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Engineered Extracellular Vesicles Derived from Dermal
Fibroblasts Attenuate Inflammation in a Murine Model of
Acute Lung Injury
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Acute respiratory distress syndrome (ARDS) represents a significant burden
to the healthcare system, with ≈200 000 cases diagnosed annually in the
USA. ARDS patients suffer from severe refractory hypoxemia,
alveolar-capillary barrier dysfunction, impaired surfactant function, and
abnormal upregulation of inflammatory pathways that lead to intensive care
unit admission, prolonged hospitalization, and increased disability-adjusted
life years. Currently, there is no cure or FDA-approved therapy for ARDS. This
work describes the implementation of engineered extracellular vesicle
(eEV)-based nanocarriers for targeted nonviral delivery of anti-inflammatory
payloads to the inflamed/injured lung. The results show the ability of
surfactant protein A (SPA)-functionalized IL-4- and IL-10-loaded eEVs to
promote intrapulmonary retention and reduce inflammation, both in vitro and
in vivo. Significant attenuation is observed in tissue damage, proinflammatory
cytokine secretion, macrophage activation, influx of protein-rich fluid, and
neutrophil infiltration into the alveolar space as early as 6 h post-eEVs
treatment. Additionally, metabolomics analyses show that eEV treatment
causes significant changes in the metabolic profile of inflamed lungs, driving
the secretion of key anti-inflammatory metabolites. Altogether, these results
establish the potential of eEVs derived from dermal fibroblasts to reduce
inflammation, tissue damage, and the prevalence/progression of injury during
ARDS via nonviral delivery of anti-inflammatory genes/transcripts.
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1. Introduction

Acute respiratory distress syndrome
(ARDS) represents a significant burden
to health systems worldwide,[1–4] consid-
ering the need for critical care, prolonged
hospitalization times, and slow recovery.[1]

Pre-COVID-19 there were ≈200 000 cases
of ARDS reported annually in the United
States.[5–8] The mortality rate for patients
with ARDS is high , ranging between
25% and 40%.[6] ARDS is the most severe
form of acute lung injury and is normally
caused by direct or indirect injury to the
lung (i.e., infections, trauma, pneumonia,
hemorrhagic shock, among others).[9–11]

Once the lung is injured, there is signif-
icant upregulation of proinflammatory
pathways, with marked recruitment of
neutrophils, and significant secretion
of proinflammatory cytokines and other
mediators.[5,6] Although inflammation is
critical for the resolution of the underlying
condition, hyperinflammation can lead to
capillary injury, and further disruption of
the alveolar-capillary barrier, followed by
a significant influx of protein-rich fluid
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into the alveolar space.[12–14] This accumulation of edema fluid
in the interstitium and alveolar space causes impaired gas ex-
change and results in poor oxygenation, reduced carbon dioxide
excretion, decreased lung compliance, and ultimately acute res-
piratory failure. For patients with ARDS, mechanical ventilation
is used as supportive therapy to maintain adequate oxygenation.
However, the mechanical stress imposed during ventilation ex-
acerbates the initial injury and triggers a positive feedback loop
that favors inflammation, which could lead to multisystem organ
dysfunction/failure and death.[7,10]

Currently, there is no cure or FDA-approved therapy for
ARDS.[15] This unmet clinical need is especially important
considering the recent COVID-19 pandemic, where 67% of
COVID-19 patients have developed ARDS,[16–19] and in which
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lung inflammation has played a critical role in determin-
ing clinical outcomes. Although progenitor cell-based thera-
pies (e.g., endothelial progenitor cells, and mesenchymal stem
cells) have been explored to reduce inflammation and enhance
lung repair via trophic and anti-inflammatory mechanisms (e.g.,
through the secretion of multiple effector molecules, including
anti-inflammatory cytokines, growth factors, and antimicrobial
peptides),[7,8,13,20–23] significant concerns remain with respect to
potential tumorigenesis, high immunogenic responses, limited
cell sources, cumbersome and labor-intensive ex vivo processing,
and effective delivery methods.[24,25] On the other hand, while the
use of anti-inflammatory approaches to treat the pathophysiology
of ARDS has shown significant promise, efficient delivery to the
inflamed lung environment remains a major challenge in criti-
cally ill patients.[26–28]

Extracellular vesicles (EVs) are cell-derived natural carriers
that play a crucial role in mediating short- and long-range cell-
cell communication, and share molecular cues with their donor
cell.[29–32] EVs have been known to exhibit high stability in bioflu-
ids, low immunogenicity, and exceptional biocompatibility. Fur-
thermore, EVs possess an innate ability to cross biological bar-
riers, to transport and deliver a variety of active biomolecules,
including proteins, antigens, and nucleic acids, among others,
without significant restrictions on size.[33–35] Even though EVs
still face some limitations (e.g., heterogeneity,[36,37] paucity of
standardized isolation and purification protocols,[37,38] and large-
scale production for clinical use),[39,40] they have emerged as
promising drug- and gene-delivery nanocarriers capable of cir-
cumventing some of the practical and translational barriers faced
by standard nanocarrier systems.[41,42]

We have previously shown that donor cells can be engineered
to stimulate the release of engineered (eEVs) packed with spe-
cific molecular cargo for diverse therapeutic applications and that
eEVs can be functionalized with ligands of interest to achieve
targeted delivery to cells and tissues.[43–49] Here we report on
the implementation of eEVs derived from dermal fibroblasts,
loaded with genes, mRNA transcripts, and protein content of
anti-inflammatory cytokines interleukin-4 and -10 (IL-4 and IL-
10), to dampen lung injury and inflammation, and decorated with
Surfactant Protein A (SPA) to promote preferential retention by
cell compartments in the injured lung. SPA is an abundant gly-
coprotein component present in the lung surfactant, which is im-
plicated in the reduction of the surface tension at the pulmonary
air–liquid interphase, prevention of alveolar collapse, and is also
considered a major inflammatory immunomodulator.[50,51] In
light of this, in addition to enabling targeted delivery to the
lung, the presence of mRNA transcripts of SPA in the eEVs
could potentially boost the attenuation of lung inflammation
due to its role in maintaining immune homeostasis in the lung
microenvironment.[52]

These anti-inflammatory eEVs were derived 24 h after nonvi-
ral electrotransfection of adult mouse dermal fibroblasts. Our re-
sults highlight the ability of IL-4- and IL-10-loaded eEVs to re-
duce lipopolysaccharide (LPS)-induced lung inflammation and
tissue damage, in vitro and in vivo. In vitro, we observed sig-
nificant attenuation of proinflammatory cytokine secretion (IL-6,
IL-1𝛽, and TNF-𝛼), and macrophage activation. In vivo, we also
observed a significant reduction in the secretion of proinflamma-
tory cytokines (IL-6, IL-1𝛽, and TNF-𝛼), protein-rich fluid influx
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into the alveolar space, neutrophil infiltration, and tissue dam-
age in mice treated with IL-4- and IL-10-loaded eEVs as early as
6 h after treatment. In vivo studies suggest that the decoration
of eEVs with the SPA targeting ligand improves intrapulmonary
eEV retention. Metabolomics analyses also demonstrated that
anti-inflammatory eEVs also had a significant impact on the
metabolic profile of LPS-challenged mice by inducing the secre-
tion of metabolites related to key anti-inflammatory pathways.
These results establish the potential of using anti-inflammatory
eEVs, obtained via nonviral approaches, to reduce inflammation
and the prevalence/progression of lung injury during ARDS.

2. Results

2.1. Electrotransfection of Dermal Fibroblasts with IL-4, IL-10,
and SPA Leads to the Release of SPA-Decorated eEVs Loaded
with IL-4 and IL-10

eEVs were derived from adult-mouse dermal fibroblast (MDF)
cultures electrotransfected with expression plasmids for anti-
inflammatory cytokines IL-4 or IL-10 and the targeting ligand
SPA (Figure 1A). EVs released from MDF cultures electrotrans-
fected with a sham/empty pCMV6 vector were used as control
(i.e., sham eEVs). Western blot analysis confirmed the presence
of the EV marker CD63 and the cytoskeletal marker tubulin in
the donor cells, IL-10+SPA, IL-4+SPA, and sham eEVs, and a
reduced expression of the endoplasmic reticulum protein cal-
nexin detected in eEV formulations compared to donor cells
(Figure 1B). Additional EV marker proteins, including ALG-2-
interacting protein X (ALIX) and tumor susceptibility gene 101
protein (TSG101) were also found in the eEV formulations and
donor cells (Figure S1A, Supporting Information). Nanoparti-
cle tracking analysis indicated that 24 h after transfection, adult
MDFs release eEVs in the order of 5.7–6.11 × 1010 eEVs mL−1,
with an average size ranging between 190 and 226 nm for
sham and anti-inflammatory eEVs, respectively (Figure 1C, and
Figure S1B, Supporting Information). Morphological characteri-
zation of the eEVs performed via Cryo-electron microscopy (Cryo-
EM) revealed discrete eEVs with an intact structure and a char-
acteristic lipid-bilayer (Figure 1D). qRT-PCR analyses confirmed
successful transfection of adult-MDF, with significant overex-
pression of IL-4 and IL-10 after 24 h (Figure 1E). Adult-MDF also
showed significant overexpression of the targeting ligand SPA for
cells cotransfected with IL-4+SPA or IL-10+SPA, compared to
sham-transfected cells (Figure 1F). We also observed that the co-
transfection of IL-10+SPA, had a boosting effect on IL-10 expres-
sion in the donor cells, with an increase of approximately two-fold
compared to cells electrotransfected only with IL-10 (Figure 1E,F)
(p-value= 0.0140). qRT-PCR characterization of eEV content con-
firmed robust packing with transcripts for IL-4 and IL-10, 24 h
after electrotransfection of the donor cells with plasmids encod-
ing for IL-4, IL-10, IL-4+SPA, or IL-10+SPA (Figure 1G,H). Ad-
ditionally, we also verified that there is IL-4 and IL-10 protein
content associated with the eEVs as confirmed via enzyme-linked
immunosorbent assay (ELISA) of IL-4+SPA and IL-10+SPA eEV
formulations, compared to sham eEVs (Figure 1I,J). Collectively,
these results demonstrate the feasibility of packing transcripts of
anti-inflammatory cytokines IL-4 and IL-10 in eEVs and function-

alizing them with the targeting ligand SPA on their membrane
to improve intrapulmonary/alveolar interaction and retention.

2.2. Anti-Inflammatory eEVs Dampen LPS-Induced Inflammation
In Vitro

Activated monocytes play a major role in the secretion of proin-
flammatory cytokines in response to the activation of pattern
recognition receptors by pathogen- or damage-associated molec-
ular patterns.[53,54] We optimized an in vitro inflammation model
where RAW 264.7 macrophage cells were challenged with 100–
1000 ng mL−1 LPS for 3–48 h to induce significant upregu-
lation of key proinflammatory mediators such as IL-6, IL-1𝛽,
iNOS, and TNF𝛼 (Figure S2, Supporting Information). To eval-
uate the therapeutic potential of eEVs in dampening inflam-
mation, macrophages challenged with 100 ng mL−1 LPS were
co- or post-treated with IL-4+SPA, IL-10+SPA, or sham eEVs
(Figures 2A and 3A). Cell cultures that were not exposed to
LPS (i.e., control) or LPS-challenged without any eEV treatment
(i.e., LPS) were included for comparison purposes. For post-
treatment experiments, cells that had been LPS-challenged for
12 h were exposed to eEVs at a concentration of ≈2000 eEVs/cell
for 3–6 h. Subsequently, the inflammatory response was eval-
uated in terms of altered cell morphology, gene expression via
qRT-PCR, and protein secretion via ELISA. Early changes in
cell morphology were indicative and consistent with successful
monocyte/macrophage activation in response to the LPS chal-
lenge, where activated cells presented a characteristic spindle
shape with reduced roundness compared to unchallenged cells
(Figure 2B). LPS- macrophages that were eEV-treated for 3 and
6 h with IL-4+SPA or IL-10+SPA eEVs showed a significant de-
crease in the number of activated monocytes compared to control
groups (Figure 2B and Figure S3A, Supporting Information). We
also observed a significant decrease in the expression levels of
IL-6 and IL-1𝛽 for cells post-treated with IL4+SPA eEVs for 3
and 6 h compared to controls (Figure 2C and Figure S3B, Sup-
porting Information). On the other hand, cells treated with IL-
10+SPA eEVs only showed a significant reduction in the expres-
sion levels of IL-6 and IL-1𝛽 at 3 h post-treatment compared to
controls (Figure 2C). Similarly, in terms of protein expression, IL-
4+SPA eEV-treated cells showed a significant reduction in the se-
cretion of IL-6, IL-1𝛽, and TNF𝛼 at 3 h post-treatment compared
to controls (Figure 2D), while cells treated with IL-10+SPA eEVs
showed a significant decrease in IL-6 and TNF𝛼 secretion both at
3- and 6-h post-treatment (Figure 2D and Figure S3C, Supporting
Information).

For cotreatment experiments, cells treated with LPS + IL-
4+SPA eEVs or LPS + IL-10+SPA eEVs showed a significant re-
duction in IL-6 expression after 3 and 12 h of cotreatment, and
in the expression of IL-1𝛽 after 3 h of cotreatment compared to
controls (Figure 3C and Figure S4A, Supporting Information).
Moreover, cells treated with IL-4+SPA eEVs also showed a sig-
nificant reduction in TNF-𝛼 expression after 12 h of cotreatment
compared to controls, while cells treated with IL-10+SPA eEVs
showed a reduction in iNOS expression after 12 h of cotreat-
ment compared to controls (Figure S4A, Supporting Informa-
tion). In terms of protein expression, IL-4+SPA eEV-treated cells
showed a significant decrease in the secretion of IL-1𝛽 after 3 h of
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cotreatment compared to controls (i.e., LPS group) (Figure 3D).
Cells treated with IL-10+SPA eEVs showed a significant decrease
in IL-6 secretion after 3 and 12 h of cotreatment compared to
controls (Figure 3D and Figure S4B, Supporting Information).
In addition, cells treated with IL-10+SPA eEVs also showed a
significant decrease in TNF𝛼 expression after 12 h of cotreat-
ment compared to controls (Figure S4B, Supporting Informa-
tion). In terms of morphology, LPS-challenged cells cotreated for
3 h with IL-4+SPA or IL-10+SPA eEVs showed a significant de-
crease in the percentage of activated monocytes compared to con-
trols (Figure 3B). In addition, we also evaluated the effect of low,
medium, and high eEV doses on macrophage responses. We ob-
served that the dose can have an impact in the response of treated
macrophages, where lower doses of eEVs seem to have a more
beneficial effect on inflammation (Figure S5, Supporting Infor-
mation). However, this finding could also be reflecting the effect
of the increased nanoparticle load on macrophage activity.[55]

2.3. Decoration of eEVs with SPA-Targeting Ligand Leads to
Enhanced Intrapulmonary Retention and Improved
Overexpression of the Target Therapeutic Cargo

To increase the interactions with lung tissue and maximize in-
trapulmonary retention while minimizing liver clearance, eEVs
were functionalized with SPA to promote binding with the
P63/CKAP4 receptor on type II alveolar pneumocytes, which are
key modulators of inflammation in the lung.[56,57] The presence
of the functionalizing ligand SPA on the membrane of intact
eEVs was confirmed via ELISA using intact eEVs (Figure 4A).
The ability of the SPA-functionalized eEVs to preferentially ac-
cumulate in the lung was assessed in vivo using fluorescently
labeled IL-4+SPA or IL-10+SPA eEVs delivered intranasally in
9-15-week-old male mice (Figure 4B). Biodistribution analysis
conducted via IVIS at 12 h after delivery showed improved re-
tention of SPA-functionalized eEVs in the lungs compared to
nonfunctionalized (i.e., sham) eEVs (Figures 4C). Fluorescence
microscopy analyses of lung tissue sections further revealed ro-
bust interaction and retention of the SPA-functionalized eEVs
by lung cells (Figure 4D and E) compared to nonfunctional-
ized/sham eEVs. Effective transfection and overexpression of the
target cargo in recipient cells in the lung were confirmed via 3,3′-
diaminobenzidine (DAB) staining, as shown in Figure 4F,G.

2.4. SPA-Functionalized eEVs Loaded with IL-4 and IL-10 Dampen
LPS-Induced Lung Inflammation In Vivo

To assess the efficacy of eEVs in dampening inflammation in
vivo, we first established and characterized a model of acute lung
injury via intranasal delivery of 0–4 mg kg−1 LPS to 9–10-week-
old male mice (Figure S6A, Supporting Information). Lung in-
jury parameters, including abnormal BALF (i.e., altered differen-
tial cellular counts, and increased protein and cytokine content),
and secretion of proinflammatory mediators within the lung tis-
sue, were then evaluated in response to the LPS challenge. Total
protein content measurements in BALF revealed elevated protein
levels for mice challenged with 0.4 or 4 mg kg−1 LPS compared
to controls without LPS challenge, which potentially correlates
with compromised integrity of the alveolar-capillary barrier and
associated protein leakage into the alveolar space (Figure S6B,
Supporting Information). Moreover, protein expression analysis
conducted via ELISA showed a significant increase in the secre-
tion of key proinflammatory mediators (i.e., IL-6, IL-1𝛽, TNF-𝛼)
(Figure S6C, Supporting Information), with a robust increase in
the recruitment of neutrophils and decreased macrophage re-
cruitment compared to controls (Figure S6D,E, Supporting Infor-
mation). Additionally, qRT-PCR analyses of lung tissue showed
successful upregulation of the proinflammatory mediators IL-6,
TNF-𝛼, and iNOS for LPS-challenged mice (Figure S6F, Support-
ing Information).

Once we established a model of LPS-mediated acute lung in-
jury, we set to test the therapeutic effect of IL-4+SPA and IL-
10+SPA eEVs in mice challenged with 0.4 mg kg−1 of LPS. In-
tranasal delivery of eEVs was conducted 6 h after the LPS chal-
lenge, and the animals were euthanized after 12 h (Figure 5A).
Our results showed a marked reduction in neutrophil recruit-
ment in mice treated with IL-4+SPA or IL-10+SPA eEVs com-
pared to mice treated with sham eEVs (Figures 5B,C). Further-
more, we observed a significant increase in macrophage re-
cruitment for animals treated with IL-10+SPA eEVs in com-
parison with animals without eEV treatment (i.e., LPS group)
(Figure 5B,C). We also found a trend toward decreased BALF pro-
tein content compared to LPS-challenged mice without eEV treat-
ment, with robust attenuation in mice treated with IL-10+SPA
eEVs (Figure 5D). ELISA analyses revealed a significant de-
crease in the secretion of the proinflammatory mediators IL-6,
IL-1𝛽, and TNF-𝛼, in the lungs of mice treated with IL-4+SPA

Figure 1. Nonviral electrotransfection of dermal fibroblasts with IL-4, IL-10, and SPA leads to the release of eEVs loaded with IL-4, IL-10, and SPA. A)
Schematic diagram illustrating the transfection of donor cells with plasmids encoding for molecular cargo (IL-4 and IL-10) and targeting ligand (SPA), and
the generation of eEVs packed and functionalized with episomally expressed plasmids. Created using Biorender.com. B) Western blot analysis confirmed
the presence of the EV marker, CD63 in IL-10+SPA, IL-4+SPA, sham eEVs, and donor cells. Moreover, the tubulin maker (cell cytoskeleton protein) was
found in the donor cells and all eEVs formulations, and the protein calnexin (endoplasmic reticulum related) was detected in the donor cells and to a
lesser extent in the eEVs. C) The NanoSight plot shows uniform and narrow distribution across the different groups in terms of concentration and size,
with a peak at ≈200 nm (n = 3). D) Cryo-electron micrograph of IL4+SPA, IL-10+SPA, and sham eEVs revealed an intact structure. E) qRT-PCR analysis
displaying the gene expression (mRNA transcripts) of the molecular cargo (IL-4 or IL-10) into adult-MDFs donor cells compared to sham-transfected
cells (n = 3). F) Donor cells co-transfected with the molecular cargo (IL-4 or IL-10) and the targeting ligand (SPA) showing gene expression (mRNA
transcripts) via qRT-PCR compared to sham-transfected cells (n = 3). G) qRT-PCR showed that the levels of IL-4 and IL-10 mRNA loaded inside eEVs
was ≈2-3 order of magnitude higher compared to sham EVs (n = 3). H) The levels of the molecular cargo packed inside the eEVs were altered when the
donor cells were co-transfected with SPA (IL-4+SPA or IL-10+SPA eEVs), where the expression of IL-4 was found to be one order of magnitude higher
with low expression of SPA, and IL-10 was one order of magnitude lower with high expression of SPA. ELISA results of the I) IL-4 and J) IL-10 protein
content associated with the eEVs compared to that in sham eEVs (n = 3). All error bars are shown as standard error of the mean (S.E.M.). *p < 0.05 and
**p < 0.001, #significant difference with respect to the control with a p-value<0.05, One-way ANOVA and two-tailed t-test when appropriate.
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Figure 2. Early post-treatment (3 h) with IL-4+SPA and IL-10+SPA eEVs resolves activation and inflammation in LPS-challenged monocytes. A)
Schematic representation of the inflammatory response driven by RAW 264.7 monocyte cultures in vitro when treated with the endotoxin lipopolysac-
charide (LPS), and the therapeutic effect of the post-treatment with anti-inflammatory eEVs to dampen the induced inflammation. Created using Bioren-
der.com. B) Representative microscopy images illustrating changes in cell morphology revealed that nontreated rounded monocytes get activated by
the addition of the LPS, transitioning into a spindled shape typical of an activated or differentiated macrophage. Quantification analyses indicate that
cell cultures treated with IL-4+SPA and IL-10+SPA EVs have less activated monocytes compared to the LPS and sham eEV groups. C) qRT-PCR analyses
showed increased expression of IL-6, IL1-𝛽, and TNF-𝛼 compared to the control (no LPS), and a decreased expression of IL-6, and IL1-𝛽 when treated
with IL-4+SPA and IL-10+SPA eEVs. D) IL-6 and TNF-𝛼 protein expression was reduced when treated with both eEVs and IL1-𝛽 with just IL-4+SPA eEVs
(n = 3). All error bars are shown as S.E.M. *p < 0.05 and **p < 0.001, #significant difference with respect to the control with a p-value < 0.05, one-way
ANOVA.

Adv. Mater. 2023, 35, 2210579 2210579 (6 of 20) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2023, 28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202210579 by N
ational Institutes O

f H
ealth, W

iley O
nline L

ibrary on [19/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advmat.de

Figure 3. Early cotreatment (3 h) with IL-4+SPA and IL-10+SPA eEVs resolves activation and inflammation in LPS-challenged monocytes. A) Schematic
representation of the therapeutic effect of the co-treatment of RAW 264.7 monocytes with LPS and the anti-inflammatory eEVs to dampen inflammation.
Created using Biorender.com. B) The percentage of activated monocytes (spindle shape) was reduced when treated with IL-4+SPA, IL-10+SPA, and
sham eEVs. C) qRT-PCR analysis showing the expression of proinflammatory cytokines for the LPS group compared to the control, and the reduction in
IL-6, IL1-𝛽, and iNOS expression when treated with IL-10+SPA eEVs, and in IL-6 when treated with IL-4+SPA eEVs. D) At the protein level, IL-6 expression
decreased when treated with IL-10+SPA eEVs and IL1-𝛽 when treated with IL-4+SPA (n = 3). All error bars are shown as S.E.M. *p < 0.05 and **p <

0.001, #significant difference with respect to the control with a p-value < 0.05, One-way ANOVA.

or IL-10+SPA eEVs compared to mice without eEV treatment
(Figure 5E).

Tissue injury in terms of altered lung morphology was
evaluated using hematoxylin and eosin-stained lung sections
(Figure 5F). This lung tissue morphometric analysis revealed a
significant reduction in the degree of tissue injury after LPS-
challenge for animals treated with IL-4+SPA and IL-10+SPA

eEVs, with an increased number of alveoli per high power field
(hpf) (Figure 5G), and a reduced mean septal thickness and mean
linear intercept (MLI) (Figure 5H,I), compared to nontreated (i.e.,
LPS group) and sham eEVs-treated animals. Additionally, mea-
surements including elastance, compliance, resistance of respi-
ratory system, tissue elastance, tissue damping, and inspiratory
capacity, are included in Figure S7 (Supporting Information).

Adv. Mater. 2023, 35, 2210579 2210579 (7 of 20) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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2.5. Untargeted Metabolomics Analysis Reveals Differential
Metabolic Profiles in the BALF of LPS Challenged Mice Treated
with IL-4+SPA, IL-10+SPA, and Sham eEVs

An untargeted metabolomics analysis was conducted to iden-
tify metabolic changes driven by treatment with the different
eEVs formulations in mice with induced acute lung inflam-
mation. For this analysis, BALF samples were collected from
LPS-challenged mice (LPS), healthy mice (control), and LPS-
challenged mice treated with IL-4+SPA, IL-10+SPA, or sham
eEVs (sham). The liquid chromatography with tandem mass
spectrometry (LC-MS/MS) in positive and negative ionization
modes revealed 3308 features. Prior to multivariate and univari-
ate statistical analyses, data normalization was performed us-
ing auto-scaling (mean-centered, divided by the standard devi-
ation of each variable) and log transformation (Figure S8, Sup-
porting Information). Unsupervised and supervised data dimen-
sionality reduction approaches were first used to explore all the
data (Figure S9, Supporting Information). Principal component
analysis (PCA) was employed to visually discriminate the sam-
ples, however, the variance in the dataset explained by PC1 and
PC2 showed partial separation (Figure S9A,B, Supporting In-
formation). Partial-least-squares discriminant analysis (PLS-DA)
showed better clustering of the four groups (Figure S9C,D, Sup-
porting Information). Cross validation showed that 5 compo-
nents were optimal for building the model and the permuta-
tion test (n = 2000) with a p-value lower than 0.05, indicating
that PLS-DA showed a good predictive model (Figure S9E–H,
Supporting Information). After performing a pairwise compar-
ison of the LPS group against all other groups, using the super-
vised PLS-DA approach, a clear separation between the groups
was observed, indicating differential metabolomic profiles be-
tween the LPS-challenged mice and the healthy controls, and
between the LPS-challenged mice and all the eEVs treatment
groups (Figure 6A–D and Figure S10A–D, Supporting Informa-
tion). Features with an FDR < 0.1, foldchange > 2, and Vari-
able Importance in the Projection (VIP) score > 1.0 were con-
sidered significantly different between groups (Table S5, Sup-
porting Information). When samples from healthy controls were
compared to samples from mice challenged with LPS, 82 fea-
tures were upregulated in the control, while 31 were downreg-
ulated. Compared to LPS-challenged mice, BALF from the IL-
4+SPA eEV-treated mice, showed the downregulation of 33 fea-
tures, with the same number of features being upregulated;
while for the IL-10+SPA eEV-treated mice, 27 features were up-
regulated and 14 were downregulated. On the other hand, for

sham eEV-treated mice, 106 features were upregulated while 15
were downregulated (Figure 6, Figure S10, Supporting Informa-
tion, and Table S5, Supporting Information). From the set of
features that were significantly up/downregulated, only the an-
notated metabolites that are presented in Figure 7A were fur-
ther explored. 2″-Deoxycytidine 5″-monophosphate, malic acid,
N-phenylacetylglycine, 15-methylpalmitate, heptanoylcarnitine,
and fenofibrate, were among the features determined to be sta-
tistically increased between LPS-challenged animals and healthy
animals (i.e., control group). Interestingly, ascorbic acid and ox-
oglutarate were both found to be significantly upregulated in the
BALF of animals treated with IL-4+SPA and IL-10+SPA eEVs,
while tryptophan was significantly downregulated in both groups
(Figure 7A). For the IL-4+SPA eEV-treated mice, upregulation of
the monosaturated fatty acid 7-heptadecenoic acid, and downreg-
ulation of phenylalanine, isoleucine/leucine, and tyrosine were
observed. While for the IL-10+SPA eEV-treated mice, phospho-
dimethylethanolamine, adenosine, inosine, 8E-heptadecenedioic
acid, and dodecanoyl-L-carnitine were upregulated, while the
triglycerides TG(52:0) and TG(34:0) were downregulated. For the
sham eEV-treated group, several other metabolites were upregu-
lated, including uridine, citric acid, vitamin K, glucuronic acid,
ubiquinone 6, cortisone, and linoleic acid, among others. The
metabolite 9-(2,3-dihydroxypropoxy)-9-oxononanoic acid was in-
creased in BALF samples of animals treated with both, sham and
IL-10+SPA eEVs. While 7-heptadecenoic acid was increased in
BALF samples from animals treated with sham and IL-4+SPA
eEVs.

Pathway analysis comparing BALF samples obtained from
LPS-challenged mice vs eEVs-treated mice revealed an increase
in the TCA cycle for animals treated with eEVs (IL-4+SPA,
IL-10+SPA, and sham), while treatment with IL-4+SPA and
IL-10+SPA eEVS caused an increase of urea cycle and the
metabolism of arginine, proline, glutamate, aspartate, and as-
paragine. Purine metabolisms were increased upon treatment
with IL-10+SPA eEVS. Treatment with sham eEVs caused the up-
regulation of other distinct pathways including those of linoleate,
histidine, vitamin K, ubiquinone, C21-hormone biosynthesis,
glycosphingolipid, pyrimidine, de novo fatty acid biosynthesis,
among others (Figure 7B). IL-4+SPA and sham eEVs caused
an increase in the glycerophospholipid pathway, while treat-
ment with IL-10+SPA eEVs caused a decrease in this path-
way. Moreover, tryptophan metabolism was downregulated in
IL-4+SPA and IL-10+SPA eEV-treated animals. Tyrosine and
biopterin metabolism and the degradation of valine, leucine,
and isoleucine were decreased in IL-4+SPA eEV-treated animals.

Figure 4. SPA functionalized anti-inflammatory eEVs with improved lung retention and accumulation. A) Schematic representation of the detection
of SPA protein on the surface of the eEVs and data showing the successful transfer of the episomally expressed ligand SPA to the surface of the eEV
membrane confirmed via ELISA compared to sham EVs. B) Schematic diagram illustrating the intranasal delivery of fluorescently labeled lung-targeting
eEVs and analysis using an in vivo imaging system (IVIS) 12 h after delivery. A,B) Created using Biorender.com. C) IVIS images of major organs showing
accumulation of the eEVs in the lungs, with higher retention when treated with SPA-functionalized IL-10+SPA eEVs compared to nonfunctionalized
(sham) eEVs, and D) comparative analysis of the fluorescence radiant efficiency units to quantify eEV accumulation. E) Immunofluorescence images of
lung tissue samples after IVIS of animals treated with fluorescently labeled (Far-Red) sham and IL-0+SPA eEVs co-localized with the nuclei of the cells in
blue (DAPI), 12 h after intranasal delivery (arrows pointing at positive cells). F) Respective fluorescence intensity quantification of 4 lung tissue sections
per animal. Scale bar: 10 μm. G) DAB staining images showing the positive expression of IL-10 in the lungs of animals treated with IL-10+SPA eEVs
compared to sham eEVs, this signal was co-localized with the nuclei of the cells. H) Quantification of IL-10 expression (% of positive areas) in the lung
tissue showing overexpression of IL-10 in the IL-10+SPA eEV-treated group compared to the sham eEV-treated group (n = 4). All error bars are shown
as S.E.M. *p < 0.05 and **p < 0.001, #significant difference with respect to the control with a p-value < 0.05, one-way ANOVA, or two-tailed t-test when
appropriate.
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Sham eEVs on the other hand, caused a downregulation of the
phosphatidylinositol phosphate metabolism (Figure 7B). Our re-
sults show that the metabolic profiles in BALF samples of LPS-
challenged mice are clearly impacted by treatment with eEVs
loaded with IL-4+SPAor IL-10+SPA, but also significantly differ-
ent than that caused upon treatment with sham eEVs. Overall, we
were able to see that different metabolomic responses are elicited
depending on the molecular payload of the eEVs.

3. Discussion

To the best of our knowledge, this is the first report describing
the implementation of dermal fibroblasts as donor cells to de-
rive eEVs loaded with anti-inflammatory cargo and functional-
ized to preferentially target the lung tissue. In recent years, EVs
derived from progenitor cells (e.g., endothelial progenitors, and
mesenchymal stem/stromal cells) have been postulated as an ef-
fective alternative to cell-based therapies.[58] For example, EVs
derived from mesenchymal stem cells (MSCs) have been exten-
sively explored for the treatment of pulmonary diseases due to
their ability to restore epithelial cell integrity and function and to
reduce inflammation during lung injury.[37,39,59] Numerous stud-
ies have reported that MSC-derived EVs are loaded with multi-
ple effector molecules, including anti-inflammatory cytokines,
growth factors (e.g., KGF), and antimicrobial peptides.[22,58,60]

Progenitor cell-derived EVs, however, still face multiple hurdles,
including limited cell sources and increased risk for tumori-
genicity and immunogenicity. Our results suggest that dermal
fibroblasts-derived EVs could potentially circumvent many of
these barriers, not only because dermal fibroblasts represent a
viable and more abundant and readily available source of EVs,
but also due to their reduced immunogenicity likely driven by
decreased expression of the major histocompatibility complex
(MHC) on their surface.[61] Moreover, dermal fibroblasts are cur-
rently being used in clinical applications for dermal grafts, which
highlights their potential to be a promising cell source for EV-
based therapeutics.[62–65]

EVs have been shown to have a therapeutic potential to mod-
ulate inflammation in several clinical disorders.[66–68] Their pro-
and anti-inflammatory properties can be attributed to the pres-
ence of cytokine components exposed on their membrane and/or
packed in their lumen, working synergistically.[40,69] Previous
studies have shown that cytokines such as IL-4, IL-10, IL-2, IL-
12, and IL-16 are preferentially packed within the EVs, while IL-
8, IL-17, and GRO-𝛼 are mostly found on the EV surface.[69,70]

Taking advantage of this predisposition to pack cytokine com-

ponents, we proposed the implementation of IL-4 and IL-10 as
model anti-inflammatory cargo. Moreover, IL-4 and IL-10 have
well-documented properties to reduce the inflammation and
mortality associated with ARDS.[23,71] IL-10 released by activated
macrophages and Th1 cells is known to be involved in the re-
duction of proinflammatory cytokines by downregulation of Th1
cells and inhibiting the production by alveolar macrophages of
proinflammatory mediators (e.g., TNF-𝛼, IL-1𝛽, IL-6, Interferon
ϒ) involved in ARDS.[10,20,72,73] On the other hand, IL-4 possesses
immunosuppressive and anti-inflammatory properties mediated
by the inhibition of key proinflammatory mediators (e.g., TNF-
𝛼, IL-1𝛽, IL-6, IL-12, IL-8) and plays an important role on the
differentiation of CD4+ T cells to Th2 cells and monocytes into
macrophages.[72,74–76] Additional studies have reported that en-
dogenous and exogenous IL-4 are implicated in the late resolu-
tion of lung inflammation by promoting polarization of mono-
cytes toward an anti-inflammatory phenotype (M2) and neu-
trophil clearance, which dampens inflammation and enhances
lung repair.[93]

Our results highlight the ability of dermal fibroblast-derived
eEVs to safely and selectively package mRNA transcripts of the
electrotransfected anti-inflammatory cargo, reaching loading lev-
els that are 2–6 orders of magnitude higher compared to eEVs
derived from sham-transfected dermal fibroblasts. Additionally,
we also verified that besides DNA and mRNA, there is also IL-
4 and IL-10 protein content associated with the EVs. Character-
ization of the eEVs showed that morphology, size distribution,
and membrane protein content were consistent with the stan-
dards issued by the International Society for Extracellular Vesicle
guidelines.[77] Our results also demonstrate the ability of eEVs to
effectively transduce recipient cells in the alveolar environment
to trigger overexpression and secretion of IL-4 and IL-10, via ef-
fective delivery of mRNA transcripts and plasmid DNA encoding
for these cytokines. Although our results provide robust preclini-
cal data supporting the therapeutic efficacy and safety of IL-4 and
IL-10 engineered EVs using a murine model of acute lung inflam-
mation, additional studies are needed to look at toxicology, safety,
and efficacy in larger animal models before this technology can
be translated into the clinic.

EV-based payload delivery systems offer a promising cell-
free therapy, with a highly customizable platform that can po-
tentially be engineered to maximize targeted delivery, of anti-
inflammatory therapies for lung injury. This type of targeted de-
livery enables the implementation of lower doses, with limited
off-target systemic effects, which maximizes therapeutic efficacy.
While EVs have been shown to have inherent targeting character-

Figure 5. SPA-functionalized eEVs loaded with IL-4 and IL-10 dampen LPS-induced lung inflammation and tissue damage in vivo. A) Schematic diagram
depicting the experimental timeline of the intranasal delivery of 0.4 mg kg−1 LPS that elicits an inflammatory response (0 h), treatment with anti-
inflammatory eEVs delivered intranasally (6 h), and subsequent analysis to evaluate lung injury parameters (12 h). Created using Biorender.com. B,C)
Differential cellular counts showing reduced neutrophils recruitment in bronchoalveolar lavage fluid (BALF) for animals treated with IL-4+SPA eEVs
(≈70%), and IL-10+SPA eEVs (≈60%) compared to LPS-challenged mice without treatment (≈80%). D) BALF analysis shows a decreased amount
of total protein concentration for animals treated with IL-10+SPA eEVs compared to LPS-challenged mice without treatment. E) Lung tissue protein
analysis via ELISA displaying decreased expression of IL-6, IL1-𝛽, and TNF-𝛼 for animals treated with IL-4+SPA and IL-10+SPA eEVs with respect to
the LPS-challenged mice without treatment. F) Representative microscopy images of hematoxylin-and-eosin-stained lung sections at 90× magnification
used for lung tissue morphometric analysis showing a significantly higher number of alveoli per hpf (high power field) (G), decreased alveolar septal
thickness (H), and mean linear intercept (MLI) (I) for animals treated with IL-4+SPA or IL-10+SPA eEVs, compared to LPS-challenged mice without
treatment and sSham eEV-treated mice (n = 4). All error bars are shown as S.E.M. *p < 0.05 and **p < 0.001, #significant difference with respect to the
control with a p-value < 0.05, one-way ANOVA.
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istics and display tropism for particular cells or tissues,[78,79] they
can also be modified with ligands (e.g., integrins, protein ligands,
peptides, nucleic acids) to facilitate the targeting/recognition of
specific receptors for preferential binding and payload delivery,
avoiding major off-target effects.[43,80–82]

Type II pneumocytes constitute 60% of alveolar epithelial cells
and make up 10–15% of all cells present in the lungs.[83] The
relevance of this is that alveolar epithelial cells are the first line
of cells that secrete proinflammatory mediators (e.g., cytokines,
chemokines) in response to pathogenic/harmful stimuli, lead-
ing and orchestrating the recruitment of innate and adaptative
immune cells to the site of injury and/or infection.[84,85] Our
results show that the targeting ligand SPA improved intrapul-
monary retention of the eEVs with reduced liver clearance and fa-
cilitated localized delivery of anti-inflammatory payloads. SPA in-
teracts with the receptor P63/CKAP4 on alveolar pneumocytes[56]

and can also bind to Toll-like Receptor-2 (TLR2),[57] potentially
dampening the activation of the NF𝜅𝛽 inflammatory pathway
and macrophage activation.[52] SPA has also been shown to de-
crease proinflammatory mediators on LPS-stimulated alveolar
macrophages by binding to INF-Y and preventing the interac-
tion between INF-ϒ and its receptor INF-ϒR.[52] Furthermore,
SPA/P63 interaction is implicated in the reduction of alveolar sur-
face tension and prevention of alveoli collapse.[56,86] In addition,
qRT-PCR characterization revealed that eEVs also carry mRNA
transcripts of SPA (Figure 1H), which could potentially bolster
local SPA expression and may further attenuate lung inflamma-
tion due to its role in maintaining immune homeostasis in the
lung microenvironment.[52]

The most common models of ARDS included the adminis-
tration of endotoxin (LPS),[87,88] acid aspiration,[89,90] prolonged
hyperoxia,[91] mechanical ventilation with low tidal volumes,[92,93]

ischemia/reperfusion,[94] and airway installation of live bacteria
or influenza virus,[95] which can cause damage of the pulmonary
vascular endothelium and/or bronchoalveolar epithelium.[79,80]

Here we ran a comprehensive study looking into the entire pro-
cess, involving the dynamics, optimal concentration, and treat-
ment method (co- or post-treatment), of the inflammatory re-
sponse mounted by LPS in vitro and in vivo expanding on previ-
ous reports[87,88,96] (Figures S2 and S6, Supporting Information).
Moreover, we confirmed the feasibility of using LPS to simulate
an inflammatory response in vivo, to test the therapeutic effect
of the eEVs. A suitable in vivo model of ARDS has to meet some
basic criteria, including accumulation of neutrophils in the alve-
olar/interstitial space, an increase of protein concentration in
BALF representative of the disruption of alveolar-capillary bar-
rier, an increase of proinflammatory mediators in lung tissue
or BALF, and physiological changes consistent with pulmonary
dysfunction, in accordance with guidelines from the American
Thoracic Society (ATS).[97,98] Our results show that our in vivo
model induces this type of inflammatory response, and it is re-
sponsive to treatment via eEVs. The expression of LPS-induced

inflammatory mediators (i.e., IL-6, IL-1𝛽, and TNF-𝛼) was con-
sistently reduced in mice treated with IL-4+SPA and IL10+SPA
eEVs. The observed differences are consistent with previous re-
ports characterizing cytokine expression in patients with and
without ARDS.[99] Additionally, lung tissue morphometric anal-
ysis revealed the potential of eEVs to aid tissue repair, where an-
imals treated with IL-4+SPA or IL-10+SPA eEVs showed an in-
creased number of alveoli per high power field (hpf), and a re-
duced mean septal thickness and mean linear intercept (MLI),
compared to nontreated (i.e., LPS group) and sham eEV-treated
animals.

In vitro experiments on the other hand show some potential
effect of the sham eEVs to reduce some of these markers, but this
effect was not consistent across the different treatment options
evaluated (i.e., post- or cotreatment for 3–12 h). Moreover, this
effect was not observed when testing the therapeutic effect of the
different eEV formulations in vivo.

The untargeted metabolomics approach used in this study
aimed at assessing the effect of treating LPS-challenged mice
with anti-inflammatory dermal fibroblast-derived eEVs. Clus-
ter separation of healthy controls versus LPS-treated mice indi-
cates a robust change in the metabolomes of the collected BALF
samples (Figure 6A, and Figure S10A, Supporting Informa-
tion). The accumulation of heptanoylcarnitine in LPS-challenged
mice, a derivative of O-acetylcarnitine, had previously been re-
ported as part of the BALF metabolome of patients with acute
lung injury.[100] Also, the statistically significant increase of 15-
methylpalmitate and N-phenylacetylglycine was a distinguishing
characteristic for LPS-challenged mice. The former compound
is a long saturated fatty acid, which has been reported to have
pro-inflammatory effects on macrophages.[101] Although the bio-
logical significance of the accumulation of phenylacetylglycine is
unclear, its accumulation has been reported in the urine of pa-
tients with ischemic heart failure, as well as in the plasma of
rats subjected to chronic cigarette smoke exposure.[102,103] Treat-
ment of LPS-challenged mice with IL-4+SPA, IL-10+SPA, and
sham eEVs caused changes in the BALF metabolome. However,
the metabolic profiles of animals treated with IL-4+SPA and IL-
10+SPA eEVs were more similar to each other than to the sham
eEV-treated animals; as the sham eEV-treated mice clustered
apart from IL-10+SPA eEVs, IL-4+SPA eEVs, and the healthy con-
trol, with some overlapping with the LPS group (Figure S9D,
Supporting Information). Upon treatment with IL-4+SPA and
IL-10+SPA eEVs, an upregulation of ascorbic acid and oxoglu-
tarate occurred in the BALF of LPS challenged mice. Ascorbic
acid (vitamin C) is a potent antioxidant that has been reported
to provide protection against reactive oxygen species, preventing
the damaging effects of oxidative stress, and it is also known for
its anti-inflammatory role.[104,105] Previous studies have shown
that ascorbic acid attenuates systemic inflammation induced by
acute lung injury.[106] Likewise, oxoglutarate has been reported to
have antioxidant properties and to play a key role in macrophage

Figure 6. Multivariate and univariate statistical analyses of the metabolomics dataset obtained in negative ionization mode. 2D score plot of partial
squares discriminant analysis (PLS-DA) (left) showing the separation of each of the treatment groups and the LPS-challenged mice; heatmap showing
hierarchical clustering obtained based on Euclidean distance (middle); and volcano plot of univariate statistical analysis showing significant values of
the features in each treatment group in comparison with LPS-challenged mice, with fold change values >2 and false discovery rate (FDR) <0.1 (right). A)
Healthy mice (Control) vs LPS-challenged mice, B) IL-4+SPA eEV-treated mice vs LPS-challenged mice, C) IL-10+SPA eEV-treated mice vs LPS-challenged
mice, and D) sham eEV-treated mice vs LPS-challenged mice.
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Figure 7. Heatmap of annotated metabolites collected from bronchoalveolar lavage fluid (BALF) of mice. A) Heatmap of the hierarchical cluster analysis
showing the detected and annotated metabolites collected from the BALF of mice treated with 0.4 mg kg−1 LPS, treated with IL-10+SPA, IL-4+SPA, or
sham eEVs. The control treatment group consists of BALF collected from healthy mice that were not exposed to LPS. The metabolites shown in this graph
correspond only to the annotated features that had FRD> 0.1 and FC> 2 resulting from the comparison of each treatment group vs LPS-challenged mice,
calculated using one-way ANOVA. The averages of 3 technical and 3–4 biological replicates are presented. Each colored cell on the map corresponds
to a concentration value in the data table, with samples in rows and features/compounds in columns. B) Pathway analysis of upregulated pathways
after treatment with IL-4+SPA, IL-10+SPA, or sham eEVs. C) Pathway analysis of downregulated pathways after treatment with IL-4+SPA, IL-10+SPA,
or sham eEVs.
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polarization into an M2 anti-inflammatory phenotype.[107,108] In-
terestingly, these two metabolites were not significantly upreg-
ulated in any of the control groups, suggesting a potential in-
volvement in the reduction of lung inflammation. Moreover, the
upregulation of adenosine and inosine in the IL-10+SPA eEV-
treated mice could also be an indication of the therapeutic effect
of these eEVs, as these metabolites have also been reported to
play a role in anti-inflammatory processes associated with acute
lung disease.[109–112] Treatment with IL-4+SPA eEVs also showed
to cause a significant reduction of phenylalanine in BALF; the
increased accumulation of this amino acid in blood plasma has
been described as a potential biomarker and as a mortality pre-
dictor for ARDS patients.[113] Furthermore, the metabolomic
changes caused by the treatment with sham eEVs also resulted
in the upregulation of certain metabolites with antioxidant or
anti-inflammatory effects, including ubiquinone, citric acid, cor-
tisone, uridine, and linoleic acid.[114–118] We also note that the re-
sults obtained from this untargeted metabolomics analysis pro-
vide relative abundances of the metabolites, hence the use of stan-
dards in future experiments will enable further assessment of the
systemic levels of these metabolites and how they compare with
known safe levels.[119,120] Overall, after assessing the effect of IL-
4- and IL-10-loaded anti-inflammatory eEVs using an untargeted
metabolomics approach, we were able to uncover changes in the
metabolic profiles in the BALF of LPS-challenged mice, which
paves the way to having a more complete understanding of the
unexplored metabolic response of using eEVs as potential ther-
apeutic agents. Our findings shed light on the potential mech-
anisms involved in the anti-inflammatory response upon treat-
ment with the eEVs.

4. Conclusion

We describe an effective methodology to generate engineered
(eEV)-based nanocarriers derived from primary adult mouse der-
mal fibroblasts. Our results highlight how SPA-decorated IL-4- or
IL-10-loaded eEVs showed enhanced intrapulmonary retention,
and can effectively deliver IL-4 and IL-10 transcripts and plasmid
DNA to alveolar cells in the inflamed lung environment to boost
the levels of these anti-inflammatory cytokines, mitigating the
local inflammatory response. Although SPA decoration seems
to improve intrapulmonary retention, by likely improved inter-
actions with specific epithelial cell subpopulations in the lung
based on ligand-receptor interactions, the main cellular target of
the eEVs in the lung microenvironment must be further studied,
as their significant therapeutic effect is likely due to the produc-
tion of IL-4 and IL-10 by multiple types of recipient cells in the
lung (e.g., macrophages and epithelial cells). Notably, we report
that IL-4+SPA and IL-10+SPA eEVs have the ability not only to
reduce the secretion of key proinflammatory mediators such as
IL-6, IL-1𝛽, and TNF-𝛼, but also to aid tissue repair and to in-
duce significant metabolomic changes to favor activation of anti-
inflammatory pathways mediated in part by the significant up-
regulation of ascorbic acid, inosine, and oxoglutarate. These re-
sults establish the potential of using skin fibroblast-derived anti-
inflammatory eEVs, obtained via nonviral approaches, to selec-
tively deliver therapeutic payloads to the inflamed lung to reduce
inflammation, tissue damage, and the prevalence/progression of
lung injury during ARDS.

5. Experimental Section
DNA Plasmid Preparation: Plasmids used in this study (Table S1) were

obtained from OriGene Technologies, prepared via bacterial transforma-
tion, and isolated using a ZymoPure II kit (Zymo Research) for plasmid
DNA isolation, following the procedure described by the manufacturer.
DNA concentrations and quality were measured using a Nanodrop 2000c
Spectrophotometer (Thermo fisher Scientific).

In Vitro Cell Culture: Adult BALB/c mouse primary dermal fibroblasts
(adult-MDFs) were obtained from Cell Biologics (BALB-5067) and cul-
tured using complete fibroblast basal medium with the growth factor sup-
plements provided by the vendor (Cell Biologics, M2267) and incubated
at 37 °C in humidified air containing 5% CO2 (standard culture condi-
tions). Additionally, monocytes RAW 264.7, a transformed cell line de-
rived from BALB/c mice, were obtained from ATCC (TIB-71) and cultured
in RPMI 1640 medium (Gibco), supplemented with 10% heat-inactivated
FBS (Corining) at standard culture conditions.

Nonviral in vitro Transfection: Nonviral cell transfection of adult-MDFs
was performed using a Neon transfection system (Thermo Fisher Sci-
entific). Once the cells (passage <P4) reached >80% confluency, they
were detached and resuspended at a final concentration of 1.0 × 106

cells in 100 μL of electrolytic buffer. Cells were cotransfected with plas-
mids encoding for IL-4+SPA, and IL-10+SPA in a proportion of 1:1
(at 0.05 μg μL−1). pCMV6-GFP (sham/empty vector) was used as a con-
trol at a concentration of 0.1 μg μL−1. Following the procedure described by
the manufacturer, cells were transfected for 30 ms with 1 pulse at 1425 V.
This electric field allows for delivery of the molecular cargo into the cells via
transient poration of the cell membrane and by driving the genetic material
via electrophoresis. After transfection, cells were seeded in 6 wells plates
and maintained in fibroblast basal medium with all the growth factor sup-
plements provided by the vendor and supplemented with 10% exosome-
depleted FBS (GIBCO, A27208-01). Successful transfection of the molec-
ular cargo into the donor cells was verified via immunofluorescence mi-
croscopy (GFP-tag signal) and gene expression of each factor (mRNA) by
quantitative reverse transcription polymerase chain reaction (qRT-PCR).

EV Isolation and Characterization: eEVs were isolated from cul-
ture media 24 h after transfection of the donor cells, as previously
reported.[43,46,47] The culture media was centrifuged at 2000g for 30 min
at 4 °C to remove dead cells and debris. After centrifugation, Total exo-
some isolation reagent (Thermo Fisher Scientific, 44-783-59) was added
to the supernatant containing the cell-free culture media following manu-
facturer instructions. Pellets of eEVs were used fresh or stored at −80 °C
for subsequent analysis. All eEVs were characterized in solution by mea-
suring their concentration and size distribution via nanoparticle tracking
analysis (NTA) and qRT-PCR was used to verify packing of the molecular
cargo inside the eEVs prior to any experiment.

EV Isolation and Characterization—Cryo-Electron Microscopy (EM): The
intact morphology of the eEVs was evaluated via Cryo-EM. To prepare the
Cryo-EM grids, a small aliquot (3 μL) of the sample was applied to a Lacey
carbon grid or a Lacey carbon grid with a continuous ultrathin carbon layer.
After blotting away excess liquid, the grid was immediately plunged into
liquid ethane to rapidly form a thin film of amorphous ice using the Vit-
robot Mark IV system (Thermo Fisher Scientific, Hillsboro). The Vitrobot
was operated at 4 °C and 100% humidity. The blotting force was set at +1.
The blotting time was 3–5 s and the frozen grids were clipped into Au-
toGrids and transferred into Glacios CryoTEM (Thermo Fisher Scientific,
Hillsboro. OR, USA), or stored in a liquid nitrogen tank. Cryo-EM images
were captured with Falcon 3EC direct electron detector under linear mode
on Glacios Cryo-EM. The microscope was operated at an acceleration volt-
age of 200 kV, and images were collected by using EPU software at 57 000×
or 6700× nominal magnification.

EV Isolation and Characterization—Western Blot: eEV pellets were re-
suspended in 20 μL of Lysis buffer containing RIPA buffer (Thermo Fisher
Scientific, 89900), phosphatase inhibitor cocktail (Sigma-Aldric, P5726-1),
protease inhibitor cocktail (Roche, 4693116001), and 1 × 10−3 m phenyl-
methylsulfonyl fluoride (PMSF, Thermo Scientific, 36 978), vortexed for
15 min at 4 °C and incubated overnight at −20 °C. The samples were
once again vortexed for 15 min at 4 °C and centrifuged at 10 000 rpm

Adv. Mater. 2023, 35, 2210579 2210579 (15 of 20) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2023, 28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202210579 by N
ational Institutes O

f H
ealth, W

iley O
nline L

ibrary on [19/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advmat.de

for 30 min at 4 °C, and the cytosolic protein content was recovered and
quantified via Bradford assay (Bio-Rad, 500006). 14 ug of total protein
was combined with NuPAGE LDS Sample Buffer (4×) and NuPAGE Sam-
ple Reducing Agent (10×) (Thermo Fisher Scientific, NP007, NP009 re-
spectively), heated 2 min at 85 °C and loaded into 10–20% Tris-Glycine
mini gels (Thermo Fisher Scientific, XP10202BOX). Proteins were elec-
trophoretically transferred to a nitrocellulose or Polyvinylidene difluoride
(PVDF) membrane (Thermo Fisher Scientific, LC2001/LC2002). The mem-
branes were washed with TBS-T 1× (Tris-Glycine transfer buffer and tween,
Novex, and Thermo Fisher Scientific, respectively) and blocked with 5%
BSA for 1 h at room temperature (RT). All antibodies were diluted in TBS-
T and 2.5% BSA and incubated overnight at 4 °C (primary antibodies),
or 1 h at RT (secondary antibodies). Finally, membranes were visualized
using a C-DiGit LI-COR blot scanner. Table S2 (Supporting Information)
contains the list of all antibodies used for this study.

Gene Expression Analyses: For this type of analysis, donor cells, mono-
cytes, and eEVs were collected using TRizol reagent (Thermo Fisher Scien-
tific, 15596018) to subsequently extract total RNA. Nanodrop 2000c Spec-
trophotometer (Thermo Fisher Scientific) was used to measure RNA con-
centrations and quality. Reverse transcription reactions were performed
with the superscript VILO cDNA synthesis kit (Thermo Fisher Scientific,
11754050) using 80–2500 ng RNA in a 20 μL reaction, preserving equal
amounts of cDNA throughout the samples. Taking the cDNA as a tem-
plate, the mRNA expression levels were verified by qRT-PCR in donor cells
and eEV, using predesigned primers (all the primers used in this study
are listed in Table S3 of the Supporting Information). qRT-PCR reactions
were performed using the QuantStudio 3 Real-Time PCR System with Taq-
Man fast advance Master Mix (Thermo Fisher Scientific, 4444964). Gene
expression was normalized using the housekeeping gene GAPDH and all
data presented as fold change relative to sham/control.

After bronchoalveolar lavage fluid (BALF) collection, the left lungs were
preserved for protein isolation. To this end, lung samples were processed
in Lysis buffer (as described in the Western Blot Section above) using a
gentleMACS Dissociator (Miltenyi Biotec), with gentleMACS M tubes (Mil-
tenyi Biotec, 130-093-236), subsequently centrifuged at max speed 15 min
at 4 °C and stored for subsequent analysis.

In Vitro Assays Using Lipopolysaccharide (LPS): Monocytes RAW 264.7
were seeded overnight in 12-well culture plates at a density of 2.0 × 105

cells cm−2. All the experiments described below were run using a mini-
mum of 3 biological replicates and 3 technical replicates. Monocytes were
challenged in vitro with Lipopolysaccharide (LPS, L4524, Sigma Aldrich)
resuspended in RPMI 1640 plain medium at 2 different concentrations
(100–1000 ng mL−1). Non-treated cells were used as control. 24 h after
LPS challenge, culture plates were imaged using brightfield under a Nikon
Ti-2e microscope at 20× to evaluate cell morphology. Additionally, culture
media was collected and stored at −80 °C for further analysis (e.g., protein
analysis). Cells were collected using TRizol reagent, followed by RNA ex-
traction and cDNA synthesis. The inflammatory response was evaluated
by the expression of proinflammatory mediators (e.g., IL-6, IL-1𝛽, iNOS,
TNF-𝛼, and KC) via qRT-PCR as already described. To test the dynamics of
secretion of key proinflammatory mediators, monocytes RAW 264.7 cells
were seeded overnight and treated with 100 ng mL−1 of LPS for 3–48 h.
Dose-response experiments were conducted using three different doses
of eEVs, including a high dose of 4 × 109 eEVs, a medium dose of 4 × 108

eEVs, and a low dose of 4 × 107 eEVs. eEVs were delivered to macrophages
challenged with 100 ng mL−1 LPS (i.e., cotreatment) for 3 h (Figure S5A,
Supporting Information). The inflammatory response based on the pro-
tein expression levels of proinflammatory cytokines IL-6, IL-1𝛽, and TNF-𝛼
was characterized via U-Plex assay (K15069M-1, Meso Scale Diagnostics
LLC) by electrochemiluminesmecence using the MESO QuickPlex SQ 120
instrument (Meso Scale Discovery platform) following manufacturer’s in-
structions. Analysis was performed using the DISCOVERY WORKBENCH
4.0 Analysis Software.

Morphological Analysis: Cell morphology was analyzed using images
captured after co- or post-treatment with eEVs. All images were ana-
lyzed using the ImageJ-FIJI software, where each cell was categorized
and counted as either a nonactivated (i.e., circular shape) or an activated
monocyte (i.e., spindle shape). A minimum of 3 images per biological and

technical replicate were analyzed per condition and the data was presented
as the percentage of activated cells based on the total number of counted
cells.

Animal Husbandry: All experiments using mice were performed fol-
lowing procedures previously approved by the Animal Care and Use Com-
mittee at The Ohio State University (IACUC # 2016A00000074-R1). 8-15-
week-old male BALB/c- (000651 strain) and C57BL/6 mice were purchased
from Jackson Laboratory. Mice were acclimated for 1 week after arrival.
Isoflurane inhalation was used to anesthetize all animals before all exper-
imental procedures.

Biodistribution Analysis: For the biodistribution experiments, eEVs
were labeled with a far-red-fluorescent cell membrane labeling kit
(MIDCLARET-1KT, Sigma Aldrich), according to manufacturer instruc-
tions. For this experiment, all mice were grouped and selected randomly. 9-
15-week-old male C57BL/6 were anesthetized with inhalation of 5% isoflu-
rane and maintained with 2% while conducting the procedure (based
on body weight). For this experiment fluorescently labeled eEVs were in-
tranasally administered to mice. Briefly, mice were positioned on an en-
dotracheal intubation stand (Kent Scientific) to allow delivery of the eEV
dose. A 25 μL bolus of 1.61 × 1011 eEVs mL−1 (IL-10+SPA or sham loaded
eEVs) fluorescently labeled and resuspended in saline solution was de-
livered through the left nostril of the mouse monitoring the respiration
rate during the entire procedure to reduce discomfort. Control mice were
subjected to delivery of a 25 μL bolus of saline solution. Mice were eu-
thanized 12 h after eEV intranasal delivery, and major organs (i.e., brain,
heart, lungs, liver, kidneys, pancreas, and spleen) were collected in 4% FBS
(GIBCO) in phosphate buffer solution (PBS, Thermo Fisher Scientific) and
stored at 4 °C for further characterization. To quantify eEV accumulation,
all organs were imaged by using an in vivo imaging system (IVIS) Lumina II
(PerkinElmer Inc) right after collection. Images were captured using stage
A with an excitation-emission of 640 nm (Cy5.5) and 1s exposure time.
All images were analyzed via comparative analysis of the fluorescent radi-
ant efficiency units, and eEV accumulation in each organ was normalized
using animals nontreated with eEVs (i.e., control group). Once imaged
all major organs (i.e., heart, liver, kidneys, and spleen) were collected and
cryopreserved in OCT for further characterization.

Immunohistochemistry: After performing the targeting experiment and
imaging the organs with IVIS, lung tissue was embedded in optimal cut-
ting temperature (OCT, Thermo Fisher Scientific) solution and frozen at
−80 °C for subsequent analysis. All samples were cryosectioned at 10 μm
thickness using a CryoStar NX50 cryostat (Thermo Fisher Scientific), and
mounted on charged microscope slides (Thermo Fisher Scientific). Tissue
samples were fixed with cold Acetone, permeabilized with a solution of
0.05% PBS Tween 20 buffer (PBS-T, Thermo Fisher Scientific), and stained
with a DAPI (4′,6-diamidino-2-phenylindole, dihydrochloride) solution in
PBS (1:10 000) for 2 min to visualize the nuclei of the cells. Samples were
mounted using Vectashield Vibrance Antifade mounting medium (Vec-
tor Laboratories) and imaged using an inverted fluorescence microscope
(Nikon Ti-2e). All immunohistochemistry images were captured at 60×.
Finally, mean fluorescence intensity quantification for Far-Red signal (for
labeled eEVs) was performed using ImageJ-FIJI software and normalized
by the area of the region of interest.

Immunohistochemistry—DAB Staining: Right lung samples were fixed
with prechilled acetone for 3 min at RT. After incubation, samples were
immersed in methanol containing 10% H2O2 for 15 min at RT to inacti-
vate endogenous peroxidases. Then, the samples were rinsed with 0.1%
Triton-X in PBS-1X for 15 min. The slides were blocked with 10% NGS
and aviding in PBS-1X solution for 30 min at RT. Then primary antibodies
(Table S3, Supporting Information) were prepared in a solution containing
2.5% NGS with biotin in PBS-1X, and were incubated overnight at 4 °C.
After primary incubation, the samples were rinsed with 0.1% Triton-X in
PBS-1X. All samples were subsequently incubated for 1 hour with a biotiny-
lated secondary antibody (Table S3, Supporting Information) in a solution
containing 2.5% NGS. After incubation, the samples were rinsed and in-
cubated using an ABC (avidin–biotin complex) (Vector laboratories) kit for
20 min. The samples were rinsed and a 3,3′-diaminobenzidine (DAB) so-
lution was added to each sample. When the sections turned brown the
reaction was stopped with ddH2O. Then, hematoxylin stain (Vector lab-
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oratories) was added to each tissue sample for 5 min, and the samples
were washed with ddH2O. Finally, the samples were dehydrated using an
alcohol gradient and then rinsed with xylene before mounting. IL-10 ex-
pression in the lung tissue was measured using ImageJ-FIJI software as
the percentage of positive area and normalized by the total number of nu-
clei per section.[121]

In Vivo Evaluation of the eEVs Therapeutic Effect: For these experi-
ments, 9–10-week-old male BALB/c mice were selected randomly and
grouped into 5 experimental groups (with a minimum of 4 mice per con-
dition), including a positive (i.e., LPS-challenged mice) and negative (i.e.,
animals treated with saline solution) control groups, and LPS-challenged
mice treated with IL-4+SPA eEVs, IL-10+SPA eEVs, or sham eEVs. Animals
were anesthetized with inhalation of 5% isoflurane and maintained with
2% while conducting the procedure (based on body weight). Mice were
positioned on an endotracheal intubation stand (Kent Scientific) for in-
tranasal delivery (through the left nostril) of a 25 μL bolus of 0.4 mg kg−1 of
LPS resuspended in saline solution. Negative control mice received a 25 μL
bolus of saline solution. The respiratory rate of the animals was monitored
during the entire procedure to reduce discomfort. 6 h after LPS challenge,
mice treated with eEVs were administered a 25 μL bolus of 5.82 × 1010 EVs
mL−1 of IL-10+SPA eEVS, IL-4+SPA eEVs or sham eEVs resuspended in
saline solution. For lung functional assessments, mice were anesthetized
12 h after being challenged with LPS, and tracheostomies were initiated
with an 18G cannula. Mice were subjected to mechanical ventilation with
a FlexiVent FX2 system (SCIREQ Inc) at 150 breathes min−1, tidal vol-
ume of 10 mL kg−1, and a positive end-expiratory pressure (PEEP) of 3 cm
H2O prior to baseline measurements. To eliminate breathing efforts and
measurement errors, pancuronium bromide (1 mg kg−1, Sigma Aldrich)
was administered intraperitoneally. Using a “Snapshot-150 perturbation,”
respiratory stiffness (Ers) and compliance (Crs) were measured from the
forced oscillation technique (FOT) fitted to a single compartment model.
Additionally, a broadband FOT maneuver (“Quick Prime-3 perturbation”)
was completed to capture the alveolar tissue stiffness/elastance (H). The
negative pressure forced expiration (NPFE) extension of the FlexiVent then
recorded forced expiratory volume by inflating the lungs to a pressure of
+30 cmH2O over 1.2 seconds and then rapidly decreased to a negative
pressure of 55 cmH2O. The forced expiratory volume was calculated from
the flow-volume loop over 0.1 s (FEV0.1). Mice were euthanized, and lungs
were inflated with 10% formalin, collected, and preserved for subsequent
histological analysis.

Hematoxylin and Eosin (H&E) Staining and Morphometrical Analysis:
Lung tissue was fixed in 10% formalin for 72 h, and subsequently, paraffin-
embedded and sectioned for histologic analysis. Lung sections (n = 4 per
animal) were stained with H&E to evaluate changes in tissue morphology.
For morphometrical analysis, 4 lung fields captured at 90× magnification
were randomly selected per section. For each field, a grid with 487.34 μm2

(area per point) was used to count the number of alveolar units repre-
sented as alveoli per hpf (high power field), and the mean septal thick-
ness. Moreover, the mean linear intercept was calculated as the inverse
of the number of air-tissue interfaces to the next measured in microns as
previously reported.[122,123]

Characterization of Bronchoalveolar Lavage Fluid (BALF): To collect the
bronchoalveolar lavage fluid (BALF), the trachea of the mouse was ex-
posed, and a tracheotomy was performed to introduce a 25G gauge nee-
dle. A 1 mL syringe with 800 μL of cold sterile PBS was used to gently
wash the lungs twice through the trachea. Once collected, BALF samples
(600–700 μL) were centrifuged at 400g for 10 min at 4 °C, and stored for
downstream analysis. BALF samples were subjected to total protein quan-
tification via Bradford assay compared to a BSA standard curve. For BALF
differential cell counts, the pellet containing all free-floating cells from the
lung was resuspended in Red Blood Cell Lysis Solution (Miltenyi Biotec), to
induce selective lysis of the erythrocytes, following the manufacturer’s pro-
tocol. Cell suspensions were subsequently cytocentrifuged onto Epredia
Cytoslide microscope slides (Thermo Fisher Scientific) using a Cytospin
at 300g for 3 min. The slides were then air-dried and stained using the
Hemacolor Stain Set (Sigma Aldrich, 65044-93) and imaged using a color
camera on a Nikon Ti-2e microscope. All images were captured at 40× and
analyzed using ImageJ-FIJI software, where the different cell populations

present in the BALF samples (e.g., macrophages, neutrophils, lympho-
cytes) were identified and counted. A minimum of 5 pictures were analyzed
per sample.

Enzyme-Linked Immunosorbent Assay: Protein expression levels for
proinflammatory factors including interleukin 6 (IL-6), interleukin-1 beta
(IL-1𝛽), and tumor necrosis factor alpha (TNF-𝛼) were quantified via
ELISA, using the commercially available kits DY406, DY401, and DY410
(R&D Systems), respectively. IL-4 and IL-10 protein content associated
with the eEVs was evaluated using the commercially available ELISA kits
DY404 and DY417 (R&D Systems), respectively. For these assays, protein
isolation was performed as previously described. In order to detect the
presence of SPA as a ligand on the surface of the eEV, a commercial mouse
SPA ELISA kit (Novus Biologicals, NBP2-76693) was used following the
protocol described by the manufacturer using intact IL-4+SPA, IL-10+SPA,
or sham eEVs.

Untargeted Metabolomics Analysis of BALF: Metabolites from BALF
samples were extracted by adding 400 μL of ice-cold methanol:chloroform
LC/MS grade (Optima, Fisher Chemical) (9:1) to 100 mL of clarified BALF,
resuspended thoroughly and filtered using 0.2 μm nylon syringe filters
(Thermo Scientific). All samples were normalized by volume to enable rela-
tive quantitative comparison between samples. The extracted metabolites
were dried on a sample concentrator (Eppendorf® Vacufuge) at 45 °C for
1 h. The dried samples were reconstituted in 50 μL of LC/MS grade water
(Optima, Fisher Chemical) with 0.1% formic acid LC/MS grade (Optima,
Fisher Chemical) and 5% methanol (Optima, Fisher Chemical). Samples
were mixed by vortexing, sonicated for 15 min, centrifuged at 14 000g for
1 min, and transferred to liquid chromatography low-volume vials (Wa-
ters) for liquid chromatography–tandem mass spectrometry (LC–MS/MS)
analysis. The same extraction procedure was performed with PBS (sample
blank) and a pooled QC sample was prepared by mixing 2.5 mL of each
sample in a single vial. An additional vial sample was prepared as the ex-
traction control, containing the solution used for resuspension of each
sample (water with 5% methanol and 0.1% formic acid). No internal stan-
dard was used in this experiment. Differences in metabolite abundances
in each experimental group were estimated based on relative comparisons
between equally treated samples. At least 3 biological replicates were run
for each condition.

The untargeted LC–MS/MS analysis was performed on a 6545 Q-TOF
LC/MS coupled to a high-performance liquid chromatography (HPLC)
system (Agilent 1290 Infinity LC). In each run, 3 mL of sample were
injected into the HPLC system for separation, using a SB-C18 column
(2.1×100 mm, 2.7 mm particle size, 120 Å pore size, InfinityLab Poroshell
120). The column was maintained at 40 °C during the run, using a flow rate
of 0.2 mL min−1, water with 0.1% formic acid as solvent A and methanol
with 0.1% formic acid as solvent B. The gradient used for the chromato-
graphic run started at 2% B for 15 min, followed by 90% B for 1 min, then
98% B for 1 min, and back to 2% B for 1 min. After each run, the column
was equilibrated at 2% B for 8 min. The MS system was calibrated using
a standard Agilent ESI Low Concentration tune solution. System stabil-
ity was checked by analyzing pooled QC regularly in between batches of
the run. All samples were analyzed in positive and negative modes using
data-dependent acquisition mode. MS spectra (m/z 50–1700. Scan rate
5 spectra s−1) were followed by data-dependent MS/MS spectra (m/z 50–
1700. Scan 10 spectra s−1) for the 5 most intense ions per scan with a
dynamic exclusion of 30 s. Ion selection was based on an intensity thresh-
old of 3000, fragmented using a collision energy ramp (CE 10–80 eV). The
injection of samples was randomized, and each sample was analyzed three
times, including the extraction control, sample blank, and pooled QC sam-
ples.

Data processing and analysis included the conversion of raw .d files
to .mzXML using MSconvert (ProteoWizard).[124] Feature detection was
carried out in MZmine v.2.53[125] using the settings listed in Table S4.
Statistical analyses were performed using Metaboanalyst 5.0.[126] Three
complementary approaches were integrated for feature annotation: 1) ac-
curate m/z search, based on compounds from the Human Metabolome
Database (HMDB); 2) spectral search, matching MS/MS fragmentation
patterns with mass spectral records from MassBank of North Amer-
ica (MoNA); and 3) de novo molecular structure identification, using
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SIRIUS (5.5.7) for structure prediction based on MS and MS/MS iso-
tope and fragmentation patterns analysis. KEGG IDs of identified com-
pounds were assigned when possible and pathway analysis was performed
in Metascape.[127] The metabolomics datasets were deposited in Mas-
sive (https://massive.ucsd.edu/) with the identifiers MSV000089900 for
the positive mode data files, and MSV000089807 for the negative mode
data files.

Statistical Analysis: All data were tested for normality using Shapiro–
Wilk test, and outliers were tested using ROUT method with Q = 1%. Data
that followed a normal distribution were analyzed using one-way analysis
of variance (ANOVA) with post hoc least significant difference test (Fisher
LSD method) or two-tailed t-test as pertinent. Data that were not nor-
mally distributed were analyzed using nonparametric statistical analysis,
i.e., ANOVA on ranks with post hoc Tukey test. All data were graphed as
mean ± standard error of the mean (S.E.M.). For in vivo experiments n
= 4 biological replicates were used and n = 3–4 for in vitro experiments.
The statistical significance level was defined as P < 0.05 for hypothesis
testing. The analyses were run using the statistical software Sigma Plot 14
and GraphPad Prism 9.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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