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Human endothelial cell-derived
exosomal microRNA-99a/b
drives a sustained inflammatory
response during sepsis by
inhibiting mTOR expression

Glenn Fitzpatrick1,2, Danielle Nader1,2, Rebecca Watkin1,2 ,
Claire E. McCoy2, Gerard F. Curley3 and Steven W. Kerrigan1,2*

1Cardiovascular Infection Research Group, Dublin, Ireland, 2School of Pharmacy and Biomolecular
Sciences, RCSI University of Medicine and Health Sciences, Dublin, Ireland, 3Department of
Anaesthesia and Critical Care Medicine, RCSI University of Medicine and Health Sciences,
Beaumont Hospital, Dublin, Ireland
The pathophysiology of sepsis and its accompanying hyper-inflammatory

response are key events that lead to multi-organ failure and death. A

growing body of literature now suggests that the vascular endothelium plays

a critical role in driving early events of sepsis progression. In this study, we

demonstrate how endothelial-derived exosomes contribute to a successive

pro-inflammatory phenotype of monocytes. Exosomes isolated from S. aureus

infected endothelial cells drive both CD11b and MHCII expression in

monocytes and contribute dysregulated cytokine production. Conversely,

healthy endothelial exosomes had no major effect. microRNA (miRNA)

profiling of exosomes identified miR-99 upregulation which we hypothesised

as driving this phenotypic change through mechanistic target of rapamycin

(mTOR). Knockdown of mTOR with miR-99a and miR-99b mimetics in S.

aureus infected monocytes increased IL-6 and decreased IL-10 production.

Interestingly, inhibition of miRNAs with antagomirs has the opposing effect.

Collectively, endothelial exosomes are driving a pro-inflammatory phenotype

in monocytes through dysregulated expression of miR-99a and miR-99b.

KEYWORDS

sepsis, inflammation, exosomes, endothelial cell, mTOR, microRNA, infection
Introduction

Sepsis is a multifaceted disorder caused by a sustained and often excessive dysregulated

response by the host to an infectious nidus that results in acute organ dysfunction and carries

a high risk of mortality. In 2017, 48.9 million incidence cases of sepsis were reported with a

mortality of 11 million people accounting for 19.8% of all global deaths (Rudd et al., 2020)
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and as such the World Health Assembly and WHO made sepsis a

global health priority. Despite significant advances in our

understanding of both early and late stage pathogenesis, new

interventions to treat sepsis still remains elusive. Current

treatment options are limited and rely on early recognition,

resuscitation, source control and antibiotic therapy.

The innate immune response is the first line of defence and is

responsible for responding to invadingpathogens inanappropriate

manner. Sepsis developswhen thenormal innate immune response

to an infection becomes amplified and subsequently dysregulated.

This results in an excessive release of cytokines, chemokines and

other inflammatorymediators leading to an uncontrolled cytokine

storm. Typically, cytokines regulate inflammatory responses by

controllingmigrationof immunecells to the focusof infection.This

is a critical step that contains the infection and prevents it from

becoming a more serious systemic infection. A dysregulated

cytokine release triggers endothelial dysfunction, characterized by

vasodilation and increased capillary permeability which results in

hypotension, a decrease in plasma concentration due to

macromolecular extravasation and oedema. The increase in

permeability facilitates dissemination of the infection from the

focal point in the systemic circulation and causes further

disturbance to regulatory mechanisms causing remote organ

dysfunction and eventual failure. While it is clear the early steps

in the innate immune response during sepsis can lead to a cytokine

storm it is often followed by a prolonged state of

immunosuppression. This immunoparalysis causes an

impairment of both the innate and adaptive immune response

which leads to further tissue damage, multiple organ failure,

and death.

Currently the mechanisms that drive the early stages of the

immune response that leads to the cytokine storm is poorly

understood. A growing body of literature now suggest that the

vascular endothelium may be playing an important role in sepsis

progression through a dysregulated miRNome (Chu et al., 2016).

MiRNA’s constitute a family of endogenously expressed non-

coding RNA, approx. 18 – 22 nucleotides, that acts as post-

transcriptional repressors of gene expression. Both 3’ and 5’

miRNA transcripts suppress gene expression through

interactions with the 3’ UTR, 5’ UTR, and CDS of mRNA.

Interestingly, miRNA’s can be found extracellularly in bodily

fluids such as plasma, serum, saliva, and urine (Felekkis et al.,

2010; Cui et al., 2019). These circulating miRNAs are protected

from the enzymatic activity of RNases by being tethered to

Argonaute (AGO) proteins (Buscaglia and Li, 2011; Cortez et al.,

2011; Hatziapostolou et al., 2013; Soliman et al., 2018; Cui et al.,

2019; Salvi et al., 2019). Alternatively, miRNA’s can be packaged

into plasma membrane lipid vesicles including apoptotic bodies,

microparticles and exosomes. Exosomes are lipid nanovesicles

which act as transport (30-100nm) and form through the inward

invagination of multivesicular bodies. They are subsequently

released upon fusion with the plasma membrane. Initially it was

believed that exosomes were nothing more than cellular waste,
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however accumulating evidence in the literature now suggest

that they play a vital role in numerous physiological and

pathological processes and influence the function of various

cell types (Samanta et al., 2018).

As the vascular endothelial cells are among the first cells in

the body that come into contact with invading pathogens, the

delivery of dysregulated miRNome by endothelial cells

encapsulated in exosomes may be driving the host’s response

to infection in sepsis. In this study, we demonstrated that S.

aureus infection results in the release of endothelial cell derived

exosomes that contain a critical miRNA, miR99a/b that when

taken up by immune cells is capable of driving an uncontrolled

release of pro-inflammatory cytokines by targeting the

mechanistic target of rapamycin (mTOR), a key protein

involved in regulating the immune response.
Materials and methods

All reagents used for experimentation were purchased from

Thermo Fischer (Dublin, Ireland) unless otherwise stated.
Blood collection & plasma preparation

Whole blood was obtained from healthy donors and

anticoagulated using 200 ATU/mL Heparin (Rafludin,

Celegene, UK). Platelet poor plasma (PPP) was isolated as

previously described (Tilley et al., 2013). Approval for the

collection of whole blood was obtained from the Ethics

Committee in RCSI (REC 1121). Informed consent was

provided in accordance with the Declaration of Helsinki. In

the absence of healthy donors, pooled human PDP (Cambridge

Biosciences, London, UK) was used for experimentation.
Bacterial growth conditions

Staphylococcus aureus Newman Wildtype NCTC 8178

(Duthie and Lorenz, 1952) was cultured anaerobically

overnight at 37°C in Brain Heart Infusion (BHI) broth as

outlined previously (Kerrigan et al., 2008). Cultures were

centrifuged at 3800 x g for 7 minutes, washed in PBS and

adjusted to an OD600nm = 1.0A.
Human endothelial cell infection model

Human aortic endothelial cells (Promocell, Germany) were

sheared at 10 dyn/cm2 for 24 hours in Endothelial Cell Growth

MediaMV (Cruinn,Wexford, Ireland). Spent media was aspirated

and replaced with fresh EMVmedia containing 10ng/mL of TNFa
for 4 hours, followed by a 1-hour incubation with platelet poor
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plasma (PPP). Wells were subsequently blocked with 1% Bovine

Serum Albumin (BSA) in EMV media for 1 hour. Plates were

infected with Staphylococcus aureus Newman Wildtype for 24

hours. Negative control plates received fresh media after BSA

blocking and both groups were incubated for 24 hours at 37°C,

5% CO2. A multiplicity of infection (MOI) of 10 was used to infect

HAoECs for 24 hours under static conditions.
Endothelial cell exosome isolation

Exosomes were isolated from healthy and infected sheared

human endothelial cell supernatants. Briefly, supernatants were

centrifuged at 300 x g for 5 minutes to remove cells, 2500 x g for 10

minutes to removedead cells and debris, and 3800 x g for 7minutes

to remove bacteria. Supernatants were transferred to an

ultracentrifuge tube and centrifuged at 20,000 x g for 90 minutes

to remove microparticles and larger vesicles. Supernatants were

passed through a 0.2µm filter to ensure filtrate was free of

Staphylococcus aureus. The filtrate was transferred to a new

ultracentrifuge tube and centrifuged at 120,000 x g for 120minutes.
Characterisation of endothelial
cell exosomes

For characterisation by Western Blot, exosomes were

resuspended in RIPA buffer and passed through a 0.45 µM filter.

Samples were sonicated at 15 A for 3 seconds and BCA assays were

performed to determine protein concentration. Protein expression

was determined using 1:500 rabbit anti-Alix IgG primary antibody

(Clone: A302-938A, Bethyl laboratories), 1:200 rabbit anti-CD63

(Clone: MX-49.129.5, Santa Cruz Biotech), 1:1000 rabbit anti-

Flotillin1 (Clone: AB_941621, Abcam), and 1:500 mouse anti-

Tsg101 (Clone: 4A10, Genetex).

Exosomes were studied by flow cytometry using CD63+

(Clone TEA3/18) superparamagnetic capture beads (Abbexa,

Cambridge, UK). Briefly, superparamagnetic capture beads were

added to exosomes in 1X assay buffer and incubated in the dark

overnight at room temperature. Next, a biotin primary antibody

was added to each tube and incubated for 60 minutes at 4°C. The

beads and exosome mixture were washed and placed on a

magnetic rack for 5 minutes. Secondary antibody (Streptavidin-

Phycoerythrin) was added for 30 minutes at 4°C, and samples

were analysed using the Attune NxT Flow Cytometer.

To visualise exosomes, transmission electron microscopy

(TEM) was performed. Superparamagnetic capture beads were

incubated with exosomes in the dark overnight at room

temperature. Following this, the exosome-bead mixture was

placed on PELCO® 200 Mesh Special Metal Grids (Ted Pella Inc,

California, USA) and allowed to dry. Sampleswere visualised using

a Hitachi Transmission Electron Microscope at 150,000X.
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Exosome staining

Human endothelial cells were cultured as previously

described and seeded onto glass cover slips adhered to 6-well

plates. Confluent endothelial cells were incubated with 5µM of a

Near Infrared BF2-azadipyrromethene (NIR-AZA) fluorescent

probe for 2 hours. Endothelial cells were fixed with 4%

paraformaldehyde (Sigma) for 10 minutes before being washed

three times with ice cold PBS (Sigma). Coverslips were mounted

with 4′,6-diamidino-2-phenylindole [(DAPI) Sigma] and

analysed using the Zeiss AxioObserver Z1 Microscope.
MiRNA profiling in human endothelial
cells and THP-1 monocytes

Exosomal-RNA (exo-RNA) from healthy and S. aureus infected

humanendothelial cellswas isolatedusingTotalExosomes&Protein

Isolation Kit as per manufacturer’s specifications. Small RNA

composition (20–200 nucleotides) of exo-RNA was assessed using

an AATI fragment analyser. RNA was reverse transcribed to

complementary DNA (cDNA) and the expression of 384 miRNA

were assessed using TaqMan® Human Microarray A cards & RT-

PCR for healthy and S. aureus infected samples. Individual qPCR

assays were performed to confirm the expression of select miRNA

from the TaqMan® Human Microarray A cards. For individual

assays, data was normalised to a semi-synthetic oligonucleotide cel-

miR-39-3p (UCACCGGGUGUAAAUCAGCUUG) and both

TaqMan® Human Microarray A cards and individual miRNA

expression data was calculated using the comparative cycle

threshold (2-DDCt) method.

Total RNA was isolated from THP-1 monocytes using the

mirVana™ isolation kit as per manufacturers specifications. RNA

was quantified using a NanoDrop spectrometer. Semi-synthetic

miR-99a (rArArCrCrCrGrUrArGrArUrCrCrGrArUrCrUrU

rGrUrG) and miR-99b (rArArCrCrCrGrUrArGrArUrCrC

rGrArUrCrUrUrGrUrG) oligonucleotides (Integrated DNA

Technologies, Leuven, Belgium) were used to generate standard

curves (2 – 8200 fM) for absolute quantification of miR-99a and

miR-99b levels. RNA was reverse transcribed to cDNA and RT-

qPCR was performed as described above with data normalised to

RNU48 and total miRNA concentrations determined from

standard curves.
Exosome activation of monocytes

Monocytes (106 cells/well) were cultured with exosomes

isolated from healthy and S. aureus infected endothelial cells for

24hrs. The suspension was centrifuged, washed, and resuspended

in human FcR binding inhibitor (eBiosciences, UK). Monocytes

were incubated with CD11bMonoclonal Antibody (M1/70), APC,
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andMHCClass II (I-A/I-E)Monoclonal Antibody (M5/114.15.2),

PE, or isotype control. Expression of these activation markers was

analysed by flow cytometry. For delivery of exosomes to

monocytes, pellets were resuspended in RPMI media 1640+

GlutaMAX and incubated with monocytes for 24 and 120 hours
Cytokine production following
Staphylococcus aureus binding

Human IL-6 (240 µg/mL) and IL-10 (180 µg/mL) capture

antibodies were adhered to 96 well plates overnight and

subsequently blocked with a 1% BSA solution for 1 hour.

Monocytes were co-cultured with healthy and S. aureus

infected endothelial cells, and the supernatant was added to

the plates for 2 hours at room temperature. IL-6 (120 ng/mL)

and IL-10 (90 ng/mL) detection antibodies were added to the

plates for 2 hours at room temperature followed by 0.25 mg/mL

of Streptavidin-HRP for 20 minutes. Plates were washed between

each step with 0.05% tween-20 in PBS. Plates were treated with

an equal mixture of H2O2/tetramethylbenzidine, and the

reaction was stopped after 20 minutes with 2N H2SO4. The

absorbance at 450/570nm was determined in a 1420 Victor V3,

Perkin Elmer plate reader, and standard curves were generated

to determine unknown IL-6 and IL-10 sample values.
Transfection of THP-1 monocytes

THP-1 monocytes (ATCC® TIB-202™) were cultured in

RPMI media 1640+ GlutaMAX supplemented with 10% Foetal

bovine serum (FBS) and penicillin/streptomycin. Monocytes were

seededonto6-well plates at a concentrationof 1x106 cells/well anda

transfection mixture containing OptiMEMTM (Biosciences),

Lipofectamine 3000, and miRNA mimetics and antagomirs

(miR-99a, miR-99b, and negative control scrambled RNA) was

added for 48 hours. Monocytes were subsequently infected with S.

aureus for 24 hours at anMOI of 1. Following infection, cell culture

supernatants containing monocytes were harvested by

centrifugation at 1500 x g for 5 minutes and washed with ice cold

PBS. Cleared lysates were separated on a 10% SDS-PAGE gel.

Proteins were electroblotted onto PVDF membranes (Roche) for

1 h. Membranes were probed using a 1:1000 monoclonal rabbit

anti-mTOR antibody (Clone: 7C10, Cell Signalling Technologies,

Dublin, Ireland). Cytokine production was monitored from

supernatants for IL-6 and IL-10 as previously outlined.
Statistical analysis

Data are presented as mean ± standard error of the mean.

Experiments were carried out in triplicate with a minimum of

three independent experiments. Statistical differences between
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groups were assessed by ANOVA with Tukey post hoc tests or t-

tests, as indicated. P-value < 0.05 was considered to

be significant.
Results

Characterisation of human endothelial-
derived exosomes

Exosomes are actively released from cells to facilitate

intercellular communication in both healthy and disease states,

and profiling exosomes can be particularly difficult due to their

small size and low refractive index (Gardiner et al., 2014). However,

exosomes commonly express various membrane and biogenesis

related proteins which can distinguish subsets of extracellular

vesicles. We confirmed by Western blot that our enriched

samples did indeed contain exosomes since they expressed

exosomal-specific markers including tetraspanin CD63, biogenesis

related Alix and Tsg101, and membrane-associated Flotillin-1

(Figures 1A, B). Tsg101 was only detected in exosome samples

and not microparticle fractions demonstrating that exosomal

preparations were not contaminated with other vesicles or cellular

components (Supplementary Figures 1, 2). In addition, we used an

immunostaining approach wherein the enriched samples were

analysed for their expression of CD63, a signature exosome

surface marker (Figure 1C). Transmission electron microscopy

was performed with 300 nm magnetic beads coated with the

CD63 ligand. Images were acquired before and after incubation

with exosomes purified from the endothelial cells, which

demonstrated a collection of <100 nm sized vesicles that

distributed around the beads (arrows). We next investigated if

there was a difference in exosomal release from human endothelial

cells following infection. Superparamagnetic CD63+ capture beads

were used to detect exosomes from our enriched supernatants

which were then analysed using flow cytometry. We found that

there was no significant difference in exosomal release from human

endothelial cells in healthy or infected conditions (Figure 1D,

Supplementary Figures 3, 4).
Analysis of exosomal miRNA derived
from healthy and infected
endothelial cells

Since similar levels of exosomes were found in both the

healthy and infected endothelial cells, we next sought to

characterise the exosomal contents in each condition to

determine their miRNA expression profiles. Exosomes were

isolated from healthy and S. aureus infected endothelial cells,

then exosomal small RNA (smRNA) was quantified using a

fragment analyser (Figure 2A). A 17-fold increase in smRNA

was observed in exosomes isolated from the infected endothelial
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cells, in contrast to the exosomes from the healthy endothelial

cells. Spectrometer RNA profiles indicated that exosomes isolated

from healthy and infected cells contain smRNA between 4 and 40

nucleotides in length, consistent with miRNA. We performed

quantitative miRNA expression analysis using TaqMan™ Array

Human MicroRNA A Cards containing 384 miRNAs, to

determine the miRNA profile of the exosomes derived from the
Frontiers in Cellular and Infection Microbiology 05
healthy and infected endothelial cells (Figure 2B). Briefly, we

detected the presence of 49 differentially regulated miRNAs

altered in response to S. aureus infection, of which 17 were

upregulated and 14 downregulated. In particular, the

microRNA-99 family members (miR99a/b) were highly

upregulated, both of which are putative downstream targets of

mTOR – a protein associated with the anti-inflammatory
A B

DC

FIGURE 1

Isolation and characterisation of exosomes from healthy and infected endothelial cell supernatant (A). Immunoblot of exosomal markers Alix (45
kDa), CD63 (38 kDa), Tsg101 (47 kDa), and Flotiliin-1 (40 kDa) isolated from the serum of S. aureus infected endothelial cells and healthy control.
Exosomes were isolated by differential centrifugation and nanofiltration. (B) Densitometry representing western blot data of exosomal markers.
(C) Transmission electron microscopy images represent superparamagnetic capture beads incubated with healthy endothelial exosomes and S.
aureus infected endothelial exosomes. Images were taken at 50,000X (top) and 150,000X (bottom) magnification. Scale bar: 1 µm. Arrows point
towards CD63 bead alone and CD63 bead bound to exosomes. (D) Flow cytometry analysis of CD63 beads bound to either healthy or infected
endothelial exosomes. Data is representative of 3 independent experiments.
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B

C

FIGURE 2

Characterisation of microRNA in healthy and infected endothelial cells (A). Total RNA was extracted and isolated from healthy and S. aureus
infected endothelial exosomes using Total Exosome RNA & Protein Isolation Kit and quantified using an AATI fragment analyser. This yielded a
comprehensive miRNA expression profile for healthy and S. aureus infected endothelial exosomes. Individual miRNA expression data were
calculated using the comparative cycle threshold (2-DDCt) method, which indicated a significant increase in smRNA composition as a result of
S. aureus infection (B) Differential expression of four upregulated and downregulated miRNA shown by fold change, with significantly high levels
observed for miR-99b relative to healthy endothelial exosomes. (C) miR-99a and miR-99b levels in infected endothelial exosomes were
validated using individual real-time PCR. Significant changes in both miRNAs were observed, with a 5.11-fold increase in miR-99a expression
and a 38.82-fold increase in miR-99b expression. Data is representative of 4 independent experiments, as mean ± SEM. Statistics were
performed using a two-tailed paired t-test, (*p<0.05, ***p<0.0001). NS, not significant.
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response to microbial infection (Weichhart et al., 2011; Cao et al.,

2017; Tsai et al., 2018). To validate exosomal miRNA expression,

individual TaqMan arrays were performed which revealed that

miR-99a and miR-99b were upregulated in contrast to exosomes

derived from healthy endothelial cells (Figure 2C). Collectively,

these results suggest that there are significant differences in the

miRNA profile in exosomes isolated from healthy and S. aureus-

infected human endothelial cells. Specifically, exosomal miRNA-

99a/b may be associated with infection through the mTOR

regulation pathway.
Delivery of endothelial exosomes to
monocytes and absolute determination
of miR-99 concentration in monocytes

Monocytes are innate immune cells that play a central role in

the host response to infection. They function to trigger an

inflammatory response to eradicate the infectious pathogen,

thereby are critical in modulating sepsis-induced inflammation

and immunosuppression (Giamarellos-Bourboulis et al., 2006;

Santos et al., 2016). In normal physiological conditions,

endothelial cells are quiescent and do not interact with

monocytes (Njock et al., 2015; Tang et al., 2016). In an

inflammatory and infectious environment, vascular activation

promotes the expression of surface adhesins which in turn binds

monocytes (Tang et al., 2016). In addition, emerging evidence

suggests under pathological conditions, exosomes may alter the

contents of their cargo and deliver them to neighbouring

immune cells to promote intercellular communication and

microbial defence (de Jong et al., 2012; Wu et al., 2017;

Barberis et al., 2021). Since our results revealed exosomal

content released by endothelial cells is altered during S. aureus

infection, we sought to determine whether endothelial-derived

exosomes could be taken up by monocytes and whether this

contributes to their immunomodulatory function in sepsis.

We first treated the endothelial cells with a Near Infrared

BF2-azadipyrromethene (NIR-AZA) fluorescent probe which

binds non-specifically to the plasma membrane and cytosol of

cells (Gantier et al., 2012). Immunofluorescence analysis

revealed the NIR-AZA probe was successfully internalised by

endothelial cells (Figure 3A). Next, exosomes were isolated from

NIR-AZA stained cells that were infected with S. aureus for 24

hours. To identify if monocytes were capable of taking up these

extracellular vesicles, the stained endothelial exosomes were co-

cultured with monocytes and real-time fluorescent microscopy

was performed over 16 hours. At t=0 minutes, small fluorescent

vesicles – the endothelial exosomes stained with the NIR-AZA

probe – surround the unstained monocytes (Figure 3B). At 60

minutes, the monocytes become fluorescent as they begin to

interact with the exosomes. The fluorescent intensity of the

monocytes is greatest at 300 minutes, indicating that since the

NIR-AZA dye has stained the plasma membrane and cytosol of
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the monocytes, they have successfully taken up the endothelial

exosomes. To validate exosomal uptake by monocytes, we

performed absolute quantification of miR-99a and miR-99b in

monocytes that were co-cultured with the exosomes derived

from healthy and infected endothelial cells. Real-time PCR

revealed basal concentrations of miR-99a and miR-99b in

monocytes were 400 aM and 205 fM, respectively. S. aureus

infection alone had no impact on miR-99a/b expression in

monocytes. Delivery of healthy endothelial exosomes to

monocytes induced a significant increase from basal levels in

miR-99a (P<0.05), but not for miR-99b. Alternatively, delivery

of S. aureus-infected endothelial exosomes caused a significant

increase in both miR-99a (P<0.01) and miR-99b (P<0.05)

expression in monocytes (Figure 3C). The cystolic increase in

miR-99 levels in monocytes following exosome delivery

confirms their uptake, relative to the unstimulated monocytes.
Inflammatory phenotypic analysis of
monocytes following endothelial
exosome delivery

Having demonstrated successful uptake of endothelial

exosomes by monocytes in vitro through real-time fluorescent

microscopy and absolute quantification, we investigated possible

pro-inflammatory effects induced by the exosomes. CD11b and

MHCII are pro-inflammatory activation markers expressed on

the surface of monocytes; CD11b is involved in monocyte

adhesion, migration, and stimulation of pro-inflammatory

pathways during infection, whereas MHCII is associated with

antigen presentation and the adaptive immune response. Both

proteins are routinely upregulated in response to a pro-

inflammatory stimuli (Cella et al., 1997; Duan et al., 2016).

Flow cytometry was performed to determine expression of

CD11b and MHCII in monocytes following delivery of healthy

and infected endothelial-derived exosomes after 24 hours

(Figure 4A). A significant increase of both CD11b (P<0.05)

and MHCII (P<0.05) expression was observed in the monocytes

cultured with infected endothelial exosomes, compared to the

unstimulated control group. Exosomes from healthy endothelial

cells had no effect on CD11b but significantly increased MHCII

expression. This suggests that S. aureus infected endothelial

exosomes significantly alters CD11b and MHCII expression of

monocytes which could directly influence their pro-

inflammatory response to infection.

To further investigate the pro-inflammatory effect of

exosomal delivery had on monocytes, we analysed the

production of two major inflammatory cytokines frequently

associated with sepsis mortality: IL-6 and IL-10. Basal levels of

IL-6 and IL-10 were assessed in unstimulated monocytes.

Healthy endothelial exosomes had no effect on cytokine

expression whereas exosomes from S. aureus infected

endothelial cells resulted in an increase in IL-6 (P<0.05) and a
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FIGURE 3

Delivering infected endothelial exosomes to monocytes causes increase in miR-99b and miR-99b levels (A) Endothelial cells were treated with
Near-Infrared BF2-azadipyrromethene (NIR-AZA) dye (red) then viewed by fluorescent microscopy at 63X. Nuclei were counterstained with
DAPI (blue). (B) Exosomes were isolated from cells and delivered to THP-1 monocytes via 8-channel ibidi chambers and analysed with real-time
fluorescent video microscopy. Images were captured every 5 minutes over 16 hours. Images displayed using a time-lapse across 300 minutes
(top panel: Cy5 channel, bottom panel: DIC channel). Absence of fluorescence at 0 minutes indicates monocytes have not yet interacted with
exosomes (arrowheads). At 300 minutes, fluorescent intensity was greatest, and staining of the plasma membrane and cytosolic components of
monocytes suggests exosomes were successfully taken up (arrow). (C) Real-time PCR using standard curves was performed to determine
absolute quantification of miR-99a and miR-99b levels in monocytes following delivery of exosomes obtained from healthy and infected
endothelial cells. No significant difference in miR-99a/b was noted when monocytes were directly infected with S. aureus. Delivery of healthy
endothelial exosomes to monocytes induced a significant increase in miR-99a expression relative to unstimulated monocytes, respectively.
Delivery of infected endothelial exosomes to monocytes induced a significantly higher increase in miR-99a and miR-99b levels. The cystolic
increase in both miR-99 concentrations in monocytes indicates successful exosomal delivery and uptake. Data was representative of 3
independent experiments as mean ± SEM. Statistics were performed using one-way ANOVA (*p<0.05, **p<0.01). NS, not significant.
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FIGURE 4

Infected endothelial exosomes promote a proinflammatory phenotype in monocytes following uptake (A) Expression of proinflammatory
markers CD11b and MHCII were analysed on the surface of monocytes by flow cytometry after 24 hours. Data is represented as bar graphs
using geometric mean taken from baseline negative control. Significant increases in CD11b and MHCII levels were observed in monocytes that
had taken up infected exosomes. (B) Basal levels of IL-6 (35 pg/mL) and IL-10 (4300 pg/mL) were obtained in unstimulated THP-1 monocytes
by ELISA. Direct S. aureus infection had the greatest influence on IL-6 and IL-10 production from monocytes. Healthy endothelial exosomes
had no effect on cytokine expression compared to unstimulated monocytes. Exosomes from S. aureus infected endothelial cells induced a
significant increase in IL-6 and a negatively correlating decrease in IL-10 production in monocytes. (C) Western blot and densitometry analyses
of mTOR levels (200 kDa) in monocytes following delivery of healthy or infected exosomes after 24 hours. GAPDH (37 kDa) used as loading
control. Positive control (monocytes + S. aureus) showed greatest mTOR protein expression. Significantly elevated mTOR levels were observed
in monocytes following uptake of S. aureus infected endothelial exosomes. Data is represented as mean ± SEM (n=3 CD11b; n=4 MHCII;
*p<0.05; **p<0.01, ***p<0.001). NS, not significant.
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decrease in IL-10 (P<0.05) after 24 hours (Figure 4B). These

results suggest that exosomes from S. aureus infected endothelial

cells are driving the pro-inflammatory cytokine response and

diminishing the anti-inflammatory response.
mTOR activity is suppressed by miR-99a/
b which promotes an anti-inflammatory
effect during S. aureus infection

We identified that exosomes derived from endothelial cells

infected with S. aureus contain heightened levels of miR-99,

which are confirmed to target mTOR (Jin et al., 2013; Cao et al.,

2017; Tsai et al., 2018; Yin et al., 2018). The mTOR pathway is a

critical network which serves as master regulators of several

cellular functions including metabolism, growth, and

proliferation. In addition, mTOR limits the production of pro-

inflammatory cytokines and promotes anti-inflammatory

cytokines during infection (Weichhart et al., 2008; Weichhart

et al., 2011). We performed western blots to assess mTOR

protein expression in monocytes that were either unstimulated

or co-cultured with exosomes derived from healthy and infected

endothelial cells. Unstimulated and healthy endothelial

exosomes produced undetectable mTOR levels, consistent with

findings that mTOR activity is low in the absence of an

appropriate stimuli (Zhang et al., 2011; Waickman and Powell,

2012; Jones and Pearce, 2017). In addition, monocytes directly

infected with S. aureus caused heightened mTOR expression.

However, monocytes exposed to infected endothelial exosomes

had markedly lower mTOR expression than those infected with

the bacteria directly (Figure 4C). This suggests that perhaps

exosomal miR-99 expression could directly influence mTOR

activity in monocytes during infection. To investigate this,

transfection assays were performed using mimetics and

antagomirs against miR-99a/b (Figure 5A, D). Mimetics

targeting miR-99a, miR-99b, and a negative control composed

of scrambled RNA were transfected into monocytes and

subsequently infected with S. aureus for 24 hours. Both miR-

99a and miR-99b mimetics delivered to monocytes resulted in

reduced mTOR production (Figure 5C). We also analysed the

effects of suppressing miR-99a/b using antagomirs (Figure 5A).

Transfection of both miR-99a and miR-99b antagomirs to

infected monocytes induced an increase in mTOR expression

therefore restoring mTOR activity in vitro (Figure 5F). This data

demonstrates that both members of the miR-99 family target

and suppress mTOR activity during infection.

Since mTOR was successfully downregulated in the presence

of miR-99a and miR-99b, we sought to investigate whether the

production of pro- and anti-inflammatory cytokines could be

influenced directly by these miRNAs during microbial infection.

Basal levels of IL-6 and IL-10 were measured in negative controls

with lipofectamine 3000 and scrambled RNA – both of which

were infected with S. aureus. These were compared to S. aureus
Frontiers in Cellular and Infection Microbiology 10
infected monocytes transfected with miR-99a and miR99b

mimetics and antagomirs. Addition of miR-99a/b mimetics

resulted in significantly increased levels of IL-6 and reduced

IL-10 (Figure 5B); conversely, knockdown of miR-99a/b using

antagomirs caused reduced IL-6 and increased IL-10

production (Figure 5E).
Discussion

The intercellular signalling pathway that governs endothelial

cross-talk during sepsis is determined by a complex interplay

between pro- and anti-inflammatory mediators, and the nature

of the sustained hyperinflammatory response that drives sepsis

remains elusive. Here we demonstrate that human vascular

endothelial cells may be responsible for the sustained

hyperinflammatory response by utilising exosomes as

signalling vehicles to modulate intercellular communication

with immune cells.

Exosomes are important cargos which carry multiple mediators

critical for the pathogenesis ofdisease such as carcinomas,

neurodegenerative disorders i.e., Parkinson’s disease, and heart

failure (Vella et al., 2008; Masyuk et al., 2013). A new body

research now suggests that exosomes carry biological material

such as DNA, proteins, mRNA, and miRNA capable of

modulating the inflammatory response during infection (Barberis

et al., 2021). Sepsis is described as a dysregulated host response to

infection and associated organ dysfunction. Analysis of exosomes

derived from septic mice revealed increased levels of pro-

inflammatory cytokines including IL-1b, IL-2, IL-6, and TNF-a,
in the early phase followed by IL-12, IL-15, IL-17, and IFN-g, in the

late phase (Gao et al., 2019). Additionally, human studies

demonstrated that exosomes isolated from sepsis patients can

induce endothelial cell caspase-3 activation and apoptosis by

generating superoxide, NO and peroxynitrite (Gambim et al.,

2007). Most interestingly, pharmacological inhibition of exosomes

attenuated cytokine production in LPS treated mice (Essandoh

et al., 2015). Expanding on these observations we found that

exosomes specifically released from S. aureus infected human

endothelial cells contain miRNA’s that have the potential to

modulate transcriptional and translational programs within

immune cells and therefore contribute to an excessive and

sustained inflammatory response during sepsis.

Although a number of exosomal miRNAs have been

identified in sepsis, the functional effect of these dysregulated

miRNA’s has not yet been fully elucidated. Exosomal miR-155

and miR-19b have both been shown to be increased during

sepsis (Alexander et al., 2015; Lv et al., 2020; Chen et al., 2021).

Both of these miR’s induce the secretion of proinflammatory

cytokines, including IL-6 and TNFa, by activating Nuclear

Factor-kB (NF-ĸB) or through suppressor of cytokine

signalling-1 (SOCS-1) (Gantier et al., 2012; Yang et al., 2015;

Ye et al., 2016; Mann et al., 2018). In our study, we demonstrated
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FIGURE 5

Exosomal miR-99a and miR-99b drives the proinflammatory response in monocytes by downregulating mTOR following S. aureus infection
(A, B) IL-6 and IL-10 expression in monocytes treated with miR-99a/b mimetics following a 24 hour S. aureus infection was determined by
ELISA. Monocytes treated with lipofectamine 3000, and negative control scrambled RNA were considered negative controls, where neither
group showed significant differences in cytokine levels. Monocytes transfected with miR-99a and miR-99b mimetics resulted in a significant
increase to IL-6 levels, which also observed a significant decrease in IL-10 expression. (C) Total mTOR expression in monocytes treated with
miR-99a/b mimetics in the presence of a 24 hour S. aureus infection was determined by western blot and densitometry analyses. GAPDH was
used as a loading control. Transfection of either the miR-99a or miR-99b mimetic caused a significant reduction in mTOR production.
(D, E) MiR-99a and miR-99b antagomirs were transfected into monocytes in the presence of S. aureus infection. IL-6 and IL-10 levels were
assessed using ELISA. miR-99a antagomirs resulted in significant decrease to IL-6 production yet miR-99b antagomirs maintained IL-6 at
physiological levels compared to negative controls. (D) Knockdown of miR-99a and miR-99b using antagomirs resulted in a significant increase
in IL-10 production relative to negative control scrambled RNA. (E), (F) Total mTOR expression of monocytes treated with miR-99a/b
antagomirs following a 24 hour S. aureus infection was determined by western blot and densitometry analyses. Both antagomirs resulted in a
significant increase in mTOR levels relative to the negative controls. Comparatively, IL-6 and IL-10 production directly correlated with the
changes in mTOR activity. Data is represented as mean ± SEM (n=6 western blot; n=4 ELISA; *p<0.05). NC, Negative control. **P<0.01, NS,
not significant.
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that the total exosomal levels released from human endothelial

cells do not differ between uninfected and infected conditions,

however the contents of the exosomes were significantly

different. We observed increased levels of miR-99a and miR-

99b in infected endothelial derived exosomes. Both of these

dysregulated miRNA’s specifically targeted mTOR, a key

molecular switch in immune cells (Weichhart et al., 2011; Cao

et al., 2017; Tsai et al., 2018). mTOR plays a crucial role in cell

proliferation, migration, differentiation, and inflammation, and

has been shown to limit the production of pro-inflammatory

cytokines in-vitro following induction of cells with microbial

stimuli (Weichhart et al., 2008; Dan et al., 2008; Zhou and

Huang, 2011; Mori et al., 2014; Zeng and Chi, 2017).

During infection, mTOR maintains an anti-inflammatory

environment through bidirectional regulation of NF-ĸB activity

through IKKb (Dhingra et al., 2013). Activation of mTOR results

in dampening of anti-inflammatory cytokines and an increase in

proinflammatory cytokines (Weichhart et al., 2008; Saemann

et al., 2009; Weichhart et al., 2011). Monocytes are well

characterised recipient cells for exogenous exosomes and play a

key role in the sustained and excessive immune response during

sepsis (Voorhees et al., 2013; Arango Duque and Descoteaux,

2014). Our data revealed that the exosomes derived from infected

human endothelial cells interacted with monocytes to deliver

miR-99a and miR-99b which induced a pro-inflammatory effect

on the immune cells. The coordinated secretion of pro- and anti-

inflammatory cytokines by monocytes is an essential defence

mechanism during inflammation, yet the signalling pathways

that contribute to this cytokine storm remain elusive (Nedeva

et al., 2019). Monocytes directly infected with S. aureus

experienced elevated mTOR, yet monocytes treated with

infected endothelial exosomes had notably reduced mTOR

levels. This could be due to high miR-99a/b within infected

exosomes, since their overexpression from infected endothelial

exosomes enhanced IL-6 production and dampened that of IL-10,

whilst their antagomirs had the opposing effect. In addition, miR-

99a/b mimetics suppressed mTOR expression significantly.

Consistent with this, Weichert et al. demonstrated that

inhibition of mTOR with rapamycin caused monocytes infected

with the bacterium Listeria monocytogenes to have heightened

pro-inflammatory effects, due to elevated cytokine production (IL-

2, IL-6, TNF-a) (Weichhart et al., 2008; Weichhart et al., 2011).

Therefore, we proposed that mTOR is a key molecular

switch that serves as an anti-inflammatory mediator and its

inhibition enhances the pro-inflammatory state of cells. In

addition, we have identified a novel mechanism by which

endothelial exosomal miRNA drives this response. These

findings suggest that miR-99a and miR-99b facilitates the pro-

inflammatory behaviour of monocytes through mTOR

suppression, and therefore could act as viable targets to

dampen the hyperinflammatory response during sepsis. This

analysis of endothelial exosomes following S. aureus infection

has emphasized the crucial role that these nanovesicle
Frontiers in Cellular and Infection Microbiology 12
intercellular communicators play in the pathophysiology of

disease states.
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