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Abstract

Extracellular vesicles (EVs) have emerged as key regulators of immune function across multiple
diseases. Severe burn injury is a devastating trauma with significant immune dysfunction that
results in an ~12% mortality rate due to sepsis-induced organ failure, pneumonia, and other
infections. Severe burn causes a biphasic immune response: an early (0-72 h) hyper-inflammatory
state, with release of damage-associated molecular pattern molecules, such as high-mobility

group protein 1 (HMGB1), and proinflammatory cytokines (e.g., IL-1p), followed by an
immunosuppressive state (1-2+ wk post injury), associated with increased susceptibility to life-
threatening infections. We have reported that early after severe burn injury HMGB1 and IL-18 are
enriched in plasma EVs. Here we tested the impact of EVs isolated after burn injury on phenotypic
and functional consequences in vivo and in vitro using adoptive transfers of EV. EVs isolated early
from mice that underwent a 20% total body surface area burn injury (burn EVs) caused similar
hallmark cytokine responses in naive mice to those seen in burned mice. Burn EVs transferred

to RAW264.7 macrophages caused similar functional (i.e., cytokine secretion) and immune gene
expression changes seen with their associated phase of post-burn immune dysfunction. Burn EVs

Correspondence Leon Coleman, Assistant Professor, 1007C Thurston Bowles Bldg.,CB7178,Chapel Hill, NC27599,

USA. leon_coleman@med.unc.edu; Robert Maile, Associate Professor, 8031 BurnettWomack,Chapel Hill, NC27588, USA.
robmaile@med.unc.edu.

AUTHORSHIP

The authors were involvedin the following manner: conceptualization, R.M./L.G.C./S.M.W.; investigation, M.W./R.M./C.M./A.B;
data curation—formal analysis, R.M./M.W./L.G.C.; project administration/oversight, R.M./L.G.C./S.M.W./B.A.C.; writing—original
draft, R.M./S.M.W./L.G.C./M.W.; and writing—review, editing, and revision, R.M./S.M.W./L.G.C./C.M./M.W.
Leon Coleman and Robert Maile contributed equally to this work.

DISCLOSURES
The authors declare no conflicts of interest.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Willis et al. Page 2

isolated early (24 h) induced MCP-1, IL-12p70, and IFN y, whereas EVs isolated later blunted
RAW proinflammatory responses to bacterial endotoxin (LPS). We also describe significantly
increased HMGBJ1 cargo in burn EVs purified days 1 to 7 after injury. Thus, burn EVs cause
immune outcomes in naive mice and macrophages similar to findings after severe burn injury,
suggesting EVs promote post-burn immune dysfunction.
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11 INTRODUCTION

Severe burn injury is one of the most devastating forms of trauma, with mortality rates
reaching up to 12% even in specialized burn centers.1-3 In the United States approximately
450,000 burn injuries occur each year that require medical treatment with nearly 3500
deaths.1-3 Mortality due to severe burn injury is primarily due to complications such

as organ failure, pneumonia, and infections of other organs.#-1! The majority of these
complications occur days to weeks after repair of the skin barrier function by skin
grafting.12 This organ/tissue damage and increased vulnerability to infections is connected
to the persistent immune dysfunction caused by severe burn injury.13

It is generally accepted that burn injury results in a biphasic systemic immune
dysfunction.14-21 The acute phase (0-72 h post injury) is referred to as burn shock or
systemic inflammatory response syndrome, and can lead to barrier dysfunction and multiple
organ failure in the early time points after injury.22 In most patients who survive this

early period, it is clinically obvious they enter a late/chronic phase of immune dysfunction
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(beginning 1-2 wk after burn) associated with an increased susceptibility to infection
referred to as the compensatory anti-inflammatory response syndrome.23.24 However, due
to the heterogeneity of these responses we and other groups often refer to these phases as a
mixed agonist response syndrome (MARS?23:25-30),

Several groups including ours have shown that burn injury generates tissue damage and
subsequently numerous damage-associated molecular patterns (DAMPS), such as dsDNA,
hyaluronic acid (HA), high-mobility group protein 1 (HMGBL1), and the microRNA

Let-7 are released.14.1517.20.21.31-33 DAMPs engage pattern recognition receptors (PRR),
including TLR, resulting in the activation of genes responsible for immune modulation,
immune cell recruitment, local tissue damage, and susceptibility to infection observed

in the MARS following burn injury.14.15.17.34-40 \We have previously shown the pattern

of macrophage TLR expression is highly dynamic after burn injury, with expression
significantly increased within the first three days of burn injury, returning to normal
levels at day 7 and then gene and protein levels of multiple TLRs undetectable on
macrophages by day 14 after burn injury.1®> Unfortunately, attempts to modulate these
phases of immune dysfunction with cytokine/anti-cytokine therapy have largely been
unsuccessful,*1-44 suggesting additional multimodal immunologic interactions also play a
role in driving clinical disease.

Extracellular vesicles (EVs) have emerged as novel mediators of immune dysfunction across
several immune pathologies, including burn injury.45-49 EVs are continuously released from
nearly all cell types into biologic fluids including plasma whereby their frequency and
composition changes under pathologic conditions.>® EVs are classified primarily based on
their size and biogenesis into three main categories: apoptotic bodies (>1 gm), microvesicles
(~0.1-1 tm), and exosomes (~50-100 nm). There is some overlap in size, cargo, and surface
markers between exosomes and EVs, though exosomes originate from the endosomal system
whereas EVs primarily arise from budding from cell surface membranes.#6-49.51 We have
previously reported EVs, but not EV-depleted plasma, is progressively enriched in the
DAMP HMGB1 during the first 72 h after severe burn injury in both mice and humans.1’
This was associated with a parallel increase in EV-associated IL-15and the formation of
immunopotent HMGB1-1L-1 complexes.17:52:53

In this study, we hypothesized that EV release after burn injury is biphasic whereby

those released early following burn injury promote proinflammatory and tissue damaging
responses, and those released at later stages post-burn contribute to the impaired

responses to infection. To test this hypothesis, we evaluated the phenotypic and functional
consequences of burn-induced EVs in vivo and in vitro. Specifically, we performed adoptive
transfers of EVs isolated from mice early after burn to naive uninjured mice and evaluated
the effect on plasma cytokine responses. As macrophages are players in both early and late
post-burn immune dysfunction the effect of burn-induced EVs on macrophage activation
and function were determined. Macrophages were exposed to burn-induced EVs isolated
during the early or late post-burn immune phases and subsequent cytokine production,
innate immune gene induction, and bacterial endotoxin (LPS) induced phagocytosis were
evaluated. We also describe increased HMGBL cargo in the days 1-7 burn EVs. Together,
the data presented here demonstrate that EVs secreted early and late after burn injury
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recapitulate many of the immune responses responsible for the biphasic MARS due to
profound immunoregulatory effects on macrophages. This work implicates EVs as drivers
of both phases of immune dysfunction after burn injury and thus identifies EVs as novel
therapeutic targets in the treatment of severe burn injury.

METHODS

Mouse 20% total body surface area (TBSA) burn injury model

All protocols were performed in strict accordance with the Guide for the Care and Use of
Laboratory Animals of the National Institute of Health. The study protocol was approved

by the University of North Carolina Institutional Animal Care and Use Committee (#18—
118) with ethically appropriate experimental design; all animals were housed in American
Association for Accreditation of Laboratory Animal Care (an international private, nonprofit
organization that promotes the humane treatment of animals in science through voluntary
accreditation and assessment programs) accredited facilities with full time veterinarians on
staff. Close observation of animals was performed at all times. All appropriate measures
were followed to alleviate suffering. All burns and sham injuries were performed under
general anesthesia. Mice underwent a 20% TBSA thermal injury as described previously.14
Briefly, female, C57B/6 mice (6-8 wk old, 15-20 g) were anesthetized with tribromoethanol
(avertin; 475 mg/kg) and their dorsum shaved before injection of subcutaneous morphine
sulfate (3 mg/kg). After which four separate areas of skin were subjected to 10 s exposures
to a copper rod heated to 100°C in a water bath, resulting in a full-thickness 20% TBSA
burn. Mice were resuscitated with Ringer’s lactate solution (0.1ml/g body weight). Ongoing
pain control was provided ad lib through morphine sulfate-supplemented water (60 £g/20 g
mouse) throughout the experimental period. Sham-treated mice received the same treatment
and pain medication without heated copper rod application. Mice were monitored at least
twice a day for the first 48-72 h post procedure or until they are stabilized. Once the

mice were stable, they were monitored every other day. If mice developed overt symptoms
of trauma and if not easily treated for their illness (hunched, dehydrated, struggling with
breathing, lost >15% body weight, were inactive, or suffered lesions) they were euthanized
immediately using inhaled isoflurane (drop method), followed by cervical dislocation. There
were never any unexpected deaths.

EV isolation, quantification, and sizing

EVs were isolated from plasma of mice 1, 7, and 14 d post-burn injury by sequential
centrifugation as described previously.1”>4 Briefly, mice were euthanized by inhaled
isoflurane, blood recovered by cardiac puncture, and placed in heparin containing tubes for
plasma isolation. Plasma was centrifuged at 2000 x g for 20 min to remove cells. Supernatant
was then centrifuged at 10,000 x g for 30 min to remove cellular debris. Remaining
supernatant was then centrifuged at 21,000 xg for 1 h. The EV-containing pellet was washed
in PBS and centrifuged again at 21,000 xg. This preparation results in EVs ranging between
100 nm and 1 zm in diameter.* EV pellets were resuspended in 2-3 ml of saline, filtered
with a 0.22 1M syringe filter, and frozen at —80°C. Nanoparticle tracking analysis (NTA)
was performed on the final EV products using the ZetaView QUATT instrument (Particle
Metrix, Mebane, NC) and ZetaView (version 8.05) software. Mean concentrations (EV/ml)

J Leukoc Biol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Willis et al.

231

241

251

261

Page 5

and mode size (diameter in nanometers) were determined from 10 videos taken of one
sample analyzed at a 1:1000 dilution with filtered PBS with a 488 nm laser, pump speed 30,
camera shutter of 100. Each measurement obtained from the 10 videos was internally quality
controlled by the instrument, with videos removed for failing quality control.

ELISA measurements of plasma EV-bound HMGB1

HMGB1 levels were determined in EVs by ELISA according to the manufacturer’s
instruction with modification. EVs derived from plasma samples were diluted 1:25 in Tris
lysis buffer containing 7.4% EDTA, 3.8% EGTA, and 1% Triton X-100 to release EV
associated cargo. Samples were then treated with perchloric acid to liberate HMGB1 from
its binding partners to allow for measurement of total HMGB as previously described and
ELISA performed according to manufacturer’s instructions.5® Resultant samples had protein
concentrations of EVs assessed using a BCA assay. HMGB1 measurements in EVs were
normalized to total EV protein to account for sample variation. Previously in our laboratory
we have observed that there is a Hook effect when measuring HMGBL in plasma samples,
which results in erroneously low plasma HMGB1 measurements when a low dilution factor
is used. Therefore, a dilution factor of 30, optimized from our previous work, was used for
all EV HMGBL1 ELISA assessments.

EV adoptive transfer

Utilizing plasma EVs pooled from six mice isolated at 48 h after injury or sham procedures,
1 x 1019 EVs in sterile PBS were adoptively transferred into naive unburned mice via

tail vein injection. We used historic data from cellular adoptive transfers to determine the
number of EVs to be transferred. In our burn models, traditional cellular adoptive transfer
uses 5-10% of the total WBC volume to evaluate clinical outcomes (i.e., 5 x 10%to 1 x

108 cells adoptively transferred into immunocompetent mice with a 1 x 107 total WBCs
volume). Thus, here we adoptively transferred 1 x 1019 EVs, which is 5-10% of the average
number of plasma EV in our mice (1-2 x 101%; Fig. 1A). Mice were sacrificed 24 h after
transfer and plasma harvested for cytokine analysis.

RAW cell culture and EV stimulation

RAW264.7 (ATCC, Manassas, VA, USA) human macrophages cells were allowed to grow in
culture according to manufacturer’s instructions using DMEM media containing 10% FBS
and 1% penicillin/streptomycin at 37°C and 5% CO?2. A total of 1 x 106 cells were plated in
24-well cell culture plates and allowed to adhere overnight after which cells were exposed to
3x107,3 x 10%, or 3 x 10° EVs in the absence or presence of LPS from Escherichia coli
0111:B4 for 24 h. Supernatants and cellular mRNA were harvested for analyses.

Bone marrow-derived macrophage (BMDM) culture and EV stimulation

Total bone marrow cells, which were obtained from tibia and femurs from female C57BL/6
mice, were suspended into RPMI11640 media supplemented with 10% FBS, 1% penicillin/
streptomycin, and 100 ng/ml rhM-CSF at a density of 3 x 10° cells/ml in 24-well plates and
cultured at 37°C and 5% CO2 for 7 d. Resultant BMDMSs were exposed to 3 x 107 EVs from
burn or sham-injured mice for 24 h. Supernatants were harvested for analyses.
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2.71 Cytokine and chemokine detection and quantification

Bio-Plex Multi-Plex immunoassays (Hercules, CA, USA) were used to probe cell murine
plasma or culture supernatants for IL-1, IL-2, IL-6, IL-8, IL-10, IL-12(p70), IFN-g,
MCP-1, and TNFa, according to the manufacturer protocols. Data were acquired on a
Bio-plex 200 system running Bio-Plex Manager and Bio-Plex Data Pro Software and
analyzed using a five parameter logistic spline-curve fitting method. All data are presented
as picograms per milliliter.

2.81 Immune gene detection and quantification

Isolation of MRNA was performed as previously.” Briefly, RAW macrophages were lysed
with TRIZOL buffer (Sigma, Burlington, MA, USA) and total RNA was isolated by
chloroform extraction and quantified using a nanodrop 2000 spectrophotometer. NanoString
technology and the nCounter Mouse Immunology Panel (Nanostring, Seattle, WA, USA)
was used to simultaneous evaluate 561 mRNAs in each sample.>8 Each sample was run in
triplicate. Briefly, a total of 100 ng mRNA was hybridized to report-capture probe pairs
(CodeSets) at 65°C for 18 h. After this solution-phase hybridization, the nCounter Prep
Station was used to remove excess probe, align the probe/target complexes, and immobilize
these complexes in the nCounter cartridge. The nCounter cartridge was then placed in

a digital analyzer for image acquisition and data processing. Hundreds of thousands of
color codes designating mRNA targets of interest were directly imaged on the surface of
the cartridge. The expression level of each gene was measured by counting the number

of times the color-coded barcode for that gene was detected, and the barcode counts
tabulated. nSolver v4.0, an integrated analysis platform was used to generate appropriate
data normalization as well as fold changes, resulting ratios and differential expression.
nCounter v4.0 Advanced Analysis and Ingenuity Pathway Analysis along with robust R
statistics were used to identify pathway-specific responses.>6

291 Phagocytosis quantification

A total of 2.5 x 10° RAW cells were plated in a 96-well flat bottom plate and were allowed
to adhere for an hour, after which cells were then exposed to killed E. coli (K-12 strain),
which have been labeled with the fluorescent dye fluorescein, in the presence or absence of
3 x 107 EVs and 10 ug/ml LPS from £. coli 0111:B4. Phagocytosis was allowed to occur
for 2 h, and extracellular fluorescent £. coliwas removed by aspiration and quenched by
trypan blue. Intracellular fluorescence was quantified using a BioMek plate reader 480 nm
excitation and 520 nm emission, with two technical replicates and three biologic replicates.

31 RESULTS

3.11 Adoptive transfer of burn-induced EV, but not sham-induced EV, promotes a
systemic cytokine response similar to that associated with burn injury

We have reported that early after burn injury (<72 h) in human patients or mice that

there is a higher frequency of EVs loaded with immunomodulators, such as the DAMP
HMGBL and IL-1 cytokine, compared to EVs isolated from healthy humans or sham-
injured mice.1” Here we used our C57BL/6 murine model of burn injury, which models
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a 20% TBSA full-thickness scald burn, to characterize the immunomodulatory effects of
burn-induced EVs (burn EVs).1° This model of burn injury results in a robust immunologic
response that closely mirrors that seen in humans including the rapid elevation of systemic
proinflammatory chemokines and cytokines such as MCP-1 (CCL2), IL-10, IL-6, and

IFN #.1220.36 As we and others have previously reported, mice undergoing this burn injury,
but not sham injury, have the same elevated hallmark cytokines (MCP-1, IL-10, and IL-6)
of burn injury that recapitulate those seen in humans.”28:34.38.42,57-61 Tq evaluate the
immunomodulatory effect of EVs in vivo, we performed adoptive transfer studies of plasma-
isolated EVs from burn or sham-injured control mice into healthy unburned C57BL/6 mice
by tail vein injection (Fig. 1LA). First, we isolated EVs from plasma 24 h after injury

from burn mice and sham-injured control mice and characterized their frequency and size
using NTA. Purified EVs from both groups were similar in their size distribution (Fig.

1B). We then transferred 1010 EVs from either sham or burned mice to naive mice and
mice were then sacrificed 24 h after transfer and immune dysfunction were evaluated by
quantification of plasma cytokines using multiplex analysis. We observed that adoptive
transfer of burn EVs induced higher circulating levels of burn-associated cytokines IFN ,
IL-6, IL-8, MCP-1, and IL-10 when compared to that induced by EVs isolated from sham-
injured controls (Fig. 1C; *~ < 0.05 with FDR correction for multiple comparisons g =
0.03). Other cytokines and chemokines evaluated (IL-14, IL-2, IL-12[p70], and TNFa) were
not significantly altered by adoptive transfer of burn-induced EVs when compared to those
induced by EVs from sham-injured controls. Together these data suggest that burn injury
induces the release of EVs, which induce immune responses in vivo in a manner similar to
severe burn injury.

Burn-induced EVs promote cytokine responses in macrophages reflective of burn-

induced immune dysfunction

We, and others, have described macrophages as a key cellular component of the immune
system that suffers profound immune dysfunction after burn injury.15:17.20.36.38.40 Thys,

to take the first step in investigating the mechanism of in vivo EV immunomodulation,

we evaluated the macrophage specific response to burn-induced EV. We added equivalent
numbers of EVs isolated from burn- or sham-injured mice (3 x 107, 3 x 108, or 3 x 10°
EV/mI) to murine RAW264.7 macrophages (Fig. 2A). After 24 h, we harvested supernatant
and measured cytokines and chemokines by multiplex analysis. We found that in a dose-
dependent manner, which burn EVs induced significantly more secretion of MCP-1 (7.5-fold
at 3 x 107, *P< 0.05 vs. sham EVs Fig. 2B), 1L-12p70 (2-way ANOVA, main effect

of treatment, £ 7 = 70.45, ****P < 0.0001 vs. sham, Fig. 2C), IL-6 (8-fold at 3 x 107,

*P < 0.05 vs. sham, Fig. 2D), and IFN y (5.8-fold at 3 x 107, *P< 0.05 vs. sham, Fig.

2E). Other cytokines and chemokines evaluated (IL-1, IL-2, IL-8, IL-10, and TNFa) were
not significantly altered by EV exposure regardless of EV source. These data indicate that
burn EVs can alter macrophage immune responses, specifically promoting similar cytokine
profiles observed after adoptive transfer of burn EVs into untouched mice (Fig. 1C) as well
as those that are observed experimentally and clinically early after burn injury.1220.36 RAW
macrophage media contain ~1.7 x 1010 EV/s/ml; thus, the EV stimulation used here was less
than 1% of the number of EVs within the media, indicating a high level of potency of burn
EVs.
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3.31 EVs from burn injury induce a unique set of immune genes in macrophages

To examine the expression of genes and immune regulatory pathways that are triggered

by EVs, we employed Nanostring technology. This is an amplification-free technology

that measures gene expression by counting mRNA molecules directly.6 We utilized the
commercially available Mouse Immunology Panel v3.0, which allows for 561 mRNA targets
to be quantified simultaneously. We isolated MRNA from RAW264.7 cells exposed for 24

h to 3 x 10° EVs isolated from burn- or sham-injured mice. Volcano plots in Figure 3
demonstrate the change in gene expression along with its associated significance, following
RAW cells exposure to either EVs from burn-injured (Fig. 3A) or sham-injured (Fig.

3B) mice relative to cells not exposed to EVs. Significantly altered genes (£ < 0.01) are
presented in Supporting Information Table S1 (data also uploaded to NCBI Gene Expression
Omnibus GEO).

Evaluation of the normalized copy number of the key innate immune genes MCP-1, IL-6,
MyD88, and NFKkBI indicates that burn EVs, but not sham EVs, promote their up-regulation
by ~17-fold (MCP-1, Fig. 4A, ***P< 0.001), ~3.3-fold (IL-6, Fig. 4B, *P< 0.05), ~24-fold
(MyD88, Fig. 4C, ***P< 0.001), and ~150-fold (NFkB1, Fig. 4D, ***P< 0.001). In
addition, this analysis indicates that sham-injury induced EVs induce the down-regulation of
IL-6 gene expression, whereby burn-induced EVs have no effect on its expression compared
to cells not exposed to EVs (Fig. 4, 5). These data demonstrate that burn- and sham-injury
induced EVs uniquely immunomodulate macrophages and that burn-induced EVs promote
mRNA profiles associated with immune dysfunction known to occur following burn injury.

3.41 EVs isolated at distinct phases of burn injury have differential cargo and
immunomodulatory effects on macrophages

Burn injury has a clear and clinically described temporal effect on the immune system,
with an early proinflammatory “shock” phase and a later compensatory phase associated
with significant susceptibility to infection.2> As discussed, this is not as clearly defined
immunologically, and each phase comprises a mixed response of multiple immune
mediators. We hypothesize that EVs are a hitherto undescribed contributor to these distinct
phases. In previous studies, we have described unique time points as being associated with
the “shock” phase (day 1), a homeostatic/inflection phase (day 7), and a compensatory
phase (day 14) after a 20% TBSA burn in mice.1 Therefore, we isolated EVs from the
plasma 1, 7, and 14 d post-burn or sham injury and compared their frequency, size, and
immunomodulatory effects on macrophages. Here we utilized both RAW264.7 cells and
primary C57BL/6 BMDMs.

Using NTA we characterized the size and frequency of EVs from each time point. In terms
of concentration in plasma (Fig. 5A), there were significantly fewer EV in the plasma of
burn mice 1 d post injury vs. EVs in the plasma of sham mice. Conversely, there were
significantly more EVs in the plasma of burn mice 7 d post injury vs. the plasma of

sham mice. In addition, we determined if there were differences in the expression of the
key EV cargo member, HMGBJ1, that we previously demonstrated to be localized within
burn-induced EV.17 Specifically, we found that HMGB1 was located within EV from sham-
and burn-injury mice whereby EVs from burn mice contained significantly higher levels of
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HMGBL1 1 and 7 d post-injury when compared to sham mice (Fig. 5B). Conversely, by 14
d post-burn injury, EV-HMGBL levels in burn mice were similar to those found in EV from
sham mice. After purification, and similar to findings at 24 h (Fig. 1B), there were no clear
differences in size distributions of plasma EVs isolated from sham and burn mice at 1 wk
(Fig. 5C) and 2 wk (Fig. 5D) post-injury.

To determine the immunomodulatory effect of burn-induced EVs from each of these key
stages of immune dysfunction, and of sham EVs, we exposed equivalent numbers of
RAW264.7 or BMDM cells to equivalent numbers (3 x 107) of each EV population as

in Figure 2A, and measured cytokine and chemokine levels in the media by multiplex
analysis. We found that, in general, when comparing sham EV and burn EV, there was a
differential response between the two in both cell types, and when comparing between EV
isolated from different days after burn, there were also differential cytokine responses within
and between each macrophage type. We found that burn EVs from days 1 and 7 post-burn
injury induced higher expression of MCP-1 (Fig. 5E), IL-6 (Fig. 5F), IFNy (Fig. 5G), and
IL-12p70 (Fig. 5H) in RAW cells compared to EVs isolated from sham injury at the same
time points. Similarly, in BMDM MCP-1 was increased more strongly by day 1 burn EVs
but less so by days 7 and 14 burn EV; IL-12p70 also had a similar pattern. In contrast, we
found that burn EVs from day 14 post-burn injury induced higher expression of MCP-1 (Fig.
5E) and IL-6 (Fig. 5F), but not IFN y, (Fig. 5G) and IL-12p70 (Fig. 5H) when BMDMs
were used as the target cell. Interestingly, significant secretion of IL-6 occurs in response
to days 1, 7, and 14 burn EV by BMDMs vs. sham EV, but not by RAW cells, which only
secretes I1L-6 is response to days 1 and 7 burn EV. Finally, we found that burn-induced

EV did not induce IFN y in BMDMs regardless of time point post-burn injury (Fig. 5G).
These data demonstrate that burn-injury induced EVs from different time points after burn
injury uniquely immunomodulate both transformed and primary macrophage types, and are
generally representative of profiles associated with the immune dysfunction observed at the
respective phases of burn injury from which they were isolated.

Macrophages exposed to EVs isolated at distinct phases of burn injury have

differential immune gene expression reflective of the stage of immune dysfunction from
which the EVs were isolated

To examine the differential induction of genes and immune regulatory pathways that

are triggered by EVs from each stage of immune dysfunction following burn, we again
employed Nanostring technology and the Mouse Immunology Panel v3.0. RAW?264.7
macrophages were exposed for 24 h to equivalent numbers of EVs (3 x 10°) isolated 1,
7, and 14 d post-burn injury. Volcano plots in Figure 6 demonstrate the change in gene
expression along with its associated significance, following exposure to EVs isolated 1 d
(Fig. 6A), 7 d (Fig. 6B), and 14 d (Fig. 6C) post-burn injury relative to RAW?264.7 cells
not exposed to EV. Significantly altered genes (P < 0.01) are presented in Supporting
Information Table S2. Using principal components analysis (PCA) by nSolver Analysis
of these gene expression data, we derived pathway scores (PS), based on the individual
gene expression levels for all the measured genes within a specific pathway®? to identify
pathways active in the target cells. Generally, positive PS indicate pathways that are
highly affected based on gene expression patterns observed whereas negative PS indicate
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pathways which are not as affected based on gene expression patterns observed.52 Figure
7A demonstrates the PS driven by EVs derived from each time point after burn injury was
evaluated. Pathways shown are predicted with £< 0.05 confidence based on causal gene
expression. PS driven by EVs isolated 1 d (green circles) and 14 d (red circles) post-burn
injury are generally positive for many key immunologic pathways (e.g., TLR signaling,
phagocytosis, chemokine signaling, etc.), indicating that they are significantly affected.
Conversely, PS driven by EVs isolated 7 d post-burn injury (blue circles) are generally
negative for these immunologic pathways, similar to that of untreated macrophages (open
circles) indicating that these pathways were less impacted by these conditions (Fig. 7A).
These data corroborate that burn-injury induced EVs from different time points after burn
injury uniquely immunomodulate macrophages inducing mRNA profiles and differentially
affect immunologic pathways associated with the immune dysfunction observed at the phase
of burn injury at which they were isolated.

Macrophages exposed to EVs isolated later after burn injury have reduced

phagocytic ability

3.71

Aberrant macrophage cytokine and chemokine function can lead to tissue damage
associated with early burn-induced immune dysfunction. Conversely, aberrant phagocytosis
by macrophages, can lead to susceptibility to infection, the hallmark of immune dysfunction
observed in later stages of burn injury. Thus, we evaluated the effect of EVs isolated for
each time point post-burn injury on the phagocytic function of RAW264.7 macrophages in a
model of bacterial infection. Cell were incubated with 10 wg/ml LPS and fluorescein-labeled
killed £. coli (K-12 strain) cells, in the presence or absence of 3 x 107 EVs isolated 1, 7, or
14 d after burn injury or EVs isolated from sham-injured mice. Phagocytosis was allowed

to proceed for 2 h and the amount of internalized £.co/i quantified. EVs isolated from
sham-injured mice had no effect on the LPS-induced phagocytic function of macrophages
(Fig. 7B). Similarly, EVs isolated 1 and 7 d post-burn injury did not statistically affect

the amount of phagocytosis (Fig. 7B). However, EVs isolated 14 d post-burn injury caused
a significant impairment macrophages phagocytosis (Fig. 7B). This implicates late burn
EVs in the known suppression of macrophage mediated phagocytosis following burn injury,
which contributes to increased susceptibility to infection.

Burn EVs isolated 2 wk after injury suppress macrophage proinflammatory

responses to LPS

Increased risk of infection is a hallmark of post-burn pathology. Our data indicate an
effect of burn-induced EVs on LPS-induced phagocytosis; thus, to examine the totality of
EV’s effect on LPS-induced genes and immune regulatory pathways we again employed
Nanostring technology and the Mouse Immunology Panel v3.0. We probed mRNA from
RAW264.7 macrophages stimulated for 24 h with 1 zg/ml LPS stimulation in the presence
of 3 x 10° plasma EVs isolated 1, 7, or 14 d after burn injury or from sham-injured

mice. Volcano plots in Figure 8 demonstrates the change in gene expression along with its
associated significance, following exposure to LPS+ EVs isolated 1 d (Fig. 8A), 7 d (Fig.
8B), and 14 d (Fig. 8C) post-burn injury. In order to show changes in immune profiles
across all treatments data are presented relative to LPS-stimulated macrophages without EV
exposure. Significantly altered genes (P < 0.01) are presented in Supporting Information
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Table S3. Evaluation of the normalized copy number of the key innate immune genes
induced during LPS stimulation found that EVs isolated 1 and 7 d after burn have an
additive effect on MCP-1 expression relative to untreated cells as well as those exposed to
EVs isolated following sham injury (Fig. 9A). However, burn EVs collected at each time
point post-burn suppressed LPS induction of proinflammatory IL-6 and MyD88 compared
to sham EVs, with day 14 burn EVs almost completely abolishing responses to LPS (Fig.
9B). This is consistent with burn EVs at 14 d post-injury blunting macrophage responses to
infection at a time when susceptibility to infection is increased.

As previously outlined, we determined PS for cells stimulated with EVs and LPS. Pathways
shown in Figure 10 (predicted with £< 0.05 confidence) demonstrate the LPS-induced PS
for key immunologic pathways (e.g., TLR signaling, phagocytosis, chemokine signaling,
etc.) and the effect of EVs derived from each time point after burn injury on these LPS-
induced PS. PS driven by LPS in the absence of EVs in general are negative (Fig. 10;

open circles), whereby EVs isolated 1 and 7 d post-burn injury also drive LPS-induced
negative PS (Fig. 10; green circles and blue circles, respectively). Conversely, EVs isolated
14 d post-burn injury drive LPS-induced PS, which are positive (Fig. 10; red circles).
These data demonstrate that burn-injury induced EVs from different time points after

burn injury uniquely immunomodulate LPS responsiveness of macrophages. Although

PS can indicate the “general” directionality of a given pathways, it does not reveal the
directionality of individual genes within each pathway. To this end, our analysis revealed
that the PS of macrophages exposed with sham-induced EVs in the absence (Fig. 7A) or
presence (Fig. 10) of LPS were generally positive. Thus, to begin the process of revealing
mechanisms of sham-injury induced EVs and burn-induced EVs associated with our PS
analysis, we performed a focused analysis on PRR, their downstream signaling pathways,
and the resulting effector molecules using Ingenuity Pathway Analysis (Fig. 11). Figure
11 visualizes the positive (red) or negative (green) fold changes induced in LPS-treated
macrophages by EVs isolated from sham injury (circles), 1 d (first square), 7 d (second
square), or 14 d (third square). Each group was compared to LPS-stimulated macrophages
in the absence of EVs to allow visualization of the effects of all three groups. For example,
genes encoding proinflammatory cytokines, relative to unstimulated cells, are up-regulated
by LPS alone (Fig. 11; red gene symbol in the bottom of the figure). These genes are
strongly up-regulated in the presence of sham EVs (Fig. 11; @), unchanged by EVs from
days 1 and 7 post-burn (Fig. 11; H), but are strongly down-regulated by EVs from day

14 post-burn (Fig. 11; W). The collective data from Figure 11 indicate that not only

do sham-injury induced EVs and burn-induced EVs drive unique LPS-induced responses
in macrophages, but that burn-induced EVs from days 1 and 14 after injury are highly
divergent in their ability to modulate the ability of macrophages to respond to PAMPs

or DAMPs. Particularly, burn EVs isolated during the immunosuppressive/increased risk
of infection phase (i.e., day 14) strongly suppress proinflammatory responses to bacterial
endotoxin.

DISCUSSION

Several studies (including our own) have reported differences in the number, composition,
and/or cellular source of circulating EVs between healthy and diseased states.17:63.64 |t
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has become obvious that the biologic roles in health and disease of EV are vital and

wide ranging (reviewed in Tricarico et al.%%). EVs are membrane-enclosed structures of
heterogeneous size (~0.1-1 pm diameter), carrying a mixture of bioactive cell-derived
lipids, proteins, and nucleic acids on their surface (composition) and enclosed within their
membrane (cargo).#’ Packaging of molecules on and in vesicles prolongs their half-life,
potency, cell-specificity, and/or enhance their local concentration. In addition, incorporation
of molecules on and/or in EV precludes their detection by conventional methods. EVs are a
class of EVs and while it has been described that EV pools are altered in burn patients and
animal models,%-:67 no comprehensive investigation into their role in immune dysfunction
after burn injury has been examined.

EVs are complex signaling vehicles, in that their composition and cargo likely activate
innate immune responses through multiple routes (Fig. 12A). For instance, EVs can provide
localized and concentrated release/presentation of DAMPs (e.g., HMGB1) or cytokines
(e.g., IL-1p) to the cell surface receptors. We previously reported that burn injury induces
the sustained release of EVs with cargo that includes HMGB1 and IL-18in mice and
humans (Fig. 12A).17 Additionally, EVs can also fuse with the cell membrane and/or be
endocytosed and fuse with endosomes whereby their cargo is released into the cytoplasm or
endosome, respectively, and engage intracellular innate immune receptors. EVs might also
carry oxidized or inflammatory lipids, which can immunomodulate immune cells.58 Our
group’s published work and findings here demonstrate that burn injury induces the sustained
release of EVs.17 We have also described that EV association increases the functional
immune potency of the cytokines.1’ Here we build upon these reports and present data

that demonstrate EVs isolated after burn injury, but not sham injury, can transfer immune
dysfunction to untouched control mice in a manner that suggests EVs might promote
post-burn immune pathology seen clinically (Fig. 12B). This is in agreement with O’Dea

et al. who have demonstrated that elevated levels of leukocyte- and granulocyte-derived
EVs correlate with clinical assessment scores of burn severity associated with the risk of
severe sepsis.8” Healthy EVs might also be able to normalize immune dysfunction. An
additional study reported that EVs isolated from bronchoalveolar lavage of uninjured mice
could protect burn-injured mice from subsequent pulmonary bacterial infection.86 Although
these collective data implicate EVs as an immunomodulatory reservoir that is integral to
the pathogenesis of burn injury morbidities mechanisms of immunomodulation were not
elucidated.

As previously discussed, burn injury results in complex immune dysfunction with
dichotomous early and late states,14-21 whereby these dichotomous phenotypes are likely
controlled by temporal release of DAMPs (e.g., HMGB1, HA) and immunomodulatory
mediators (e.g., IL6, MCP1, and 1L10).14:15.17.32,34-38.40 However, in diverse clinical
settings of trauma and sepsis, targeting individual DAMPs has been unsuccessful.#1-44 Here
we demonstrate that early and late stages of immune dysfunction are associated with EVs
of different immunomodulatory functions, which manifests as elevated plasma levels of
IL6, MCP-1, and IFN y. In addition, we demonstrate that EV isolated after burn injury
have increasing amounts of HMGB1 cargo, which peaks at day 7 post injury, which at
least in part contributes to the immune dysfunction observed following adoptive transfer
of burn-injury induced EVs. We and others have extensively reported that these cytokines
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correlate with burn severity, poor outcomes, and are key players in the immune mechanism
of susceptibility to infection after burn injury.7:28:34.38.42,57-61 |t js important to note that
these so-called hallmark cytokines of burn (MCP-1, IL-10, and IL-6) are also significantly
elevated in the burn EV-donor mice after burn injury compared to sham-injured mice, as

we and others have previously reported. Thus, it is possible that there is contaminant free
cytokine remaining in the adoptively transferred EV samples, although our purification
process should remove the bulk (if not all) of these soluble mediators. In addition, as we
have published,1” and in data not shown, we do see the most significant fraction of cytokines
(and other immunomaodulators) associated with EV, and not free in the plasma. IL-8 was
also significantly elevated and this is likely related to epithelial proinflammatory response.59
Together these data implicate EVs at least as an adjuvant if not a drive of the immune
dysfunction, which manifests early following burn injury.

We, and others, have also reported that in human and preclinical studies macrophages

play a key role in both early and late immune dysfunction5:20.32,35-37,39,40,70-74 \yjth
aberrant macrophage cytokine and chemokine function leading to tissue damage associated
with early burn-induced immune dysfunction. Conversely, aberrant phagocytosis by
macrophages, can lead to susceptibility of infection, the hallmark of immune dysfunction
observed during later stages of burn injury.”1:72.75 Indeed, we have published that burn
injury results in a steady accumulation in the periphery of macrophages, which early

after burn injury up-regulate the innate immune receptors TLR2 and TLR4, followed

by a decrease of TLR2 and TLR4 expression late after burn injury, which resulted

in temporal differences in TLR-induced cytokine responses.14 Here we present data

that EVs from burn injury induce a unique set of immune genes in macrophages

compared to EVs from sham-injured mice and that EVs isolated at distinct phases of

burn injury have differential immunomodulatory effects, both of which are reminiscent

of the temporal immunologic phenotypes observed in our murine models of burn

injury and clinically.12:14.15,17.20,32,34-37,39.40 Together these data implicate EV-macrophage
interactions in the burn-induced immune dysfunction.

A major clinical sequelae following burn injury is the susceptibility to infections.

Defective bacterial clearance has been linked to alterations in the innate immune response
of phagocytes such as macrophages, including suppressed cytokine expression and
phagocytosis.”1:72 Pathogens are recognized by a variety of pattern recognition receptors
(PRRs) whose expression and signaling can be altered by burn injury leading to hypo-

or hyper-responsiveness.”877 In addition, macrophages that are extremely plastic, tend

to be polarized into an anti-inflammatory phenotype due to PRR signaling by DAMPs
released from damaged tissue.”879 We have previously shown the pattern of TLR expression
is highly dynamic after burn injury, with gene and protein levels of multiple TLRs
undetectable on macrophages by day 14 after burn injury.1> Our new data are highly
reflective of this biphasic response after burn injury, and we now demonstrate that immune
gene expression by LPS-stimulated macrophages is highly influenced by exposure to

EVs, whereby the time of isolation post-burn injury affects this influence (Fig. 12B).
Specifically, those EVs isolated at later time points post-injury suppress LPS-induced PRR-
induced signaling and cytokine expression (Fig. 9). In addition, we also demonstrate that
macrophages exposed to EVs isolated later after burn injury have reduced LPS-induced

J Leukoc Biol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Willis et al.

Page 14

phagocytic ability, although PS analysis would insinuate that a number of phagocytosis-
related pathways were up-regulated. PS do not indicate individual directionality of changes
within each pathway. In other words, whereas the magnitude of the PS can indicate
directionality of the pathway (i.e., activated vs. suppressed), it more accurately indicates
the magnitude of how much the pathway is affected by the gene expression (i.e., a lot of
genes were involved vs. few genes were involved). For example, although we found that
sham EVs have similar impact to EVs from either day 1 and day 7 burn EVs on PS (Fig.
7), and that “no EV” are very similar to day 7 burn EVs, we provide data that implicate
impaired bacterial uptake after exposure to day 14 burn EVs (although it is suggestive

that in Fig. 7B that day 7 burn EV are also trending towards reduced phagocytosis). This

is likely a reflection of other phagocytic-regulatory pathways being up-regulated by the
cargo of EV, changing over time after burn injury (with day 7 representing a transition
point), which is an area of active investigation by our group. As another example of this,
we present similar PS for sham EVs vs. day 14 burn EVs (Fig. 10) in the presence of

LPS. Indeed, individual signaling cascades are diminished when examined in more detail
on molecular (Fig. 9) and causal pathway levels (Fig. 11). Again, this is likely a reflection
of EV cargo changing over time after burn injury, with day 14 representing a transition
point representing a time point of immune suppression to TLR ligands. Together these
data implicate EV-macrophage interactions in burn-induced immune dysfunction, which we
hypothesize leads to susceptibility to subsequent infections and may lead to future therapies
targeting this interaction.

Although most experiments were performed with a single immune cell line rather than
primary cells, we did demonstrate that EVs elicited similar cytokine patterns in RAW246.7
and BMDM cells, with day 14 EVs revealed to exert an effect on IL-6 secretion in BMDMs,
but not in RAW246.7 cells. BMDMs were less prone to IFNy secretion with burn EV
compared to RAW. In patients, sustained high levels of circulating IL-6 correlate strongly
with poor outcomes after burn injury,89-82 and it is possible that BMDMs have a lower
threshold to EV stimulation than RAW?246.7 for IL-6 generation (and the converse for

IFN »). With that said, these data provide the rationale to evaluate additional primary cell
times of both immune and no-immune origin. As another limitation, although we have
provided NTA and flow cytometric analysis in this and an earlier study,” we are aware that
the International Society for Extracellular Vesicles 2018 Guidelines suggest using electron
microscopy for further validation®3 (especially true considering that NTA has been validated
several times by Electron Microscopy). Similarly, the specific identity of the cargo of

the EVs utilized in these studies was not elucidated beyond HMGBL1 as in our previous
reports.1” Ongoing studies in the laboratory are interrogating the lipid, protein, mMRNA, and
miRNA cargo of burn-induced EVs across the course of burn-induced immune dysfunction
and to identify cellular sources of EV origin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Extracellular vesicles (EVs) isolated from burnmice induce cytokine dysfunction
upon adoptive transfer to uninjured mice in vivo.

(A) Experimental design. Mice underwent 20% total body surface area (TBSA) burn injury
or sham injury and EVs were isolated from plasma (/7= 12 mice per group) 48 h after
injury. EVs were pooled from sham-injured (white bars) and burn-injured (black bars) mice
(n =6 per pool) were adoptively transferred into uninjured healthy mice (/7= 3/group per
experimental replicate) at a concentration of ~12.5% of baseline total circulating plasma
EVs (1019mouse) i.v. by tail vein injection. Recipientmice were sacrificed 24 h after EV
transfer. (B) Nanoparticle tracking analysis (NTA) analysis was to use to measure frequency
and size distribution (i.e., diameter) of EVs isolated from burned and sham mice prior to
transfer. No differences in size distributions of isolated EVs were found after burn or sham
treatment. (B—G) Plasma concentrations of free cytokines after cell stimulation by burn

EV (solid bars), sham EV (open bars), or untreated mice (dashed line) were measured by
Bio-Plexmultiplex analysis. This experiment was performed in triplicate and data pooled,
where *P< 0.05 and **£< 0.005 for burn EV-treated mice vs. sham EV-treated mice; ##P
< 0.005 and ###P < 0.001 EV treated mice vs. normal, untreated mouse plasma levels of
cytokine; n= 6/group *P< 0.05, ~tests with FDR ¢g=0.03
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FIGURE 2. Extracellular vesicles (EVs) isolated early after burn-injuredmice (burn EVs) induce
proinflammatory cytokines in RAW264.7 macrophages.

(A) Experimental design. Mice underwent a 20% total body surface area (TBSA) burn or
sham injury with sacrifice at 24 h. EV's were isolated by differential centrifugation and
different numbers (3 x 107, 3 x 108, or 3 x 10°) added to adhered RAW?264.7 macrophages
(1 x 108 macrophages/well for 24 h). (B-E) A total of 24 h after EV transfer, cytokines

and chemokines in RAWmacrophage media were measured by Bio-Plex multiplex analysis.
Burn EVs induced significantlymore secretion of (B) MCP-1, 7.5-fold at 3 x 107, *P< 0.05
vs. sham EV; (C) IL-12p70, 2-way ANOVA, main effect of treatment, /; 7 = 70.45, ****P<
0.0001 vs. sham; (D) 1L-6, 8-fold at 3 x 107, *P < 0.05 vs. sham; and (E) IFN y, 5.8-fold at
3 x 107, *P< 0.05 vs. sham. Data shown + SEM; *P< 0.05, **P< 0.01 by Mann-Whitney
unpaired nonparametric test unless otherwise noted. Key: sham injured (white bars) and
burn injured (black bars). Each bar represents EVs from 12 source mice, with 7= 6 different
pooled EV preparations from 2 individual mice

J Leukoc Biol. Author manuscript; available in PMC 2022 January 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Willis et al.

Page 23

A Sham EV

-log10 (p-value)

Log2 fold change
B Burn EV
108 =
u -
@ i veo
-] i .
= 104 : °
- | re
= i
(=]
D -
° .
2
10°
10

Log2 fold change

FIGURE 3. Extracellular vesicles (EVs) isolated from burn- or sham-injured mice differentially
induce immune gene expression in macrophages.

mRNA was isolated from RAW264.7 cells exposed for 24 h to 3 x 10° EVs from burn-

or sham-injured mice and gene expression evaluated using Nanostring barcoding spanning
561 mRNAs (nCounter Mouse Immunology CodeSet v3.0). Data are presented as the log2-
transformed differential fold change in immune gene expression, with associated A-value
significance (using Welch’s ~test), after data normalization to housekeeping and internal
control genes by nSolver v4.0. Differential fold change is macrophages exposed to (A) EVs
isolated from sham-injured mice or (B) EVs isolated from burn-injured mice relative to cells
not exposed to EV (each group represents cell cultures stimulated with EVs from 12 source
mice, with 1= 6 different pooled EV preparations from 2 individual mice). Significantly (P
< 0.01) altered genes are presented in Supporting Information Table S1
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FIGURE 4. Extracellular vesicles (EVs) isolated from burn- or sham-injured mice induce
significantly different levels of key innate immune genes inmacrophages.

mRNA was isolated from RAW264.7 cells exposed for 24 h to 3 x 10° EVs from burn-
injured (black bars) or sham-injured (gray bars) mice or left unexposed (white bars) and
gene expression was evaluated using Nanostring barcoding spanning 561 mRNAs (nCounter
Mouse Immunology CodeSet v3.0). Evaluation of the normalized copy number found that
burn EVs, promote up-regulation of (A) MCP-1, 17-fold; (B) IL-6, 3.3-fold; (C)MyD88,
24-fold; and (D) NFkB1, 150-fold (each group represents cell cultures stimulated with EV's
from 12 source mice, with 7= 6 different pooled EV preparations from 2 individual mice).
Data are presented as the gene copy number of MCP-1, IL-6,MyD88, and NFkB1 after data
normalization to housekeeping and internal control genes by nSolver v4.0. Data shown +
SEM; *P<0.05, **P< 0.01, ***P < 0.005 by Mann-Whitney unpaired nonparametric £test
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FIGURE 5. Extracellular vesicles (EVs) isolated after burn injury induce altered cytokine
secretion patterns bymacrophages in vitro.

Mice underwent 20% total body surface area (TBSA) burn injury or sham injury, and

blood harvested at days 1, 7, and 14 after injury. Burn mice had significantly different
concentrations or EVs as determined by nanoparticle tracking analysis (NTA) (A), and
high-mobility group protein 1 (HMGB1) cargo (B), as determined by ELISA vs. shammice
(C) (data represent 7= 6 mice per time point, £SEM; A) *P < 0.05, **£ < 0.01 by Mann-
Whitney unpaired nonparametric £test and B) ***/£ < 0.0005 by Mann-Whitney unpaired
nonparametric #test day 1 vs. day 14 burn EV, and ### /P < 0.0005 by Mann-Whitney
unpaired nonparametric £test day 7 vs. sham EV). NTA analysis was to use to measure size
distribution (i.e., diameter) after purification from plasma. EVs isolated from plasma (C) 7
d or (D) 14 d after burn or sham injury showed similar size distributions compared to sham
EV controls. (E-G) Equivalent numbers of EVs (3 x 107) isolated from sham-injured (white
bars) and burn-injured (black bars) mice at each time point after burn injury were added to
1 x 105 adhered RAW264.7 or bone marrow-derived macrophages (BMDMs) for 24 h (each
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bar represents 12 source mice, with 7= 6 different pooled EV preparations from 2 individual
mice). Supernatant cytokinesSMCP-1, IL-6, IFN ¥, and IL-12p70 were measured by Bio-Plex
multiplex analysis. Data shown + SEM; *P < 0.05, **P < 0.01 by Mann-Whitney unpaired
nonparametric £test
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FIGURE 6. Extracellular vesicles (EVs) isolated from key time points after burn injury induce
different immune gene signatures in macrophages vs. mMRNA was isolated from RAW?264.7 cells
exposed for 24 h to 3 x 10° EVs isolated from plasma 1, 7, and 14 d after burn injury (n = 6 mice
per time point).

Gene expression was evaluated using Nanostring barcoding spanning 561 mRNAs
(nCounter Mouse Immunology CodeSet v3.0). Data are presented as the log2-transformed
differential fold change in immune gene expression, with associated P-value significance
(using Welch’s ttest), after data normalization to housekeeping and internal control genes
by nSolver v4.0. Differential fold change is macrophages exposed to EVs isolated (A) 1

d, (B) 7 d, and (C) 14 d following burn injury relative to cells not exposed to EV. Each
group represents cell cultures stimulated with EVs from 12 source mice, with 7= 6 different
pooled EV preparations from 2 individual mice. Significantly (£ < 0.01) altered genes are
presented in Supporting Information Table S2
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FIGURE 7. Extracellular vesicles (EVs) isolated from key time points after burn injury
differentially induce macrophage innate immune phenotype and function.

(A) mRNA was isolated from RAW264.7 cells exposed for 24 h to 3 x 10° EVs isolated
from the plasma 1, 7, and 14 d after burn injury (n7=6 mice per time point). Gene
expression was evaluated using Nanostring barcoding spanning 561 mRNAs (nCounter
Mouse Immunology CodeSet v3.0). Pathway scores (PS) from principal components
analysis (PCA) of the gene expression data were generated utilizing nSolver v4.0 and R.
These scores are based on the individual gene expression levels for all the measured genes
within specific pathways.Open circle = no EVs; black = sham-EVs; green = burn-EVs day
1; blue = burn-EVs day 7; and red = burn-EVs day 14. Each group represents cell cultures
stimulated with EVs from 12 source mice, with 7= 6 different pooled EV preparations
from 2 individualmice. (B) RAW264.7macrophages were incubated with 10 zg/ml LPS and
fluorescein-labeled killed £, coli (K-12 strain) cells, in the presence or absence of 3 x 107
EVs isolated frommice day 1, 7, or 14 d after burn injury or EVs isolated from sham-injured
mice (EVs from n= 6 mice per group). After 2 h of phagocytosis, and quenching of
extracellular £. coli fluorescence, internalized £.coliwas quantified. Data shown + SEM; *P
< 0.05 by Mann-Whitney unpaired nonparametric £test
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differentially shape LPS-inducedmacrophage innate immune gene signatures.
MRNA was isolated from RAW264.7 cells stimulated with 1 gg/ml LPS for 24 h in the

presence or absence of 3 x 10° EVs isolated from the plasma 1, 7, and 14 d after burn injury
(n =6 mice per time point). Gene expression was evaluated using Nanostring barcoding
spanning 561 mMRNAs (nCounter Mouse Immunology CodeSet v3.0). Data are presented as
the log2-transformed differential fold change in immune gene expression, with associated
P-value significance (using Welch’s ~test), after data normalization to housekeeping and
internal control genes by nSolver v3.0. Each group represents cell cultures stimulated with
EVs from 12 source mice, with 7= 6 different pooled EV preparations from 2 individual
mice. Differential fold change is LPS-stimulated macrophages exposed to EVs isolated (A)
1d, (B) 7d, and (C) 14 d following burn injury relative to LPS-stimulated cells not exposed
to EV. Significantly (P< 0.01) altered genes are presented in Supporting Information Table

S3
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FIGURE 9. Extracellular vesicles (EVs) isolated from key time points after burn injury induce
significantly different levels of LPS-responsive innate immune genes inmacrophages in vitro.

MRNA was isolated from RAW264.7 cells stimulated with 1 gg/ml LPS for 24 h in the
presence or absence of 3 x 10° EVs isolated from the plasma 1, 7, and 14 d after burn

injury (each group represents cell cultures stimulated with EVs from 12 source mice, with
n= 6 different pooled EV preparations from 2 individual mice). Gene expression was
evaluated using Nanostring barcoding spanning 561 mRNAs (nCounter Mouse Immunology
CodeSet v3.0). Data are presented as the gene copy numbers of MCP-1, IL-6, MyD88, and
NFkB1 after data normalization to housekeeping and internal control genes by nSolver v4.0.
Data shown + SEM; *P< 0.05, **P< 0.01, ***£< 0.005 by Mann-Whitney unpaired
nonparametric £test
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FIGURE 10. Extracellular vesicles (EVs) isolated from key time points after burn injury
differentially shape LPS-induced immune function pathway scores (PS) in macrophages.

MRNA was isolated from RAW264.7 cells stimulated with 1 gg/ml LPS for 24 h in the
presence or absence of 3 x 10° EVs isolated from the plasma 1, 7, and 14 d after burn injury
(n =6 mice per time point). Gene expression was evaluated using Nanostring barcoding
spanning 561 mMRNAs (nCounter Mouse Immunology CodeSet v3.0). PS from principal
components analysis (PCA) of the gene expression data were generated utilizing nSolver
v4.0 and R. Each group represents cell cultures stimulated with EVs from 12 source mice,
with = 6 different pooled EV preparations from 2 individual mice. These scores are based
on the individual gene expression levels for all the measured genes within specific pathways.
Open circle = no EV; black = sham-EV; green = burn-EVs day 1; blue = burn-EVs day 7;
and red = burn-EVs day 14
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FIGURE 11. Extracellular vesicles (EVs) isolated from key time points after burn injury induce
differential gene expressions, predicted to significantly impact immune functions in macrophages
in vitro.

MRNA was isolated from RAW264.7 cells stimulated with 1 gg/ml LPS for 24 h in the
presence or absence of 3 x 10° EVs isolated from the plasma 1, 7, and 14 d after burn injury
(n =6 mice per time point ingenuity pathways analysis was employed to detect and visualize
the significant changes in expression of genes within the key macrophage innate immune
pathway of pattern recognition receptor (PRR) signaling. Each group represents cell cultures
stimulated with EVs from 12 source mice, with n= 6 different pooled EV preparations

from 2 individual mice. The baseline data visualized is the fold change in specific genes
after LPS stimulation in the absence of EV, relative to unstimulated cells in the absence

of EV. Fold change in gene expression in the presence of EVs from sham injury (circle)

or burn injury (squares) relative to LPS-stimulated cells in the absence of EV is indicated

by increasing green representing increasing down-regulation, increasing red representing
increased up-regulation, and gray representing no change in expression. For each gene that
is significantly impacted by the addition of EVs, we have overlaid to the lower right of each
gene symbol the immunomodulation of each EV type (from top to bottom, sham EVs (@),
and then burn EVs from each time point after injury (H) days 1, 7, and 14 (stacked in the
order shown in the legend)
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FIGURE 12. Summary figure.
Extracellular vesicles (EVs), (A) induce immune regulation via multiple mechanisms, and

(B) when isolated from key time points after burn injury induce differential gene expression
mirroring the clinical phenotype associated with burn injury
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