between low– and high–EV-dosed cells 
revealed high–EV-dosed cells to be enriched in genes involved in 
lysosome acidification, assembly, and localization. In contrast, 
low–EV-dosed cells showed higher expression of genes involved 
in EV biogenesis, endocytosis, and homeostasis (Fig. 4H). 

Next, we sought to directly assess differences in the cellular re-
sponse to EVs from the various cell sources. Since the most robust 
and unique transcriptional responses to EVs were observed at the 
lowest doses, control fibroblast transcriptomes were mapped to-
gether with those exposed to 20 EVs per cell from the different 

cell sources (Fig. 5A and fig. S6A). Quantifying the clusters where 
different EV-type treated samples were distributed suggested that 
immune- and HEK-derived EVs produced the least, while in 
utero- and MSC-derived EVs yielded the greatest, transcriptional 
changes in comparison to control cells (Fig. 5B). To study the 
genes regulated by EVs from specific cell types, we analyzed those 
significantly up- or down-regulated by each EV type in at least two 
of the dosage experiments performed (Fig. 5C and table S2). In 
general, the genes regulated by MSC- and epithelial cell–derived 
EVs were relatively similar to one another, while HEK-, in utero–, 
and immune cell–derived EVs elicited distinct cellular responses. 
When comparing the effects of EVs originating from cells of the 
same group, only epithelial cell–derived EVs regulated highly over-
lapping gene sets (fig. S6B). 

One possibility is that different types of EVs induce responses 
that reflect the cellular or niche activities of their source cells. To 
test this hypothesis, gene ontology analysis was applied to the 
genes identified as regulated by each EV type (Fig. 5D). Wound 
healing is often associated with MSC-derived EVs (24), and this 
analysis revealed that EVs from all of the MSC, as well as HAEC 
and THP1, lines induced genes involved in this process. Similarly, 
homotypic cell adhesion is an important property of epithelial cells, 
and the EVs from both of these cell types, in addition to those from 
Wharton’s jelly connective mucosa and CAP cells, promoted the ex-
pression of such genes. In contrast, only HEK cell–derived EVs up- 
regulated genes involved in amino acid activation, only in utero 
cell–derived EVs induced genes promoting DNA synthesis, and 
only immune cell–derived EVs elicited a cellular response involving 
immune system processes (Fig. 5D). To judge whether these tran-
scriptional effects were translated into functional cellular activities, 
we assessed the effect of EVs from different cell types on the angio-
genic capacity and proliferation of HUVEC cells as quantifiable 
proxies of wound healing and DNA synthesis, respectively. Thus, 
we first confirmed that these phenotypes were robustly reflected 
in the gene ontology analysis of MSCs and in utero cell–derived 
EV treated cells, respectively (fig. S6, C and D). We then applied 
cord blood MSC–, HEK293T-, CAP-, and THP1 cell–derived EVs 
to HUVEC endothelial cells in a tube formation assay. These results 
showed only cord blood MSC EVs to significantly stimulate endo-
thelial cell branching, in agreement with our transcriptional data 
(Fig. 5, E and F). Next, we assessed the proliferation of the treated 
cells and found that CAP-, and to a lesser extent, HEK-, and MSC 
cell–derived EVs were able to activate the cell cycle (Fig. 5G). These 
results confirmed that the EV-specific transcriptional patterns de-
tected in the sequencing data were borne out in functional cellular 
activities. 

To further break down the cellular response to individual EV 
types, we began by mapping control fibroblasts with those 
exposed to different doses of each of the EV types separately. This 
showed the 20 EV per cell dose to be most separated from control 
cells as frequently as the 200,000 EV per cell dose, and that these two 
doses most often clustered away from each other with control cells 
intervening (fig. S7). To characterize the genes that responded to 
individual EV types, the genes dysregulated by EVs from the 
same cell source group were compared (table S2). In the MSC/fibro-
blast group, the transcriptional changes observed were most similar 
in response to cord blood MSC– and BJ-5ta–derived EVs (fig. S8A, 
B). The cellular responses to different types of MSC-derived EVs 
were appropriate to their tissue of origin, such that bone marrow  
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MSC–derived EVs regulated immune processes and Wharton’s jelly 
MSC–derived EVs up-regulated DNA replication (fig. S8C). Simi-
larly, both epithelial cell EVs up-regulated aerobic respiration genes 
and down-regulated those associated with epithelial migration (fig. 
S9, A and B). Unexpectedly, EVs from adherent and suspension 
HEK cells produced relatively unique responses, with suspension 
cell EVs stimulating proliferation and adherent cell EVs activating 
metabolism genes (fig. S10, A and B). The genes regulated by both 
in utero–derived EV types were involved in cell cycle activity, a trait 
that was also observed in response to EVs derived from other cells 
supporting fetal growth (figs. S8C, S9C, and S11, A and B). Last, 
immune cell EVs also produced responses that mirrored the cell 
types they were derived from. For instance, THP-1 monocyte EVs 
induced production of interleukin-8 (IL-8), while Jurkat T cell EVs 
up-regulated genes involved in T cell proliferation and both stimu-
lated a response to the cytokine IL-3, which is secreted by cells of 
both the myeloid and lymphoid lineages (fig. S12, A and B) (36). 

As one of the greatest interests in EV research is in using them to 
deliver therapeutics, one important question is whether EVs from 
certain cell sources are more readily taken up than others by target 
cells. To assess this, we first performed RNA sequencing directly on 

the different EV samples to capture the mRNAs that each carried, 
which appeared to be long (fig. S13A). To visualize the differences 
in mRNA cargo between EVs from different cell sources, the EV 
transcriptomes were mapped together and clustering was per-
formed on this dataset (Fig. 6A and fig. S13B). Except for the in 
utero–derived EVs, the associations between EV transcriptomes 
from the different cell groups resembled those of their cellular tran-
scriptional responses, with HEK and epithelial cell EVs separating 
MSC and immune cell–derived samples (Figs. 5B and 6B). Next, we 
identified transcripts that were consistently enriched or depleted in 
each EV type by performing differential expression analysis between 
them (Fig. 6C). Comparing these genes showed that EVs from the 
same cell source group carried relatively overlapping transcripts, 
except in the case of HEK cells cultured under different conditions 
(Fig. 6C and fig. S13C). 

To track the relative cellular association of EVs at different doses, 
the presence of transcripts that were most abundant in each type of 
EVs, but not expressed in control fibroblasts, was assessed. As ex-
pected, this showed that cells treated with the lowest doses of EVs 
tended to contain the fewest EV-derived transcripts. However, most 
EV types did not increase the association of their transcripts with 

Fig. 4. High doses of EVs activate lysosomal and repress membrane trafficking genes in vivo. (A) Schematic depicting CD63-mNG HEK293 freestyle EV injection, liver 
dissection, and single-cell RNA-sequencing experiment. (B) FACS dot plots and gating of single-cell mNeonGreen levels generated during cell sorting of control and EV- 
injected mouse liver (n = 2). (C) Single-cell RNA-sequencing tSNE-NN maps colored on the basis of the expression of a hepatocyte (ASGR1), Kuppfer (CD14), or endothelial 
cell (EDNRB) marker. (D) Histogram showing cell’s ratios of human to mouse mapped reads and the cutoffs (red lines) used to separate populations of cells having taken 
up low, medium low, medium high, and high numbers of EVs. (E and F) tSNE-NN maps colored on the basis of cell’s human to mouse mapped reads group (E) or Infomap 
cluster identity (F). (G) Overlap enrichment scores between cells’ Infomap cluster identity and human to mouse mapped reads group. (H) Gene ontology term fold 
enrichment for genes up-regulated in high (dark gray) or low (light gray) human to mouse mapped reads cells.  
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target cells at higher doses, as eight of 12 EV types showed little 
change or even lower levels at higher doses. The four EV types 
that exhibited a dosage-dependent increase in their transcripts 
above control cell levels were derived from Panc-1, HAEC, THP1, 
and Jurkat cells (Fig. 6D). This pattern of association also held true 
when unrelated transcripts, previously found to be specifically en-
riched in each EV type, were analyzed (Fig. 6C and fig. S13D). 

DISCUSSION 
In recent years, research on the potential medical applications of 
EVs, in diagnostics and therapeutics, have raced ahead of our un-
derstanding of their basic biological functions. This is illustrated by 
the experimental design of most EV research, which applies one 
type of EV at a single dose (14). However, by performing a global 
analysis of the effects of EVs from 12 cell sources at three different 
doses, our findings have revealed fundamental pitfalls in this ap-
proach. Hence, our results demonstrate that dosing should be a fun-
damental consideration when testing EVs as therapeutic modalities 

Fig. 5. EVs produce transcriptional responses reflective of their cell source. (A) tSNE-NN map of control and 20 EV per cell treated fibroblast transcriptomes colored by 
the cell source group of the EVs they were treated with or by their Infomap cluster. (B) Overlap enrichment scores between samples’ Infomap cluster identity and the EV 
cell type group they were treated with. (C) Numbers of genes significantly up- or down-regulated by each type of EV at more than one dose and their cell source group. (D) 
Gene ontology term fold enrichment for genes robustly up-regulated in fibroblasts by each of the EV types, colored on the basis of their cell source group and ordered 
according to (C). P values for statistically significant terms are inset and negative values without fold change listed show no enrichment. (E) Bright-field images of HUVEC 
cells during the invasion assay. Scale bars, 100 μm. (F) Quantification of the number of branches formed by HUVEC cells exposed to EVs from different cell sources (n = 14 
to 17). (G) Quantification of cell proliferation in HUVEC cells exposed the EVs from different cell sources (n = 8). Sample mean is shown as a large solid dot, SE as a 
horizontal line, and individual data points as rings, with statistics performed as two-tailed, unpaired t tests.  
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and that performing dose-response experiments should be a prereq-
uisite to publication. 

There are several important considerations to the interpretation 
of this work. First, although the doses analyzed were chosen on the 
basis of those used in literature, the highest doses are unlikely to 
reflect physiological conditions and likely overload the endocytic 
machinery. Second, isolation of EVs using tangential flow filtration 
(TFF) retains large proteins, which may be counted as EVs and 
affect dosing or induce non–EV-mediated signaling. Last, despite 
using an optimized storage buffer (22), the freezing of EVs after iso-
lation may denature proteins and contribute to the stress responses 
we observed. Despite these caveats, we found that the greatest tran-
scriptional responses were observed when EVs were applied at low 

doses. In contrast, high doses activated genes involved in lysosomal 
activity and increased their size, regardless of the EV source. Al-
though the 3-hour time point studied here in vivo does not reflect 
the rapid uptake of nanoparticles by Kupffer cells in the liver, it 
allowed us to confirm the vesicle trafficking transcriptional pheno-
types we observed in vitro and demonstrate that dosing will also 
have an impact on the clinical application of EVs. Thus, it was in-
teresting that EV-borne transcripts were only detected in target cells 
after treatment at high doses. Together, these results suggest that 
EV-mediated surface protein signaling is most robust at low 
doses, as this likely best reflects the situation in vivo, while the de-
tection of specific cargo requires higher doses of EVs. However, 
such high doses are likely only necessary because of the low 

Fig. 6. EV-derived transcripts from different source cells vary in their associations with recipient cells. (A) tSNE-NN map of EV transcriptomes colored by their cell 
source group or Infomap cluster. (B) Overlap enrichment scores between EV’s Infomap clusters and cell source group. (C) Numbers of genes repeatedly enriched or 
depleted in each EV type when compared with at least three other EV types. (D) Violin plots of the fold difference in fibroblast expression of transcripts highly abundant 
in each type of EV over their basal levels in control fibroblasts, when treated with 20, 2000, or 200,000 EVs per cell. Sample mean is shown as a large solid dot, SE as a 
horizontal line, and individual data points as rings. Best fit line is overlaid in red, with the slope of each line displayed below.  
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efficiency of most EV engineering strategies. This suggests that op-
timizing the loading and targeting methods could reduce the dose 
of EVs necessary and improve their therapeutic efficacy. At the very 
least, standardized and comparable dosing should become common 
practice in EV research. 

Another significant finding of this work is that EVs from differ-
ent cell sources produce specific transcriptional responses in recip-
ient fibroblasts. These cellular responses corresponded with the 
activities and phenotypes of the EV source cells. Hence, MSC- 
derived EVs induced wound healing, epithelial cell–derived EVs 
up-regulated cell adhesion genes, in utero–derived EVs promoted 
proliferation, and immune cell–derived EVs activated genes in-
volved in immune system processes. However, these effects are de-
pendent on numerous variables during the in vitro production of 
EVs, as adherent and suspension HEK cultures produced very dif-
ferent EVs. Mechanistically, both EV surface proteins and internal 
cargo have both been shown to play a role in influencing cellular 
responses. Here, the inverse correlation between doses showing 
EV-transcript delivery and transcriptional changes suggests that 
EV cargo has a less potent effect in this regard and indicates that 
therapeutics are best targeted to the EV surface. Nonetheless, 
most EV pharmaceuticals are designed as cargoes, and in this 
respect, it was concerning that most EVs did not deliver their tran-
scripts in a dose-dependent fashion. Although it is possible that dif-
ferent EV types bear varying quantities of mRNA, it was thus 
interesting that the two EV types most capable of this were 
derived from immune cells. As these cell types also produced 
among the most muted transcriptional changes in recipient cells, 
these may represent a promising tool for the delivery of therapeutic 
molecules. 

The field of EV research has grown rapidly based on the promise 
that they hold for the unprecedented targeting of therapies. Al-
though this has led to a proliferation of engineering strategies and 
disease targets, our basic knowledge of how cells react to endocy-
tosed EVs is lacking. This work provides important insights into 
the target cell response to EVs derived from different cell types at 
different doses. Although our global approach is different to the as-
sessment of a targeted therapeutic, this research demonstrates that 
the cells used to produce EVs and the doses applied should be care-
fully assessed to fit each project’s specific goals. 

MATERIALS AND METHODS 
EV source cell culture 
Cell lines were cultured in the following media: Immortalized, 
human bone marrow–, and umbilical cord–derived mesenchymal 
stromal cells (hTert + MSCs) were cultured in MEM-α modification 
medium (containing L-glutamine; Thermo Fisher Scientific) sup-
plemented with basic fibroblast growth factor (5 ng/ml; Sigma- 
Aldrich, F0291). Wharton’s jelly MSCs were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM)–low glucose [containing Glu-
taMAX-I and sodium pyruvate; glucose (1 g/liter); Invitrogen], BJ- 
5ta fibroblast cells (fibroblast immortalized with TERT) were cul-
tured with 4:1 mixture of Dulbecco’s medium [containing 4 mM 
L-glutamine, glucose (4.5 g/liter), and sodium bicarbonate (1.5 g/ 
liter)] and Medium 199 [Hygromycin B (0.01 mg/ml)/10687010; 
Thermo Fisher Scientific], HUVEC were cultured in Vascular Cell 
Basal Medium (PCS-100-030, ATCC), supplemented with endothe-
lial cell growth Kit-VEGF [PCS-110-041, American Type Culture 

Collection (ATCC)], PANC-1 cells were cultured in DMEM/F12 
(containing 2.5 mM L-glutamine and 15 mM Hepes], HEK293T 
cells were cultured in DMEM [containing GlutaMAX-I and 
sodium pyruvate; glucose (4.5 g/liter); Invitrogen], HEK293 Free-
style suspension cells (HEK293FS; Thermo Fisher Scientific) were 
cultured in FreeStyle 293 Expression Medium (Thermo Fisher Sci-
entific), and CAP amnionic fluid cells were cultured in serum-free 
protein expression media (Thermo Fischer Scientific) with Gluta-
MAX-I and puromycin (2 μg/μl), in 125-ml polycarbonate Erlen-
meyer flasks (Corning) in a shaking incubator (Infors HT 
Minitron) according to the manufacturer ’s instructions. HUAC 
amniotic epithelium, which were isolated from human placentae 
as previously described (37), were cultured in Dulbecco’s medium 
[containing 4 mM L-glutamine, glucose (4.5 g/liter), and sodium bi-
carbonate (1.5 g/liter)] supplemented with nonessential amino acid, 
β-mercaptoethanol, and 5% Stemulate (Cook Regentec). THP1 
monocyte and Jurkat T cell lines were cultured in RPMI-1640 
medium (containing GlutaMAX-I and 25 mM Hepes; Invitrogen). 
Unless indicated otherwise, all cells were supplemented with 10% 
fetal bovine serum (FBS; Invitrogen) and 1× antibiotic-antimycotic 
(anti-anti) (Thermo Fisher Scientific). All cell lines were grown at 
37°C and 5% CO2 in a humidified atmosphere and regularly tested 
for the presence of mycoplasma. 

EV production and purification 
For EV harvesting, cell culture–derived conditioned media (CM) 
was changed to OptiMem (Invitrogen) 48 hours before harvest of 
CM as described before (38). Unless indicated otherwise, all CM 
samples were directly subjected to a low-speed centrifugation step 
at 500g for 5 min followed by a 2000g spin for 10 min to remove 
larger particles and cell debris. Precleared cell culture supernatant 
was subsequently filtered through 0.22-μm bottle top vacuum filters 
(Corning, cellulose acetate, low protein binding) to remove any 
larger particles. EVs were prepared by TFF. For the TFF EV prepa-
ration, precleared CM was concentrated via TFF by using the KR2i 
TFF system (Spectrum Labs) equipped with modified polyethersul-
fone hollow fiber filters with 300-kDa membrane pore size (MidiK-
ros, 370 cm2 surface area, Spectrum Labs) at a flow rate of 100 ml/ 
min (transmembrane pressure at 3.0 psi and shear rate at 3700 
sec−1) as described previously (38). Amicon Ultra-0.5 10-kDa 
MWCO spin-filters (Millipore) were used to concentrate the 
sample to a final volume of 100 μl. EV samples were stored at 
−80°C in phosphate buffered saline (PBS)– human albumin treha-
lose (HAT) buffer (22). 

Nanoparticle tracking analysis 
Nanoparticle tracking analysis (NTA) (39) was applied to determine 
particle size and concentration of all samples using the NanoSight 
NS500 instrument equipped with NTA 2.3 analytical software and 
an additional 488-nm laser. The samples were diluted in 0.22-μm 
filtered PBS to an appropriate concentration before being analyzed. 
At least five 30-s videos were recorded per sample in light scatter 
mode with a camera levels of 11 to 13. Software settings for analysis 
of scatter particles were kept constant for all measurements (screen 
gain, 10; detection threshold, 7). The analysis was performed with 
the screen gain at 10 and detection threshold at 7 for all 
measurements.  
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EV uptake experiments 
Five thousand human primary fibroblasts (NIGMS Human Genetic 
Cell Repository #GM08402) were seeded into flat bottom 96-well 
plates and incubated with 90 μl of full medium with 10 μl of PBS- 
HAT buffer containing 1 × 105, 1 × 106, 1 × 107, 1 × 108, or 1 × 109 

EVs for 24 hours. Cells were then washed twice with PBS and 
analyzed. 

RNA sequencing 
Cell or EV RNA was extracted (32) and precipitated as previously 
described (3) by incubating 500 μl of TRI reagent (Sigma- 
Aldrich), adding 100 μl of chloroform and shaking vigorously. 
After a 15-min incubation, samples were centrifuged at 12,000g 
for 15 min at 4°C and 300 μl of aqueous phase was mixed with 
300 μl of isopropanol, 30 μl of 3 M sodium acetate, and 1 μl of 
pellet paint (Merck) and incubated over night at −20°C. The next 
morning, samples were centrifuged at 20,000g for 30 min at 4°C, the 
pellets were washed two times with 700 μl of 70% ethanol, before 
drying and resuspending in 15 μl of elution buffer (Qiagen). RNA 
concentrations were measured using Qubit RNA high-sensitivity 
assay (Thermo Fisher Scientific) and 2 ng was used to generate 
full-length complementary DNA by Smart-seq2, which uses an 
oligo dT primer (23). Fifty–base pair single-end reads were se-
quenced on a HiSeq3000 (Illumina), converted to fastq using 
bcl2fastq, adapters trimmed using Trim Galore, and the resulting 
reads aligned to the ENSEMBL human transcriptome GRCh37 or 
ENSEMBL mouse transcriptome GRCm39 using Tophat 2.1.1. To 
generate the normalized count matrix, DEseqDataSetFromMatrix 
and estimateSizeFactors were applied from the DEseq2 package in 
R (30). 

Clustering, differential expression, and gene ontology and 
overlap enrichment analysis 
Variable genes above six normalized counts and transcriptome 
mapping was performed as previously described (28, 29). Briefly, 
Euclidian distances between samples were derived from tSNE anal-
ysis using the Rtsne package and maps were assembled by applying 
force-directed connections between each sample and its 25 NNs for 
Figs. 1 and 2 and 40 NNs for Fig. 4. Infomap clustering and visual-
izations were produced using the igraph package in R. Differential 
expression between groups indicated was performed using the 
Deseq2 package in R. Genes with an adjusted P value below 0.05 
were separated on the basis of whether they were up-regulated or 
down-regulated and analyzed using panther.org complete biologi-
cal processes statistical overrepresentation test version 10.5281/ 
zenodo.4081749, released 09 October 2020. A control gene set 
was constructed from all up- and down-regulated genes graphed to-
gether and the fold enrichments displayed for each individual group 
were calculating by dividing their enrichment by that of the same 
term in the control group. Gene overlap enrichment was performed 
as: (# overlapping genes) / (# genes in group one) × (# genes in 
group two) (29). 

Relative gene similarity and heatmaps 
The relative similarity between two samples within a group was cal-
culated by taking ratio of the number of significantly differentially 
expressed genes between two groups over the average number for 
each individual sample. This produced enrichment scores that 
were then averaged to give the similarity between groups, 

whereby relatively low numbers of differentially expressed genes 
between two groups produced high similarity scores. Heatmaps 
were then generated using the gplots package in R. 

Exocytosis quantification 
Cellular exocytosis levels were judged as in (32) by seeding 50,000 
HEK293T:CD63-ThermoLuc cells per well in 24-well plates and 
culturing in full medium for 48 hours. Media was then changed 
to OptiMEM with or without the number of wild-type HEK EVs 
indicated and cultured for a further 48 hours. Media was then col-
lected, centrifuged at 2000g for 10 min, and lysed in 0.1% Triton-X. 
Luciferase signal was then used as a proxy for EV secretion from 
cells by injecting 25-μl Luciferase reagent and measuring on a 
GloMax96 Microplate Luminometer (Promega). 

STORM microscopy and lysosome size quantification 
Fibroblasts were fixed for 15 min in 4% paraformaldehyde (PFA) 
and 0.2% glutaraldehyde, washed three times in PBS, and stored 
at 4°C until imaged. The immunostaining was conducted right 
before the STORM image acquisition. Briefly, the samples were per-
meabilized with 0.05% Triton X-100 (Sigma-Aldrich) in PBS for 5 
min at room temperature. A 1.5-hour blocking step in 3% bovine 
serum albumin (BSA; Thermo Fisher Scientific) in PBS was per-
formed, followed by overnight +4°C incubation of the primary an-
tibody (anti-LAMP1 D2D11 XP Rabbit mAB, Cell Signaling 
Technology, #9091), diluted 1:200 in 3% BSA. Following washes, 
the samples were treated for 1.5 hours with 1:1000 diluted second-
ary antibody (donkey anti-rabbit Alexa Fluor 647, Invitrogen, 
A31573). The antibodies were fixed with 2% PFA for 10 min at 
room temperature, and nuclei were stained with 40,6-diamidino- 
2-phenylindole (DAPI; Invitrogen, D1306; 1:5000 dilution in PBS, 
5 min at room temperature). 

Imaging was performed as in (30). Briefly, samples were soaked 
in imaging buffer and STORM was performed on a Nikon Ti Eclipse 
inverted microscope. Green fluorescent protein (GFP) and DAPI 
were acquired in diffraction limited mode, while LAMP1 was 
imaged as STORM. A 256 × 256 pixels region of interest was 
imaged and a diffraction-limited image was acquired for reference 
before starting the STORM acquisition. Each image consists of 
30,000 frames, with an exposure time of 30 ms per frame, and 
four to five images were acquired for each sample. Image stacks 
were reconstructed with the ThunderSTORM plugin in Fiji with 
drift correction and sigma-based filtering (34). The final pixel size 
in the STORM visualizations was 8.7 nm. An overlay of the STORM 
image of LAMP1 staining and diffraction-limited images of GFP- 
EVs and nuclei of each region of interest is presented. 

Lysosomes in a subset of STORM images were manually anno-
tated in Fiji and a mask image was created using the region of inter-
est map function of the LOCI plugin. StarDist 2D deep learning 
model was trained for 80 epochs on 14 paired image patches of orig-
inal STORM images and manually annotated images (40). The 
quality of the trained model was evaluated with four validation 
images not used for the training (manually annotated the same 
way as the training data). The areas of objects identified with the 
deep learning model were determined with CellProfiler (version 
3.1.9.). The different groups had the following number of objects 
(lysosomes): UT, 772; HEK 20 EVs, 566; HEK 2000 EVs, 580; 
HEK 200,000 EVs, 558; CAP 20 EVs, 600; CAP 2000 EVs, 605; 
and CAP 200,000 EVs, 575.  
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Single-cell sorting, RNA sequencing, and bioinformatic 
analysis of mouse liver cells 
All experiments were approved by the Swedish Ethical Review Au-
thority of the Stockholm Region. EVs were generated and isolated 
from HEK293 freestyle:CD63-mNeonGreen cells as described 
above. EVs (5 × 1011) were injected intravenously into C57Bl6 (n 
= 2) mice, and after 3 hours, livers were dissected and single cells 
dissociated by physical disruption and passing through a 70-μm 
cell strainer. A total of 192 single cells were then sorted on a FAC-
SAria Fusion instrument (BD Biosciences) into lysis buffer (23) in 
96-well plates by gating on single, DAPI-negative and mNeon-
Green-positive cells. Sorted cells were processed for sequencing as 
described above. Reads were then mapped to the ENSEMBL mouse 
(GRCm39) and human genomes as described above. Quality 
control (QC) was performed on the basis of cells total mouse 
genome mapped reads (10,000 < passing cutoff < 300,000), genes 
detected above two normalized counts (500 < passing cutoff < 
3000), and the ratio of mitochondrial genome mapped reads 
(passing cutoff < 0.05). The ratio of human to mouse genome 
mapped reads was calculated for all cells passing QC, and these 
were used to separate them into four groups (low < 0.04 < 
medium low < 0.05 < medium high < 0.06 < high), which we 
used as a proxy for the quantity of EVs a cell had been exposed 
to. Last, cells passing QC were mapped using the tSNE-NN, with 
cells linked to their 40 NNs, and differential expression, performed 
on random pseudobulk cell groups of five or six cells dependent on 
the total number of cells in a group, strategies described above. 

Tube formation and proliferation assays 
Tube formation assay was used to evaluate the angiogenic potential 
of EVs by coculturing with HUVECs on Matrigel (Corning, 
Belford, USA). For Matrigel tube formation assay, HUVECs were 
serum starved by culturing in epithelial cell basal medium-2 
(ATCC) with 2% FBS for 5 hours. The serum starved cells were 
plated at the density of 4 × 104 cells per well on Matrigel, which 
coated the wells of 96-well plates and were equilibrated with 
EBM-2 medium (Lonza) (containing EVs with indicated concentra-
tions). As a control, HUVECs were cultured alone and with PBS. 
When cultured on Matrigel, endothelial cells aligned themselves 
into a network structure within 12 hours and the results were doc-
umented photographically using an inverted microscope 
(Olympus) at 10× magnification and then the length of tube forma-
tion, node numbers were calculated using ImageJ Software (Nation-
al Institutes of Health, Bethesda, Maryland). Proliferation was 
measured using a WST-1 assay according to the manufacturer’s in-
structions (Sigma-Aldrich). 

Quantification of EV uptake 
We first defined EV gene sets either by their enrichment compared 
to the other groups (Fig. 5C) or abundance above an average of 100 
normalized counts in each of the different EV types. We then sub-
tracted any gene expressed above an average of one normalized 
count in the control fibroblasts from these gene sets. We then 
gave genes with 0 normalized counts a value of 0.01 and looked at 
the expression of these gene sets in the fibroblasts exposed to the 
different doses of the corresponding EVs. A linear best fit curve 
was calculated in Excel for each set and the slope of that curve is 
shown inset in each graph.  

Correction (20 October 2023): In the original Supplementary Materials file, fig. S1 was a 
duplicate of Fig. 1 in the main text. The file has been updated with the correct fig. S1, and the 
HTML has been updated. 

Supplementary Materials 
This PDF file includes: 
Figs. S1 to S13 
Legends for tables S1 to S3 

Other Supplementary Material for this  
manuscript includes the following: 
Tables S1 to S3 
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