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Abstract: Background: This is Manuscript 1 of a two‑part Manuscript of the same series. Here, we
present findings from our first set of studies on the abundance and compartmentalization of blood
plasma extracellular microRNAs (exmiRNAs) into extracellular particles, including blood plasma
extracellular vesicles (EVs) and extracellular condensates (ECs) in the setting of untreated HIV/SIV
infection. The goals of the study presented in this Manuscript 1 are to (i) assess the abundance and
compartmentalization of exmiRNAs in EVs versus ECs in the healthy uninfected state, and (ii) evalu‑
ate how SIV infection may affect exmiRNA abundance and compartmentalization in these particles.
Considerable effort has been devoted to studying the epigenetic control of viral infection, particu‑
larly in understanding the role of exmiRNAs as key regulators of viral pathogenesis. MicroRNA
(miRNAs) are small (~20–22 nts) non‑coding RNAs that regulate cellular processes through targeted
mRNA degradation and/or repression of protein translation. Originally associated with the cellu‑
lar microenvironment, circulating miRNAs are now known to be present in various extracellular
environments, including blood serum and plasma. While in circulation, miRNAs are protected
from degradation by ribonucleases through their association with lipid and protein carriers, such as
lipoproteins and other extracellular particles—EVs and ECs. Functionally, miRNAs play important
roles in diverse biological processes and diseases (cell proliferation, differentiation, apoptosis, stress
responses, inflammation, cardiovascular diseases, cancer, aging, neurological diseases, andHIV/SIV
pathogenesis). While lipoproteins and EV‑associated exmiRNAs have been characterized and linked
to various disease processes, the association of exmiRNAs with ECs is yet to be made. Likewise, the
effect of SIV infection on the abundance and compartmentalization of exmiRNAs within extracellu‑
lar particles is unclear. Literature in the EV field has suggested that most circulating miRNAs may
not be associatedwith EVs. However, a systematic analysis of the carriers of exmiRNAs has not been
conducted due to the inefficient separation of EVs from other extracellular particles, including ECs.
Methods: Paired EVs and ECs were separated from EDTA blood plasma of SIV‑uninfected male In‑
dian rhesus macaques (RMs, n = 15). Additionally, paired EVs and ECs were isolated from EDTA
blood plasma of combination anti‑retroviral therapy (cART) naïve SIV‑infected (SIV+, n = 3) RMs at
two time points (1‑ and 5‑months post infection, 1 MPI and 5 MPI). Separation of EVs and ECs was
achieved with PPLC, a state‑of‑the‑art, innovative technology equipped with gradient agarose bead
sizes and a fast fraction collector that allows high‑resolution separation and retrieval of preparative
quantities of sub‑populations of extracellular particles. Global miRNA profiles of the paired EVs and
ECswere determinedwith RealSeq Biosciences (Santa Cruz, CA) custom sequencing platformby con‑
ducting small RNA (sRNA)‑seq. The sRNA‑seq datawere analyzedusing various bioinformatic tools.
Validation of key exmiRNAs was performed using specific TaqMan microRNA stem‑loop RT‑qPCR
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assays. Results: We showed that exmiRNAs in blood plasma are not restricted to any type of ex‑
tracellular particles but are associated with lipid‑based carriers—EVs and non‑lipid‑based carriers—
ECs, with a significant (~30%) proportion of the exmiRNAs being associated with ECs. In the blood
plasma of uninfected RMs, a total of 315miRNAswere associated with EVs, while 410miRNAswere
associated with ECs. A comparison of detectable miRNAs within paired EVs and ECs revealed 19
and 114 common miRNAs, respectively, detected in all 15 RMs. Let‑7a‑5p, Let‑7c‑5p, miR‑26a‑5p,
miR‑191‑5p, and let‑7f‑5p were among the top 5 detectable miRNAs associated with EVs in that or‑
der. In ECs, miR‑16‑5p, miR‑451, miR‑191‑5p, miR‑27a‑3p, and miR‑27b‑3p, in that order, were the
top detectable miRNAs in ECs. miRNA‑target enrichment analysis of the top 10 detected common
EV and ECmiRNAs identifiedMYC and TNPO1 as top target genes, respectively. Functional enrich‑
ment analysis of top EV‑ and EC‑associated miRNAs identified common and distinct gene‑network
signatures associated with various biological and disease processes. Top EV‑associated miRNAs
were implicated in cytokine–cytokine receptor interactions, Th17 cell differentiation, IL‑17 signaling,
inflammatory bowel disease, and glioma. On the other hand, top EC‑associated miRNAs were im‑
plicated in lipid and atherosclerosis, Th1 and Th2 cell differentiation, Th17 cell differentiation, and
glioma. Interestingly, infection of RMs with SIV revealed that the brain‑enriched miR‑128‑3p was
longitudinally and significantly downregulated in EVs, but not ECs. This SIV‑mediated decrease
in miR‑128‑3p counts was validated by specific TaqMan microRNA stem‑loop RT‑qPCR assay. Re‑
markably, the observed SIV‑mediated decrease in miR‑128‑3p levels in EVs from RMs agrees with
publicly available EV miRNAome data by Kaddour et al., 2021, which showed that miR‑128‑3p lev‑
els were significantly lower in semen‑derived EVs from HIV‑infected men who used or did not use
cocaine compared toHIV‑uninfected individuals. These findings confirmed our previously reported
finding and suggested that miR‑128 may be a target of HIV/SIV. Conclusions: In the present study,
we used sRNA sequencing to provide a holistic understanding of the repertoire of circulating exmiR‑
NAs and their association with extracellular particles, such as EVs and ECs. Our data also showed
that SIV infection altered the profile of the miRNAome of EVs and revealed that miR‑128‑3p may be
a potential target of HIV/SIV. The significant decrease in miR‑128‑3p in HIV‑infected humans and in
SIV‑infected RMs may indicate disease progression. Our study has important implications for the
development of biomarker approaches for various types of cancer, cardiovascular diseases, organ
injury, and HIV based on the capture and analysis of circulating exmiRNAs.

Keywords: extracellular vesicles; extracellular condensates; miRNA; miRNA‑128; SIV

1. Introduction
A novel mechanism of gene regulation in host health and disease emerged with the

discovery of non‑coding RNAs (ncRNAs), including microRNAs (miRNAs), which are
about ~20–22 nt long. miRNAsbound to specificmessengerRNAs (mRNAs) are directed to
miRNA‑induced silencing complex to downregulate their expression by triggeringmRNA
degradation or repression of translation [1,2]. More than 60%ofmRNAs in themammalian
genome can be targeted by a single miRNA [3]. The human transcriptome is predicted to
be regulated by miRNAs [4] with roles in proliferation, apoptosis, cellular development,
cellular signaling, development of cancer, substance use disorder, and HIV pathogene‑
sis [5–8].

After the discovery of miRNAs as posttranscriptional regulators of gene expression,
it was shown that miRNAs were transported from one cell to another, where they could
regulate gene expression despite not being synthesized by the target cells, but their carriers
were not known. Originally associatedwith the cellular microenvironments, circulating or
extracellular miRNAs (exmiRNAs) have been shown to be present in various extracellular
environments, including saliva, tears, urine, breast milk, colostrum, peritoneal fluid, cere‑
brospinal fluid, bronchial lavage, seminal fluid, as well as blood serum and plasma [9,10].
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Further research into the transport mechanisms uncovered the role of EVs and other extra‑
cellular particles as vehicles for intercellular transport of miRNA.

Unlike cellularmiRNAs,which are rapidly degraded in the extracellular environment,
exmiRNAs have the unique ability to remain stable under harsh conditions for long peri‑
ods of time [11,12]. It is assumed that exmiRNAs are protected fromRNAses through their
association with different extracellular particles, such as ribonucleoproteins, lipoproteins,
extracellular vesicles (EVs), and extracellular condensates (ECs). However, a systematic
analysis of the carriers of miRNAs has not been conducted due to the challenges in sep‑
arating the extracellular particles. In our prior study, we developed an approach for the
isolation of EVs with minimal copurification of non‑EVs [13,14] and showed that different
extracellular RNA biotypes are carried by EVs and ECs [13]. The association of miRNAs
with EVs and ECs may allow the miRNAs to travel long distances in body fluids and, im‑
portantly, remain functionally intact for delivery to recipient cells.

EVs are cargo‑carrying nano‑sized membranous vesicles that serve as mediators of
intercellular communication released into the extracellular milieu by a wide array of cell
types and present in every body fluid investigated to date [15–17]. EVs carrymarkers of the
producer cells and are indicators of disease states [15–27]. Unlike EVs, ECs are membrane‑
less condensates [13] that assemble particular molecular constituents depending on the
status of the host’s health and local environment. The type of molecular constituents as‑
sociated with EVs or ECs will determine their biochemical activities in target cells. Mean‑
while, we [13,23,28–36] and others [37–49] have extensively characterized the role of EVs in
HIV infection; there is a paucity of information on whether ECs are present in vivo and if
they play a role in HIV pathogenesis. The reason for this information scarcity is partly due
to the lack of tools for the isolation of ECs from body fluids. Recent studies suggest that a
significant proportion of cellular proteins and various RNA biotypes are located in distinct
ECs, where they perform diverse functions [50]. In addition, ECs play key roles in a wide
range of normal biological functions and disease processes, including viral infections such
as HIV. Unlike EVs, the association of ECs with circulating miRNAs has yet to be made.
Likewise, the effect of HIV on the compartmentalization of miRNAs within extracellular
particles is unclear.

In this study, we used the unparalleled EV isolation tool—particle purification liq‑
uid chromatography (PPLC) [13]—to separate EDTA blood plasma from healthy and SIV‑
infected RMs into paired EVs and ECs and sequenced the small RNA population in the
paired EVs and ECs. We showed that circulating miRNAs in blood plasma are not re‑
stricted to EVs, but are associated with both EVs and ECs, with a significant proportion
of the miRNAs being associated with ECs. We further showed that circulating exmiRNAs
from SIV‑infected RMs may display distinct characteristic changes in terms of abundance
and compartmentalization in EVs and ECs. Importantly, this initial study focused on un‑
treated HIV/SIV infection and revealed that the miRNAs associated with EVs and ECs
differ between SIV‑infected RMs and uninfected controls. One of the most significantly
altered miRNAs in EVs from SIV‑infected RM was miR‑128‑3p which, intriguingly, was
found to be significantly and longitudinally suppressed by SIV infection.

2. Results
2.1. Isolation and Characterization of the Physical Properties of Blood Plasma Extracellular
Vesicles (EVs) and Extracellular Condensates (ECs)

The RMs used in this study are listed in Figure 1A and Table 1, while the workflow
for the isolation of EVs, ECs, and their characterization are shown in Figure 1B. We used
PPLC [13] to isolate EVs and ECs from the blood plasma of RMs and separate them from
other extracellular particles in the blood. A representative elution spectrum showing the
locations of EVs and ECs is shown in Figure 1C. The spectra depict regions of different ana‑
lytes, with the first peak (blue box) from fractions 66 to 80marking the EV‑enriched region,
and the last peak (green box) from fractions 233 to 264 marking EC‑enriched regions [13].
The elution profiles from individual RMs (n = 15) showed no significant variation among
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animals or groups, as expected. The EVs (blue box) and ECs (green box) were collected,
aliquoted, and stored at −80 ◦C until used. To assess the morphological differences be‑
tween EVs and ECs, pooled (n = 15) samples were subjected to negative stain transmission
electronmicroscopy (TEM). The TEMdata show the successful separation of EVs from ECs
(Figure 1D). As revealed by TEM, the EC fraction is enriched in membrane‑less particles
that are <20 nm in size (green arrow, Figure 1D). Immunogold labeling showed a posi‑
tive signature of CD9 on the surface of EVs (blue arrow, Figure 1D). Nanoparticle track‑
ing analysis (NTA) of EV size and concentration was conducted. On average, EVs from
healthy RMs have a size of 141.83 nm (Figure 1E), concentration of 2.92× 108 particles/mL
(Figure 1F), and surface charge, measured as zeta‑potential (ζ‑potential) of −39.06 mV
(Figure 1G). While no significant differences were observed in EV size, concentration, and
ζ‑potential, there were individual variabilities in EV size, concentration, and ζ‑potential.
EC size, concentration, and ζ‑potential were not measured as the average EC particle pri‑
mary size was lower than the 20 nmdetection limit of the Zetaview PMX 110 (https://www.
excilone.com/client/document/particle‑metrix‑‑zetaview‑brochure‑0319_en_540.pdf, acc‑
essed on 20 November 2022) with the standard laser configuration, therefore preventing
the acquisition of accurate and reproducible data.

Table 1. Animal IDs, pre‑infection blood collection, SIV inoculum, duration of infection, ∆9‑THC
administration, and ART treatment.

Animal ID
Pre‑Infection/Pre‑
Treatment Samples

Used
SIV Inoculum 1st Post‑Infection

Blood Collection
2nd Post‑Infection
Blood Collection

JD66 Yes SIVmac251 1 MPI 5 MPI
IN24 Yes SIVmac251 1 MPI 5 MPI
JH47 Yes SIVmac251 1 MPI 5 MPI
JI45 Yes NA NA NA
JC85 Yes NA NA NA
JT80 Yes NA NA NA
LM56 Yes NA NA NA
LA88 Yes NA NA NA
LN60 Yes NA NA NA
LA55 Yes NA NA NA
KV50 Yes NA NA NA
LM85 Yes NA NA NA
HI78 Yes NA NA NA
HN79 Yes NA NA NA
HN39 Yes NA NA NA

NA—Not applicable. MPI—Months post infection.

https://www.excilone.com/client/document/particle-metrix--zetaview-brochure-0319_en_540.pdf
https://www.excilone.com/client/document/particle-metrix--zetaview-brochure-0319_en_540.pdf
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Figure 1. Study workflow, EV and EC isolation and characterization. (A) Description of 

experimental model; 15 male Indian Rhesus Macaques were randomly assigned to 5 groups of 3. 

Pre-infection and pre-treatment blood plasma samples were collected and processed. (B) 

Methodological workflow for isolation of EVs and ECs and their characterization. (C) 

Representative PPLC spectra of EVs and ECs. Blue box: indicates EV-containing fraction. Green box: 

indicates EC-containing fraction. (D) Representative negative-stain TEM images of purified EVs and 

ECs from pooled (n = 15) RMs. Blue arrows indicate gold-labeled CD9 on the surface of EVs. Green 

Figure 1. Study workflow, EV and EC isolation and characterization. (A) Description of experimen‑
tal model; 15 male Indian Rhesus Macaques were randomly assigned to 5 groups of 3. Pre‑infection
and pre‑treatment blood plasma samples were collected and processed. (B) Methodological work‑
flow for isolation of EVs and ECs and their characterization. (C) Representative PPLC spectra of EVs
and ECs. Blue box: indicates EV‑containing fraction. Green box: indicates EC‑containing fraction.
(D) Representative negative‑stain TEM images of purified EVs and ECs from pooled (n = 15) RMs.
Blue arrows indicate gold‑labeled CD9 on the surface of EVs. Green arrows indicate ECs. Scale bars:
200 nm for EVs and ECs (Top), 50 nm EVs (bottom), and 100 nm ECs (bottom). (E–G) Nanoparti‑
cle tracking analysis (NTA) measurements of different BEV properties, including (E) mean EV size,
(F) mean EV concentration, (G) mean EV zeta‑potential.
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2.2. Complexity and Enrichment of Circulating miRNA in EVs and ECs
ThemiRNAome of EVs and ECswere evaluated using state‑of‑the‑art low‑bias sRNA‑

Seq technology—RealSeq® [51]. Briefly, total RNA was extracted from paired EVs and
ECs isolated from 100 µL of plasma per sample. EV RNA yields ranged between 119 and
1116 ng, with an A260/A280 ratio of 1.37 to 1.62. EC RNA yields ranged between 199.5
and 457.5 ng, with an A260/A280 ratio of 1.3 to 1.61. The number of detectable miRNAs
significantly increased (30.2%) in ECs relative to EVs (Figure 2A). Detectable miRNAs in
EVs ranged from 52 to 222, with an average of 138 mRNAs per sample (Figure 2A), while
detectable miRNAs in ECs ranged from 166 to 310, with an average of 257 (Figure 2A) per
sample. As shown in Figure 2B, 34.6% of all miRNAs detected in paired ECs were not
present in EVs, while 14.9% of miRNAs detected in paired EVs were unique to EVs. The
15 RMs were randomly assigned into five groups of n = 3 to identify common miRNAs en‑
riched in EVs and ECs using a five‑way Venn diagram analysis. For miRNA to be included
in the five‑wayVenn analysis, we used a cutoffmiRNAdistribution count of≥1miRNA for
each group. The miRNAs were inputted into InteractiVenn to identify common miRNAs
within a group (n = 3) and repeated for all five groups. The identified common miRNAs
for all five groups were then inputted into InteractiVenn to identify commonmiRNAs. We
identified 19 common miRNAs in EVs (Figure 2C) and 114 miRNAs in ECs (Figure 2D).
Analysis of the 19 common EV‑associated miRNAs by distribution count identified vari‑
ous Let‑7 families of miRNAs, including Let‑7a‑5p, Let‑7c‑5p, Let‑7f‑5p, Let‑7g‑5p, Let‑7d,
Let‑7b‑5p, as well as miR‑26‑a5p, miR‑191‑5p, miR‑16‑5p, and miR‑23a‑3p as the highest
(top 10) detectable miRNAs (Figure 2E). Among the 114 common EC‑associated miRNAs,
we identifiedmiR‑16‑5p, miR‑27a‑3p/miR27b‑3p, miR‑191‑5p, miR‑376c‑3p, miR‑451, miR‑
23a‑3p, miR‑23b‑3p, miR‑221‑3p, andmiR‑21‑5p as the highest (top 10) detectablemiRNAs
(Figure 2F). Previously, Arroyo et al. reported that let‑7a‑5p is exclusively associated with
EVs [52]. In our dataset, although themajority of the let‑7 family of miRNAswere amongst
the top 10 miRNAs in EVs, they were also present in ECs at very low counts compared to
EVs (Table 2). The raw miRNA counts for all uninfected samples are provided in Supple‑
mental Table S1.

Table 2. Top 10 most highly enriched miRNA by counts in EVs and ECs from pre‑infection
plasma samples.

Let‑7 miRNA ID
Counts

EVs ECs
mml‑let‑7a‑5p 14,522 3313
mml‑let‑7c‑5p 14,406 3307
mml‑let‑7f‑5p 5127 1578
mml‑let‑7g‑5p 3530 5821
mml‑let‑7d 2865 1450

mml‑let‑7b‑5p 2573 4148
mml‑let‑7i‑5p 736 2892
mml‑let‑7e‑5p 272 66
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Figure 2. Identification of common BEV and BEC miRNAs. (A) Number of miRNAs detected
(miRNA distribution count ≥1) for each RM (n = 15), for both EVs and ECs. (B) Venn diagram com‑
paring total detectable miRNAs for EVs and ECs (n = 15). To be included in the list, miRNA count
needed to be ≥1 at least 1 RM. (C,D) Venn diagram showing common and unique miRNAs among
the 5 groups for (C) EVs and (D) ECs. Dotted red circle indicates miRNAs detected in monkeys
(n = 15) for EVs (19) and ECs (114). (E,F) Top 10 detected commonly expressedmiRNAs as measured
by miRNA distribution counts for (E) EVs and (F) ECs. Unpaired T‑test with Welch’s correction was
used to assess statistical differences between EVs and ECs in panel (A). Error bars represent S.E.M.
****, p < 0.0001.
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2.3. Predictive Functional and Pathways Categories of Differentially Enriched miRNAs in EVs
and ECs

Based on predicted targets of the top ten miRNAs (Figure 2E,F) using MIENTUR‑
NET miRTarbase, which uses data from experimentally validated miRNA‑target interac‑
tions [53], the functional categories of miRNAomes in EVs and ECswere identified. In EVs,
miRNA‑target enrichment analysis identified 839 target genes (p < 0.05 and FDR < 0.01) for
miRNAs in Figure 2E. The top ten most significant target genes included MYC, TXLNG,
TMTC3, GGA3, CDV3, ONECUT2, NAT8L, ECHDC1, DIABLO, and BAZ1B (Figure 3A).
Let‑7d was excluded from the miRNA‑target enrichment analysis because, at the time
of analysis, Let‑7d was not found in the miRTarbase database, used by MIENTURNET
and DIANA. In ECs, miRNA‑target enrichment analysis identified 737 target genes asso‑
ciated with EC miRNAs (p < 0.05 and FDR < 0.01), shown in Figure 2F. The top ten most
significant target genes identified were TNPO1, PNRC2, SOCS6, RNF38, PSAP, TOPBP1,
FLNA, DYNC2LI1, UTP14A, and PDCD6IP. (Figure 3B). Similar to Let‑7d, miR‑451 was
excluded from the miRNA‑target enrichment analysis, as it was not found in the miRTar‑
base database. Visualization of the EVs (Figure 3C) and ECs (Figure 3D) miRNA‑target in‑
teraction networks depicts the connections between the top 10 miRNAs and the predicted
genes they are associatedwith. The blue circles represent themiRNAs, while yellow circles
represent the target genes. Pathways are represented by blue lines. Let‑7b‑5p in EVs and
miR‑16‑5p in ECs appeared as major hubs in the networks, as they had several interactions
with other elements in the network, and thus, appeared likely to have more influence on
the networks (Figure 3C,D). Based on the miRNA‑target interactome, the genes predicted
to be targeted by the greatest number of miRNAs (n = 8) was MYC for EV (Figure 3A), and
the panel of miRNAs is shown in Figure 3C. Likewise, TNPO1 is the gene predicted to be
targeted by the greatest number of miRNAs (n = 6) for ECs (Figure 3B), with the network
of miRNA shown in Figure 3D.

KEGG pathway analysis identified the target genes of multiple miRNAs in EVs to
be associated with: microRNAs in cancer, human cytomegalovirus infection, Hepatitis C,
bladder cancer, non‑small‑cell lung cancer, proteoglycans in cancer, cellular senescence,
melanoma, glioma, and chronic myeloid leukemia, JAK‑STAT signaling, p53 signaling,
EGFR tyrosine kinase inhibitor resistance, IL‑17 signaling pathway, inflammatory bowel
disease, Th17 cell differentiation, and cytokine–cytokine receptor interaction (Figure 3E).
In ECs, the KEGG pathway analysis suggested the target genes of multiple miRNAs to
be associated with: PI3K‑Akt signaling, microRNAs in cancer, pancreatic cancer, prostate
cancer, hepatitis C, melanoma, glioma, measles, breast cancer, cellular senescence, p53
signaling, lipid and atherosclerosis, Th1 and Th2 cell differentiation, Th17 cell differen‑
tiation, and adherens junctions (Figure 3F). A closer look into the KEGG‑predicted func‑
tions/pathways revealed that 10 and 8 KEGG pathways were unique to EVs and ECs, re‑
spectively, while seven functions/pathwayswere common to both EVs andECs (Figure 3G).

Disease ontology predicted that EV‑associated miRNAs may target the function of
diseases/disorders such as ovarian cancer, malignant ovarian surface epithelial‑stromal
neoplasm, ovary epithelial cancer, bone marrow cancer, stomach carcinoma, neuroblas‑
toma, lymphoblastic leukemia, malignant glioma, and acquired immunodeficiency syn‑
drome, while EC‑associated miRNAs were predicted to target diseases such as prostate
cancer, male reproductive organ cancer non‑small‑cell lung carcinoma, gastrointestinal
system benign neoplasm, lymphoblastic leukemia, multiple myeloma, neuroblastoma, T‑
cell leukemia, malignant glioma, chronic lymphocytic leukemia, and acquired immunod‑
eficiency syndrome.
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Figure 3. The top 10miRNAs identified in EVs and ECs regulate distinctive pathways. (A,B) miRNA‑
target enrichment analysis showing top target genes by number of interactions for A) EV‑associated
miRNAs and (B) EC‑associated miRNAs. The color of the bars represents adjusted p‑values
(FDR). (C,D) Visualization of miRNA‑target interaction network for (C) EV‑associated miRNAs and
(D) EC‑associated miRNAs. Blue circles indicate miRNAs, yellow circles indicate their target genes.
(E,F) Dot plot of functional enrichment analysis for target genes of top 10 miRNAs resulting from
miRNA‑target enrichment analysis for (E) EV‑associated miRNAs and (F) EC‑associated miRNAs.
Color of dots represents adjusted p‑values (FDR), and size of dots represents gene ratio (number
of miRNA targets found enriched in each category/number of total genes associated with that cat‑
egory). (G) Venn diagram comparing differences and similarities in KEGG pathways of EV‑ and
EC‑associated miRNAs.
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Furthermore, WikiPathways analysis suggested that the target genes of multiple miR‑
NAs in EVs were associated with non‑small cell lung cancer, hepatitis C and hepatocellu‑
lar carcinoma, bladder cancer, RAC1/PAK1/p38/MMP2 pathway, aryl hydrocarbon recep‑
tor, signaling pathways in glioblastoma, pancreatic adenocarcinoma, breast cancer path‑
way, DNA damage response, miRNA regulation of DNA damage response, as well as
IL‑6 signaling and cytokines and inflammatory response. In ECs, the WikiPathways anal‑
ysis suggested that the target genes of multiple miRNAs were associated with signaling
pathways in glioblastoma, PI3K‑Akt signaling pathway, pancreatic adenocarcinoma path‑
way, focal adhesion, integrated breast cancer pathway as well as interleukin‑11 signaling
pathway, extracellular vesicle‑mediated signaling in recipient cells, VEGFA‑VEGFR2, hy‑
pothesized pathways in the pathogenesis of cardiovascular disease, signaling pathway and
brain‑derived neurotrophic factor (BDNF) signaling pathway. Additionally, Reactome
analysis suggested that the target genes of multiple miRNAs in EVs were associated with
cellular senescence, MAPK family signaling cascades, constitutive signaling by EGFRvIII,
signaling by EGFRvIII in cancer, GRB2 events in ERBB2 signaling, regulation of RUNX1
expression and activity, cellular responses to stress, oncogene‑induced senescence, mitotic
G1‑G1/S phases, MAPK6/MAPK4 signaling, as well as VEGFA‑VEGFR2 pathway, signal‑
ing by VEGF, and interleukin‑4 and 13 signaling. In ECs, the Reactome analysis suggests
that the target genes of multiple miRNAs are associated with transcriptional regulation
by RUNX1, regulation of RUNX1 expression and activity, mitotic G1‑G1/S phase, cyclin
D‑associated events in G1, G1 phase, interleukin‑4 and 13 signaling, transcriptional regu‑
lation by RUNX3, cellular senescence, disease of signal transduction, constitutive signaling
by AKT1 E17k in cancer, as well as interleukin‑7 signaling.

2.4. Common and Unique EV/EC‑Associated miRNA‑Linked Biological Networks and
Functional Pathways

The focus of the analysis in this section was the 19 and 114 miRNAs (Figure 2C,D)
common to EVs and ECs isolated from the 15 study subjects. Two‑way Venn diagram
analysis revealed that 18 of the miRNAs are present in both EVs and ECs, with 1 miRNA
unique to EVs, while 96 miRNAs are unique to ECs (Figure 4A). The distribution of the
unique miRNAs associated with EVs (Figure 4B) and ECs (Figure 4C) revealed that the
counts of EC‑associated miRNAs are higher than EV‑associated miRNAs. EVs contained
one uniquemiRNA, miR‑6132 (Figure 4B). ECs contained 96 uniquemiRNAs, with the top
ten by distribution count, including miR‑27a‑3p/miR‑27b‑3p, miR‑451, miR‑21‑5p, miR‑
185‑5p, miR‑376b‑3p, miR‑376a‑3p, miR‑17‑5p, miR‑126, and miR‑423‑5p (Figure 4C). To
gain insight into functional categories and for an assessment of how these miRNA–mRNA
regulatory networks in EVs and ECs may be affected, we examined miRNA‑linked biolog‑
ical networks and canonical pathways of the unique EVs and ECs. miRNA‑target enrich‑
ment analysis of miR‑6132 revealed TRIM29, THBD, POU4F1, PHF21A, PCBD1, NECAP1,
LAMA5, HSPB6, GALNS, FOXI2, CRABP2, CPLX1, CACFD1 as the top significant target
genes (Figure 4D), and the visualization network showed that miR‑6132 is significantly
linked to 109 target genes (Figure 4E). Similarly, miRNA‑target enrichment analysis of the
ECmiRNAs identified APEX1, UBR5, SOCS6, GPAM, TMSB10, RNF139, MGEA5, DERL1,
DCUN1D4, and ATN1 as top significant target genes (Figure 4F). The visualization net‑
work showed that miR‑21‑5p has the most connections (Figure 4G). KEGG pathway anal‑
ysis suggested that the top ten detectable EC miRNAs are implicated in bladder cancer,
pancreatic cancer, and chronic myeloid leukemia, among others (Figure 4H). Disease on‑
tology revealed EC miRNAs to be linked to sensory system cancer, ocular cancer, retinal
cancer, renal cell carcinoma, urinary system cancer, connective tissue cancer, pancreatic
cancer, musculoskeletal system cancer, as well as neuroblastoma, malignant glioma, and
neuroendocrine tumor. In ECs, theWikiPathways analysis suggests that the target genes of
multiplemiRNAs are associatedwith the integrated breast cancer pathway, pancreatic ade‑
nocarcinoma pathway, G1 to S cell cycle control, bladder cancer, DNA damage response
(onlyATMdependent), retinoblastoma gene in cancer, hepatitis C and hepatocellular carci‑



Viruses 2023, 15, 622 11 of 28

noma, androgen receptor signaling pathway, signaling pathways in glioblastoma, as well
as viral acute myocarditis, extracellular vesicle‑mediated signaling in recipient cells, and
microRNAs in cardiomyocyte hypertrophy. Moreover, the Reactome analysis suggests
that the target genes of multiple miRNAs are associated with interleukin‑4 and 13 signal‑
ing, cyclin D‑associated events in G1, G1 phase, mitotic‑G1/S phases, oncogene‑induced
senescence, regulation of gene expression by hypoxia‑inducible factor, signaling by TGF‑
beta receptor complex, as well as cell surface interactions at the vascular wall.

While differential expression analysis did not reveal any significant differences in
miRNA distribution counts of the 18 commonmiRNAs in EVs and ECs (Table 3), principal
component analysis (PCA) showed a distinct separation of miRNAs associated with EVs
and ECs (Figure 4I). Intergroup variation was assessed by hierarchical clustering heatmap.
There was a complete hierarchical sample clustering between the 18 common EV and EC
miRNAs (Figure 4J). Together, these data suggest that themiRNAs that are common to EVs
and ECs have different enrichment levels in blood plasma EVs (BEVs) and blood plasma
ECs (BECs). For insight into the potential functions of the commonmiRNAs, weperformed
a functional‑enrichment analysis. The top ten most significant target genes are shown in
Figure 4K, which include MYC, VCL, TMTC3, GGA3, CDV3, FAM222B, DIABLO, COX1,
SNRPC, and CCNB2. Visualization of the miRNA‑target interaction network revealed a
complex network showing thatmultiplemiRNAsmay target the same genes. For example,
MYC is a target of 10 miRNAs, including let‑7a‑5p, let‑7g‑5p, let‑7c‑5p, miR‑26a‑5p, let‑7f‑
5p,miR‑320b,miR‑320a, let‑7b‑5p,miR‑23a‑3p, andmiR‑16‑5p (Figure 4L). KEGGpathway
enrichment analysis of the commonBEV andBECmiRNAs implicated them inmicroRNAs
in cancer, human cytomegalovirus infection, andHepatitis C. Interestingly, thesemiRNAs
are also significantly associated with p53 signaling, glioma, lipid and atherosclerosis, and
Th17 cell differentiation. Disease ontology revealed that the common BEV and BEC miR‑
NAs are linked to ovarian cancer, musculoskeletal system cancer, malignant ovarian sur‑
face epithelial‑stromal neoplasm, ovary epithelial cancer, ovarian carcinoma, connective
tissue cancer, female reproductive organ cancer, non‑small‑cell lung carcinoma, as well as
neuroblastoma, lymphoblastic leukemia, T‑cell leukemia, and lymphoid leukemia. Fur‑
thermore, WikiPathways analysis suggests that the target genes of multiple miRNAs are
associated with non‑small‑cell lung cancer, DNA damage response, hepatitis C, and hep‑
atocellular carcinoma, as well as extracellular vesicles in the crosstalk of cardiac cells, fo‑
cal adhesions, VEGFA‑VEGFR2 signaling pathway, TLR4 signaling/ tolerance, and heart
development. Moreover, the Reactome analysis suggested that the target genes of mul‑
tiple miRNAs are associated with cellular senescence, MAPK family signaling cascades,
oncogene‑induced senescence, constitutive signaling by EGFRvIII, signaling by EGFRvIII
in cancer, as well as VEGFA‑VEGFR2 pathway, interleukin‑4 and 13 signaling, interleukin‑
6 family signaling, TCR signaling, and TNFR1‑induced NF‑kB signaling pathway.
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Figure 4. Identification and pathway analysis of common and unique miRNAs associated with EVs
and ECs. (A) Venn diagram showing common and unique miRNAs among the common EV and EC
miRNAs (n = 15). (B)miRNAdistribution counts of EV‑associated uniquemiRNAs (1) for n = 15 RMs.
(C) miRNA distribution counts of top 10 EC‑associated miRNAs. (D) miRNA‑target enrichment
analysis showing top target genes by number of interactions for the 1 unique EV‑associated miRNA.
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(E) Visualization of miRNA‑target interaction network for the 1 unique EV‑associated miRNA.
(F) miRNA‑target enrichment analysis showing top target genes by number of interactions for the
top 10 unique EC‑associated miRNAs. (G) Visualization of miRNA‑target interaction network for
the top 10 unique EC‑associated miRNAs. (H) Dot plot of functional enrichment analysis for the
top 10 unique EC‑associated miRNAs. Color of dots represents adjusted p‑values (FDR), and size
of dots represents gene ratio (number of miRNA targets found enriched in each category/number of
total genes associated with that category). (I) PCA plot of the 18 (arrow from panel (A)) common
EV and EC miRNAs. Unit variance scaling is applied to rows; SVD with imputation is used to cal‑
culate principal components. X and Y axis show principal component 1 and principal component 2,
which explain 74.4% and 19.1% of the total variance, respectively. Predication ellipses are such that
with a probability of 0.95, a new observation from the same group will fall inside the ellipse. N = 15
data points. (J) Hierarchical clustering heatmap of the 18 common EV and EC miRNAs. Rows are
centered; unit variance scaling is applied to rows. Both rows and columns are clustered using correla‑
tion distance and average linkage. (K) miRNA‑target enrichment analysis showing top target genes
by number of interactions for the 18 common EV‑ and EC‑associated miRNAs. (L) Visualization of
miRNA‑target interaction network for 18 common EV‑ and EC‑associated miRNAs. (M) Dot plot
of functional enrichment analysis for target genes of 18 common EV‑ and EC‑associated miRNAs.
Color of dots represents adjusted p‑values (FDR), and size of dots represents gene ratio (number of
miRNA targets found enriched in each category/number of total genes associatedwith that category.

Table 3. List of 18 miRNAs associated with both EVs and ECs.

miRNA FC (log2) p‑Value −log (p‑Value)

mml‑miR‑376c‑3p 1.311 1 × 10−15 15.00
mml‑miR‑221‑3p 1.046 7.28 × 10−11 10.14
mml‑miR‑16‑5p 0.816 3.74 × 10−11 10.43
mml‑miR‑320b 0.814 1.63 × 10−6 5.79
mml‑miR‑320a 0.813 1.61 × 10−6 5.79
mml‑miR‑23b‑3p 0.779 2.22 × 10−8 7.65
mml‑miR‑23a‑3p 0.777 2.29 × 10−8 7.64
mml‑miR‑22 0.691 3.92 × 10−5 4.41

mml‑miR‑191‑5p 0.519 8.4 × 10−6 5.08
mml‑let‑7g‑5p 0.423 0.004991 2.30

mml‑miR‑26b‑5p 0.417 0.025055 1.60
mml‑let‑7b‑5p 0.336 0.022302 1.65

mml‑miR‑26a‑5p 0.171 0.163452 0.79
mml‑let‑7d 0.112 0.509328 0.29

mml‑let‑7f‑5p −0.073 0.653058 0.19
mml‑let‑7a‑5p −0.162 0.216372 0.66
mml‑let‑7c‑5p −0.162 0.216392 0.66
mml‑miR‑203 −1.053 0.000208 3.68

2.5. Effect of SIV Infection on EV and EC miRNAome
It is well established that humans infected with HIV have changes in their miRNA

profiles [54], with HIV altering the levels of several miRNAs at various time points after
infection [55,56]. We previously showed that HIV infection and cocaine use regulated the
repertoire and functions of miRNAs associated with EVs, with specific emphasis on the
modulation of miR‑128 [57]. To determine the effect of SIV on BEV and BEC miRNAome,
three RMswere infected with SIV. Blood plasmawas collected from all three RMs 1‑month
post‑infection (MPI) and 5 MPI, as shown in Figure 5A. EVs and ECs were isolated from
blood plasma via PPLC [13], as described in Figure 1B. SIV infection at both 1 MPI and
5MPI had no significant effect on the isolation spectra of EVs and ECs. Similarly, NTA anal‑
ysis showed that SIV had no significant effect on BEV size, concentration, and ζ‑potential at
both 1 MPI and 5 MPI compared to their respective pre‑infection timepoint. Interestingly,
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while there were no differences in total EV and EC protein content at the pre‑infection time
point, in VEH/SIV RMs, total EV protein was significantly lower than total EC protein at
both 1 MPI and 5 MPI.

The miRNAome of EVs and ECs from SIV‑infected RMs were assessed using state‑of‑
the‑art low‑bias sRNA‑Seq technology—RealSeq® [51]. Briefly, total RNA extracted from
paired EVs and ECs isolated from 100 µL blood plasma per sample were used. EV RNA
yields ranged between 119 and 1116 ng, with an A260/A280 ratio of 1.43 to 1.62. EC RNA
yields ranged between 246 and 459 ng, with anA260/A280 ratio of 1.39 to 1.57. SIV infection
at 1 MPI and 5 MPI had no significant effect on the number of detectable miRNAs in both
EVs and ECs relative to the pre‑infection timepoint (Figure 5B). However, at each time
point, the number of detectable miRNAs was significantly increased in ECs relative to EVs
(Figure 5B). Volcano plot analysis of the EV and ECmiRNAomes at 1MPI showed that SIV
infection resulted in the decreased counts of four miRNAs in EVs (miR‑378d, miR‑99a‑5p,
miR‑30a‑3p, miR‑128a‑3p) (Figure 5C) and the increase in the counts of fourmiRNAs (miR‑
215‑5p, miR‑500a‑3p, miR‑656‑3p, and miR‑671‑5p) in ECs (Figure 5D). Interestingly, at
5 MPI, six miRNAs (miR‑378d, miR‑99a‑5p, miR‑380‑3p, miR‑128a‑3p, miR‑128b‑3p, miR‑
206) were decreased in EVs (Figure 5E), while three miRNAs‑miR‑498, miR‑671‑5p, miR‑
656‑3p were shown to be increased in ECs at 5 MPI, with miR‑656‑3p and miR‑671‑5p also
being increased at 1 MPI (Figure 5D). Of the miRNAs that were altered by SIV, a set of
these miRNAs were longitudinally regulated by SIV in both EVs (miR‑128a‑3p, miR‑378d,
miR‑99a‑5p) and ECs (miR‑656‑3p, miR‑671‑5p). Table 4 summarizes the magnitude and
direction of regulation of these miRNAs by SIV. Raw miRNA counts for the SIV‑infected
samples are provided in Supplemental Table S2.

Target enrichment analyses of EV‑associated miRNAs that were longitudinally up‑
regulated (Table 4) identified AKT1, TBX3, SALL2, NDST1, MTOR, KLF4, DDX18, ATP5E,
ZBED6CL, TUBBP1, SLC35F4, SLC22A14, SLC17A4, RMRP, RGS14, MYL2, KNG1,
DNAJB8, CLDN5, CETN1, CASQ2, BPIFB3, and AZGP1 as the top significant target genes
(Figure 5G), with the visualization network of the regulatory interactomebetweenmiR‑206,
miR‑99a‑5p, and miR‑128‑3p and their target genes showing that these miRNAs may tar‑
get common genes (Figure 5H). KEGG pathway analysis showed target genes of miR‑206,
miR‑99a‑5p, and miR‑128‑3p were associated with signaling pathways regulating: pancre‑
atic cancer, colorectal cancer, Th17 cell differentiation, cell cycle, apelin signaling pathway,
pathways regulating pluripotency of stem cells, longevity regulating pathway—multiple
species, glioma, EGFR tyrosine kinase inhibitor resistance, longevity regulating pathway,
prostate cancer, AGE‑RAGE signaling pathway in diabetic complications, Chagas disease
(Figure 5I). Reactome analysis identified transcriptional regulation of pluripotent stem
cells, signaling by activin, Chk1/Chk2(Cds1)‑mediated inactivation of Cyclin B:Cdk1, Polo‑
like kinase‑mediated events, synthesis, secretion, and deacylation of Ghrelin, diseases of
signal transduction, CD28 dependent PI3K/Akt signaling, constitutive signaling by AKT1
E17K in cancer, VEGFR2‑mediated vascular permeability, and CD28 co‑stimulation, were
the top 10 processes associated with miR‑206, miR‑99a‑5p, and miR‑128‑3p. Addition‑
ally, integrated breast cancer pathway, extracellular vesicle‑mediated signaling in recipient
cells, factors and pathways affecting insulin‑like growth factor (IGF1)‑Akt signaling, pan‑
creatic adenocarcinoma pathway, cell cycle, TGF‑B signaling in thyroid cells for epithelial‑
mesenchymal transition, integrated cancer pathway, AGE/RAGEpathway, human thyroid
stimulating hormone (TSH) signaling pathway, and microRNAs in cardiomyocyte hyper‑
trophy were processes identified by WikiPathways to be associated with miR‑206, miR‑
99a‑5p, and miR‑128‑3p. According to disease ontology, multiple cancers, including head
and neck squamous cell carcinoma, head and neck cancers, multiple myeloma, malignant
mesothelioma, gastric adenocarcinoma, integumentary system cancer, skin cancer, and
cervix carcinoma, are linked to miR‑206, miR‑99a‑5p, and miR‑128‑3p.
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Figure 5. SIV infection of RMs longitudinally downregulates EV‑associated miR‑128‑3p.
(A) Schematic of SIV infection of RMs; 12 male Indian RMs were infected with SIV. One month post‑
infection (1 MPI), blood plasma was collected from n = 12 RMS. Five months post‑infection (5 MPI),
blood plasma was collected from n = 3 RMS. (B) Number of miRNAs detected (miRNA distribution
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count ≥ 1) for each RM, for both EVs and ECs. Pre (n = 15), SIV 1 MPI (n = 12), SIV 5 MPI (n = 3).
(C–F) Volcano plots showing down‑regulated (blue) and up‑regulated (red) miRNAs in (C) EVs
1 MPI, (D) ECs 1 MPI, (E) EVs 5 MPI, and (F) BCs 5 MPI compared to healthy uninfected RMs
(Pre). (G–I) miRNA‑target enrichment analysis (G), visualization of miRNA‑target interaction net‑
work (H), and dot plot of functional enrichment analysis (I) for the longitudinally downregulated
EV‑associated miRNAs (miR‑206, miR‑99a‑5p, miR‑128‑3p). Color of dots in panel (I) represents
adjusted p‑values (FDR), and size of dots represents gene ratio (number of miRNA targets found
enriched in each category/number of total genes associated with that category. (J) TaqMan PCR
validation using 128a‑3p specific assays. Statistical differences were assessed by ordinary one‑way
ANOVA test with Tukey’s correction (n = 3). *, p < 0.05. (K) miRNA‑target enrichment analysis show‑
ing top target genes by number of interactions for miR‑128‑3p. (L) Visualization of miRNA‑target
interaction network for miR‑128‑3p. (M,N) Dot plots of functional enrichment analysis (M) KEGG
and (N) disease Ontology for target genes of miR‑128‑3p. Color of dots represents adjusted p‑values
(FDR), and size of dots represents gene ratio (number of miRNA targets found enriched in each cate‑
gory/number of total genes associated with that category). Unpaired T‑test with Welch’s correction
was used to assess statistical differences between EVs and ECs in panels (B) and (J) (left). Error bars
represent S.E.M. *, p < 0.05; ****, p < 0.0001; ns, not significant. In Panel J, Ordinary One‑way ANOVA
multiple comparison test (Tukey’s test) was used to assess statistical differences, with ns denoting
non‑significant.

Table 4. Longitudinally regulated EV‑ and EC‑associated miRNAs by SIV.

Carrier Type miRNAs Regulation log2 (Fold
Change) p‑Value −log

(p‑Value)

EVs

miR‑128a‑3p
SIV (1 MPI) Down −1.596 0.049 1.309
SIV (5 MPI) Down −2.970 0.0045 2.346

miR‑378d
SIV (1 MPI) Down −1.918 0.0069 2.161
SIV (5 MPI) Down −3.291 0.0003 3.523
miR‑99a‑5p
SIV (1 MPI)
SIV (5 MPI)

Down
Down

−1.663
−2.249

0.0145
0.0018

1.839
2.745

ECs

miR‑656‑3p
SIV (1 MPI)
SIV (5 MPI)

Up
Up

2.567
2.723

0.019
0.0339

1.721
1.470

miR‑671‑5p
SIV (1 MPI)
SIV (5 MPI)

Up
Up

2.374
2.771

0.0461
0.0274

1.336
1.562

Focusing on EV‑associated miR‑128a‑3p that was longitudinally decreased, real‑time
quantitative PCR analysis confirmed that the level of miR‑1281‑3p was significantly lower
in EVs at 5 MPI, compared to pre‑infection and did not change in ECs (Figure 5J). Remark‑
ably, the observed SIV‑mediated downregulation of miR‑128‑3p in this study collaborates
the findings ofKaddour et al., 2021, which showed thatmiR‑128‑3pwas significantly down‑
regulated 3.2‑fold in HIV‑infected individuals, and 5.60‑fold in HIV‑infected individuals
who used cocaine (Table 5).

Target enrichment analyses revealed ZBED6CL, UNC13C, TUBBP1, SLC35F4,
SLC22A14, SLC17A4, RGS14, KNG1, DNAJB8, CLDN5, CETN1, CASQ2, BPIFB3, and
AZGP1 as the top significant target genes (Figure 5K), with the visualization network of
the regulatory associations between miR‑128a‑3p and the target genes showing that mul‑
tiple genes are targeted by miR‑128‑3p (Figure 5L). KEGG pathway analysis showed tar‑
get genes of miR‑128‑3p to be associated with signaling pathways regulating pluripotency
of stem cells, central metabolism in cancer, glioma, pancreatic cancer, and endocrine re‑
sistance (Figure 5M). Additional pathways predicted by KEGG to be significantly associ‑
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ated with miR‑128‑3p and its target genes included: HIF‑1 signaling pathway, lipid and
atherosclerosis, Th17 cell differentiation, TNF signaling pathway, diabetic cardiomyopa‑
thy, human immunodeficiency virus 1 infection, human T‑cell leukemia virus 1 infection,
inflammatory mediator regulation of TRP channels, toll‑like receptor signaling pathway,
and adipocytokine signaling pathway (Supplemental Table S3). Of interest, miR‑128‑3p
target genes E2F3, TGFBR1, PTEN, BAX, SMAD2, and PIK3R1 were found to be associ‑
ated with human T‑cell leukemia virus 1 infection, while WEE1, FADD, BAX, MAPK14,
MTOR, and PIK3R1 were associated with HIV (Supplemental Table S3). Disease ontology
enrichment analysis showed miR‑128‑3p to be significantly implicated in germ cell can‑
cer, breast carcinoma, connective tissue cancer, musculoskeletal system cancer, and em‑
bryonal cancer (Figure 5N). Furthermore, disease ontology revealed that target genes of
miR‑128‑3p were significantly associated with neuroblastoma (DCX, RELN, EGFR, BMI1,
SIRT1, KLF4, VEGFC, PTEN, SNAI2, BAX, RET, MTOR, IGF1, PIK3R1) peripheral vascu‑
lar disease, Alzheimer’s disease, dementia (RELN, SREBF1, SREBF2, ABCA1, BAX, IGF1),
atherosclerosis, arteriosclerotic cardiovascular disease, arteriosclerosis, brain disease, mo‑
tor neuron disease, malignant glioma, myocardial infarction, congestive heart failure, con‑
genital heart disease, and coronary artery disease (Supplemental Table S3).

Table 5. Similarities in regulation of EV‑associated miR‑128 by HIV/SIV.

Regulation log2 (Fold‑
Change) p‑Value −log

(p‑Value) Citation

miR‑128a‑3p
SIV (1 MPI) Down −1.596 0.049 1.309 This study
SIV (5 MPI) Down −2.970 0.0045 2.346 This study

miR‑128b‑3p
SIV (1 MPI) Down −1.216 0.198 0.704 This study
SIV (5 MPI) Down −2.590 0.0368 1.434 This study

miR‑128‑3p
HIV Down −3.177 0.0076 2.119 Kaddour et al., 2021

HIV/Cocaine Down −5.603 0.0048 2.319 Kaddour et al., 2021

According to WikiPathways, the target genes of miR‑128‑3p were found to be as‑
sociated with cardiac progenitor differentiation, SREBF, and miR‑33 in cholesterol and
lipid homeostasis, integrated breast cancer pathway, PI3K‑AKT‑mTOR signaling pathway
and therapeutic opportunities, and factors/pathways affecting insulin‑like growth factor
(IGF1)‑Akt signaling. Reactome analysis revealed target genes of miR‑128‑3p to be associ‑
atedwith transcriptional regulation of pluripotent stem cells, PIP3 activates AKT signaling,
intracellular signaling by second messengers, regulation of PTEN gene transcription, and
POU5F1 (OCT4).

3. Materials and Methods
In this two‑part Manuscript of the same series, the Materials and Methods used for

Manuscript 1 are similar to that of the follow‑up study presented in Manuscript 2. Minor
differences (if present) are detailed in the various Materials and Methods subsections.

3.1. Macaques and Viruses (Used for This Study and the Follow‑Up Study Presented in
Manuscript 2)

Pre‑infection and pre‑treatment blood samples were collected from a total of 15 age
andweight‑matchedMamu‑A0*1−/B08−/B17− specific‑pathogen‑free (free of SIV, D retro‑
virus, STLV, and Herpes B) male Indian rhesus macaques (Table 1 of Manuscript 1). The
animals were then randomly assigned to five experimental groups. Rhesus macaques
in groups 1 to 4 were infected intravenously with 100 TCID50 dose of the CCR5 tropic
SIVmac251 (TNPRC virus isolation and production core). Group 1: (JD66, IN24, JH47,
Table 1 of manuscript 1) and 3 (LM56, LA88, LN60) received twice daily injections of ve‑
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hicle (VEH/SIV) (1:1:18 of emulphor: alcohol: saline). Group 2: (JI45, JC85, JT80) and
4 (LA55, KV50, LM85) received twice‑daily injections of ∆9‑THC (THC/SIV) beginning
four weeks prior to SIV infection until 6 months post‑SIV infection [58]. Group 5 (HI78,
HN79, HN39) macaques received twice daily injections of THC, similar to groups 2 and
4 but remained SIV uninfected and served as THC‑only controls (Table 1 of Manuscript
2). THC (NIDA/NIH) was prepared as an emulsion using alcohol, emulphor, and saline
(1:1:18) as vehicle before use. Chronic administration of VEH (groups 1, 3) or ∆9‑THC
(groups 2, 4, and 5) was initiated four weeks before SIV infection at 0.18 mg/kg, as used
in previous studies [58–61]. This dose of ∆9‑THC was found to eliminate responding in
a complex operant behavioral task in almost all animals [61]. Beginning the day of SIV
infection, the THC dose was increased for each subject to 0.32 mg/kg over a period of ap‑
proximately two weeks when responding was no longer affected by 0.18 mg/kg on a daily
basis (i.e., tolerance developed), and maintained for the duration of the study. The opti‑
mization of the THC dosing in RMs accounts for the development of tolerance during the
initial period of administration. Because previously published studies [60,61] on this dose
of THC showed protection, the same dose was used in this study. Rhesus macaques in
groups 3 (VEH/SIV/ART) and 4 (THC/SIV/ART) began combination anti‑retroviral (ART)
treatments (PMPA 20 mg/kg, FTC or Emtricitabine 30 mg/kg and Dolutegravir 2.5 mg/kg)
at 2 weeks post‑SIV infection daily by subcutaneous route until 6MPI.Wewant tomention
that macaques in groups 3 and 4 received two injections of (50 mg/kg of anti‑alpha4beta7)
(LN60 and LM85) or control IgG (LM56) beginning 4 MPI at three‑week intervals before
the plasma sample at 5 MPI was collected. Nevertheless, we did not see any differences
in EV characteristics. Moreover, viral replication was significantly suppressed by ART at
this stage. Note that anti‑alpha4beta7 functions by blocking alpha4beta7 positive T cells
from trafficking to the intestine and did not have an effect on viral rebound after 6‑8 treat‑
ments at 3‑week intervals (Table 2 of Manuscript 2). Therefore, it will not have any effects
on EV composition, and we did not observe any effect. For studies in Manuscript 1, only
pre‑infection and pre‑treatment blood samples, as well as 1 MPI and 5 MPI blood samples
collected from Group 1 (JD66, IN24, JH47) animals, were used.

3.2. Isolation of EVs and ECsViruses (Used for This Study and the Follow‑Up Study in
Manuscript 2)

The EVs and ECs were isolated from EDTA blood plasma samples using the PPLC‑
based size exclusion chromatography (SEC), as previously described [36]. Briefly, sam‑
ples were liquefied at room temperature for 30 min, centrifuged at 2000× g for 10 min,
and 10,000× g for 30 min to remove cellular debris and large vesicles. EVs and ECs were
purified using a gravity‑packed 7‑bead gradient (G‑10, G‑15, G‑25, G‑50, G‑75, G‑100,
2%BCL agarose bead standard) into a 100 cm× 1 cmEcono‑Column. Elutionwas achieved
by gravity using 0.1× Phosphate Buffered Saline (PBS, Corning, NY, USA). Fractions of
250 µLwere collected, and elution profiles were determined by absorbance measurements
at 280 nm. The first peak, which contained EVs, and the last peak, which contained ECs,
were independently collected and stored in aliquots at −80 ◦C until further analysis.

3.3. Transmission Electron Microscopy (TEM)
TEM analysis was performed on pooled samples (n = 15) for both EVs and ECs, as pre‑

viously described [36]. Briefly, 10 µL of pooled BEC samplewas applied to a carbon‑coated
grid and allowed to sit for 30 s. Excess samples were removed with filter paper. The grids
were washed with distilled deionized water (ddH2O) twice, stained with 0.7% Uranyl For‑
mate solution for 20 s, and then allowed to air dry. Images were viewed and collected us‑
ing an FEI Tecnai12 BioTwinG 2 electron microscope. The samples were captured with an
AMT XR‑60 CCD Digital Camera system. For EVs, 10 µL of pooled sample was incubated
with anti‑CD9 (Iowa Hybridoma Bank, University of Iowa, Iowa City, IA, 1:50 dilution
with 1% BSA‑PBS) at 4 ◦C overnight. The next day, EVs were washed with 0.1% BSA‑PBS
5 times and incubated with 10 nm gold‑conjugated anti‑mouse IgG (Electron Microscopy
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Sciences, Hatfield, PA, USA, 1:20 dilution with PBS, #25129) for 1 h. Specimens were then
washed with deionized water 5 times, followed by a post‑stain with uranyl acetate (1%).
Specimens were characterized using TEM (JEM1400, JEOL) at the accelerating voltage of
80 kV.

3.4. Nanoparticle Tracking Analysis (NTA) (Used for This Study and the Follow‑Up Study in
Manuscript 2)

BEV size, concentration, and zeta‑potential (ζ‑potential) were measured using Ze‑
taView PMX 110 (Particle Metrix, Mebane, NC, USA) and the corresponding software
ZetaView v8.04.02, as previously described [57]. Briefly, the system was calibrated and
alignedwith 102 nmpolystyrene standard beads before the experiment. BEV sampleswere
left at room temperature for 30min to acclimatize before measurement. Although samples
were isolated using 0.1X PBS, during NTA, samples were diluted to appropriate concentra‑
tions (1:20,000 to 1:320,000) in filtered ultra‑pure water because salts in buffered solutions,
such as PBS, may skew sample measurements. All samples were analyzed under the same
conditions (room temperature—20 ◦C to 25 ◦C, pH 5.8, sensitivity 92, shutter speed 70,
and frame rate 30 fps). Triplicate measurements were taken for size and concentration,
and each replicate included eleven positions with two cycles of reading at each position.
For ζ‑potential measurement, data were acquired at least in quintuplicate, and each repli‑
cate corresponds to two cycles of reading. EC size, concentration, and zeta‑potential were
not measured as the average EC particle size was lower than the 20 nm detection limit of
the Zetaview PMX 110 with the standard laser configuration, therefore preventing the ac‑
quisition of accurate and reproducible data (https://www.excilone.com/client/document/
particle‑metrix‑‑zetaview‑brochure‑0319_en_540.pdf, accessed on 20 November 2022).

3.5. Total RNA Isolation (Used for This Study and the Follow‑Up Study in Manuscript 2)
Total RNA were isolated from 100 µL of BEV and BEC samples from each study sub‑

ject using miRNeasy plasma kit (Qiagen), with the optional on‑column DNase‑I digestion
step. RNAwas eluted in 25 µL RNase‑free water once and re‑elutedwith 25 µL RNase‑free
water. RNA quality control was assessed by Nanodrop 1000 prior to sequencing.

3.6. Library Preparation and sRNA Sequencing (Used for This Study and the Follow‑Up Study in
Manuscript 2)

Library preparation and sRNA sequencing were performed, as previously
described [57], for each subject. Briefly, libraries were amplified by 20 cycles of PCR. Li‑
braries were sequenced in one NextSeq 550 run with the NextSeq 500/550 High Output Kit
v2.5 (75 cycles); sequencing was done with Single End 75 nt reads and dual 6 nt indexes.
Libraries were loaded at 1.5 pM and sequenced with a RealSeq Biosciences (Santa Cruz,
CA, USA) custom sequencing primer for read one; 5% PhiX control was used. FastQ files
were trimmed of adapter sequences by using Cutadapt [62] with the following parameters:
cutadapt ‑u 1 ‑a TGGAATTCTCGGGTGCCAAGG ‑m 15.

3.7. Identification of Common miRNAs (Used for This Study and the Follow‑Up Study in
Manuscript 2)

InteractiVennweb tool [63] was utilized to identify commonmiRNAs for EVs and ECs
between the five groups. Briefly, for a miRNA to be included in this analysis, a cutoff of
miRNA distribution count of ≥1 was used. miRNAs for each single group were inputted
into InteractiVenn to identify common miRNAs by group (n = 3) for all groups. Common
miRNAs for all five groupswere then inputted into InteractiVenn to identify commonmiR‑
NAs for both EVs and ECs.

3.8. PCA Plot and Heatmap Generation (Used for This Study and the Follow‑Up Study in
Manuscript 2)

ClustVis web tool [64] was utilized to generate both PCA plots and heatmaps using
the same input data. Briefly, log‑10 normalized miRNA read counts were inputted into

https://www.excilone.com/client/document/particle-metrix--zetaview-brochure-0319_en_540.pdf
https://www.excilone.com/client/document/particle-metrix--zetaview-brochure-0319_en_540.pdf
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ClustVis for each EV and EC, and default data pre‑processing options were applied. For
PCA plot generation: PC1 was assigned to the X‑axis and PC2 to the Y‑axis, with a margin
ratio of 0.05. For heatmap generation: rows were centered; unit variance scaling was ap‑
plied to rows. Imputation was used for missing value estimation. Both rows and columns
were clustered using correlation distance and average linkage.

3.9. Identification of Differentially‑Enriched miRNAs (Used for This Study and the Follow‑Up
Study in Manuscript 2)

Identification of differentially‑enriched miRNA was performed, as previously
described [57], using a cutoff for the sum of reads defined as equal or larger than the num‑
ber of samples being compared per group times two. Thus, for a miRNA to be included in
the analysis, the sum of reads should be ≥12. Subsequently, the read counts were log‑10
normalized, and two‑wayANOVAcomparisons betweendifferent groupswere performed
in Prism software. The false discovery rate (FDR) was controlled using the method of Ben‑
jamini and Hochberg and was set to <0.05.

3.10. miRNA‑Target Enrichment Analysis (Used for This Study and the Follow‑Up Study in
Manuscript 2)

MIENTURNET web tool [53] was utilized for all miRNA‑target enrichment analyses.
Briefly, miRTarBase was used for miRNA‑target enrichment analyses, with a threshold for
theminimumnumber of miRNA‑target interactions of 2, and a threshold for adjusted FDR
of 1. Network analyses were performed with the same filter settings, with the selection of
strong evidence only. miRTarBase was again used for subsequent functional enrichment
analyses (KEGG, REACTOME, WikiPathways, and disease ontology).

3.11. Validation of miRNA by Real‑Time Quantitative PCR (RT‑qPCR)
RNA was extracted from pooled EVs (n = 5) and ECs (n = 5) and used for cDNA syn‑

thesis. RT‑qPCR was performed using an ABI 7500 FAST machine and the Thermo Fisher
Scientific hsa‑miR‑128a (Assay ID 002216) TaqMan PCR‑specific assays, following manu‑
facturer’s instructions.

3.12. Statistical Analyses (Used for This Study and the Follow‑Up Study in Manuscript 2)
Statistical tests were performed using the GraphPad Prism (Version 9.3.1) software

and are detailed in the figure legends. For two‑group comparison, an unpaired t‑test with
Welch’s correction was used to determine the differences between the groups. Ordinary
one‑way ANOVA (Brown–Forsythe and Bartlett tests, with Sidak’s multiple comparison
tests) was used to determine the differences between multiple groups.

4. Discussion
In the present study, we found that in healthy RMs, the circulating EV‑miRNA pro‑

file is significantly different from those identified in ECs. Notably, a greater number of
circulating plasma miRNAs were associated with ECs than EVs, and over time, SIV in‑
fection altered the level of miRNAs in EVs and ECs (Figure 6). Indeed, studies on miR‑
NAs have burgeoned since their discovery as mediators of cell‑cell communication, and
in particular, their presence in the extracellular space. There is no doubt that circulat‑
ing miRNAs are wrapped within EVs and other lipid‑containing membranous vesicles,
as well as protein complexes [52,65,66]. In our study, we found that in healthy RM blood
plasma, miR‑6132 may be specifically associated with EVs, while miR‑27a‑3p, miR‑27b‑3p,
miR‑451, miR‑21‑5p, miR‑185‑5p, miR‑376b‑3p, miR‑376a‑3p, miR‑17‑5p, miR‑126, miR‑
423‑5p were uniquely associated with ECs (Figure 4A). Additionally, there were miRNAs
shared between EVs and ECs with variable intensities. These include the let‑7 family of
miRNAs, one of which (Let‑7a) was previously reported to be exclusively associated with
EVs, while miR‑16 and miR‑92a are outside of known membrane‑containing particles [52].
In our study, the majority of the let‑7 family of proteins were present in both carriers, al‑
though let‑7a‑5p, let‑7c‑5p, let‑7f‑5p, let‑7g‑5p, let‑7d, and let‑7b‑5p were amongst the top
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10 EV‑associated miRNAs, their counts in ECs were significantly lower compared to their
counts in EVs (Table 2), suggesting that EVs may be the main carriers of let‑7 family of
miRNAs. The significance of the enrichment of the let‑7 family of miRNAs in EVs is yet
to be determined. However, let‑7 miRNAs regulate CNS inflammation and neurological
outcomes through the suppression of neuroinflammation [67] and the production of proin‑
flammatory cytokines, such as TNFα expression [68,69]. Overexpression of Let‑7g was
shown to preserve–brain barrier integrity, reduce proinflammatory cytokine release, and
prevent immune cell infiltration into the infarcted region, leading to improved behavioral
outcomes [70–72].
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With respect to SIV infections, EV‑associated miR‑128a‑3p, miR‑378d, and miR‑99a‑
5p and EC‑associated miR‑656‑3p and miR‑671‑5p were longitudinally decreased and in‑
creased, respectively, by SIV infection. The longitudinally decreased and increased miR‑
NAs in EVs and ECs, respectively, in VEH‑treated SIV‑infected RMs may indicate disease
progression. It is interesting that SIV infection leads EV‑associated miRNAs to decrease,
while EC‑associated miRNAs tend to increase (Figure 5C–F). The significance or implica‑
tion of this regulatory pattern is yet to be determined. Of the miRNAs that were longitu‑
dinally regulated in EVs, the decrease in miRNA‑128a‑3p level agrees with our published
observation in people living with HIV (PLWH), where HIV infection with or without con‑
comitant cocaine usewas shown to decrease the levels ofmiR‑128 in human semen‑derived
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EVs [57] (Table 5). These observations are remarkable becausemiRNApathways have been
shown to regulate HIV replication and contribute to latency [73]. Several miRNAs, includ‑
ing miRNAs‑28, ‑29, ‑125b, ‑150, ‑223, and ‑382, negatively affect HIV by directly targeting
the viral RNA genome and/or by repressing virus‑dependent cellular cofactors [74–76].
For example, the Let‑7 family of miRNAs was shown to be significantly lower in patients
with chronic HIV infection compared to healthy controls [77] and several let‑7 familymem‑
bers (let‑7d‑5p, let‑7a, let‑7c) decreased over time in progressive liver fibrosis in hepatitis
C‑infected patients [78].

With regards to miR‑128‑3p, the expression of cellular miR‑128‑3p in various diseases
and its effect on biological processes has been investigated. For example, cellular miR‑128‑
3p plays distinct and tissue‑specific roles in cellular response to infections. In the male
genital tract of stallions, miR‑128‑3p expression was negatively associated with CXCL16
and the long‑term persistence of equine arteritis virus [79]. Additionally, the synthesis of
human rhinovirus (HRV‑1B) RNA was increased upon miR‑128 suppression [80]. In pri‑
mary neurons, theHIVTat protein up‑regulatesmiR‑128‑3pwith concomitant suppression
of the pre‑synaptic SNAP25 protein, which may perturb neuronal activity [81]. In CD4+
T cells, miR‑128‑3p inhibits viral replication and delays virus spread by repressing the ex‑
pression of TNPO3 [82], an observation similar tomiR‑128‑3pmediated repression of retro‑
transposon long interspaced element 1 by targeting TNPO1 [83]. Notably, maturemiR‑128
is encoded by miR‑128‑1 and miR‑128‑2 [84,85]. The host gene of miR‑128 is the regula‑
tor of calmodulin signaling (Rcs), also known as Arpp21, which mediates dopamine (DA)
transmission [86]. Early studies indicate that miR‑128‑3p is an anti‑cancer miRNA [87–92]
associated with increased chemosensitivity [93]. Interestingly, miR‑128‑3p is enriched in
the brain, differentiating DA neurons [94] and other tissues. In the CNS, miR‑128‑3p plays
many roles, including in the development of the nervous system [95], regulating neuronal
excitability [96], differentiation [84], neuronal marker expression [97], and regulating tu‑
morigenesis [98–102]. Additionally, miR‑128‑3p has been linked to impaired cognitive
function [103], such as in Alzheimer’s disease [96].

One implication of our study is that EV‑ and EC‑associatedmiRNAs could potentially
serve as biomarkers in various diseases [104]. However, whether or not circulating miR‑
128‑3p associated with EVs or ECs in blood plasma have any role in health and disease is
yet to be determined. We do not wish to speculate on the predicted regulatory roles miR‑
128‑3p may play in the pathogenesis of HIV, as the topic deserves further research. How‑
ever, our group previously showed that themiR‑128 networkmediates strategic monocyte
haptotaxis [57]. It is, therefore, plausible that the decrease in miR‑128‑3p in HIV‑infected
humans [57] and the longitudinal decrease in SIV‑infected RMs, may indicate disease pro‑
gression. The origin of circulating EV‑ and EC‑associated miRNAs in plasma remains to
be identified. The nonvesicularmiRNAs, such as EC‑associatedmiRNAs (Figure 2), consti‑
tute a significant fraction of the circulating miRNAome [105]. However, it is worth noting
that an observed EV or EC enrichment of a given miRNA may not necessarily mean selec‑
tive release, packaging, enrichment, or function of the miRNA. There may be biological
reasons for the association of specific miRNAs with the cell and extracellular carriers. Like
cellular miRNAs, circulating miRNAs are effective mediators of intercellular communica‑
tion. Unlike cellular miRNAs, circulating miRNAs are protected by various extracellular
miRNA carriers (EVs, ECs, other RNPs) and are shuttled to proximal or distal sites to exert
their functions. Indeed, these different miRNA carriers may have characteristic functions
in the extracellular space and in target cells. However, EV‑ and EC‑associated miRNAs
may convey messages intracellularly, even if they do not have the ‘intention’ to do so. As
such, EV‑ and EC‑associated miRNAs may serve as novel intercellular communication
pathways or as minimally invasive biomarkers [106,107].

Beyond their potential roles as signaling mediators and biomarkers, circulating miR‑
NAs associated with EVs and ECs may serve to maintain steady‑state levels of miRNAs
under homeostatic conditions by balancing miRNA synthesis, degradation, excretion, and
reuptake by cells. This process may facilitate miRNA‑mediated gene silencing in a cell
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without the cell making the miRNA. In addition, it has been shown that the association of
miRNAs with extracellular carriers enhances their stability in austere conditions, includ‑
ing RNase digestion in the bloodstream and extreme pH values and temperatures during
handling and storage. The stability of exmiRNA may regulate their degradation and help
prevent uncontrolled cytoplasmic RNase activation that may be cytotoxic [108] or promote
cellular energetics [109].

Despite the significant findings in this study, the following questions need to be ad‑
dressed. Studies are needed to assess whether miRNAs are selectively packaged within
EVs or ECs and what the significance of such selective association is. It has been sug‑
gested that in addition to the active secretion of miRNAs through cell‑EVs [110,111] and
protein complex lipoproteins, such as high‑density lipoprotein—HDL [66] andAgo2 [52]—
miRNAs may also be secreted from cells due to injury, chronic inflammation, apoptosis,
or necrosis, or from cells, such as platelets with short half‑lives [11,112]; hence, studies
to identify the sources of the miRNAs associated with EVs and ECs and the mechanisms
that control their release. Studies are also needed to clarify if changes in the miRNAome
(e.g., during viral infection, licit or illicit drug use) are reflected in EVs and ECs. This last
point will be addressed in Manuscript 2 of this series.

Conclusions and Translational Relevance
To our knowledge, this study is the first of its kind. We used rigorous experimental

approaches to profile exmiRNAs, characterize their association with two distinct EPs (EVs,
ECs), and elucidate the effect of SIV infection on exmiRNA association with EVs and ECs.
The clinical importance of the longitudinally altered EV‑ and EC‑associatedmiRNAs in the
SIV‑infected groupmay indicate disease progression, in which case, suchmiRNAsmay be
used as a biomarker to assess the severity of HIV/SIV infection.
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Ecs Extracellular condensates
EVs Extracellular vesicles
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VEH Vehicle

References
1. Huntzinger, E.; Izaurralde, E. Gene silencing by microRNAs: Contributions of translational repression and mRNA decay. Nat.

Rev. Genet. 2011, 12, 99–110. [CrossRef] [PubMed]
2. Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215–233. [CrossRef] [PubMed]
3. Hossain, M.M.; Sohel, M.M.; Schellander, K.; Tesfaye, D. Characterization and importance ofmicroRNAs inmammalian gonadal

functions. Cell Tissue Res. 2012, 349, 679–690. [CrossRef] [PubMed]
4. Aalto, A.P.; Pasquinelli, A.E. Small non‑coding RNAs mount a silent revolution in gene expression. Curr. Opin. Cell Biol. 2012,

24, 333–340. [CrossRef] [PubMed]
5. Peng, Y.; Croce, C.M. The role of MicroRNAs in human cancer. Signal Transduct. Target. Ther. 2016, 1, 15004. [CrossRef]

[PubMed]
6. Chinniah, R.; Adimulam, T.; Nandlal, L.; Arumugam, T.; Ramsuran, V. The Effect of miRNA Gene Regulation on HIV Disease.

Front. Genet. 2022, 13, 862642. [CrossRef]
7. Bali, P.; Kenny, P.J. MicroRNAs and Drug Addiction. Front. Genet. 2013, 4, 43. [CrossRef]
8. Hwang, H.W.; Mendell, J.T. MicroRNAs in cell proliferation, cell death, and tumorigenesis. Br. J. Cancer 2007, 96, R40–R44.

[CrossRef]
9. Gilad, S.; Meiri, E.; Yogev, Y.; Benjamin, S.; Lebanony, D.; Yerushalmi, N.; Benjamin, H.; Kushnir, M.; Cholakh, H.; Melamed, N.;

et al. Serum microRNAs are promising novel biomarkers. PLoS ONE 2008, 3, e3148. [CrossRef]
10. Taylor, D.D.; Gercel‑Taylor, C. MicroRNA signatures of tumor‑derived exosomes as diagnostic biomarkers of ovarian cancer.

Gynecol. Oncol. 2008, 110, 13–21. [CrossRef]
11. Mitchell, P.S.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova‑Agadjanyan, E.L.; Peterson, A.; Noteboom, J.;

O’Briant, K.C.; Allen, A.; et al. Circulating microRNAs as stable blood‑based markers for cancer detection. Proc. Natl. Acad.
Sci. USA 2008, 105, 10513–10518. [CrossRef]

12. Munir, J.; Yoon, J.K.; Ryu, S. Therapeutic miRNA‑Enriched Extracellular Vesicles: Current Approaches and Future Prospects.
Cells 2020, 9, 2271. [CrossRef]

13. Kaddour, H.; Lyu, Y.; Shouman, N.; Mohan, M.; Okeoma, C.M. Development of Novel High‑Resolution Size‑Guided
Turbidimetry‑Enabled Particle Purification Liquid Chromatography (PPLC): Extracellular Vesicles and Membraneless Con‑
densates in Focus. Int. J. Mol. Sci. 2020, 21, 5361. [CrossRef] [PubMed]

14. Alvarez, F.A.; Kaddour, H.; Lyu, Y.; Preece, C.; Cohen, J.; Baer, L.; Stopeck, A.T.; Thompson, P.; Okeoma, C.M. Blood plasma
derived extracellular vesicles (BEVs): Particle purification liquid chromatography (PPLC) and proteomics analysis reveal BEVs as
potential minimally invasive tool for predicting response to breast cancer treatment. Breast Cancer Res. Treat. 2022, 196, 423–437.
[CrossRef] [PubMed]

15. Simons, M.; Raposo, G. Exosomes—Vesicular carriers for intercellular communication. Curr. Opin. Cell Biol. 2009, 21, 575–581.
[CrossRef] [PubMed]

16. Bobrie, A.; Colombo, M.; Raposo, G.; Thery, C. Exosome secretion: Molecular mechanisms and roles in immune responses.
Traffic 2011, 12, 1659–1668. [CrossRef] [PubMed]

17. Thery, C.; Ostrowski, M.; Segura, E. Membrane vesicles as conveyors of immune responses. Nat. Rev. Immunol. 2009, 9, 581–593.
[CrossRef] [PubMed]

18. Admyre, C.; Grunewald, J.; Thyberg, J.; Gripenback, S.; Tornling, G.; Eklund, A.; Scheynius, A.; Gabrielsson, S. Exosomes with
major histocompatibility complex class II and co‑stimulatory molecules are present in human BAL fluid. Eur. Respir. J. 2003, 22,
578–583. [CrossRef] [PubMed]

19. Admyre, C.; Johansson, S.M.; Qazi, K.R.; Filen, J.J.; Lahesmaa, R.; Norman, M.; Neve, E.P.; Scheynius, A.; Gabrielsson, S. Exo‑
somes with immune modulatory features are present in human breast milk. J. Immunol. 2007, 179, 1969–1978. [CrossRef]

20. Baum, M.K.; Rafie, C.; Lai, S.; Sales, S.; Page, B.; Campa, A. Crack‑cocaine use accelerates HIV disease progression in a cohort of
HIV‑positive drug users. J. Acquir. Immune Defic. Syndr. 2009, 50, 93–99. [CrossRef]

21. Caby, M.P.; Lankar, D.; Vincendeau‑Scherrer, C.; Raposo, G.; Bonnerot, C. Exosomal‑like vesicles are present in human blood
plasma. Int. Immunol. 2005, 17, 879–887. [CrossRef] [PubMed]

22. Lotvall, J.; Valadi, H. Cell to cell signalling via exosomes through esRNA.Cell Adhes. Migr. 2007, 1, 156–158. [CrossRef] [PubMed]
23. Madison, M.N.; Roller, R.J.; Okeoma, C.M. Human semen contains exosomes with potent anti‑HIV‑1 activity. Retrovirology 2014,

11, 102. [CrossRef]
24. Palanisamy, V.; Sharma, S.; Deshpande, A.; Zhou, H.; Gimzewski, J.; Wong, D.T. Nanostructural and transcriptomic analyses of

human saliva derived exosomes. PLoS ONE 2010, 5, e8577. [CrossRef] [PubMed]

http://doi.org/10.1038/nrg2936
http://www.ncbi.nlm.nih.gov/pubmed/21245828
http://doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
http://doi.org/10.1007/s00441-012-1469-6
http://www.ncbi.nlm.nih.gov/pubmed/22842772
http://doi.org/10.1016/j.ceb.2012.03.006
http://www.ncbi.nlm.nih.gov/pubmed/22464106
http://doi.org/10.1038/sigtrans.2015.4
http://www.ncbi.nlm.nih.gov/pubmed/29263891
http://doi.org/10.3389/fgene.2022.862642
http://doi.org/10.3389/fgene.2013.00043
http://doi.org/10.1038/sj.bjc.6603023
http://doi.org/10.1371/journal.pone.0003148
http://doi.org/10.1016/j.ygyno.2008.04.033
http://doi.org/10.1073/pnas.0804549105
http://doi.org/10.3390/cells9102271
http://doi.org/10.3390/ijms21155361
http://www.ncbi.nlm.nih.gov/pubmed/32731547
http://doi.org/10.1007/s10549-022-06733-x
http://www.ncbi.nlm.nih.gov/pubmed/36114323
http://doi.org/10.1016/j.ceb.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19442504
http://doi.org/10.1111/j.1600-0854.2011.01225.x
http://www.ncbi.nlm.nih.gov/pubmed/21645191
http://doi.org/10.1038/nri2567
http://www.ncbi.nlm.nih.gov/pubmed/19498381
http://doi.org/10.1183/09031936.03.00041703
http://www.ncbi.nlm.nih.gov/pubmed/14582906
http://doi.org/10.4049/jimmunol.179.3.1969
http://doi.org/10.1097/QAI.0b013e3181900129
http://doi.org/10.1093/intimm/dxh267
http://www.ncbi.nlm.nih.gov/pubmed/15908444
http://doi.org/10.4161/cam.1.3.5114
http://www.ncbi.nlm.nih.gov/pubmed/19262134
http://doi.org/10.1186/s12977-014-0102-z
http://doi.org/10.1371/journal.pone.0008577
http://www.ncbi.nlm.nih.gov/pubmed/20052414


Viruses 2023, 15, 622 25 of 28

25. Pisitkun, T.; Shen, R.F.; Knepper, M.A. Identification and proteomic profiling of exosomes in human urine. Proc. Natl. Acad. Sci.
USA 2004, 101, 13368–13373. [CrossRef]

26. Smith, J.A.; Daniel, R. Human vaginal fluid contains exosomes that have an inhibitory effect on an early step of the HIV‑1 life
cycle. AIDS 2016, 30, 2611–2616. [CrossRef]

27. Vojtech, L.; Woo, S.; Hughes, S.; Levy, C.; Ballweber, L.; Sauteraud, R.P.; Strobl, J.; Westerberg, K.; Gottardo, R.; Tewari, M.; et al.
Exosomes in human semen carry a distinctive repertoire of small non‑coding RNAs with potential regulatory functions. Nucleic
Acids Res. 2014, 42, 7290–7304. [CrossRef]

28. Madison, M.N.; Jones, P.H.; Okeoma, C.M. Exosomes in human semen restrict HIV‑1 transmission by vaginal cells and block
intravaginal replication of LP‑BM5 murine AIDS virus complex. Virology 2015, 482, 189–201. [CrossRef]

29. Madison, M.N.; Okeoma, C.M. Exosomes: Implications in HIV‑1 Pathogenesis. Viruses 2015, 7, 4093–4118. [CrossRef]
30. Madison, M.N.; Welch, J.L.; Okeoma, C.M. Isolation of Exosomes from Semen for in vitro Uptake and HIV‑1 Infection Assays.

Bio‑protocol 2017, 7, e2216. [CrossRef]
31. Welch, J.L.; Kaddour, H.; Schlievert, P.M.; Stapleton, J.T.; Okeoma, C.M. Articles of Significant Interest in This Issue. J. Virol.

2018, 92. [CrossRef]
32. Welch, J.L.; Kaddour, H.; Schlievert, P.M.; Stapleton, J.T.; Okeoma, C.M. Semen exosomes promote transcriptional silencing of

HIV‑1 by disrupting NF‑kB/Sp1/Tat circuitry. J. Virol. 2018, 92, e00731‑18. [CrossRef]
33. Welch, J.L.; Kaddour, H.; Winchester, L.; Fletcher, C.V.; Stapleton, J.T.; Okeoma, C.M. Semen Extracellular Vesicles From HIV‑1‑

Infected Individuals Inhibit HIV‑1 Replication In Vitro, and Extracellular Vesicles Carry Antiretroviral Drugs In Vivo. J. Acquir.
Immune Defic. Syndr. 2020, 83, 90–98. [CrossRef]

34. Welch, J.L.; Madison,M.N.; Margolick, J.B.; Galvin, S.; Gupta, P.; Martinez‑Maza, O.; Dash, C.; Okeoma, C.M. Effect of prolonged
freezing of semen on exosome recovery and biologic activity. Sci. Rep. 2017, 7, 45034. [CrossRef] [PubMed]

35. Welch, J.L.; Stapleton, J.T.; Okeoma, C.M. Vehicles of intercellular communication: Exosomes and HIV‑1. J. Gen. Virol. 2019,
100, 350. [CrossRef] [PubMed]

36. Lyu, Y.; Kaddour, H.; Kopcho, S.; Panzner, T.D.; Shouman, N.; Kim, E.‑Y.; Martinson, J.; McKay, H.; Martinez‑Maza, O.; Mar‑
golick, J.B.; et al. Human Immunodeficiency Virus (HIV) Infection and Use of Illicit Substances Promote Secretion of Semen
Exosomes that Enhance Monocyte Adhesion and Induce Actin Reorganization and Chemotactic Migration. Cells 2019, 8, 1027.
[CrossRef] [PubMed]

37. Kadiu, I.; Narayanasamy, P.; Dash, P.K.; Zhang, W.; Gendelman, H.E. Biochemical and biologic characterization of exosomes
and microvesicles as facilitators of HIV‑1 infection in macrophages. J. Immunol. 2012, 189, 744–754. [CrossRef] [PubMed]

38. Katz, B.Z.; Salimi, B.; Gadd, S.L.; Huang, C.C.; Kabat, W.J.; Kersey, D.; McCabe, C.; Heald‑Sargent, T.; Katz, E.D.; Yogev, R.
Differential gene expression of soluble CD8+ T‑cell mediated suppression of HIV replication in three older children. J. Med.
Virol. 2011, 83, 24–32. [CrossRef]

39. Khatua, A.K.; Taylor, H.E.; Hildreth, J.E.; Popik, W. Exosomes packaging APOBEC3G confer human immunodeficiency virus
resistance to recipient cells. J. Virol. 2009, 83, 512–521. [CrossRef]

40. Kodidela, S.; Wang, Y.; Patters, B.J.; Gong, Y.; Sinha, N.; Ranjit, S.; Gerth, K.; Haque, S.; Cory, T.; McArthur, C.; et al. Proteomic
Profiling of Exosomes Derived from Plasma of HIV‑Infected Alcohol Drinkers and Cigarette Smokers. J. Neuroimmune Pharmacol.
2019, 15, 501–519. [CrossRef]

41. Konadu, K.A.; Chu, J.; Huang, M.B.; Amancha, P.K.; Armstrong, W.; Powell, M.D.; Villinger, F.; Bond, V.C. Association of
Cytokines With Exosomes in the Plasma of HIV‑1‑Seropositive Individuals. J. Infect. Dis. 2015, 211, 1712–1716. [CrossRef]
[PubMed]

42. Konadu, K.A.; Huang, M.B.; Roth, W.; Armstrong, W.; Powell, M.; Villinger, F.; Bond, V. Isolation of Exosomes from the Plasma
of HIV‑1 Positive Individuals. J. Vis. Exp. 2016, 107, e53495. [CrossRef]

43. Kramer, B.; Pelchen‑Matthews, A.; Deneka,M.; Garcia, E.; Piguet, V.; Marsh,M.HIV interactionwith endosomes inmacrophages
and dendritic cells. Blood Cells Mol. Dis. 2005, 35, 136–142. [CrossRef] [PubMed]

44. Lenassi, M.; Cagney, G.; Liao, M.; Vaupotic, T.; Bartholomeeusen, K.; Cheng, Y.; Krogan, N.J.; Plemenitas, A.; Peterlin, B.M. HIV
Nef is secreted in exosomes and triggers apoptosis in bystander CD4+ T cells. Traffic 2010, 11, 110–122. [CrossRef]

45. Li, M.; Aliotta, J.M.; Asara, J.M.; Tucker, L.; Quesenberry, P.; Lally, M.; Ramratnam, B. Quantitative proteomic analysis of
exosomes from HIV‑1‑infected lymphocytic cells. Proteomics 2012, 12, 2203–2211. [CrossRef]

46. Narayanan, A.; Iordanskiy, S.; Das, R.; Van Duyne, R.; Santos, S.; Jaworski, E.; Guendel, I.; Sampey, G.; Dalby, E.; Iglesias‑Ussel,
M.; et al. Exosomes derived from HIV‑1‑infected cells contain trans‑activation response element RNA. J. Biol. Chem. 2013, 288,
20014–20033. [CrossRef]

47. Naslund, T.I.; Paquin‑Proulx, D.; Paredes, P.T.; Vallhov, H.; Sandberg, J.K.; Gabrielsson, S. Exosomes from breast milk inhibit
HIV‑1 infection of dendritic cells and subsequent viral transfer to CD4+ T cells. AIDS 2014, 28, 171–180. [CrossRef]

48. Nguyen, D.G.; Booth, A.; Gould, S.J.; Hildreth, J.E. Evidence that HIV budding in primary macrophages occurs through the
exosome release pathway. J. Biol. Chem. 2003, 278, 52347–52354. [CrossRef]

49. Park, I.W.; He, J.J. HIV‑1 is budded from CD4+ T lymphocytes independently of exosomes. Virol. J. 2010, 7, 234. [CrossRef]
50. Nakamura, H.; DeRose, R.; Inoue, T. Harnessing biomolecular condensates in living cells. J. Biochem. 2019, 166, 13–27. [CrossRef]
51. Barberán‑Soler, S.; Vo, J.M.; Hogans, R.E.; Dallas, A.; Johnston, B.H.; Kazakov, S.A. Decreasing miRNA sequencing bias using a

single adapter and circularization approach. Genome Biol. 2018, 19, 105. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.0403453101
http://doi.org/10.1097/QAD.0000000000001236
http://doi.org/10.1093/nar/gku347
http://doi.org/10.1016/j.virol.2015.03.040
http://doi.org/10.3390/v7072810
http://doi.org/10.21769/BioProtoc.2216
http://doi.org/10.1128/JVI.01514-18
http://doi.org/10.1128/JVI.00731-18
http://doi.org/10.1097/QAI.0000000000002233
http://doi.org/10.1038/srep45034
http://www.ncbi.nlm.nih.gov/pubmed/28338013
http://doi.org/10.1099/jgv.0.001193
http://www.ncbi.nlm.nih.gov/pubmed/30702421
http://doi.org/10.3390/cells8091027
http://www.ncbi.nlm.nih.gov/pubmed/31484431
http://doi.org/10.4049/jimmunol.1102244
http://www.ncbi.nlm.nih.gov/pubmed/22711894
http://doi.org/10.1002/jmv.21933
http://doi.org/10.1128/JVI.01658-08
http://doi.org/10.1007/s11481-019-09853-2
http://doi.org/10.1093/infdis/jiu676
http://www.ncbi.nlm.nih.gov/pubmed/25512626
http://doi.org/10.3791/53495
http://doi.org/10.1016/j.bcmd.2005.06.006
http://www.ncbi.nlm.nih.gov/pubmed/16087369
http://doi.org/10.1111/j.1600-0854.2009.01006.x
http://doi.org/10.1002/pmic.201100376
http://doi.org/10.1074/jbc.M112.438895
http://doi.org/10.1097/QAD.0000000000000159
http://doi.org/10.1074/jbc.M309009200
http://doi.org/10.1186/1743-422X-7-234
http://doi.org/10.1093/jb/mvz028
http://doi.org/10.1186/s13059-018-1488-z
http://www.ncbi.nlm.nih.gov/pubmed/30173660


Viruses 2023, 15, 622 26 of 28

52. Arroyo, J.D.; Chevillet, J.R.; Kroh, E.M.; Ruf, I.K.; Pritchard, C.C.; Gibson, D.F.; Mitchell, P.S.; Bennett, C.F.; Pogosova‑
Agadjanyan, E.L.; Stirewalt, D.L.; et al. Argonaute2 complexes carry a population of circulating microRNAs independent of
vesicles in human plasma. Proc. Natl. Acad. Sci. USA 2011, 108, 5003–5008. [CrossRef] [PubMed]

53. Licursi, V.; Conte, F.; Fiscon, G.; Paci, P. MIENTURNET: An interactive web tool for microRNA‑target enrichment and network‑
based analysis. BMC Bioinform. 2019, 20, 545. [CrossRef]

54. Houzet, L.; Jeang, K.T. MicroRNAs and human retroviruses. Biochim. Biophys. Acta 2011, 1809, 686–693. [CrossRef] [PubMed]
55. Schopman, N.C.; van Montfort, T.; Willemsen, M.; Knoepfel, S.A.; Pollakis, G.; van Kampen, A.; Sanders, R.W.; Haasnoot, J.;

Berkhout, B. Selective packaging of cellular miRNAs in HIV‑1 particles. Virus Res. 2012, 169, 438–447. [CrossRef] [PubMed]
56. Chang, S.T.; Thomas, M.J.; Sova, P.; Green, R.R.; Palermo, R.E.; Katze, M.G. Next‑generation sequencing of small RNAs from

HIV‑infected cells identifies phasedmicrorna expression patterns and candidate novelmicroRNAs differentially expressed upon
infection. mBio 2013, 4, e00549‑12. [CrossRef] [PubMed]

57. Kaddour, H.; Kopcho, S.; Lyu, Y.; Shouman, N.; Paromov, V.; Pratap, S.; Dash, C.; Kim, E.‑Y.; Martinson, J.; McKay, H.; et al. HIV‑
infection and cocaine use regulate semen extracellular vesicles proteome and miRNAome in a manner that mediates strategic
monocyte haptotaxis governed by miR‑128 network. Cell. Mol. Life Sci. 2021, 79, 5. [CrossRef]

58. Kumar, V.; Torben, W.; Mansfield, J.; Alvarez, X.; Vande Stouwe, C.; Li, J.; Byrareddy, S.N.; Didier, P.J.; Pahar, B.; Molina, P.E.;
et al. Cannabinoid Attenuation of Intestinal Inflammation in Chronic SIV‑Infected RhesusMacaques Involves T Cell Modulation
and Differential Expression of Micro‑RNAs and Pro‑inflammatory Genes. Front. Immunol. 2019, 10, 914. [CrossRef]

59. Chandra, L.C.; Kumar, V.; Torben, W.; Vande Stouwe, C.; Winsauer, P.; Amedee, A.; Molina, P.E.; Mohan, M. Chronic ad‑
ministration of Delta9‑tetrahydrocannabinol induces intestinal anti‑inflammatory microRNA expression during acute simian
immunodeficiency virus infection of rhesus macaques. J. Virol. 2015, 89, 1168–1181. [CrossRef]

60. Molina, P.E.; Winsauer, P.; Zhang, P.; Walker, E.; Birke, L.; Amedee, A.; Stouwe, C.V.; Troxclair, D.; McGoey, R.; Varner, K.; et al.
Cannabinoid administration attenuates the progression of simian immunodeficiency virus. AIDS Res. Hum. Retrovir. 2011, 27,
585–592. [CrossRef]

61. Winsauer, P.J.; Molina, P.E.; Amedee, A.M.; Filipeanu, C.M.; McGoey, R.R.; Troxclair, D.A.; Walker, E.M.; Birke, L.L.; Stouwe,
C.V.; Howard, J.M.; et al. Tolerance to chronic delta‑9‑tetrahydrocannabinol (Delta(9)‑THC) in rhesus macaques infected with
simian immunodeficiency virus. Exp. Clin. Psychopharmacol. 2011, 19, 154–172. [CrossRef] [PubMed]

62. Kechin, A.; Boyarskikh, U.; Kel, A.; Filipenko, M. cutPrimers: A New Tool for Accurate Cutting of Primers from Reads of
Targeted Next Generation Sequencing. J. Comput. Biol. 2017, 24, 1138–1143. [CrossRef] [PubMed]

63. Heberle, H.; Meirelles, G.V.; da Silva, F.R.; Telles, G.P.; Minghim, R. InteractiVenn: A web‑based tool for the analysis of sets
through Venn diagrams. BMC Bioinform. 2015, 16, 169. [CrossRef] [PubMed]

64. Metsalu, T.; Vilo, J. ClustVis: A web tool for visualizing clustering of multivariate data using Principal Component Analysis and
heatmap. Nucleic Acids Res. 2015, 43, W566–W570. [CrossRef]

65. Turchinovich, A.; Weiz, L.; Langheinz, A.; Burwinkel, B. Characterization of extracellular circulating microRNA. Nucleic Acids
Res. 2011, 39, 7223–7233. [CrossRef]

66. Vickers, K.C.; Palmisano, B.T.; Shoucri, B.M.; Shamburek, R.D.; Remaley, A.T. MicroRNAs are transported in plasma and deliv‑
ered to recipient cells by high‑density lipoproteins. Nat. Cell Biol. 2011, 13, 423–433. [CrossRef]

67. Lv, J.; Zeng, Y.; Qian, Y.; Dong, J.; Zhang, Z.; Zhang, J. MicroRNA let‑7c‑5p improves neurological outcomes in a murine model
of traumatic brain injury by suppressing neuroinflammation and regulating microglial activation. Brain Res. 2018, 1685, 91–104.
[CrossRef]

68. Zhang, J.; Han, L.; Chen, F. Let‑7a‑5p regulates the inflammatory response in chronic rhinosinusitis with nasal polyps. Diagn.
Pathol. 2021, 16, 27. [CrossRef]

69. Yuan, H.; Zhang, H.; Hong, L.; Zhao, H.;Wang, J.; Li, H.; Che, H.; Zhang, Z.MicroRNA let‑7c‑5p SuppressedLipopolysaccharide‑
Induced Dental Pulp Inflammation by Inhibiting Dentin Matrix Protein‑1‑Mediated Nuclear Factor kappa B (NF‑κB) Pathway
In Vitro and In Vivo. Med. Sci. Monit. 2018, 24, 6656–6665. [CrossRef]

70. Bernstein, D.L.; Zuluaga‑Ramirez, V.; Gajghate, S.; Reichenbach, N.L.; Polyak, B.; Persidsky, Y.; Rom, S. miR‑98 reduces endothe‑
lial dysfunction by protecting blood‑brain barrier (BBB) and improves neurological outcomes in mouse ischemia/reperfusion
stroke model. J. Cereb. Blood Flow Metab. 2020, 40, 1953–1965. [CrossRef]

71. Rom, S.; Dykstra, H.; Zuluaga‑Ramirez, V.; Reichenbach, N.L.; Persidsky, Y. miR‑98 and let‑7g* protect the blood‑brain barrier
under neuroinflammatory conditions. J. Cereb. Blood Flow Metab. 2015, 35, 1957–1965. [CrossRef] [PubMed]

72. Bernstein, D.L.; Gajghate, S.; Reichenbach, N.L.; Winfield, M.; Persidsky, Y.; Heldt, N.A.; Rom, S. let‑7g counteracts endothelial
dysfunction and ameliorating neurological functions in mouse ischemia/reperfusion stroke model. Brain Behav. Immun. 2020,
87, 543–555. [CrossRef] [PubMed]

73. Triboulet, R.; Mari, B.; Lin, Y.L.; Chable‑Bessia, C.; Bennasser, Y.; Lebrigand, K.; Cardinaud, B.; Maurin, T.; Barbry, P.; Baillat, V.;
et al. Suppression of microRNA‑silencing pathway by HIV‑1 during virus replication. Science 2007, 315, 1579–1582. [CrossRef]
[PubMed]

74. Chiang, K.; Rice, A.P. Mini ways to stop a virus: microRNAs and HIV‑1 replication. Future Virol. 2011, 6, 209–221. [CrossRef]
[PubMed]

http://doi.org/10.1073/pnas.1019055108
http://www.ncbi.nlm.nih.gov/pubmed/21383194
http://doi.org/10.1186/s12859-019-3105-x
http://doi.org/10.1016/j.bbagrm.2011.05.009
http://www.ncbi.nlm.nih.gov/pubmed/21640212
http://doi.org/10.1016/j.virusres.2012.06.017
http://www.ncbi.nlm.nih.gov/pubmed/22728443
http://doi.org/10.1128/mBio.00549-12
http://www.ncbi.nlm.nih.gov/pubmed/23386435
http://doi.org/10.1007/s00018-021-04068-2
http://doi.org/10.3389/fimmu.2019.00914
http://doi.org/10.1128/JVI.01754-14
http://doi.org/10.1089/aid.2010.0218
http://doi.org/10.1037/a0023000
http://www.ncbi.nlm.nih.gov/pubmed/21463073
http://doi.org/10.1089/cmb.2017.0096
http://www.ncbi.nlm.nih.gov/pubmed/28715235
http://doi.org/10.1186/s12859-015-0611-3
http://www.ncbi.nlm.nih.gov/pubmed/25994840
http://doi.org/10.1093/nar/gkv468
http://doi.org/10.1093/nar/gkr254
http://doi.org/10.1038/ncb2210
http://doi.org/10.1016/j.brainres.2018.01.032
http://doi.org/10.1186/s13000-021-01089-0
http://doi.org/10.12659/MSM.909093
http://doi.org/10.1177/0271678X19882264
http://doi.org/10.1038/jcbfm.2015.154
http://www.ncbi.nlm.nih.gov/pubmed/26126865
http://doi.org/10.1016/j.bbi.2020.01.026
http://www.ncbi.nlm.nih.gov/pubmed/32017988
http://doi.org/10.1126/science.1136319
http://www.ncbi.nlm.nih.gov/pubmed/17322031
http://doi.org/10.2217/fvl.10.92
http://www.ncbi.nlm.nih.gov/pubmed/21701674


Viruses 2023, 15, 622 27 of 28

75. Chaudhuri, E.; Dash, S.; Balasubramaniam, M.; Padron, A.; Holland, J.; Sowd, G.A.; Villalta, F.; Engelman, A.N.; Pandhare, J.;
Dash, C. The HIV‑1 capsid‑binding host factor CPSF6 is post‑transcriptionally regulated by the cellular microRNA miR‑125b. J.
Biol. Chem. 2020, 295, 5081–5094. [CrossRef] [PubMed]

76. Balasubramaniam, M.; Pandhare, J.; Dash, C. Are microRNAs Important Players in HIV‑1 Infection? An Update. Viruses 2018,
10, 110. [CrossRef] [PubMed]

77. Swaminathan, S.; Suzuki, K.; Seddiki, N.; Kaplan, W.; Cowley, M.J.; Hood, C.L.; Clancy, J.L.; Murray, D.D.; Méndez, C.; Gelgor,
L.; et al. Differential regulation of the Let‑7 family of microRNAs in CD4+ T cells alters IL‑10 expression. J. Immunol. 2012, 188,
6238–6246. [CrossRef] [PubMed]

78. Ayuso, C.; Rimola, J.; Vilana, R.; Burrel, M.; Darnell, A.; García‑Criado, Á.; Bianchi, L.; Belmonte, E.; Caparroz, C.; Barrufet, M.;
et al. Diagnosis and staging of hepatocellular carcinoma (HCC): Current guidelines. Eur. J. Radiol. 2018, 101, 72–81. [CrossRef]

79. Carossino, M.; Dini, P.; Kalbfleisch, T.S.; Loynachan, A.T.; Canisso, I.F.; Shuck, K.M.; Timoney, P.J.; Cook, R.F.; Balasuriya,
U.B.R. Downregulation of MicroRNA eca‑mir‑128 in Seminal Exosomes and Enhanced Expression of CXCL16 in the Stallion
Reproductive Tract Are Associatedwith Long‑Term Persistence of Equine Arteritis Virus. J. Virol. 2018, 92, e00015‑18. [CrossRef]

80. Bondanese, V.P.; Francisco‑Garcia, A.; Bedke, N.; Davies, D.E.; Sanchez‑Elsner, T. Identification of host miRNAs that may limit
human rhinovirus replication. World J. Biol. Chem. 2014, 5, 437–456. [CrossRef]

81. Eletto, D.; Russo, G.; Passiatore, G.; Del Valle, L.; Giordano, A.; Khalili, K.; Gualco, E.; Peruzzi, F. Inhibition of SNAP25 expression
by HIV‑1 Tat involves the activity of mir‑128a. J. Cell. Physiol. 2008, 216, 764–770. [CrossRef]

82. Bochnakian, A.; Zhen, A.; Zisoulis, D.G.; Idica, A.; KewalRamani, V.N.; Neel, N.; Daugaard, I.; Hamdorf, M.; Kitchen, S.; Lee,
K.; et al. Interferon‑Inducible MicroRNA miR‑128 Modulates HIV‑1 Replication by Targeting TNPO3 mRNA. J. Virol. 2019, 93,
e00364‑19. [CrossRef]

83. Idica, A.; Sevrioukov, E.A.; Zisoulis, D.G.; Hamdorf, M.; Daugaard, I.; Kadandale, P.; Pedersen, I.M. MicroRNA miR‑128 re‑
presses LINE‑1 (L1) retrotransposition by down‑regulating the nuclear import factor TNPO1. J. Biol. Chem. 2017, 292, 20494–
20508. [CrossRef]

84. Bruno, I.G.; Karam, R.; Huang, L.; Bhardwaj, A.; Lou, C.H.; Shum, E.Y.; Song, H.W.; Corbett, M.A.; Gifford, W.D.; Gecz, J.; et al.
Identification of a microRNA that activates gene expression by repressing nonsense‑mediated RNA decay. Mol. Cell 2011, 42,
500–510. [CrossRef] [PubMed]

85. Megraw, M.; Sethupathy, P.; Gumireddy, K.; Jensen, S.T.; Huang, Q.; Hatzigeorgiou, A.G. Isoform specific gene auto‑regulation
via miRNAs: A case study on miR‑128b and ARPP‑21. Theor. Chem. Acc. 2010, 125, 593–598. [CrossRef]

86. Rakhilin, S.V.; Olson, P.A.; Nishi, A.; Starkova, N.N.; Fienberg, A.A.; Nairn, A.C.; Surmeier, D.J.; Greengard, P. A network of
control mediated by regulator of calcium/calmodulin‑dependent signaling. Science 2004, 306, 698–701. [CrossRef] [PubMed]

87. Cao, D.; Zhu, H.; Zhao, Q.; Huang, J.; Zhou, C.; He, J.; Liang, Y. MiR‑128 suppresses metastatic capacity by targeting metadherin
in breast cancer cells. Biol. Res. 2020, 53, 43. [CrossRef]

88. Ge, X.; Gu, Y.; Li, D.; Jiang, M.; Zhao, S.; Li, Z.; Liu, S. Knockdown of lncRNA PCAT1 Enhances Radiosensitivity of Cervical
Cancer by Regulating miR‑128/GOLM1 Axis. OncoTargets Ther. 2020, 13, 10373–10385. [CrossRef]

89. Geng, Y.B.; Pan, C.C.; Xu, C.; Zuo, P.C.; Wang, Y.; Li, X.O.; Zhang, L.W. Long non‑coding RNALINC00346 regulates proliferation
and apoptosis by targeting miR‑128‑3p/SZRD1 axis in glioma. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 9581–9590. [CrossRef]

90. Wang, B.; Hang, J.; Li, W.; Yuan, W. Knockdown of LncRNA DLEU2 Inhibits Cervical Cancer Progression via Targeting miR‑
128‑3p. OncoTargets Ther. 2020, 13, 10173–10184. [CrossRef]

91. Wang, R.; Liu, L.; Jiao, J.; Gao, D. Knockdown of MIR4435‑2HG Suppresses the Proliferation, Migration and Invasion of Cervical
Cancer Cells via Regulating the miR‑128‑3p/MSI2 Axis in vitro. Cancer Manag. Res. 2020, 12, 8745–8756. [CrossRef]

92. Yao, Y.; Xu, Q.; Yan, L.; Jiao, Y.; Su, Q.; Li, X.; Liu, C.; Zhao, F. MiRNA‑128 and MiRNA‑142 Regulate Tumorigenesis and EMT
in Oral Squamous Cell Carcinoma Through HOXA10. Cancer Manag. Res. 2020, 12, 9987–9997. [CrossRef]

93. Liu, T.; Zhang, X.; Du, L.; Wang, Y.; Liu, X.; Tian, H.; Wang, L.; Li, P.; Zhao, Y.; Duan, W.; et al. Exosome‑transmitted miR‑128‑3p
increase chemosensitivity of oxaliplatin‑resistant colorectal cancer. Mol. Cancer 2019, 18, 43. [CrossRef] [PubMed]

94. Smirnova, L.; Gräfe, A.; Seiler, A.; Schumacher, S.; Nitsch, R.; Wulczyn, F.G. Regulation of miRNA expression during neural cell
specification. Eur. J. Neurosci. 2005, 21, 1469–1477. [CrossRef] [PubMed]

95. Persengiev, S.P.; Kondova, I.I.; Bontrop, R.E. The Impact of MicroRNAs on Brain Aging and Neurodegeneration. Curr. Gerontol.
Geriatr. Res. 2012, 2012, 359369. [CrossRef] [PubMed]

96. Lukiw, W.J. Micro‑RNA speciation in fetal, adult and Alzheimer’s disease hippocampus. Neuroreport 2007, 18, 297–300. [Cross‑
Ref] [PubMed]

97. Zare, M.; Soleimani, M.; Akbarzadeh, A.; Bakhshandeh, B.; Aghaee‑Bakhtiari, S.H.; Zarghami, N. A Novel Protocol to Differen‑
tiate Induced Pluripotent Stem Cells by Neuronal microRNAs to Provide a Suitable Cellular Model. Chem. Biol. Drug Des. 2015,
86, 232–238. [CrossRef] [PubMed]

98. Evangelisti, C.; Florian, M.C.; Massimi, I.; Dominici, C.; Giannini, G.; Galardi, S.; Buè, M.C.; Massalini, S.; McDowell, H.P.; Messi,
E.; et al. MiR‑128 up‑regulation inhibits Reelin and DCX expression and reduces neuroblastoma cell motility and invasiveness.
FASEB J. 2009, 23, 4276–4287. [CrossRef] [PubMed]

99. Godlewski, J.; Nowicki, M.O.; Bronisz, A.; Williams, S.; Otsuki, A.; Nuovo, G.; Raychaudhury, A.; Newton, H.B.; Chiocca,
E.A.; Lawler, S. Targeting of the Bmi‑1 oncogene/stem cell renewal factor by microRNA‑128 inhibits glioma proliferation and
self‑renewal. Cancer Res. 2008, 68, 9125–9130. [CrossRef]

http://doi.org/10.1074/jbc.RA119.010534
http://www.ncbi.nlm.nih.gov/pubmed/32152226
http://doi.org/10.3390/v10030110
http://www.ncbi.nlm.nih.gov/pubmed/29510515
http://doi.org/10.4049/jimmunol.1101196
http://www.ncbi.nlm.nih.gov/pubmed/22586040
http://doi.org/10.1016/j.ejrad.2018.01.025
http://doi.org/10.1128/JVI.00015-18
http://doi.org/10.4331/wjbc.v5.i4.437
http://doi.org/10.1002/jcp.21452
http://doi.org/10.1128/JVI.00364-19
http://doi.org/10.1074/jbc.M117.807677
http://doi.org/10.1016/j.molcel.2011.04.018
http://www.ncbi.nlm.nih.gov/pubmed/21596314
http://doi.org/10.1007/s00214-009-0647-4
http://doi.org/10.1126/science.1099961
http://www.ncbi.nlm.nih.gov/pubmed/15499021
http://doi.org/10.1186/s40659-020-00311-5
http://doi.org/10.2147/OTT.S263728
http://doi.org/10.26355/eurrev_202009_23046
http://doi.org/10.2147/OTT.S272292
http://doi.org/10.2147/CMAR.S265545
http://doi.org/10.2147/CMAR.S250093
http://doi.org/10.1186/s12943-019-0981-7
http://www.ncbi.nlm.nih.gov/pubmed/30890168
http://doi.org/10.1111/j.1460-9568.2005.03978.x
http://www.ncbi.nlm.nih.gov/pubmed/15845075
http://doi.org/10.1155/2012/359369
http://www.ncbi.nlm.nih.gov/pubmed/22312330
http://doi.org/10.1097/WNR.0b013e3280148e8b
http://doi.org/10.1097/WNR.0b013e3280148e8b
http://www.ncbi.nlm.nih.gov/pubmed/17314675
http://doi.org/10.1111/cbdd.12485
http://www.ncbi.nlm.nih.gov/pubmed/25430972
http://doi.org/10.1096/fj.09-134965
http://www.ncbi.nlm.nih.gov/pubmed/19713529
http://doi.org/10.1158/0008-5472.CAN-08-2629


Viruses 2023, 15, 622 28 of 28

100. Guidi,M.; Muiños‑Gimeno,M.; Kagerbauer, B.; Martí, E.; Estivill, X.; Espinosa‑Parrilla, Y. Overexpression ofmiR‑128 specifically
inhibits the truncated isoform of NTRK3 and upregulates BCL2 in SH‑SY5Y neuroblastoma cells. BMC Mol. Biol. 2010, 11, 95.
[CrossRef]

101. Papagiannakopoulos, T.; Friedmann‑Morvinski, D.; Neveu, P.; Dugas, J.C.; Gill, R.M.; Huillard, E.; Liu, C.; Zong, H.; Rowitch,
D.H.; Barres, B.A.; et al. Pro‑neural miR‑128 is a glioma tumor suppressor that targets mitogenic kinases. Oncogene 2012, 31,
1884–1895. [CrossRef] [PubMed]

102. Zhang, Y.; Chao, T.; Li, R.; Liu, W.; Chen, Y.; Yan, X.; Gong, Y.; Yin, B.; Liu, W.; Qiang, B.; et al. MicroRNA‑128 inhibits glioma
cells proliferation by targeting transcription factor E2F3a. J. Mol. Med. 2009, 87, 43–51. [CrossRef] [PubMed]

103. Lin, Q.; Wei, W.; Coelho, C.M.; Li, X.; Baker‑Andresen, D.; Dudley, K.; Ratnu, V.S.; Boskovic, Z.; Kobor, M.S.; Sun, Y.E.; et al.
The brain‑specific microRNA miR‑128b regulates the formation of fear‑extinction memory. Nat. Neurosci. 2011, 14, 1115–1117.
[CrossRef]

104. Wang, J.F.; Yu, M.L.; Yu, G.; Bian, J.J.; Deng, X.M.; Wan, X.J.; Zhu, K.M. SerummiR‑146a and miR‑223 as potential new biomark‑
ers for sepsis. Biochem. Biophys. Res. Commun. 2010, 394, 184–188. [CrossRef] [PubMed]

105. Tosar, J.P.; Gámbaro, F.; Sanguinetti, J.; Bonilla, B.; Witwer, K.W.; Cayota, A. Assessment of small RNA sorting into differ‑
ent extracellular fractions revealed by high‑throughput sequencing of breast cell lines. Nucleic Acids Res. 2015, 43, 5601–5616.
[CrossRef]

106. Cortez, M.A.; Bueso‑Ramos, C.; Ferdin, J.; Lopez‑Berestein, G.; Sood, A.K.; Calin, G.A. MicroRNAs in body fluids–the mix of
hormones and biomarkers. Nat. Rev. Clin. Oncol. 2011, 8, 467–477. [CrossRef]

107. Schwarzenbach, H.; Nishida, N.; Calin, G.A.; Pantel, K. Clinical relevance of circulating cell‑free microRNAs in cancer. Nat. Rev.
Clin. Oncol. 2014, 11, 145–156. [CrossRef]

108. Thomas, S.P.; Hoang, T.T.; Ressler, V.T.; Raines, R.T. Human angiogenin is a potent cytotoxin in the absence of ribonuclease
inhibitor. RNA 2018, 24, 1018–1027. [CrossRef]

109. Loo, J.M.; Scherl, A.; Nguyen, A.; Man, F.Y.; Weinberg, E.; Zeng, Z.; Saltz, L.; Paty, P.B.; Tavazoie, S.F. Extracellular metabolic
energetics can promote cancer progression. Cell 2015, 160, 393–406. [CrossRef]

110. Valadi, H.; Ekström, K.; Bossios, A.; Sjöstrand, M.; Lee, J.J.; Lötvall, J.O. Exosome‑mediated transfer of mRNAs and microRNAs
is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654–659. [CrossRef]

111. Zhang, L.; Hou, D.; Chen, X.; Li, D.; Zhu, L.; Zhang, Y.; Li, J.; Bian, Z.; Liang, X.; Cai, X.; et al. Exogenous plant MIR168a
specifically targets mammalian LDLRAP1: Evidence of cross‑kingdom regulation by microRNA. Cell Res. 2012, 22, 107–126.
[CrossRef] [PubMed]

112. Chen, X.; Ba, Y.; Ma, L.; Cai, X.; Yin, Y.; Wang, K.; Guo, J.; Zhang, Y.; Chen, J.; Guo, X.; et al. Characterization of microRNAs in
serum: A novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res. 2008, 18, 997–1006. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au‑
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1186/1471-2199-11-95
http://doi.org/10.1038/onc.2011.380
http://www.ncbi.nlm.nih.gov/pubmed/21874051
http://doi.org/10.1007/s00109-008-0403-6
http://www.ncbi.nlm.nih.gov/pubmed/18810376
http://doi.org/10.1038/nn.2891
http://doi.org/10.1016/j.bbrc.2010.02.145
http://www.ncbi.nlm.nih.gov/pubmed/20188071
http://doi.org/10.1093/nar/gkv432
http://doi.org/10.1038/nrclinonc.2011.76
http://doi.org/10.1038/nrclinonc.2014.5
http://doi.org/10.1261/rna.065516.117
http://doi.org/10.1016/j.cell.2014.12.018
http://doi.org/10.1038/ncb1596
http://doi.org/10.1038/cr.2011.158
http://www.ncbi.nlm.nih.gov/pubmed/21931358
http://doi.org/10.1038/cr.2008.282
http://www.ncbi.nlm.nih.gov/pubmed/18766170

	Introduction 
	Results 
	Isolation and Characterization of the Physical Properties of Blood Plasma Extracellular Vesicles (EVs) and Extracellular Condensates (ECs) 
	Complexity and Enrichment of Circulating miRNA in EVs and ECs 
	Predictive Functional and Pathways Categories of Differentially Enriched miRNAs in EVs and ECs 
	Common and Unique EV/EC-Associated miRNA-Linked Biological Networks and Functional Pathways 
	Effect of SIV Infection on EV and EC miRNAome 

	Materials and Methods 
	Macaques and Viruses (Used for This Study and the Follow-Up Study Presented in Manuscript 2) 
	Isolation of EVs and ECsViruses (Used for This Study and the Follow-Up Study in Manuscript 2) 
	Transmission Electron Microscopy (TEM) 
	Nanoparticle Tracking Analysis (NTA) (Used for This Study and the Follow-Up Study in Manuscript 2) 
	Total RNA Isolation (Used for This Study and the Follow-Up Study in Manuscript 2) 
	Library Preparation and sRNA Sequencing (Used for This Study and the Follow-Up Study in Manuscript 2) 
	Identification of Common miRNAs (Used for This Study and the Follow-Up Study in Manuscript 2) 
	PCA Plot and Heatmap Generation (Used for This Study and the Follow-Up Study in Manuscript 2) 
	Identification of Differentially-Enriched miRNAs (Used for This Study and the Follow-Up Study in Manuscript 2) 
	miRNA-Target Enrichment Analysis (Used for This Study and the Follow-Up Study in Manuscript 2) 
	Validation of miRNA by Real-Time Quantitative PCR (RT-qPCR) 
	Statistical Analyses (Used for This Study and the Follow-Up Study in Manuscript 2) 

	Discussion 
	References

