1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

"% NIH Public Access

(A & Author Manuscript
st

NATTG,
fiy

Published in final edited form as:
Pain. 2014 August ; 155(8): 1527-1539. doi:10.1016/j.pain.2014.04.029.

Functional significance of macrophage-derived exosomes in
inflammation and pain

Marguerite K. McDonald?, Yuzhen Tianl, Rehman A. Qureshi2, Michael Gormley*>, Adam
Ertel*, Ruby Gaol, Enrique Aradillas Lopez3, Guillermo M. Alexander3, Ahmet Sacan?,
Paolo Fortina®5, and Seena K. Ajitl

1Department of Pharmacology & Physiology, Drexel University College of Medicine, Philadelphia,
Pennsylvania, USA

2School of Biomedical Engineering, Science & Health Systems, Drexel University, Philadelphia,
Pennsylvania, USA

3Department of Neurology, Drexel University College of Medicine, Philadelphia, Pennsylvania,
USA

4Department of Cancer Biology, Thomas Jefferson University, Cancer Genomics Laboratory,
Kimmel Cancer Center, Philadelphia, Pennsylvania, USA

5Janssen Research and Development LLC, Spring House, Pennsylvania, USA

8Department of Molecular Medicine, Sapienza Universita’ di Roma, Rome, Italy

Abstract

Exosomes, secreted microvesicles transporting microRNAs (miRNAs), mRNAs, and proteins
through bodily fluids, facilitate intercellular communication and elicit immune responses.
Exosomal contents vary depending on the source and the physiological conditions of cells and can
provide insights into how cells and systems cope with physiological perturbations. Previous
analysis of circulating miRNAs in patients with complex regional pain syndrome (CRPS), a
debilitating chronic pain disorder, revealed a subset of miRNAs in whole blood that are altered in
the disease. To determine functional consequences of alterations in exosomal biomolecules in
inflammation and pain, we investigated exosome-mediated information transfer in vitro, in a
rodent model of inflammatory pain and in exosomes from patients with CRPS. Mouse
macrophage cells stimulated with lipopolysaccharides (LPS) secrete exosomes containing elevated
levels of cytokines and miRNAs that mediate inflammation. Transcriptome sequencing of
exosomal RNA revealed global alterations in both innate and adaptive immune pathways.
Exosomes from LPS-stimulated cells were sufficient to cause NF-kappaB activation in naive cells,
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indicating functionality in recipient cells. A single injection of exosomes attenuated thermal
hyperalgesia in a mouse model of inflammatory pain, suggesting an immunoprotective role for
macrophage-derived exosomes. We also show that circulating miRNAs altered in patients with
complex regional pain syndrome are trafficked by exosomes. Macrophage-derived exosomes carry
a protective signature that is altered when secreting cells are exposed to an inflammatory stimulus.
With their systemic signaling capabilities, exosomes can induce pleiotropic effects potentially
mediating the multifactorial pathology underlying chronic pain and should be explored for their
therapeutic utility.

Introduction

Chronic inflammatory pain ensues when the normal process of inflammation does not
resolve, resulting in excess proinflammatory cytokines and chemoattractants that can
eventually lead to central sensitization [13,15,49]. Small noncoding RNAS such as
microRNAs (miRNAs) play a role in translational repression of mMRNA and chromatin
remodeling [5,29]. Analysis of tissue-specific miRNA levels indicates a correlation between
the initiation and progression of inflammatory and neuropathic pain conditions [41].
Circulating miRNAs in bodily fluids are often present in small vesicles called exosomes.
Exosomes, contain diverse classes of biomolecules including miRNAs, mRNAs, proteins,
and lipids that are coexpressed, packaged, and secreted from cells into bodily fluids under
normal and disease states [21,22,43,45,60,62]. Exosomes represent a novel pathway that
allows a cohort of biomolecules to travel long distances and results in modulation of gene
expression in recipient cells [36,57].

Complex regional pain syndrome (CRPS) is a severe neuropathic pain condition
characterized by persistent inflammation [12,19,30,54]. Our previous study demonstrated
that circulating miRNAs in whole blood can be useful in stratification of patients with CRPS
and that dysregulation of specific miRNAS correlates to symptoms and comorbidities
associated with the disease [51]. To elucidate the biological relevance of alterations in
circulating miRNAs and cytokines, it is important to determine whether they are released in
an uncontrolled manner upon injury or disease, or conversely, whether they are secreted in a
regulated fashion as a compensatory mechanism in response to a stress signal. We
hypothesized that delivery of a cohort of proteins, mMRNAs, and miRNAs from one cell to
another through the systemic circulation mediated via exosomal secretion would allow
information transfer from one location to influence the entire body and is a mechanism that
would have a profound effect if it is not properly regulated.

Macrophage-derived exosomes represent a large portion of circulating microvesicles in
blood [35]. Exosomes from cells infected with intracellular pathogens stimulate a TLR-
dependent inflammatory response in recipient cells [7,24] while dendritic cells (DC)-derived
exosomes suppress the onset of murine collagen-induced arthritis and reduce its severity
[10,38]. Here we show that LPS stimulation of RAW 264.7 cells leads to an increase in
exosomal chemokines, and RNAs involved in regulating inflammation. Upon infection, NF-
«B signaling cascade is activated and the pleiotropic nature of the NF-xB signaling allows
for temporal regulation of inflammation, resulting in proinflammatory gene transcription
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early in the immune response and a transition to anti-inflammatory gene transcription later
in the progression of inflammation [42]. We show that exosomes from LPS-stimulated cells
can activate NF-xB in naive macrophages. After a single intraplantar injection into complete
Freund’s adjuvant (CFA) treated mice, exosomes from LPS-stimulated macrophages
significantly reduced paw swelling. Additionally, macrophage-derived exosomes were able
to relieve thermal hyperalgesia associated with CFA-induced inflammatory pain. Analyses
of serum-derived exosomes from CRPS patients show that circulating miRNAs altered in
patients with CRPS are trafficked by exosomes. These findings suggest a role for exosomes
in dysregulated inflammation and chronic pain states.

RAW 264.7 cells (ATCC® TIB-71™) were maintained in complete media (1x DMEM, 10%
heat-inactivated FBS). For exosome collection, RAW 264.7 cells (1x107) were plated in
150-mm dishes with complete culture media. At 24 h, media was replaced with exosome-
depleted media (1x DMEM, 10% heat-inactivated FBS depleted of exosomes by
ultracentrifugation) with or without 1 pg/ml LPS [Sigma, St. Louis, MQO] and incubated
overnight. Media was collected in 50-ml tubes at 24 h for exosome purification. Human
monocytic THP-1 (ATCC® TIB-202™) cells were maintained in ATCC-formulated
RPMI-1640 medium containing 2-mercaptoethanol (final concentration of 0.05 mM) and
10% FBS. For exosome purification, THP-1 cells were cultured in suspension at 2 x 10°
viable cells/mL in culture media containing heat-inactivated FBS depleted of exosomes as
mentioned above for RAW 264.7 cells.

Exosome purification

Exosome purification from cell culture media was performed as described previously [47].
Centrifugation was used to remove cell debris (500xg for 10 min); the supernatant was
transferred and centrifuged (16,500xg for 20 min). Cell-free supernatants were filtered (0.22
um; Merck Millipore Ltd., Cork, IRL) and exosomes were pelleted by ultracentrifugation
(120,000xg for 70 min). The exosomal pellet was resuspended in buffer specific to
downstream experiments and vortexed 2x15 seconds. For RNA purification, RNase
inhibitors were added after the first centrifugation step at 1 U/ml (RNAsin Plus; Promega,
Madison, WI) and at all subsequent steps at 1 U/pl. For purification from human samples,
serum was diluted 1:1 with 1x PBS (=) Mg2* (=) Ca2* (Corning 21-031-CV; Corning, NY)
and spun at 2000xg for 30 min at 4°C. The sample was transferred to a centrifuge tube and
spun at 12,000xg for 45 min at 4°C, then transferred to an ultracentrifuge tube and spun at
110,000xg for 2 h at 4°C. The pellet was resuspended in 1xPBS (-) Mg2* (=) Ca2* and spun
for an additional hour at 110,000xg before resuspension in RNA lysis buffer.

Human serum-derived exosomes

Patients with CRPS were recruited from the neurology pain clinic at Drexel University
College of Medicine and met the clinical Budapest criteria for CRPS [31]. Healthy pain-free
control subjects were recruited from the community’s general population. Blood samples
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were drawn from the cubital vein of subjects at rest, collected in serum-separating tubes and
spun at 1940xg for 15 min at 4°C after 30 min incubation at room temperature.

Preparation of exosomes for TEM

Droplets of purified exosomes resuspended in 1% glutaraldehyde in 0.1 M sodium
phosphate buffer were placed on 300-mesh carbon-coated polyvinyl formal copper grids
(Formvar, Electron Microscopy Sciences Hatfield, PA) and left to adsorb for 30 min. After
excess buffer was removed, dry grids were washed with deionized water and stained with
1% aqueous uranyl acetate before TEM analysis. For immunolabeling, exosomes were
resuspended in 2% paraformaldehyde and droplets were left to adsorb on 300-mesh carbon-
coated Formvar nickel grids for 20 min. After 2 washes in 1x PBS and 4 washes in 1x
PBS/50 mM glycine, grids were incubated with blocking buffer (5% BSA/0.05%
polysorbate 20/5% FBS in 1xPBS) for 10 min. The grids were immunolabeled with mouse
anti-CD81 (1:100, Sigma) in 1:5 dilution of blocking buffer in 1xPBS for 30 min at room
temperature. The unbound antibody was removed with 6 washes in 1:10 dilution of blocking
buffer and then grids were incubated with 10 nm gold-labeled anti-rabbit 1gG (1:25, Sigma)
for 20 min at room temperature. After the unbound antibody was removed with 6 washes in
1:10 dilution of blocking buffer, grids were incubated in 1% glutaraldehyde for 5 min,
washed with water, and stained with uranyl acetate as above.

Western blotting and cytokine array

Exosomes were resuspended in radioimmunoprecipitation assay buffer (Thermo Scientific,
Waltham, MA) containing Halt protease inhibitor cocktail (Thermo Scientific) and the
protein concentration was determined by Bradford analysis. For western blotting, the lysate
was run on a 12% SDS-PAGE (NUPAGE, Novex/Life Technologies) for 1.5 h at 150 V.
After 1 h transfer at 100 V, the nitrocellulose membrane was blocked with 5% nonfat dry
milk in Tris-buffered saline with 0.1% Tween20 for 1 h, incubated with rabbit anti-HSP70
(Abcam, Cambridge, UK) or rabbit anti-TSG101 (Genetex, Irvine, CA) overnight and then
with goat anti-rabbit IgG-HRP (System Biosciences, Mountain View, CA). LPS was
detected after 1 h incubation with mouse anti-LPS (Abcam, ab35654) and goat antimouse
IgG-HRP (Abcam, ab6789). Proteins were detected by Immobilon (Thermo Scientific)
detection reagent and film exposure. For cytokine array, 100 ug of protein was incubated
with the blots according to manufacturer’s specifications (R&D Systems, Minneapolis,
MN).

RNA sequencing

The SOLID whole transcriptome analysis kit protocol with the fragmentation step omitted
was used to generate a cDNA library for each sample. Total RNA, ranging in size from
kilobases down to 10-mers, was purified from exosomes using the mirVana miRNA
isolation kit (Life Technologies) following manufacturer’s protocol. RNA concentration was
measured using Nanodrop 1000 (NanoDrop Technologies, Wilmington, DE). Total RNA
from 3 independent exosome purifications was pooled to obtain 4 g exosomal RNA per
library (due to a limited amount of RNA in individual preparations), analyzed for integrity
using the Agilent RNA 6000 Pico Kit (RNA integrity number between 1.6 and 2.1), and gel
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purified. Sequencing adapter ligation and cDNA reverse transcription were performed with
SOLID Total RNA-seq kit. DNA fragments in the target range of 150 to 500 bp were
enriched using Agencourt AMPure XP PCR bead capture purification (Beckman Coulter;
Brea, CA) before sequencing 50-bp pieces with no paired ends. The SOLiD 5500XL high-
throughput sequencing platform (Applied Biosystems, Carlsbad, CA) was used for
sequencing.

Sequencing reads were aligned to the mouse reference genome version mm9 (July, 2007)
and transcripts were assembled based on refGene annotations (dated Dec 16, 2012)
obtained from the UCSC Genome Browser [37] and non-coding RNA transcript definitions
(dated Dec 19, 2012) from the fRNAdb database [39] at ncrna.org. Reads were mapped
using the LifeScope Whole Transcriptome Pipeline with default parameters, which
effectively maps RNA fragments down to 22 nucleotides in length. The Cufflinks algorithm
[61] was used for transcript assembly, abundance estimation and differential expression
analysis, using the reference transcript annotation as a guide. Results generated from
Cufflinks were investigated using the CummeRbund package [1]. Following differential
expression analysis, transcripts were annotated using information from the Molecular
Signatures Database [44,58] for biological interpretation.

miRNA profiling

TLDA microfluidic cards (Life Technologies) were used for miRNA profiling as previously
described. Thirty nanograms of total RNA was used for each cDNA synthesis reaction.
Tagman preamplification reaction was performed before the samples were loaded into the
TLDA cards as described previously (26). For miRNAs profiled from exosomes collected
from RAW 264.7 cells, significance was determined by applying a P value cutoff of 0.05 to
the results of a paired-samples t test. For human exosomal miRNAs, significance was
determined by applying the Benjamini-Hochberg false discovery rate correction to the
results of a 2-tailed t test. The miRNA nomenclature used is consistent with Life
Technologies Assay ID convention as outlined in TagMan MicroRNA Assay Index File
(AIF) (Applied Biosystems). The assay name is the miRBase ID for the targeted miRNA
sequence when the assay was first released.

gPCR validation of exosomal mRNAs

cDNA was synthesized from 5 ng purified exosomal RNA using the WT-Ovation RNA
Amplification System from NUGEN (San Carlos, CA). Tagman assays were performed in a
reaction volume of 20 pl containing 10 pl Tagman Fast Universal PCR master mix (2x) no
AmpErase UNG, 1 pl Tagman gene expression assay mix (20x), 2 ul cDNA (100ng), and 7
ul RNase-free water. Gapdh was used as the normalizer and a t test was used to perform
statistical analysis. Assay IDs: Mm00443111_m1 [Ccl4], MmO00436450_m1 [Cxcl2],
MmO00441242_m1 [Ccl2], Mm00443260_g1 [Tnf]) Mm00501607_m1 [Crebl1] and
MmO00497193_m1 [Zeb2] (Applied Biosystems).

NF-xB reporter assay

RAW-Blue cells (InvivoGen, San Diego, CA), maintained in complete media (1x DMEM,
10% heat-inactivated FBS), were seeded into a 96-well plate in exosome-free media on the
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day of the assay. Exosomes purified from RAW 264.7 cells without or after LPS stimulation
were added at 4 concentrations. After 24 h, QUANTI-Blue assay was performed with
QUANTI-Blue media, prepared as described by the manufacturer (InvivoGen). To 150 pl
QUANTI-Blue media, 50 ul conditioned media was added and incubated at 37°C for 1 h.
Plates were read at 650 nm (Spectramax Plus, Molecular Devices, Sunnyvale, CA).

In vivo studies

All behavioral tests were performed using 8-week-old C57BL/6 male mice purchased from
Taconic (Cranbury, NJ). Mice were housed in 12 h light/dark cycles. Behavioral assays were
performed by researchers blinded to the treatment received. The CFA-induced inflammatory
pain model was established and CFA-induced mechanical and thermal hypersensitivity was
measured as described previously (70). Baseline measurements were obtained before
initiation of treatment. Twenty microliters of 50% CFA was administered by intraplantar
injection into the right hind paw. Mechanical sensitivity was measured using a series of von
Frey filaments (North Coast Medical, Inc., San Jose, CA). The smallest monofilament that
evoked paw withdrawal responses on 3 of 5 trials was taken as the mechanical threshold.
Thermal sensitivity was measured using the Hargreaves method. The baseline latencies were
set to approximately 10 seconds with a maximum of 20 seconds as the cutoff to prevent
potential injury. The latencies were averaged over 3 trials separated by 15-min intervals. At
3 h post-CFA injection and after confirming that the animals were sensitive, 20 pl exosomes
(0.5 pg) in PBS were injected intraplanar to the right hind paw. Paw thickness was recorded
(3hand 1,2, and 5 d) and paw withdrawal was measured by the von Frey (1, 5, 10, 15, and
21 d) and Hargreaves methods (3 h and 1, 5, and 10 d) (n=9).

Data analysis

Data are presented as mean = SEM. Treatment effects were statistically analyzed with a 1-
or 2-way ANOVA. Pairwise comparisons between means were tested using the post hoc
Bonferroni method. Error probabilities of P < 0.05 were considered statistically significant.

Study approval

Results

All subjects were enrolled after giving informed consent as approved by the Drexel
University College of Medicine Institutional Review Board. The care and use of all mice
were approved by the Institutional Animal Care & Use Committee of Drexel University
College of Medicine.

Exosome characterization

As previously demonstrated by our laboratory and others, exosomes were purified from
RAW 264.7 cell culture media and human serum [20,47,63]. After purification, we used
transmission electron microscopy (TEM) in conjunction with immune-gold labeling to
analyze the specificity and morphology of exosomes purified from naive and LPS-
stimulated RAW 264.7 cell culture media. Exosomes maintain a vesicular morphology with
an approximate diameter of 100 nm and show immunoreactivity for CD81, a tetraspannin
protein found in exosomal membranes (Figure 1, A and B). Specificity of exosome
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preparations from naive or LPS-stimulated RAW 264.7 cells was additionally verified by
western blotting for the presence of HSP70, TSG101 (tumor susceptibility gene), and LPS.
All exosomal protein lysates showed specificity for HSP70 and TSG101 (Figure 1C). LPS
was undetectable in exosomes after LPS stimulation for 24 h. We then analyzed the integrity
of total exosomal RNA using the Agilent Bioanalyzer (Agilent Technologies, Santa Clara,
CA) (Figure 1, D and E). The concentrations of exosomal RNA from macrophage cell
culture media without and with LPS stimulation were 2.4 + 0.3 and 2.0 = 0.5 ng/ml,
respectively. Consistent with previous reports, exosomal RNA is relatively low in
concentration and does not contain a prominent 18S or 28S rRNA peak [18].

LPS stimulation alters exosomal RNA populations

Exosomes contain a variety of coding and noncoding RNAs, but a comprehensive analysis
of the total RNA population before and after an inflammatory stimulus has not been
undertaken. In this study, we performed quantitative PCR (qPCR) on exosomal miRNA
before and after LPS stimulation using Tagman low-density array (TLDA) cards to detect
and quantitate up to 758 miRNAs. Our studies detected 433 miRNAs in exosomes derived
from naive and LPS-stimulated RAW 264.7 cells (Supplementary Table 1). We focused on
10 that were significantly altered after LPS treatment (Figure 2, Table 1). This subset of
LPS-responsive miRNAs includes 2 miRNAs that are dysregulated in CRPS (miR-126-5p
and miR-let7b) and 3 miRNAs previously reported to be upregulated in cells after LPS
treatment (miR-146a, miR-146b, and miR-21-3p) [9,59]. Many of the LPS-responsive
miRNAs that we detected in exosomes have validated mMRNA targets that encode proteins
involved in TLR signaling, chemokine signaling, and the TGF-$ pathway [34]. We also
performed a miRNA profiling study using exosomes purified from THP-1 cells, a human
derived monocytic cell line, with and without LPS stimulation. Five significantly altered
miRNAs and their validated target MRNAS [34,64] are shown in Table 2. The heat map is
shown in Figure 2B. Hsa-miR-532-3p was previously reported to be downregulated in whole
blood from CRPS. miR-532-3p also had a significant positive correlation with CRPS type,
pain level, IL1Ra, and VEGF [51]. Our data provides evidence indicating that the exosomal
biomolecular signature will differ between cell types and is reflective of the cellular and
physiological state of the cells secreting the exosomes.

To identify the transcriptome secreted in exosomes from naive or LPS-stimulated RAW
264.7 cells, we performed next-generation sequencing (NGS). Total reads were mapped
from naive (10323145 reads) and LPS treated (9418995 reads), respectively, and a total of
15883 genes were matched to the mouse genome. Significant differences were observed
between naive and LPS-stimulated exosomal RNA (Figure 3, A and B). Of the 15,883
unique exosomal transcripts, 3559 mapped to noncoding or unverified sequences and the
remaining 12,324 were analyzed for differential regulation after LPS stimulation (Figure
3C). Of the 7142 transcripts encoding proteins found in exosomes, 3351 were specific to
unstimulated exosomes. Additionally, 1632 genes were found only in LPS-stimulated
exosomes and 1271 were differentially expressed after LPS stimulation (Supplementary
Table 2). While the majority of the transcripts detected encode proteins, noncoding RNAs
were also present (Figure 3D). Small nucleolar RNAs and various subunits of histone H1
were robustly represented in unstimulated exosomes, while reads that mapped to miRNAs
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were more abundant after LPS stimulation. Upon further investigation of sequences that
encode LPS-responsive miRNAs and those altered in patients with CRPS, we found that at
least three miRNAs (let-7b, let-7c and mmu-miR-24) were present as both pre-miRNA and
mature miRNA forms. We used gPCR to validate 7 mRNAs including Gapdh; 4 mRNAs
whose protein product was detected in exosomes (Cxcl2, Ccl2, Ccl4, and Tnfa, see below);
and 2 mRNAs encoding transcription factors (Zeb2 and Creb). All transcripts were detected
in both samples and Cxcl2 increased significantly after LPS stimulation as seen in the NGS
data (Figure 4).

Pathway analysis of exosomal RNAs from LPS-stimulated cells compared to total
transcripts detected reveals perturbations in multiple cellular pathways (Supplementary
Table 3). The reactome database was used to analyze the gene ontology of total transcripts.
The top 3 pathways that are represented by exosomal transcripts involve signaling,
metabolism, and the immune system (Figure 5). Significantly altered inflammatory
pathways representing the innate and adaptive immune systems are shown in Table 3.

LPS stimulation leads to increased exosomal cytokines

After LPS treatment, macrophages secrete a variety of chemokines and cytokines that induce
the synthesis of additional pro- and anti-inflammatory mediators and act as homing signals
for other immune cells. We hypothesized that stimulation of macrophages with LPS would
lead to secretion of exosomes carrying a unique cytokine signature that could “prime” the
recipient cell for an immune challenge. Consistent with previous studies, LPS stimulation of
RAW 264.7 mouse macrophage cells led to the secretion of cytokines into culture media
after 24 h (data not shown). Of the 16 cytokines secreted by RAW 264.7 cells after LPS
stimulation, 10 were detected in RAW 264.7 cell-derived exosomes (Figure 6). Four
proinflammatory cytokines were excluded from exosomes but present in the media (IL-1a,
IL-1b, GM-CSF, and IL-6). Those present in LPS-treated exosomes include 2 anti-
inflammatory mediators (G-CSF and IL-1Ra), as well as TNFa and a variety of chemokines.
Both CCL3 and CCL4 were present in untreated exosomes as well as in LPS treated
eX0somes.

In vitro studies of exosomal function

Our analysis demonstrated that in addition to increased cytokines and LPS-responsive
RNAs, exosomes from LPS-stimulated RAW 264.7 cells contained many miRNAs and
mRNAs in common with those derived from naive cells. This led us to investigate whether
the LPS-induced signature transfers functionality to the recipient cell. Using RAW-Blue
cells (InvivoGen; San Diego, CA), which have an inducible, chromosomally integrated
secreted alkaline phosphatase (SEAP) gene downstream of the NF-xB promoter, we studied
the dose-dependent activation of NF-kB induced by exosomes purified from culture media
of naive or LPS-stimulated RAW 264.7 cells (Figure 7). Using exosomal protein
concentration to determine dose, we added 4 concentrations of exosomes from naive or
LPS-stimulated cells to RAW-Blue cells. After a 24 h incubation, we assayed the culture
media and saw that exosomes from LPS-stimulated cells caused significantly more NF-xB
activation at 50- and 100-pg/ml concentrations compared with exosomes from control cells.
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Our results demonstrate that purified exosomes are functional and that the exosomes derived
from LPS-stimulated macrophages can induce dose-dependent activation of NF-xB.

In vivo studies on exosomal function

To determine the influence of macrophage-derived exosomes on inflammatory pain, we
used a mouse model of inflammatory pain, induced by intraplantar injection of CFA
suspension of heat-killed Mycobacterium tuberculosis into the hind paw (Figure 8A). We
first measured baseline paw thickness, thermal and mechanical sensitivities in 8-week-old
male C57BL/6 mice and then established the inflammatory pain model. CFA administration
leads to paw swelling as well as mechanical and thermal hypersensitivity within 1 h, while
saline treatment does not result in hypersensitivity or swelling. Three hours after the
administration of CFA or saline, these mice were given another hind paw injection of 20 pl
PBS or 0.5 pg of exosomes purified from either LPS-stimulated or untreated RAW 264.7
cells. This concentration was the maximum volume that could be administered to a mouse
paw for the second injection while maintaining consistency of purified exosomes. No
swelling was observed in saline-treated animals due to exosome injection (Figure 8B). A
single injection of exosomes from LPS-stimulated macrophages resulted in a significant
reduction in paw thickness at 24 h (Figure 8C). Exosomes from untreated RAW 264.7 cells
did not alter CFA-induced paw swelling. Measurement of mechanical sensitivity using von
Frey filaments, beginning 24 h after exosome injection, showed that exosomes did not have
any effect on mechanical allodynia induced by CFA (Figure 9A). Exosomes did not induce
significant changes in paw withdrawal threshold in saline-treated animals, indicating that an
intraplantar injection of exosomes does not evoke mechanical hypersensitivity.

We also assessed thermal sensitivity to a radiant heat source using the Hargreaves method.
CFA-treated animals became hypersensitive to heat within 1 h of CFA injection whereas
saline-treated animals did not (Figure 9B). Saline-treated animals that received injections of
exosomes had no hypersensitivity to heat (Figure 9B, right panel). In CFA-treated animals,
injection of exosomes purified from LPS-stimulated macrophages (left panel) induced a
transient decrease in paw withdrawal latency 3 h after exosome administration, indicating an
increase in thermal hypersensitivity that was not observed in saline-treated animals. An
injection of exosomes from untreated RAW 264.7 cells into either CFA- or saline-treated
animals showed no effect on thermal hyperalgesia at 3 h. By 24 h, CFA-treated animals that
received injections of exosomes from LPS-stimulated RAW 264.7 cells had increased paw
withdrawal latency compared with CFA-treated animals that received PBS. At 48 h, CFA-
treated animals displayed reduction in thermal hyperalgesia in response to exosome
administration from both LPS-stimulated and naive macrophages. Thus the reduction in
thermal hypersensitivity observed after 48 h was independent of the inflammatory status of
the macrophages from which these exosomes were derived. This attenuation of thermal
hyperalgesia was specific to exosome injections and was not observed in CFA-treated
animals that received an injection of PBS. One injection of exosomes was sufficient to
specifically reduce CFA-induced thermal hypersensitivity within 24 h, accelerate the return
to normal sensitivity, and reduce paw inflammation. These results indicate a protective role
for exosomes derived from macrophages delivered to an inflamed paw.
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Exosomal miRNA analysis in patients with CRPS

To determine whether exosomal miRNAs reflect the miRNA signature in whole blood of
patients with CRPS identified in our previous study (26), we analyzed miRNAs in exosomes
purified from the serum of 6 patients with CRPS and 6 healthy controls (Figure 10). Of the
12 subjects enrolled in this study, the patients with CRPS (5 women and 1 man) had a mean
age of 37.8 years (range: 3047 years), a mean disease duration of 7.7 years (range: 0.8-30
years), and reported median Numerical Rating Scale pain scores of 8.2 (range: 7-9). The 6
healthy control subjects (3 women and 3 men) had a mean age of 47.5 years (range: 32—69
years). Clinical characteristics of CRPS patients and controls used in exosomal miRNA
profiling are shown in Supplementary Table 4.

From a total of 503 miRNAs detected in at least one human serum—derived exosomal
sample, we identified 127 miRNAs that were significantly different between CRPS and
control-derived exosomes (Table 4 and Supplementary Table 5). Sixteen of the 18 miRNAs
dysregulated in patients with CRPS from our previous study were detected in human serum—
derived exosomes, but only 5 of these (miR-25-3p, miR-320B, miR-939, miR-126-3p, and
RNUA48) were significantly altered (Table 4). Additionally, the exosomal miRNA signature
differed in the directionality of changes compared with that of the whole blood. In the
exosomal fraction of patient blood, miR-320B, miR-939, miR-126-3p, and RNU48 were
significantly upregulated, whereas they were downregulated in whole blood (26). Thus hsa-
miR-25-3p was the only miRNA exhibiting the same trend in whole blood and exosomes in
patients with CRPS. Three LPS-responsive miRNAS in exosomes from RAW 264.7 cells
(miR-21-3p, miR-126-3p, and miR-212) were also significantly altered in patients with
CRPS. These three exosomal miRNAs are increased both in patients with CRPS and in
RAW cells after LPS stimulation. Analysis of exosomes from a larger sample of patients
might yield more information on whether exosomal miRNA could be a useful biomarker or
a secondary strategy for patient stratification.

Discussion

Homeostasis after injury or infection is re-established by temporally and spatially regulating
both proinflammatory response to noxious conditions and protective mechanisms governing
resolution of inflammation. Exosomes are a systemic form of intercellular communication
recognized for their antigen-presenting capabilities and their ability to transfer pathogenic
and nonpathogenic biomolecules [16,23,26-28,33,52,53]. We demonstrate that exosomes
secreted by macrophages stimulated with LPS carry higher levels of 3 murine homologs for
human miRNAs with known roles in preventing overactivation of the innate immune
response (MiR-21-3p, miR-146a, and miR-146b). NF-xB1 and other mRNAs involved in
TLR signaling are repressed by these 3 miRNAs [34,59]. This leads to inhibition of
proinflammatory cytokine transcription and translation, a necessary step in resolution of
inflammation [3,11]. miR-21 is also an NF-xB-induced suppressor of inflammation and acts
as a molecular switch regulating the synthesis of protective cytokines, IL-10 and 1L-4 [3,11].
miR-21 has been proposed to be a hormone miRNA that influences the resolution of
inflammation by binding TLR7/8 [25]. These data suggest that macrophages secrete
exosomal miRNAs known to influence inflammatory pathways and that LPS stimulation
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leads to the secretion of exosomes that have increased levels of miRNAs that contribute to
resolution of inflammation in the recipient cells. miRNA profile in THP-1-derived exosomes
confirms that exosomal contents are reflective of the cellular environment of the secreting
cells and will differ between cell types.

Previously, profiling and sequence analysis of exosomal RNA revealed both miRNAs and
mRNAs in exosomes [32,40,48,50,55,65] and functionality in the recipient cell after uptake
[56,62]. RNA sequencing of naive and activated macrophages has identified an
inflammation-induced transcriptome, which is temporally and spatially regulated by the
timing of transcription factor activation and the localization of nascent transcripts [8,46]. To
determine whether inflammation-induced alterations are reflected in exosomal
transcriptome, we sequenced exosomal RNA from naive and LPS-stimulated macrophages.
Pathway analysis of exosomal MRNAs from naive cells compared with those from LPS-
stimulated cells indicates significant changes in both the adaptive and innate immune
processes, specifically pathways related to NF-xB activation and Toll receptor cascades. We
also observed a striking shift in the most abundant noncoding RNA populations with LPS
stimulation. The presence of snoRNAs and pre-miRNAs suggest that exosomes deliver
molecules that could induce temporal epigenetic regulation in recipient cells regulating the
course of inflammatory gene expression [46]. The influx of inflammatory-relevant pre-
miRNAs in LPS-stimulated cells could indicate the need for a rapid response to
inflammation rather than regulation at the nuclear level. Mature miRNAs may fine-tune the
regulation of inflammation by altering the mRNA levels of inflammatory proteins
immediately, while pre-miRNAs offer a second wave of regulation at a later time point.
Exosomes have the advantage of delivering proteins and miRNAs that are primed to act
directly and immediately along with mRNAs that can be readily translated.

Here we show that exosomes derived from macrophages after LPS stimulation had increased
cytokine content, predominantly chemokines. LPS induced secretion of interleukins and
cytokines from macrophages; notably, TNFa, CCL3, CCL4, CCL5, G-CSF, IL-1RA, and
CXCL2 were present in exosomes, but interleukin proteins were undetectable. Increase in
exosomal cytokines after LPS stimulation of macrophages suggests that activated
macrophages secrete exosomes that are primed to signal an immune response to recipient
cells. Previous study on exosomes derived from cells infected with Mycobacterium bovis
bacillus Calmette—Guérin or Salmonella indicates that, at 48 h after infection, secreted
exosomes contain pathogen-associated molecular patterns that stimulate cytokine secretion
in recipient cells, but the content of cytokines delivered in exosomes was not investigated
[6,7]. We did not see detectable levels of LPS in exosomes secreted 24 h after LPS
stimulation and the abundance of cytokines detected in exosomes after LPS stimulation of
macrophages indicates that exosomal content can influence inflammatory response. This is
further established by our finding that exosomes originating from macrophages stimulated
with LPS lead to transcriptional activation of NF-xB, whereas exosomes from unstimulated
cells were less effective in activating NF-xB even at the highest concentration tested. We
suggest that LPS stimulation resulted in “primed” exosomes that not only caused robust NF-
kB activation when added to RAW-Blue cells but also temporarily reduced paw swelling in
CFA-treated animals 24 h after injection. The increase in immune-specific miRNAs and
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cytokines in exosomes from LPS-stimulated cells indicate that exosomal contents reflect the
secreting cellular environment and can potentially mediate inflammatory pathways in a
temporal manner.

While immune cells are known to secrete exosomes with source-specific immunoregulatory
functions, an anti-inflammatory role for exosomes has recently been demonstrated. DC-
derived exosomes protected mice from collagen-induced arthritis [14,38]. Here we show that
immunosuppression can also be achieved by naive exosomes derived from yet another kind
of antigen-presenting cell, the macrophages. A direct injection of exosomes into CFA-
treated paws attenuated thermal hypersensitivity as early as 24 h. At 48 h, CFA-treated
animals displayed a significant reduction in thermal hyperalgesia in response to exosome
administration derived from both naive and LPS-stimulated macrophages. Interestingly,
exosomes from LPS-stimulated macrophages showed an acute increase in thermal
hypersensitivity at 3 h in CFA-treated, but not in saline-treated paws of control mice. We
conclude that increased hypersensitivity seen only in CFA-treated paws at 3 h may be due to
the unique inflammatory signature resulting from LPS stimulation, because exosomes were
washed to remove all traces of media and LPS was undetected by immunoblotting. The fact
that saline-treated animals did not show hypersensitivity at any point after the exosome
injection may indicate a threshold that must first be overcome to induce hypersensitivity
response seen at 3 h in CFA-treated animals injected with exosomes. The lack of pain and
swelling in saline-treated paws after exosome injection also demonstrates that exosomal
delivery does not produce a proinflammatory response. The lack of immune response caused
by injection of exosomes and the fact that exosomes can be loaded with nucleic acids or
drugs opens the possibility of exosomes as novel avenues for pain therapy [2,4,21].

It was recently shown that miRNAs are necessary to regulate the protein and mRNAs that
induce inflammatory pain but do not affect acute pain responses in nociceptive neurons [66].
Attenuation of thermal hyperalgesia by macrophage-derived exosomes in CFA-treated
animals could reflect the temporal regulation that exosomes can mediate by synergistically
influencing multiple inflammatory pathways through delivery of immediate-acting
biomolecules as well as those that are translation dependent or that cause changes in
recipient cells by affecting gene transcription.

Although the mechanisms are unclear, chronic, nonresolving inflammation in CRPS is
characterized by prolonged secretion of proinflammatory factors, disruption of the blood-
brain barrier, and development of autoimmunity [17]. The pain and inflammation in CRPS
are not alleviated by commonly used analgesics or anti-inflammatory drugs, and the
development of persistent pain states and the maintenance of chronic inflammation point to
systemic aberrations. Of the 18 circulating miRNAs that were shown to be predictive of
CRPS [51], we detected 16 in exosomes derived from human serum. We identified a subset
of exosomal miRNAs that showed significant alterations in patients with CRPS. miR-939,
miR-320B, miR-126-5p, and miR-25-3p were previously shown to be significantly
downregulated in whole blood. Three of these miRNAs, with the exception of miR-25-3p,
were significantly upregulated in the exosomal fraction even with the small sample size.
This negative correlation may indicate a protective role for exosomes in CRPS; by carrying
increased amounts of mMiRNAs that can modulate proinflammatory mRNAs to recipient
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cells, exosome-mediated transport of mMiRNAs may be a systemic attempt to resolve the
chronic condition. Three miRNAs that were significantly increased in exosomes from
patients with CRPS were also upregulated in exosomes after LPS stimulation of
macrophages (miR-126-5p, miR-21# or miR-21-3p, and miR-212). These three miRNAs
have validated inflammatory-relevant mRNA targets which suggests that patient exosomes
are delivering miRNAs in an attempt to reduce the availability of inflammatory mRNAs to
recipient cells. The limited availability of patient blood prevented the complete
characterization and further mechanistic studies of exosomal content, but these preliminary
results point to a significant contribution of exosomes to CRPS pathology. Further studies
are needed to investigate whether packaging of specific miRNAs into exosomes can be
influenced by inflammatory stimulus.

Taken together, our data suggest that uptake of exosomes enables spatial and temporal
regulation of molecular events in recipient cells, including the resolution of inflammation
and the reduction in thermal hypersensitivity resulting from inflammatory pain. Though
activated macrophages secrete a variety of cellular mediators into the local environment,
exosomes can mediate both local and systemic intercellular communication. Because not all
known secreted proteins detected in the medium are present in exosomes, the packaging of
biomolecular cargo into exosomes can be thought of as a regulated and not a random
process. The presence of a variety of noncoding RNAs and histone transcripts in exosomes
indicates that the epigenetic regulation of cellular processes can be mediated via circulation;
further studies are needed to confirm this. In a nonresolving inflammatory state, exosomes
may be transporting biomolecules in an attempt to restore homeostasis. Exosomes derived
from antigen-presenting cells, with their diverse array of biomolecules, can induce
pleiotropic effects and should be further explored for their therapeutic utility in treating
chronic pain.
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Figure 1.
Characterization of exosome morphology and specificity. (A, B) TEM images of exosomes

purified from RAW 264.7 cells before (left) and after (right) LPS treatment. (A) TEM after
staining with uranyl acetate indicates RAW 264.7 cell-derived exosomes are intact after
purification (scale=500 nm). (B) Specificity of exosomes was demonstrated by immune
gold-labeling for CD81 (scale=100 nm). (C) Western blot analysis of exosomal lysate and
media from stimulated (+) or unstimulated (=) RAW 264.7 cells indicates that 2 commonly
detected exosomal proteins, HSP70 (mwpreg= 70 kDa) and TSG101 (mMwpeq= 43 kDa,
Mmwgps= 48 kDa), are present in exosomes and absent in exosome-free cell culture media (-
lane). LPS is present in cell culture media but is undetectable in exosomes after LPS
stimulation. (D) Bioanalyzer trace and gel showing integrity of total exosomal RNA from
LPS-stimulated RAW 264.7 cells run on the eukaryotic total RNA pico chip. (E)
Bioanalyzer trace of small exosomal RNAs from LPS-stimulated RAW 264.7 cells.
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LPS-responsive exosomal miRNAs. (A) Heat map showing 10 of 433 detected miRNAs in

RAW 264.7 cell-derived exosomes with significant alterations after LPS stimulation.

Samples are labeled minus for control (exosomes from unstimulated RAW 264.7 cells) and
plus for exosomes derived from LPS-treated RAW 264.7 cells (n=4). (B) Heat map showing
5 of 252 detected miRNAs in THP-1 cell-derived exosomes with significant alterations after

LPS stimulation. Samples are labeled minus for control (exosomes from unstimulated

THP-1 cells) and plus for exosomes derived from LPS-treated THP-1 cells (n=3) (log10fc
red = high, black = average, green = low). Significance was determined by applying a P
value cutoff of 0.05 to the results of a paired-samples t test.
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Figure 3.
Statistical analysis of exosomal RNA sequencing data from naive and LPS-stimulated

macrophages. (A) Density analysis of RNA sequencing data showing that the RNA
population profiles differ after LPS treatment (FPKM, fragments per kilobase of exon per
million). (B) Volcano plot showing the significantly different genes detected in exosomes
after LPS stimulation compared with naive. Red points indicate significantly differentially
expressed transcripts (p <= 0.05). (C) Venn diagram of genes that are common and
differentially expressed after LPS treatment. The numbers outside the circles indicate the
total genes and noncoding RNAs that were detected. (D) Percentage of detected transcripts
by RNA type showing that the majority of transcripts detected are protein coding. lincRNA,
long intergenic noncoding RNA; IncRNA, long noncoding RNA; miRNA, microRNA,;
snoRNA, small nucleolar RNA.
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Figure 4.
gPCR validation of mMRNAS detected by NGS. The mRNA levels of 4 cytokines and 2

transcription factors from exosomes secreted by naive and LPS-stimulated RAW 264.7 cells
were normalized to Gapdh (n=3) **P < 0.01.
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Figure 5.
Gene ontology. The distribution of exosomal mMRNAs categorized by cellular function based

on global reactome pathways. Of the 15,883 genes detected, 5445 are represented in the pie
chart. Read clockwise from top.
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Figure 6.
Differential transport of exosome-associated cytokines after LPS treatment. (A) Using an

array of 40 cytokines, we quantified exosomal protein content before and after LPS
stimulation. (B) Ten cytokines were upregulated in exosomes after LPS treatment. The
values are the average and standard deviation from 3 independent experiments (n=3).

Pain. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

McDonald et al.

ODgs5

Page 24

2.0
18- =
%k
1.0 4
0.5 1 T
o
oL =
0.5 2 50 100 - - [Exosomes] pyg/ml
- = - - - - - - + - LPS
Figure 7.

Exosomes purified from LPS-stimulated cells cause activation of NF-xB in naive cells.
Secreted exosomes were purified from RAW 264.7 cell media after 24 h incubation + 1
ug/ml LPS. Exosomes were incubated at 4 concentrations (based on protein content) with
RAW-blue reporter cells and QUANTI-Blue assay was performed at 24 h. Columns 1-8 are
exosomes from (+) LPS-stimulated cells or (=) untreated cells and columns 9-10 are media
control for NF-xB activation. The average of 3 experiments was analyzed by ANOVA and a
Bonferroni posttest to determine P < 0.001.
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Figure 8.
Exosomes from LPS-stimulated macrophages reduce paw thickness in a CFA model of

inflammatory pain. (A) Paw thickness and pain behavior measurements before and after
each injection. After baseline paw thickness was measured, the CFA model was established
in 8-week-old male C57BL/6 mice by intraplantar injection (arrow) into the hind paw. Paw
thickness was measured and then a second injection (arrow) of PBS or 20 pl of exosomes
(0.5 pg) derived from LPS-stimulated or naive RAW 264.7 cells were administered by
intraplantar injection to the right hind paw 3 h after the CFA injection (n=9). (B) In the
CFA-treated paw, one injection of exosomes from LPS-stimulated macrophages (black
circle) decreased paw thickness at 24 h compared with exosomes from naive RAW 264.7
cells (gray circles) or PBS injection (triangle). Statistical analysis performed was one-way
ANOVA and Bonferroni posttest. (C) Animals treated with saline did not show any increase
in paw thickness with a second injection of macrophage-derived exosomes. Data shown are
mean + SEM.
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Figure 9.

Macrophage-derived exosomes reduce thermal hyperalgesia induced by CFA. (A)
Mechanical allodynia was measured by von Frey filaments before and after the CFA model
was established in 8-week-old male C57BL/6 mice. A second injection of PBS (white) or
exosomes from naive (gray) or LPS-stimulated (black) RAW 264.7 cells was given 3 h after
CFA treatment. Paw withdrawal thresholds were measured at 1, 2, and 5 days and then
weekly for 21 d following exosome injection (n=9). Macrophage-derived exosomes had no
effect on mechanical allodynia in the CFA-treated animals (right panel) and did not cause
hypersensitivity in saline-treated animals as measured by either Hargreaves or von Frey
filaments (right panels). (B) Thermal hyperalgesia was measured with Hargreaves direct
heat source in CFA-treated (left panel) or saline-treated (right panel) animals. Although
exosomes obtained from LPS-stimulated macrophages decreased the paw withdrawal
latency immediately upon administration, the effect was transient. At 24 h, exosomes from
LPS-stimulated cells reduced thermal hypersensitivity induced by CFA, by 48 h exosomes
derived from untreated and LPS-stimulated RAW 264.7 cells reduced thermal
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hypersensitivity. This protective effect lasted for up to 10 days. Data shown are mean *
SEM. Statistical analysis was determined by ANOVA with Bonferroni posttest. *P<0.05.
**P<0.01. ***P<0.001.
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Figure 10.

miRNA profiling of CRPS exosomes. Heat map showing 127 of 503 detected miRNAs in
human serum exosomes with significant alterations in patients with CRPS. Samples are
labeled “C” for control subject and “P” for patient with CRPS, (log10fc red = high, black =
average, green = low) (n=6). Significance was determined by applying the Benjamini-
Hochberg false discovery rate correction to the results of a 2-tailed t test.
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Table 1

LPS-responsive exosomal miRNAs and verified mRNA targets

miRNA Fold change | Pvalue | Validated human mRNA targets

mmu-miR-21-3p 114.067 0.0207 Seed sequence is slightly different in human miR-21-3p

rno-miR-146b 30.1762 0.0009 CDKNI1A, IRAK1, KIT, MMP16, NF-xB1, PDGFB, TRAF6

mmu-miR-146a 9.8140 0.0190 | BRCA1 & 2, CCNA2, CD40LG, CDKN1A, CDKN3, CFH, CXCR4, EGFR, ERBB4,
FADD, FAS, FAF1, IL-8, IRAK 1 & 2, KIF22, MTA2, NF-xB1, PA2G4, ROCK1, SMAD4,
TLR2, TLR4, TRAF6, WASF2

mmu-miR-126-5p | 5.8577 0.0084 | ADAM9, CXCL12, MMP7, PTPN7, SLC45A3

mmu-miR-212 3.7034 0.0229 CCNAZ2, CCNB1, KCNJ2, MECP2, PEA15, PTCH1, RB1, TJP1

mmu-miR-222 2.2474 0.0009 BBC3, CDKN1B/C, CERS2, CORO1A, DICER, DIRAS3, ESR1, ETS1, FOXO3, ICAM1,
KIT, MMP1, PPP2R2A, PTEN, RECK, SELE, SOD2, STATS5, TIMP3, TMED7, TNFSF10,
TP53, TRPS1

mmu-miR-24 -1.3151 0.0486 | ACVRI1B, AURKB, BRCAL1, CCNA2, CDK4, CDKN1B, CDKN2A, DND1, DHFR, E2F2,
FAF1, FEN1, FURIN, HNF4A, MAPK14, MYC, NOTCH1, POLD1, ST7L, TGFB1,
TRIB3, VSIVgp5, ZNF217

rno-miR-27a-5p -2.2801 0.0272 No validated targets for rare form

mmu-let-7b -3.2575 0.0367 | ACTG1, CCNAL/2, CCND1/2, CDC25A, CDC34, CDK®6, CYP2J2, HMGA2, IFNB1,
LIN28A/B, MTPN, NR2E1, NRAS, PRDM1, RDH10, RPIA

rno-miR-207 -5.4906 0.0462 N/A No human homologue

LPS-responsive exosomal miRNAs and verified mRNA targets. Statistical analysis of 433 detected miRNAs from LPS-treated and naive
macrophages revealed 10 miRNAs that were significantly altered after LPS stimulation (n=4), including two homologues that are also altered in
patients with CRPS (bold). The fold change and P values are reported as well as the validated mRNA targets of these miRNAs from miRTarBase.

Pain. Author manuscript; available in PMC 2015 August 01.



yduasnuel Joyny vd-HIN

1duosnuely Joyny Yd-HIN

1duasnuely Joyny Yd-HIN

McDonald et al.

Page 30

Table 2

LPS-responsive exosomal miRNAs derived from THP-1 cells and their verified mRNA targets.

miRNA Fold change | P value Validated human mRNA targets

hsa-miR-484 -1.63636 6.78E-09 | VEGFB, VEGFR2 [64] FIS1

hsa-miR-597 -102.238 0.000983 | No validated targets

hsa-miR-222# 36.49407 0.001038 | No validated targets for the rare form

hsa-miR-26a -22.7778 ABCA1, ARL4C, CCND2, CCNE1/2, CDC6, CDK6, CDK8, CPEB2/3/4, CTGF, ESR1,

EZH2, GDAP1, GSK3B, HMGA1/2, IFNB1, IL6, MAP3K2, MTDH, MYC, NOS2

0.001604 | PLAGL, PTEN, RB1, SERBP1, SMAD1/4, STRADB

hsa-miR-532-3p | —35.0463 0.002919 | No validated targets for rare form

Statistical analysis of 252 detected miRNAs from LPS-treated and naive THP-1 cells revealed 5 miRNAs that were significantly altered after LPS
stimulation (n=3), including one miRNA that was also altered in whole blood from patients with CRPS (bold). The fold change, P values and
validated mRNA targets of these miRNAs from miRTarBase and the reference [64] cited shown.
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Table 3

Immune pathways that are significantly altered after LPS treatment

Transcripts

Pathway Fold change | P value
Total | Altered
Adaptive immune system 425 52 1.40 0.0078
Class 1 MHC-mediated antigen-processing presentation 207 25 1.38 0.0596
Antigen-processing cross-presentation 67 11 1.88 0.0293
Downstream signaling events of B-cell receptor 88 17 2.22 0.0013
Activation of NF-xB in B cells 58 10 1.98 0.0271
Antigen processing ubiquitination proteosome degradation 172 23 1.53 0.0257
Innate immune system 171 19 1.27 0.1631
Toll receptor cascades 103 14 1.56 0.0632
MAPK activation in TLR cascade 49 8 1.87 0.0598
TRAF6-mediated induction of NF-xB & MAPK upon TLR7/8 activation | 69 10 1.66 0.0751
Cytokine signaling in immune system 213 29 1.56 0.0107

Page 31

Exosomal RNA datasets from naive and LPS-treated samples were compared and significantly altered pathways involved in immune response are

shown with corresponding fold change and P values. Global pathways are shown in bold. TRAF = TNF receptor associated factor.
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