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Abstract

Exosomes are extracellular vesicles released by cells which carry proteins, lipids and nucleic acids
and function in intercellular communication. Previously we determined that exosomes released
from Mycobacterium tuberculosis infected macrophages carry mycobacterial proteins and lipids.
However, the RNA composition within these exosomes has not been defined. In this study we
characterized the exosomes released from M .tuberculosis-infected macrophages and identified a
cohort of mouse MRNA and miRNA. Quantitative RT-PCR analysis showed less abundance of
miRNAs in exosomes released from infected compared to uninfected macrophages. Moreover,
over 100 transcripts were found to be enriched or unique to exosomes from infected cells
including transcripts involved in regulating an immune response. The exosomal RNA could be
transferred and expressed in naive macrophages and was biological active, stimulating production
of inflammatory mediators and inducing apoptosis in recipient cells. Interestingly, we also
identified mycobacterial transcripts in exosomes released from infected macrophages as well as
from exosomes isolated from TB patient serum. To our knowledge this is the first study to identify
bacterial-derived RNA in exosomes. Our results suggest that exosomal RNA released from M.
tuberculosis-infected macrophages may have functional and diagnostic potential in the context of a
mycobacterial infection.
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Introduction

The number of studies concerning bioactive vesicles has significantly increased in recent
years with much of this increase stemming from work on exosomes. This class of bioactive
vesicles is formed through the fusion of multivesicular bodies (MVBs) with the plasma
membrane and release of intra-luminal vesicles as exosomes (1). Exosomes are lipid bilayer
vesicles of 30 to 100 nm in size, as defined by electron microscopy, with a density of 1.13
g/ml to 1.19 g/ml (2). They can be distinguished from other extracellular vesicles by size,
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composition and cellular origin (3). Exosomes are released from various cell types including
DCs (4), mast cells (5), platelets (6), macrophages (7) as well as cells of non-hematopoietic
origin such as astrocytes (8) neurons (9) and epithelial cells (10) and are found in various
body fluids (11, 12, 13, 14, 15, 16). Biophysically, exosomes are equivalent to cytoplasm
enclosed in a lipid bilayer with the external domains of transmembrane proteins exposed to
the extracellular environment. Originally observed as a mechanism to remove transferrin
receptor during reticulocyte maturation (17, 18), more recent studies have focused on the
role of exosomes in antigen presentation (19, 20, 21), immune surveillance (22) and
induction of tolerogenic responses (23).

The lipid and protein composition of exosomes has been extensively analyzed by various
techniques including western blotting, fluorescence-activated cell sorting (FACS), immuno-
EM and mass spectrometry. Exosome composition can vary depending on the cell type of
origin but some common protein components have been defined (24). Pioneering studies by
Valadi and coworkers determined that exosomes are also enriched in mRNA and miRNA.
The exosomes derived from human (HMC-1) and mouse (MC/9) mast cell lines were found
to transport RNA to neighboring mast cells and the mRNA was subsequently translated,
indicating that it was biologically active (25). Recent studies also suggest that exosomes
have a selective subset of miRNA that can be functionally transferred as a consequence of
fusion with recipient cells (26, 27). The sources of these exosomes/extracellular vesicles
were from cultured cells (28) and from body fluids (29, 15). Together, the data suggest that
exosome’s function as carriers of genetic information and that this genetic material plays a
role in cell-cell communication.

Exosomes released from macrophages infected with M. tuberculosis (M.tb) or treated with
mycobacterial culture filtrate proteins as well as exosomes isolated from M.tb-infected mice
have been characterized for their protein cargo and have been shown to promote both innate
and acquired immune responses /n vitroand in vivo (30, 31, 32). However, it is not known
whether the RNA present in these exosomes contributes to this immune response. To address
this question requires characterization of the RNA content within the exosomes. In the
present study, we profiled the exosomes released from M.#b-infected macrophages and
showed the exosomes to contain host miRNAs and messenger RNAs. While we observed a
general diminished level of host miRNAs in exosomes from infected cells, we also observed
a subset of miRNAs and mRNA transcripts unique to these exosomes. Our results suggest
that there is selective packaging of RNA content in exosomes following an M.#b infection.
The exosomal RNA could be transferred to and translated in recipient cells and could elicit a
biologically response in these cells. Surprisingly, we also detected mycobacterial transcripts
in exosomes released from M.tb-infected macrophages and from extracellular vesicles
derived from TB patient serum. To our knowledge this is the first study to show the presence
of pathogen-derived RNA in exosomes released during a bacterial infection.

Traffic. Author manuscript; available in PMC 2017 December 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singh et al. Page 3

Results

Defining the miRNA content within exosomes derived from M. tuberculosis-infected and
uninfected RAW264.7 cells

Exosomes were isolated from the culture supernatants of uninfected and M.tb-infected
RAW?264.7 macrophages by filtration and differential centrifugation (33, 34). We obtained
approximately 25ug of exosomes from 1x107 cells. Exosomes were analyzed as previously
described (34) and were of the expected size and composition (data not shown). Total RNA
was isolated from 400 g of exosomes and analyzed for quality and size distribution on an
Agilent bioanalyzer. As shown in figure 1A, we observed predominantly small RNA in the
exosomes which was expected since we size-selected on a urea polyacrylamide gel for small
RNA. To eliminate any potential contaminating RNA attached to exosomes, the exosomes
were treated with RNAse A prior to RNA isolation. This was done for all exosomes prior to
RNA isolation. To further characterize the small RNA content in exosomes, cDNA libraries
were constructed using the small RNA population derived from exosomes or from donor
macrophages (Figure 1b and c). Since we wished to maximize coverage of miRNA
sequences within exosomes, we biased our cDNA loading onto the 454 Sequencer to include
25% volume for each exosome library, 20% for each donor cell library and 10% for negative
control. Therefore, we did not interpret quantitative differences between miRNAs from the
sequencing data. After trimming of adaptor and primer sequences from our reads, a
megablast was performed against the mature mouse miRNAS in mirbase. Using 1 as the
cutoff E value we identified 52 and 57 miRNAs in exosomes released from uninfected and
infected cells respectively. We also identified 57 and 80 miRNAs present in uninfected and
infected RAW?264.7 cells respectively (Table I). Approximately 60% of the miRNAs were
present in exosomes from both infected and uninfected macrophages including the miRNAs
Mmu 99b-5p, Mmu 30c, Mmu 30a, Mmu 191, Mmu 378, Mmu 210, Mmu 423-5p & Mmu
486-5p which have been previously reported to be expressed following mycobacterial
infection both /n vitroand in vivo (37, 38, 39, 40, 41, 42). From the cohort of miRNAs
identified in exosomes, a subset was further selected for validation by PCR or by SYBR
Green based quantitative PCR. For these experiments, RNA was isolated from independent
preparations of exosomes and results were drawn from three experimental replicates. Total
RNA was polyadenylated and converted to cDNA and PCR amplified using miRNA specific
primer and PerfeCTa universal primer (Figure 2a). In order to compare miRNA levels
between the different exosome preperations we needed an endogenous control and therefore
we tested the miRNAs U6, Sno202, Sno135 and Sno 234 which have been used previously
in this regard (43, 44, 45). Of these different controls, only Sno234 showed similar band
intensities on an agarose gel. To further evaluate whether Sno234 could be used as an
endogenous control we compared Ct values across all exosome cDNAs. The Exosomal
cDNA C; values for Sno234 in triplicate for replicate experiments was: H37Rv infected
macrophage (25.89+/-0.051 and 26.8+/-0.099) and uninfected macrophages (26.04+/
-0.249 and 26.12+/-0.186). Therefore Sn0234 was used as an endogenous control for all
subsequent experiments. Quantitative PCR on selected miRNAs showed an overall
suppression of these miRNAs ranging from 2 to over 1000 fold in exosomes from infected
compared to uninfected cells, although the level of suppression varied between experiments
(Figure 2b). However, we failed to observe any down-regulation of this subset of miRNASs in
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RAW264.7 cells following a mycobacterial infection (Figure 2c). To determine if the limited
incorporation of miRNAs into exosomes was related to pathogenicity, we quantified
expression of select miRNASs in exosomes released from RAW264.7 cells infected with non-
pathogenic M. smegmatis. We observed a similar decrease in abundence of miRNAs relative
to uninfected exosomes (Unpublished observation). Our results suggest that mycobacterial
infection of macrophages results in the general inhibition of miRNA incorporation into
exosomes. To understand the significance behind this suppression we evaluated the
quantified miRNAs for mRNA targets using the miRDB and functional KEGG pathway
analysis. The analysis showed that potential gene targets for these miRNAs included those
associated with immune surveillance and inflammation (Table 11).

Profiling the mRNA transcripts within exosomes released from infected and uninfected
RAW 264.7 cells

A microarray analysis was undertaken to identify the host mMRNA signatures present in
exosomes. In order to generate the 1 pg of total RNA needed for the gene expression studies
we used approximately 400 pg of exosomes. To determine enrichment of specific transcripts
in exosomes following mycobacterial infection, exosomal RNA from uninfected cells and
cellular RNA from uninfected or M. tb-infected donor macrophages were used for
comparison. We identified 2428 and 2638 transcripts in exosomes from infected and
uninfected cells respectively (Figure 3a; Datasets S1 and S2). However, it is important to
note that the results are drawn from a mixed population of exosomes and that individual
exosomes will differ in the transcripts present and will contain only a subset of the total
transcripts. This is likely also true for the miRNAs identified in exosomes. A large number
of transcripts detected in exosomes from infected cells encoded for ribosomal proteins and
we could also detect transcripts encoding for RNA binding proteins such as rbed1, csdel,
rbmxrt, tarbp2 etc. However, we also observed genes involved in MAPK signaling (fnfrsfla,
mapkapk2, phospholipaseAZ, ly96) T cell activation (cd14, cad40, cd80 and ca86) apoptosis
(bcl2l1, irak2, nfkbia) and proteasome, (psmdl13, psmb8, psmb9). From the total transcripts
identified, 65 showed 2 fold or higher expression with a p value < 0.05 in exosomes released
from infected compared to uninfected cells (Dataset S3). However, only 16 of these 65
transcripts showed greater than 2 fold higher expression in infected compared to uninfected
RAW264.7 cells. A subset of genes from the group of 65 more abundant transcripts were
validated by SYBR Green based quantitative PCR including those previously characterized
as functioning in immune responses such as prss15, slc15a3 and ncf4 (Figure 3b).
Transcription levels were normalized to GAPDH which had Ct values of 24.52+/-0.442 and
24.08+/-0.956 for exosomes from uninfected and infected macrophages respectively. We
also identified 69 transcripts that were less abundant in exosomes from infected cells relative
to uninfected cells including AmgbZ, traf3, psmd3 and ctsf. Interestingly, we identified a
subset of transcripts which appeared unique to each exosome population (Tables S1 and S2).
A subset of the 46 transcripts present in exosomes from M.t6-infected cells included those
involved in immune surveillance such as cc/21b, Icn2, trafl and procrwere further tested by
PCR. As predicted from our array data, we did not detect these transcripts in exosomes from
uninfected cells, confirming that they are absent or present at very low levels in this exosome
population (Figure 3c). To determine whether selective incorporation of these transcripts
into exosomes relates to their enrichment in host cells following a mycobacterial infection,
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we analyzed the expression patterns of these transcripts in M.tb-infected cells compared to
uninfected cells. We found that most transcripts were enriched in macrophages infected with
M.th compared to uninfected cells suggesting that the presence of these unique transcripts in
exosomes stem, at least in part, from their higher expression in infected cells (data not
shown). A KEGG Pathway analysis was undertaken on the total transcripts identified in
exosomes. We observed a few functional pathways which were specific to exosomes from
infected or uninfected cells but the majority of pathways were defined in both exosome
populations including regulation of actin cytoskeleton, TLR signaling and MAPK signaling
among others (Tables S3 and S4). For the 46 unique transcripts identified in exosomes from
infected cells, only the cytokine-cytokine receptor interaction emerged as significant and
included genes such as cc/4, ccl3,ccl5 & cxcl10. For the 65 transcripts that were more
abundant in exosomes from infected compared to uninfected cells, the pathways identified
included proteasome (psmb9, psmd3 & psme2), Ag processing and presentation (cd74, lgmn
& psme3) and Systemic lupus erythematosus which consisted of genes such as Aistih2ab,
hist1hZbc etc.

Exosomes released from M. tuberculosis infected macrophages contain mycobacterial

transcripts

A BLAST analysis against the whole M.#b transcriptome was performed using the sequence
data from the small RNA library. We identified mycobacterial transcripts Rv3809c, Rv3533,
Rv0243, Rv1101c and Rv2024c multiple times in the RNA library when using exosomes
isolated from infected macrophages. Although our sequence data indicated that exosomes
contain fragments of these mycobacterial genes, the length of the transcripts were unclear as
we only selected for small RNA fragments when generating the library. Therefore we
designed multiple primers for Rv3809, Rv3533 and Rv0243 to provide maximum coverage
for each gene. RNA was isolated from independent exosome preparations and converted to
cDNA which was used as template for the PCR. We detected PCR products for each of these
three mycobacterial transcripts. No products were identified when using the cDNA
generated from exosomes released from uninfected cells (Figure 4a). Although we were able
to detect products for 2 or 3 primer sets for each transcript, we could not detect full length
transcripts using primers that extend the whole gene suggesting that only fragments of
mycobacterial transcripts get incorporated into exosomes released from M.#b-infected
macrophages. To detect other potential mycobacterial transcripts in exosomes released from
infected cells, total RNA was converted to ds cDNA, labeled with Cy3 and hybridized onto a
custom whole MTB genome array. RNA from uninfected exosomes was used as negative
control and M.t6 RNA as a positive control. These gene expression studies identified an
additional 13 mycobacterial transcripts in exosomes from infected macrophages.
Independent preparations of exosomal RNA were used to validate the gene expression
results by RT-PCR. These results confirmed the presences of 9 of the 13 mycobacterial
transcripts which included Rv0740, Rv0288, Rv1344, Rv0968, Rv1942¢, Rv0664, Rv0190,
Rv1757c and Rv1369c. A few representative transcripts are shown in figure 4b. As expected,
the mycobacterial transcripts were not detected in exosomes released from uninfected
macrophages. A randomly selected set of mycobacterial transcripts detected in exosomes
were tested for their expression in RAW?264.7 macrophages following infection with M.
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tuberculosis. The presence of these transcripts in host cells suggested their expression in
host following infection and subsequent incorporation in vesicles.

To rule out that the RNA transcripts were derived from vesicles released from mycobacteria
during the course of the infection, we purified exosomes by sucrose gradient to remove any
potential contaminating vesicles. The sucrose-purified exosomes contained the exosomal
markers LAMP-1 and Tsg101. However, only the exosomal RNA from infected
macrophages were positive for mycobacterial transcripts. In contrast, RNA from infected
and uninfected cells were positive for GAPDH (Fig. S1). To further confirm that the RNA
was not from vesicles released mycobacteria, RAW?264.7 cells were either infected with M.
tuberculosis as described above or equal number of bacteria were added to media alone (i.e.
no macrophages) and flasks were incubated for 72 hours. Supernatants were harvested,
centrifuged at 3000g for 10 minutes followed by filtration through 0.22 micron twice
(remove intact bacteria). The supernatants were further centrifuged at 100,000g to pellet
down exosomes/extracellular vesicles. Protein quantification using BCA showed a protein
concentration of 20ug/flask from vesicles isolated from infected macrophages whereas
vesicles isolated from the media with bacterial alone (i.e. no macrophages) showed a protein
concentration of 4.5ug/flask. The isolated vesicles was treated with RNaseA and RNA was
extracted as described in Material and Methods. We failed to detect any RNA in the material
derived from similar volume of culture media to which equal amounts of bacteria had been
added (data not shown). In contrast, as indicated above, RNA was present in exosomes
isolated from infected macrophage culture media and these exosomes contained
mycobacterial RNA. This indicates that if any vesicles were released from the mycobacteria
when present in culture media they did not contain detectable RNA.

Exosomal RNA can be transferred to recipient cells

To evaluate whether RNA from exosomes can be transferred to uninfected macrophages,
purified exosomes were labeled with SYTO RNA select stain and added to RAW 264.7 cells
that were stained with wheat germ agglutinin (WGA) to visualize cell membranes. As
observed by fluorescent microscopy, the RNA in exosomes was transferred to recipient
macrophages and appeared primarily cytoplasmic (Figure 5). To confirm that the dye
incorporation into recipient cells was exosome dependent, the SYTO RNA Select dye was
centrifuged in buffer alone (i.e. no incubation with exosomes) and any material that was
pelleted at 100,000xg was added to the RAW 264.7 cells. No visible staining of
macrophages with the SYTO RNA dye was observed after incubation (Fig. S2).

Exosomal RNA can be translated to protein upon delivery to recipient cells

In view of the transfer of exosomal RNA to recipient cells, we evaluated whether exosomal
RNA delivered to recipient cells was translated. We targeted the mRNA encoding mouse
lipocalin-2 since it was detected exclusively in exosomes derived from M.tb infected
macrophages but not from uninfected macrophages. Further, lipocalin-2 is known to inhibit
mycobacterial growth /n vitro through sequestration of iron uptake implicating its role in the
mycobacterial innate immune response (46). Human THP-1 cells were incubated with
mouse exosomes derived from M.tb infected cells or uninfected cells for 4 hours and the
monolayers were washed to remove any remaining extracellular exosomes. Untreated THP-1
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cells were used as a control. The cells were incubated for 24 hours, lysed and probed for
mouse lipocalin-2 protein expression by western blot. As shown in figure 6, we observed the
expression of murine lipocalin-2 upon treatment of human THP-1 cells with mouse
exosomes from infected cells. No lipocalin-2 was observed in THP-1 cells treated with
exosomes from uninfected cells or in control untreated THP-1 cells. We used a mouse
monoclonal antibody made to a recombinant peptide consisting of amino acids 20 to 200 of
mouse lipocalin-2 which was indicated to be specific to mouse lipocalin-2. To confirm the
specificity, the mouse monoclonal antibody was tested against a human lipocalin-2 peptide
consisting of amino acids 20 to 198. The antibody did not recognize the recombinant human
lipocalin-2 (Figure S3). Our results indicate that exosomal mRNA can be transferred into
recipient cells and translated into protein.

Exosomal RNA induces a pro-inflammatory response in recipient cells

As our data supports the transfer of exosomal RNA to recipient macrophages, we next
evaluated the macrophage’s biological response to this RNA. Exosomal RNA was
transfected into RAW264.7 cells using the Hiperfect transfection reagent which is a mixture
of cationic and neutral lipids and facilitates the cellular uptake of RNA. The RNA dosage
corresponded to approximately 50 exosomes per cell in our experiments. 24 hours post
transfection, the cell culture supernatants were profiled for 40 different cytokine and
chemokines using a mouse cytokine array. As a control, some cells were treated with
Hiperfect alone. Exosomal RNA from both uninfected and M.#b-infected macrophages
induced significantly higher levels of SICAM-1, RANTES and I-TAC compared to untreated
cells or cells treated with the Hiperfect transfection reagent. However, only RNA isolated
from exosomes released by infected cells induced a significant increase in the secretion of
CCI2, MIP-2, TNF-a and IL-1ra by RAW264.7 macrophages compared to resting cells or
cells treated with Hiperfect alone (Figure 7a and b).

Since mycobacterial transcripts were detected in the exosomal RNA and previous reports
indicate that mycobacterial RNA can induce apoptosis in human macrophages (47) we
addressed the possibility that the RNA from exosomes derived from infected cells could
induce apoptosis in recipient cells. As shown in figure 7c transfection of naive cells with this
exosomal RNA resulted in elevated levels of phosphatidyl serine on the outer leaflet of the
plasma membrane as defined by annexin-V staining. Increased phosphatidyl serine exposure
is associated with early events in apoptosis. Quantitation of the number of annexin-V
positive cells +/-transfection with exosomal RNA is shown in figure 7d.

Mycobacterial transcripts are present in extracellular vesicles (EVs) derived from serum of
human TB patients

With the detection of mycobacterial transcripts in exosomes released from M.tb-infected
macrophages, we explored the possibility of detecting M. b transcripts in exosomes isolated
from human TB patient serum. RNA was isolated from extracellular vesicles purified from
the serum of culture positive TB patients or from a healthy control. Since we were limited in
the amount of human serum and therefore vesicles, we pre-amplified the exosomal RNA
using a WTA amplification kit to obtain sufficient quantity of cDNA for hybridization onto
the whole M.tb genome arrays. From the hybridization experiments we putatively identified
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five mycobacterial transcripts in exosomes from TB patients. To further evaluate whether the
genes defined in the array experiments were present in TB patient exosomes, primers were
designed for each of these mycobacterial transcripts and the cDNA, produced from pre-
amplified RNA, was used as a template for PCR. We confirmed that Rv2796 and Rv1369c
were present in serum exosomes from TB infected individuals as shown by PCR and SYBR
Green based qRT-PCR (Figure 8a and b).

Discussion

Recent studies have shown that exosomes, as vehicles of intercellular communication, not
only transport proteins and lipids, but also biologically active RNA. The RNA encapsulated
in exosomes is termed “exosomal shuttle RNA” (esRNA) and consists of functional miRNA
and mRNA that can be transferred to recipient cells and modulate their transcriptome.
Exosomal RNA has been studied in diverse fields such as cell biology, immunology, cancer
biology, neurobiology and has been characterized in several cell types including mast cells
(25), T and B cell lines (26), bone marrow derived dendritic cells (27), macrophages (48)
and carcinoma cell lines (45). These studies indicate that exosomes provide a natural
delivery system for RNA both in vitroand /n vivo and also highlight the potential use of
exosomal RNA as molecular biomarkers against several diseases. However, the role of
exosomes in transporting genetic material, specifically RNA in a background of a bacterial
infection has not been undertaken. We addressed this question in the context of a
mycobacterial infection. In present study we have defined the RNA content of exosomes
released from murine RAW264.7 macrophages following infection with M.#band showed
these exosomes to contain miRNA, mRNA as well as mycobacterial transcripts. Further, the
detection of mycobacterial transcripts in exosomes was not limited to an /n vitro infection as
extracellular vesicles derived from TB patient serum also contained TB transcripts.

The role of miRNAs in responding to bacterial infections is poorly understood. The miRNAs
could be involved in regulating gene expression for pathways that are important in the
immune response to pathogens. Differences in circulating miRNAs in serum of TB patients
compared to controls have been observed and these differences may provide signatures to
distinguish active from latent TB (42). Although the authors did not specifically look at
exosomes, it is known that the majority of miRNAs in human serum or saliva are
encapsulated in exosomes allowing for increased stability of the RNA (49). Recently,
exosome-enclosed miRNAs in exhaled breath have been suggested as potential biomarkers
for patients with pulmonary diseases such as tuberculosis (50). In our initial experiments we
focused on the miRNAs present in exosomes released from M. t6-infected macrophages and
how this compares to exosomes from uninfected cells. To explore this question, we adopted
a sequencing approach to identify the miRNAs in exosomes. Although we identified a subset
of miRNAs that were specific to exosomes from infected cells, the majority of miRNAs
identified were present in exosomes from both infected and uninfected macrophages,
suggesting a general conservation in the trafficking and incorporation of miRNAs into
exosomes. In total, we identified 57 miRNAs in exosomes released from infected
macrophages including Mmu 223 and 486-5p which belong to the cohort of differentially
expressed miRNAs in the serum of TB patients (40, 42). Previous studies have shown that
miRNA 99b is highly up-regulated in M. tuberculosis infected dendritic cells (DCs) and it
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targets TNF-a and TNFRSF-4 receptor gene transcripts and that less abundance of this
miRNA leads to a significant loss in bacterial survival in DCs (38). Mycobacterial secreted
protein ESAT6 is also a known effector of miR-155 whose up-regulation following an M.tb
infection modulates the expression of a subset of proteins that benefit the establishment of
an infection (51). These results suggest that cellular miRNAs which are more abundant
following infection with M.tb may provide a mechanism of immune evasion by the
pathogen. Surprisingly we found in our quantitative RT-PCR studies that the level of these as
well as other miRNAs was significantly diminished in exosomes released from M. tb-
infected compared to uninfected cells. The identified mMiRNAs were involved in various
pathways including Calcium signaling, MAPK signaling, Natural killer cell mediated
cytotoxicity, and Jak-STAT signaling all of which are involved in the immune response to
infection. This difference in miRNAs between the exosome from infected and uninfected
cells was not reflected in the concentration observed in whole cells. However, we only
defined their cellular concentration 72 hours post-infection and therefore it is unclear how
they compared at earlier time points. The mechanism for miRNA incorporation into
exosomes is still being defined. However, a recent study indicates that the RNA binding
protein Heterogeneous Nuclear Ribonucleoprotein A2B1 (hnRNPA2B1) can bind a specific
subset of miRNAs through their EXOmotifs and control their loading into exosomes (52).
This suggests that the repertoire of RNA binding proteins present within an exosome may
affect which miRNAs are trafficked and incorporated into exosomes. Interestingly, we found
an increased expression of Annexin Il in exosomes released from infected cells compared to
uninfected cells (data not shown). Recently Annexin Il has been identified as a novel RNA
binding protein that binds directly to both ribonucleotide homopolymers and human c-myc
RNA and it has been hypothesized to be involved in the recruitment of appropriate cellular
and/or viral components to generate HCV-RNA-containing exosomes (53).

Our study also defined the mRNA signatures within exosomes and found distinct subsets of
transcripts enriched in each group suggesting selective incorporation of host mRNA into
exosomes. Analysis of the data identified a unique group of transcripts present only in
exosomes from infected cells which included genes such as traf, /cn2that are known to play
an important role in innate immunity. A number of transcripts were also identified that were
present at significantly higher or lower concentration in exosomes from infected compared
to uninfected cells. A GO analysis indicated that the affected pathways included cytokine-
cytokine receptor interaction, proteasome, T cell activation and systemic lupus
erythmatosus. The observation that within exosomes released from infected cells we observe
diminished levels of miRNAs which block translation of genes involved in the host immune
response while genes involved in promoting inflammation show relatively higher
concentration suggest that the RNA content of these exosomes is primed to stimulate the
host immune response to a mycobacterial infection. Since exosomes exert their affect
beyond the infected cell, it is possible that the export of these RNA molecules work in
concert with cytokines and other factors to stimulate the immune response against invading
pathogens. Future studies are needed to understand the mechanisms that determine
incorporation of select MRNAs into exosomes.

Unexpectedly we detected mycobacterial transcripts in exosomes derived from M.tb-infected
macrophages. We identified the mycobacterial transcripts through sequencing of the small
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RNA library as well as in our expression analysis using M.tb whole genome arrays. Previous
studies have shown the presence of viral trans-activator response element (TAR) RNA in
exosomes isolated from cell culture supernatants of HIV-1 infected cells and from patient
sera. This TAR miRNA was not associated in the Ago2 complexes outside the exosomes but
was enclosed within exosomes (54). Epstein Barr virus encoded miRNAs have also been
shown to be secreted by EBV infected B cells via exosomes (55). Beyond viral RNA, our
study is the first to show the presence of pathogen associated RNA in exosomes released
from infected cells. How mycobacterial RNA is incorporated into exosomes is presently
unclear. However, previous reports have shown that mycobacterial DNA gains access to
cyosolic receptors likely through perforation of the phagosome membrane mediated by the
ESX-1 secretion system (56). Also, previous studies have shown SecA2-mediated secretion
of bacterial nucleic acids by L/steria monocytogenes that enables infected macrophages to
detect viable bacteria in cytosol via immune sensory receptors RIG-1, MDAS5 and STING
(57). There are likely additional mechanisms that contribute to the presence of prokaryote
RNA in cytosol of infected cells. These include leakage of bacterial debris that contains
nucleic acids from phagosomal compartments (58) autolysis within the cytosolic
compartment (59) or nucleic acid release from viable bacteria in the cytosol (60).

Since exosomes released from M. b infected macrophages contain a distinct repertoire of
miRNAs, mRNAs as well as pathogen derived mycobacterial RNA, we hypothesized that the
exosomal RNA would elicit a unique host response upon its delivery to recipient cells. Our
study indicated that exosomal RNA can be transferred to recipient RAW264.7 cells and that
the mMRNA for mouse lipocalin-2 present in exosomes from infected cells could be translated
to protein upon delivery to human THP-1 cells. These results show the functionality of the
RNA encapsulated in exosomes Since it was necessary to distinguish the activity of the
exosomal RNA in modulating the host immune response from that played by the pathogen
associated molecular patterns (PAMPSs), also present in exosomes released from infected
macrophages, it was necessary to purify the exosomal RNA away from the other exosome
components. The purified RNA was transfected into naive RAW264.7 cells and the treated
cells evaluated for expression of various cytokines and chemokines. We observed certain
commonalities in the cellular response when using exosomal RNA from infected and
uninfected cells. However, exosomal RNA from infected cells was more potent in not only
inducing higher secretion of TNF-a, MIP-2 and CCL2 but also in driving apoptosis. At
present it is unclear if the increased apoptosis is due to the presences of mycobacterial RNA
in these exosomes. Nevertheless, our results indicate that specific host-or mycobacterial-
derived RNA molecules present in exosomes released from infected cells could contribute to
a pro-inflammatory response and apoptotic signals in cells recruited to the site of an M.z6
infection.

In conclusion, our study shows that M.#b-infected macrophages secrete exosomes that
contain a unique subset of host miRNAs and mRNA as well as mycobacterial RNA. This
unique composition leads to a differential response by the recipient cells. We hypothesize
that the host immune response would benefit from the exosomes released from infected
macrophages due to the specific composition of host miRNAs and mRNAS; however, a test
of this hypothesis awaits further study. Finally, we also report the detection of mycobacterial
RNA in exosomes isolated from TB patient serum. These results point to the potential use of
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exosomal RNA in TB diagnostics. This is the first study to characterize the RNA content of
exosomes in the context of a bacterial infection and adds an additional layer of complexity to
the function of exosomes during an M.zb infection.

Materials & Methods

Ethic Statement for use of human material

Cell culture,

Only publicly available, de-identified or unidentified? serum samples were used for this
project and the Notre Dame Institutional review board under protocol # 13-09-1221 gave
exempt status to the isolation of exosomes from human serum as performed in this study.

infection and exosome isolation

RAW?264.7 cells were cultured in complete DMEM media with 10% fetal bovine serum. .
Exosomes were isolated from cell culture supernatants of confluent uninfected or M.tb
infected RAW264.7 macrophages. 10 flasks each with 1x107 cells in 25 ml of complete
DMEM were infected with M.tbso as to achieve approximately 80% infectivity as
determined previously by an uptake assay (33, 34). The monolayers were washed three times
with 1X PBS after 4 hours following infection with M.tb and exosome free media was added
to the cells and the cells were incubated for 72 hours. The conditioned media was harvested
and centrifuged at 3000xg for 10 minutes to remove cells debris followed by filteration
twice through 0.22pum and the supernatant was further centrifuged at 100,000g for 1 hour.
For some experiments, exosomes were resuspended in 100l of 1X PBS and layered on top
of a linear sucrose gradient. (0.25-2M sucrose, 20mM Hepes/NaOH pH 7.2). The exosomes
formed a distinct ring based on their density (1.13 and 1.18 g/ml) and were carefully
recovered from the gradient.

Serum of TB patients was kindly provided by the foundation of New and Innovative
Diagnostics (FIND) and by Luke Davis, UCSF and included serum from HIV positive and
HIV negative TB patients. Extracellular vesicles were isolated from a total of 4.8 ml of TB
patient serum and 8 ml of serum obtained from a healthy volunteer (Normal Human Serum;
NHS) by successive centrifugation steps. Briefly, the serum was passed through 0.4 um filter
and centrifuged at 1,500xg for 15 minutes followed by 17,000xg for 30 minutes. The
supernatant was finally centrifuged at 100,000xg for 2 hours to pellet the extracellular
vesicles.

RNA isolation & cDNA synthesis

RNA was isolated from exosomes derived from cell culture supernatants or human serum
using MirVANA kit (Ambion) following manufacturer’s instructions. Prior to RNA isolation
exosomes were treated with RNAse A at 10ug/ml at 37°C for 30 minutes to confine the
analysis to RNA encapsulated within the exosomes. Exosomes were also treated with
DNAsel (Invitrogen) following manufacturer’s instructions. The RNA isolated from serum
exosomes was pre-amplified using Whole Transcriptome Amplification kit WTA-2 (Sigma).
From 400 pg of exosomes we obtained approximately 1.0ug of total RNA.
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Construction of small RNA libraries

The RNA was size fractionated on a 15% tris-borate-EDTA (TBE) urea polyacrylamide gel
(Biorad) and small RNA libraries were constructed as described previously (35). The
concentration of cDNA libraries for small RNA were determined with a fluorescence based
quantitation method (PicoGreen) and the samples were run on Roche 454 Genome
Sequencer FLX instrument following manufacturer’s instructions.

The raw reads were filtered to eliminate adaptor and primer sequences and the sequences in
fasta format were run against the mature mouse miRNA sequences available in miRBase
using BLAST software under linux operating system. MicroRNAs were identified using E
value 0.01 or 1.

gPCR validation of miRNAs

Total RNA from exosomes was polyadenylated and reverse transcribed to cDNA using
gScript miRNA cDNA synthesis kit (Quanta Biosciences). QPCR was performed using
PerfeCTa SYBR Green SuperMix and samples were run on AB7500 Fast Cycler following
manufacturer’s instructions. The relative miRNA expression was normalized to the
endogenous reference gene and was quantitated using the comparative Ct method with the
formula 27AACT,

Gene Expression Studies

Total RNA from exosomes or from RAW264.7 cells was converted to double stranded
cDNA using Super Script ds cDNA synthesis kit (Invitrogen), labeled and hybridized onto
Nimblegen arrays (mouse or M.tuberculosis genomes) as previously described (33).
Pathway analysis was performed with the Pathway-Express program (36) of the Onto-tools
Suite.

SYTO RNA select staining of exosomes

Purified exosomes were labeled with SYTO RNA Select green fluorescent stain (Molecular
Probes) following the manufacturer’s instructions and excessive stain was washed from
exosomes by centrifugation in 1X PBS. The cell monolayers (1x10%/well) were treated with
labeled exosomes (25ug/well) for 2 hours. The monolayers were washed with IXxPBS and the
cells were stained with Alexa Flour-594-labeled Wheat Germ Agglutinin stain per
manufacturer’s instructions. Images were acquired on a BioRad MRC 1024 Scanning
Confocal coupled to a Nikon Diaphot 200 microscope using LaserSharp 2000 acquisition
software. The settings included laser power (30%), Iris diameter in Airy units (2.5), gain
(1386) and an offset (24) with PMT off. The images were acquired at 40x with 2x digital
zoom with x,y dimensions of 0.24 um per pixel and the images were processed using Image
J software.

In vivo translation

Human THP-1 cells (1x108) were differentiated with 20ng/ml PMA for 48 hours. The
monolayers were washed with PBS and incubated in complete RPMI media for an additional
24 hours. Exosomes (125ug) derived from M.tb infected or uninfected mouse RAW264.7
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macrophages were added to the cells or the cells were left untreated for 4 hours. The cells
were subsequently washed to remove remaining exosomes and fresh culture media was
added. 24 hours later cells were lysed in RIPA buffer and probed for mouse lipocalin-2
expression using monoclonal Mouse Lipocalin-2/NGAL antibody (R&D Systems) which
does not cross react with human Lipocalin 2. Samples were also probed with Rabbit
monoclonal antibody for beta actin (Cell Signaling) as a loading control.

Transfections

RAW?264.7 macrophages (2x10° cells per well) were seeded in a 24 well plate in DMEM
complete growth medium. 250 ng of exosomal RNA was mixed with 3ul of Hiperfect
transfection reagent (Qiagen) and added drop wise to the cells following manufacturer’s
instructions. Resting macrophages or macrophages treated with the transfection reagent
Hiperfect alone were used as controls. Following incubation in normal growth conditions for
24 hours, the cell culture supernatants were harvested and tested for presence of cytokines
and chemokines using Mouse Cytokine Array Panel A (R&D Systems) following
manufacturer’s instructions. In separate experiments, RAW264.7 macrophages were seeded
on coverslips and transfected with exosomal RNA as described above. The cells were
stained with FITC conjugated Annexin V (BioLegend) following manufacturer’s
instructions and fixed with 2% paraformaldehyde. The cells were visualized on a confocal
microscope and the percentage of apoptotic cells was determined by counting cells in 10
independent fields for each treatment.

Statistical analyses

Data was analyzed by a one-tailed or paired Student's t test. Statistical significance was
assumed at p <0.05. Each experiment was conducted 2 or 3 times and error bars represent
standard deviation values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis

Our study shows a signature of host derived miRNAs and mRNA transcripts as well as
mycobacterial RNA in exosomes derived from M. tuberculosis infected macrophages.
The exosomal mRNA was translated upon delivery to recipient cells and was biological
active suggesting a role in modulation of host response to M. tuberculosis. Mycobacterial
transcripts were also detected in extracellular vesicles (EVs) derived from the serum of
TB infected individuals pointing to the significance of exosomal RNA in TB diagnostics.
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Figure 1. Exosomes derived from cell culture supernatants of M.tb-infected macrophages contain
small RNA

Exosomes were isolated from cell culture supernatants of uninfected or M.#b-infected
RAW?264.7 macrophages. RNA was isolated from exosomes and tested on a Bioanalyzer
small RNA pico chip (A). A Cartoon showing the steps involved in producing a cDNA
library containing ligated Illumina adaptors used for RT-PCR (B). The cDNA libraries were
analyzed on a Bioanalyzer for size distribution (C). 1, exosomes from uninfected cells; 2,
exosomes from infected cells; 3, uninfected RAW 264.7 cells; 4, infected RAW 264.7 cells;
5, ligation control.
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Figure 2. Exosomes released from M.th-infected macrophages show limited incorporation of host
mMiRNAs

Total RNA was isolated from exosomes and reverse transcribed using miR-Script cDNA
synthesis kit. PCR was performed for selected miRNAs using miRNA specific forward
primers and a universal reverse primer (A). Quantitative RT-PCR in triplicate was performed
on selected miRNAs using sno234 as the endogenous miRNA control and results are shown
from two independent experiments with standard deviations and p value<0.05 denoted by an
asterick (*) (B). Selected miRNAs that showed limited incorporation into exosomes released
from infected RAW?264.7 cells were analyzed for expression levels in both infected and
uninfected cells (C). Results were drawn from three independent experiments with standard
deviations. N; no template control, Un; exosomes from uninfected cells, Rv; exosomes from
infected cells.

Traffic. Author manuscript; available in PMC 2017 December 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Singh et al.

(C)

Page 21
UnExo Rv Exo
2638 2428 . Rl *
c
=2
Un Exo Rv Exo E o007 *
69 up 65 Up 4 *
= 4.00 -
£
= 2.00 4
7]
[
0.00 + :
Prss15 Sle15a3 Ncfd
ccl21b fen2 trafl procr gapdh

Gene
Template N
500 bp
300 bp
150 bp

Un Rv M Un Rv N Un Rv N Un Rv N Un Rv

Figure 3. Unique set of host transcripts are detected in exosomesisolated from M.tb-infected
macrophages

Total RNA was isolated from exosomes and cells, reverse transcribed, labeled with Cy3 and
hybridized onto whole mouse genome arrays. The signal intensities were converted to
expression values and transcripts were identified that had expression values above empty
well values for all three experimental replicates (A). Three representative transcripts from
the cohort of genes defined by array analysis as highly expressed in exosomes from infected
RAW264.7 cells were validated for quantitative differences compared to uninfected
exosomes by SYBR Green based gRT-PCR (B). Five transcripts that were unique to
exosomes from infected cells were further validated by RT-PCR. Primers were designed for
specific transcripts and exosomal RNA was derived from independent exosome preparations
(C). Exo; exosomes, N; no template control, Un; exosomes from uninfected cells, Rv;
exosomes from infected cells. Results are representative of three independent experiments
for both the microarray analysis and qRT-PCR validation which includes standard
deviations.
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Figure 4. Exosomes released from M.tb-infected macrophages contain mycobacterial RNA
Multiple sets of primers were designed for selected mycobacterial transcripts that were

identified in sequencing of the exosome small RNA library. PCR amplifications were
performed for each primer pair in an attempt to amplify different regions of each transcript
(A). Exosomal RNA was reverse transcribed to double stranded cDNA, labeled with Cy3
and hybridized to whole M.tb genome arrays. Selected mycobacterial transcripts identified
in the gene expression analysis were validated by PCR (B). RAW?264.7 macrophages were
infected with M. tuberculosis or left uninfected. Cellular RNA was isolated and converted to
single stranded cDNA and gene specific primers were used for PCR amplification (C).

Traffic. Author manuscript; available in PMC 2017 December 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singh et al. Page 23

WGA SYTO RNA Select Merge

Figure 5. Exosomal RNA can betransferred to recipient macrophages
RAW?264.7 cells were treated with Alexa Fluor 594-labeled Wheat Germ Agglutinin (WGA)

to visualize cell membranes. Purified exosomes were labeled with the SYTO Select RNA
stain and these labeled exosomes were added to RAW?264.7 cells or cells were left untreated.
The monolayers were washed and the uptake of exosomal RNA was visualized using a
BioRad MRC 1024 Scanning Confocal coupled to a Nikon Diaphot 200 microscope using
LaserSharp 2000 acquisition software. The images were acquired at 40x with 2x digital
zoom with x,y dimensions of 0.24 um per pixel and the images were processed using Image
J software. Shown is a representative picture from two independent experiments.

Traffic. Author manuscript; available in PMC 2017 December 19.

RAW?264.7 +
Exosomes

RAW264.7



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

Singh et al. Page 24

Lipocalin-2
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Rv exo Un Exo No Exo

Figure 6. Exosomal RNA leadsto synthesis of protein upon delivery to recipient cells
PMA differentiated THP-1 cells were treated with exosomes derived from M.tb infected or

uninfected RAW264.7 macrophages or left untreated. After 24 hours, cells were harvested,
lysed in RIPA buffer and probed with mouse lipocalin-2/NGAL antibody (A) or rabbit
monoclonal antibody for beta actin (B).
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Figure 7. Transfection of recipient cellswith exosomal RNA stimulates cytokine and chemokine
secretion and induces significant apoptosis
RNA was isolated from exosomes released from uninfected or M.tb infected RAW264.7

macrophages. 250ng of RNA was mixed with 3l of Hiperfect transfection reagent and
added to RAW264.7 macrophages. Untreated macrophages or macrophages treated with
Hiperfect reagent alone were used as controls. Following incubation in growth media for 24
hours, cell culture supernatants were harvested and probed for the presence of cytokines or
chemokines using a Mouse Cytokine Antibody Array Panel (A). Pixel densities for spots
corresponding to differentially expressed proteins were defined using Imaje J software and
plotted (B). In separate experiments, cells were stained with FITC-Annexin V and fixed with
2% paraformaldehyde. FITC-labeled cells were visualized on a confocal microscope (C) and
the percentage of Annexin-V positive cells defined by visual counting (D). Graphs results
are a combination of two independent experiments +SD. *indicates a P < 0.5 compared to
untreated cells.
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Figure 8. RNA isolated from EVsderived from serum of TB-infected individuals contains
mycobacterial transcripts

RNA was isolated from exosomes derived from the serum of culture-positive TB patients
and from health controls. The RNA was initially amplified and then reverse transcribed to
double stranded cDNA, labeled with Cy3 and hybridized to whole M.tb genome arrays. The
M.thtranscripts that were identified in the array analysis were selected for validation by RT-
PCR (A) and SYBR Green based qRT-PCR (B). N; no template control, Un; exosomes from
uninfected cells, Rv; exosomes from infected cells, TB—; exosomes isolated from non-TB,
healthy control serum, TB+; exosomes isolated from TB patient serum. Results are from the
average of two separate experiments + SD.
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Mouse miRNAs identified in exosomes and RAW 264.7 macrophages by sequencing of the small RNA
libraries (BLASTn against mature mir Base). Unique to each group is marked in red (E = 1)

Un Exo

Rv Exo

Un RAW

Rv RAW

1224-3p, 16- 5p 195- 5p,
182-5p, 17—3D, 100-5p,
1895,193- 3D, 101a-3p,
101c, 101b-3p, 101a-5p,
183-5p, 1898, 140-3p,

139- 3p, 140-5p, 191-5p,
152-5p, 210-3p, 223~ 5D,
27b-3p, 27a-3p, 21- 3D,

3473d, 302~ 3p,

30e — 3p, 30d- 3p,
351- 5D 341-3p, 30c-2-3p,
30¢-1-3p, 370- 3p,
3089- 3p, 378-3p, 378h,

5128, 5109, 709, 99b-5p,
99a-5p, let 7d- 3p,
let 7d- 5p, let7a- 5p

- 3D, 2182, 3473b, 3473,

378-5p, 345-5p, 423-5p, 5100,

152-5p, 101b-3p, 101a-3p,
101c, 101a-5p, 149- 3p,
100-5p, 181¢- 5p,

140-3p, 140-5p, 151~ 3D,
182-5p, 183-5p, 210-3p,
27b-3p, 27a-3p, 24-3p,
214- 3p, 2182, 292- 3pv

3473b, 3473, 3473d,
3107- 5p 3074- 5p,
341-3p, 3441, 30c-2-3p,
30c-1-3p, 423-5p, 486~ 5p,
486- 3p, 434- 5p,
598- 3p, 5099, 5113,
5100, olO6 5128, o()97
5621- 5p,5115,
5111- 5p, 709,714,
99a-5p, 99b-5p, 377—3D,
759,713

1839- 3p, 1224-3p, 191-5p,

378-3p, 378h, 378-5p, 345-5p,

151-3p, 191-5p, 140-3p,
146b-5p, 146a-5p, 146a-3p,
1196-5p, 152-5p, 10a- 5p,
10b- 5p, 182-5p, 193a-3p,
193b-3p, 183-5p, 1195, 1935,
140-5p, 192- 5p, 1898,
210-3p, 27b-3p, 27a-3p,
29a-3p, 24-3p, 29c-3p,

25- 3p’ 29b-3p,215' 3p‘
2182, 378h, 378-3p, 378-5p,
345-5p, 3074-5p, 30a-3p,
30e-3p,30d-3p, 339~ 3D,

423~ 5p, 5100,5007,
532-5p, D82~ D, 5109,
5621-5p, 5128, 709,

700- 3p, 92a- 3p, 93.5p,
let7d- 5P, let7a-5p,
let7c-5p

3473b, 3473, 3473d, 471-5p,

146b-5p, 146a-5p, 146a-3p, 182-5p,
101b- 3p 101a- 3p, 101c,
101a~ 5p, 1306~ 5p, 183-5p,
151-3p, 100- 5p, 152- -5p, 140-3p,
101-5p, 1198- 5p 140-5p, 193a-3p,
193b-3p, 17- op 106a- op
181c- 5p, 16- 5p 195- 5p
107- 3p, 103~ 3p, 1935, 1196-5p,
1195, 1198~ 3p 210- -3p, 2182,
2137, 27a-3p, 27b-3p, 21- 5D,
24_3p’21— 3p’211— 3p’

20b- 5p, 20a- 5p, 207, 29a-3p,
29c¢-3p, 29b-3p, 30e-3p, 30a-3p,
3473b, 3473, 378-3p, 378b, 345-5p,
3967, 3965, 30d-3p, 3074-5p,

3960, 378-5p, 320- 3p,

3067~ 3p, 471-5p, 494~ 3p, 5100,
5099, 5128, 532- 5p 5097, 5106,
5109, 5115, 5621-5p, 5111- 5p
709, 720,99b- 5p, 99a- 5p,
93-5p, let7c-5p, let7b- 5p, let7a-5p
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Functional pathways identified in mMRNA targets for the selected miRNAs

Page 28

Pathway Number of genes | Representative genes Gamma corrected p value
Calcium signaling pathway 8 ftpr2, Cacnalc,Ntsr1, Pdgfra,Camk2b 0.00157555

Neuroactive ligand-receptor interaction 9 Gria3,Adoral, Sstr1,Oxtr, Adcyaplrl, Thrb | 0.00213164

MAPK signaling pathway 7 A2 Atf4,Acvrlb, CD14,Map2k1,M apk14 | 0.02555087

ErbB signaling pathway 9 Mapk9,Pik3cg,C amk2b,Pak4 5.05E-05

Natural killer cell mediated cytotoxicity | 8 Pik3cg, Vavi,Pipnll 0.0011577

Jak-STAT signaling pathway 8 Il15ra, Pim1, Pik3cg, Csf3r, Pton11 0.01062047

Ubiquitin mediated proteolysis 7 UbeZk, Prpf19, Anapc7, Pml 0.02275327
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