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Background. The role of extracellular vesicles (EVs) in human immunodeficiency virus (HIV) pathogenesis is unknown. We ex-
amine the cellular origin of plasma microvesicles (MVs), a type of ectocytosis-derived EV, the presence of mitochondria in MVs, and 
their relationship to circulating cell-free mitochondrial deoxyribonucleic acid (ccf-mtDNA) in HIV-infected patients and controls.

Methods. Five participant groups were defined: 30 antiretroviral therapy (ART)-naive; 30 ART-treated with nondetectable vi-
remia; 30 elite controllers; 30 viremic controllers; and 30 HIV-uninfected controls. Microvesicles were quantified and characterized 
from plasma samples by flow cytometry. MitoTrackerDeepRed identified MVs containing mitochondria and ccf-mtDNA was quan-
tified by real-time polymerase chain reaction.

Results. Microvesicle numbers were expanded at least 10-fold in all HIV-infected groups compared with controls. More than 
79% were platelet-derived MVs. Proportions of MVs containing mitochondria (22.3% vs 41.6%) and MV mitochondrial density (706 
vs 1346) were significantly lower among HIV-infected subjects than controls, lowest levels for those on ART. Microvesicle numbers 
correlated with ccf-mtDNA levels that were higher among HIV-infected patients.

Conclusions. A massive release of platelet-derived MVs occurs during HIV infection. Some MVs contain mitochondria, but 
their proportion and mitochondrial densities were lower in HIV infection than in controls. Platelet-derived MVs may be biomarkers 
of platelet activation, possibly reflecting pathogenesis even in absence of HIV replication.

Keywords.  elite controllers; extracellular vesicles; HIV; microvesicles; mitochondria.

Antiretroviral therapy (ART) has dramatically improved out-
comes in human immunodeficiency virus (HIV) infection [1]. 
Despite suppression of HIV replication with ART, immune ac-
tivation, heightened coagulation, and inflammation often per-
sist [2]. High levels of inflammatory mediators are linked to 

acquired immune deficiency syndrome (AIDS) and non-AIDS 
morbidities and mortality [3–5]. Because the underlying mech-
anisms of these relationships have not been fully elucidated, 
better characterization of the proinflammatory and procoagu-
lant environment and its role in disease outcome is warranted.

Increasing evidence supports a role for extracellular vesicles 
(EVs) in cancer, cardiovascular and neurologic diseases, and 
viral infections. Extracellular vesicles comprise a heterogeneous 
population of membrane-bound vesicles secreted by various 
cells into different body fluids including blood, urine, saliva, 
semen, and breast milk. Initially described as a waste elimi-
nation pathway, EVs facilitate intercellular communication, 
allowing cells to exchange proteins, lipids, genetic materials, 
and cytokines [6–10]. Extracellular vesicles also shuttle intact 
or fragmented mitochondria between cells preserving cellular 
homeostasis and triggering alert signals [11, 12].

Extracellular vesicles have been implicated in HIV path-
ogenesis, activating recipient cells, increasing levels of 
proinflammatory cytokines, viral replication, and carcinogenesis 
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[13–16]. The exact role of EVs in HIV pathogenesis remains 
poorly understood in part due to the enormous variability in 
EV phenotypes (eg, size, cellular origins, cargo) and in method-
ologies for EV isolation and analysis. Extracellular vesicles are 
generally classified into 2 types: submicron-size microvesicles 
(MVs) derived from ectocytosis, and nanometer-size (30 to 
150 nm) exosomes derived from exocytosis [17].

We evaluated the profile of a subset of approximately 300 to 
1000 nm-sized plasma MVs that expressed tetraspanin CD9 in 
well characterized cohorts of HIV-infected patients and HIV-
uninfected controls. We observed a massive increase of circu-
lating MVs among HIV-infected patients irrespective of HIV 
control. Most were derived from platelets. Some MVs contained 
mitochondria, yet mitochondrial content was lower in HIV in-
fection than among controls, especially for persons on suppres-
sive ART. Circulating cell-free mitochondrial deoxyribonucleic 
acid (ccf-mtDNA) levels correlated with total MV numbers 
and with MV subpopulations containing mitochondria and/or 
platelet markers.

METHODS

Study Design

Frozen plasma samples were obtained with informed con-
sent from the Spanish AIDS Research Network (RIS) from 
University Hospital of Ferrol and Hospital Álvaro Cunqueiro, 
Vigo. There were 30 patients in 5 groups: (1) ART-naive patients; 
(2) ART-treated patients with nondetectable viremia for at least 
1 year; (3) elite controllers (EC) with <50 HIV-ribonucleic acid 
(RNA) copies/mL in the absence of ART for at least 12 months 
(from the RIS cohort of HIV Controllers Study Group (ECRIS) 
[18]); (4) viremic controllers (VC) with HIV-RNA between 50 
and 2000 copies/mL without ART for more than 1 year (from 
ECRIS); and (5) HIV-uninfected controls. The study was ap-
proved by the regional Ethic Committee (CAEIG), an external 
Scientific and Ethic Committee of the HIV Biobank (Spanish 
HIV/AIDS Research Network).

Plasma Cell-Free Mitochondrial Deoxyribonucleic Acid Quantification

Blood was drawn in ethylenediaminetetraacetic acid (ETDA) 
tubes, sedimented over Ficoll-Hypaque and plasma collected. 
Circulating cell-free mitochondrial DNA (ccf-mtDNA) was 
quantified as described [19]. An equal volume of phosphate-
buffered saline (PBS) was added to 400 µL plasma and centri-
fuged at 16  000  ×g for 15 minutes at 4°C. Deoxyribonucleic 
acid was isolated using the DNAeasy Blood and Tissue kit 
(QIAGEN), and 100 µL elution buffer was added to solubilize 
the DNA.

Th ccf-mtDNA levels were measured in duplicate by SYBR 
Green dye-based quantitative real-time polymerase chain re-
action assay using a LightCycler II (Roche) thermal cycler. 
Ribosomal 12S RNA (mtDNA) primer sequences were as 
follows: forward CCACGGGAAACAGCAGTGAT; reverse 

CTATTGACTTGGGTTAATCGTGTGA. The ccf-mtDNA 
levels were calculated as described [19] and expressed as copies/
µL.

Microvesicle Isolation and Flow Cytometry

To 500 µL plasma, 500 µL PBS was added and then centrifuged 
at 16 000 ×g for 15 minutes at 4°C. The pellet containing MVs 
was resuspended gently with a cocktail of MitoTrackerDeepRed 
(Thermo Fisher) and the monoclonal antibodies: anti-CD3-
BUV737 (BD), anti-CD4-BUV395 (BD), anti-CD8-BV605 
(BD), anti-CD9-PE-Dazzle 594 (BioLegend), anti-CD11b-
PE-Cy7 (BD), anti-CD14-BV711 (BD), anti-CD16-APC-H7 
(BD), anti-CD41a-BV650 (BD), anti-CD56-APC-R700 (BD), 
anti-CD61-BV605 (BD), anti-CD62P-BUV395 (BD), anti-
CD66b-PerCP-Cy5.5 (BD), anti-CD146-BV421 (BioLegend). 
Size reference beads (Thermo Fisher) were used to determine 
MV size and to exclude residual platelets by gating. Liquid 
counting beads (BD) were used to enumerate MV number. 
Samples were run on a LSRFortessa (BD) flow cytometer and 
analyzed with FlowJo software.

Electron Microscopy

Plasma was pelleted from 100  mL whole blood from 2 un-
infected and 2 HIV-infected donors (University Hospitals, 
Cleveland Medical Center). Microvesicles in pellets were fixed 
in phosphate-buffered quarter-strength Karnofsky’s fixative 
as reported [20]. After rinsing in 0.1 M phosphate buffer (pH 
7.3), MVs were postfixed in ferrocyanide-reduced osmium te-
troxide. Semi-thin sections (0.7 μm) were cut with a diamond 
knife and stained with Toluidine blue. Thin sections (70 nm) 
were sequentially stained with acidified uranyl acetate followed 
by a modification of Sato’s triple lead stain [21] and examined in 
an FEI Tecnai Spirit (T12) with a Gatan US4000 4k × 4k CCD 
camera.

NanoSight Measurement of Extracellular Vesicles 

Microvesicles in plasma from 5 donors from each group were 
characterized for size distribution and concentration on a 
NanoSight NS300 (Malvern, UK) using Nanoparticle Tracking 
Analysis software (version 3.4). Plasma samples were diluted 
1:100–1:1000 in PBS and infused by a syringe pump set at 25. 
Three video captures of 60 seconds each were collected for each 
sample, and measurements were recorded at camera level 12 
and detection threshold of 5.

Statistical Analysis

Statistical analysis was performed using Statistical Package 
for the Social Sciences Software (v19.0; SPSS), using descrip-
tive statistics to summarize characteristics of the study pop-
ulation. Continuous variables were expressed as the median 
and interquartile range (IQR), and qualitative variables were 
expressed as percentages. For continuous variables, normality 
was assessed with the Kolmogorov-Smirnov test. Univariate 
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analyses using Student t test or Mann-Whitney U test com-
pared 2 groups, and analysis of variance or Kruskal-Wallis 
tests compared more than 2. The χ 2 test was used for quali-
tative variables to compare groups. Correlations were deter-
mined using Spearman’s correlation. A P < .05 was considered 
significant.

To construct the multivariate linear model, we first per-
formed a univariate analysis, then we selected all independent 
variables having a P value lower than .1. Variables with the 
highest P value were successively eliminated until the most ap-
propriate model was obtained.

RESULTS

Study Population

Antiretroviral therapy-exposed and EC groups had con-
trol of HIV replication, high CD4 cell counts, a CD4/CD8 
ratio close to or over 1, and were infected for a median of 
>13 years. The median time on ART for the treated patients 
was 9 years (IQR, 6–18), and most were receiving an integrase 
strand transfer inhibitor-based regimen (n = 15), 9 were on 
a protease inhibitor (PI)-based regimen, and 6 were on a 
non-nucleotide transcriptase inhibitor (NRTI)-based reg-
imen. Regarding the NRTI-backbone, 21 were on tenofovir 
disoproxil fumarate (TDF) or tenofovir alafenamide (TAF) 
+ lamivudine (3TC) or emtricitabine (FTC) or not receiving 
an NRTI, and the rest (n = 9) were on abacavir (ABC) + 3TC 
therapy. The ART-naive group had detectable HIV levels, 
low CD4 cell counts, a CD4/CD8 ratio lower than 1, and 
most were recently diagnosed (median 7 days after diagnosis 
of HIV infection) and had not yet begun treatment. The 
VC group includes chronically infected patients (median 
>6 years) with relative control of HIV replication with me-
dian HIV levels of 361 copies/mL without ART, CD4 counts 
>500 cells/mm3, and a CD4/CD8 ratio near 1.  The control 
group includes HIV-uninfected persons with high CD4 cell 
counts and an average CD4/CD8 ratio of 1.6 (Table 1).

Microvesicle Numbers, Cellular Source, and Mitochondrial Content

Extracellular vesicles (MVs and exosomes) in plasma were 
characterized by NanoSight. Total EV concentrations, 300–
1000  nm MV concentrations, and particle sizes are reported 
in Supplemental Table 1. Average size distribution profile and 
300–1000 nm EV size distributions are shown in Supplemental 
Figure 1.

Microvesicles were identified by size less than 1  µm and 
surface expression of tetraspanin CD9, which is expressed on 
all major subsets of leukocyte and endothelial cell surfaces 
(Figure 1). Median MV count was significantly higher among 
all the HIV-infected groups than in the control group (89 792 vs 
6982/mL; P < .001) (Table 2). Among the HIV-infected patients, 
the ART-naive group had the fewest MVs (68 468 vs 111 116/
mL; P < .001).

We next sought to determine the cellular origin of circulating 
MVs by staining for markers of platelets, neutrophils, T and B 
lymphocytes, and monocytes (Figure 1). Most of the MVs from 
HIV-infected participants had platelet surface markers (85.2% 
were CD61+/CD41a+ vs 40.6% among controls, P < .001). Few 
MVs expressed neutrophil markers (CD16+/CD11b+/CD66b+) 
among the HIV-infected patients, and this proportion was 
lower than among the controls (0.9% vs 6.2%, P < .001). Within 
the HIV-infected population, patients on ART showed lower 
levels of neutrophil-derived MVs than the rest (0.1% vs 1.3%, 
P < .001). Within the ART group, those patients receiving ABC 
showed slightly higher proportions of platelet-derived MVs 
than among those receiving TDF/TAF+3TC/FTC (94.6% vs 
89.9%, P  =  .04), even though the groups had similar platelet 
numbers (212 vs 212/μL, P = .894).

We found some MVs stained with MitoTrackerDeepRed, 
a mitochondria-labeling dye (Figure  2a). We confirmed the 
presence of morphologically intact mitochondria within MVs 
by electron microscopy (Figure  2b). The proportion of MVs 
containing mitochondria (mito+ MVs) was significantly lower 
among HIV-infected patients than among uninfected controls 

Table 1. Epidemiological and Clinical Characteristics of the Study Populationa

Characteristics Control (n = 30) ART Naive (n = 30) ART Exposed (n = 30) EC (n = 30) VC (n = 30) P Value

Age 36.0 [29.0–41.0] 41.0 [32.0–52.0] 52.0 [43.0–56.0] 52.5 [43.5–57.2] 50.5 [38.5–54.2] <.001

Sex (male) 50.0 (15) 71.0 (22) 66.7 (20) 50.0 (15) 56.7 (17) n.s.

Year of HIV diagnosis NA 2017 [2017–2018] 2004 [1997–2011] 1996 [1986–2004] 2003 [1990–2008] <.001

Days since HIV diagnosis NA 7 [0–64] 4803 [2316–7373] 5246 [2048–8249] 2347 [787–7421] <.001

HIV viral load (copies/mL) NA 27 450 [9700–110 000] ND ND [35–50] 361 [85–788] <.001

CD4 (cells/µL) 842 [712–1018] 456 [267–657] 827 [609–1071] 830 [519–1077] 670 [540–1100] <.001

CD8 (cells/µL) 474 [404–653] 983 [730–1284] 824 [512–933] 855 [637–1133] 925 [718–1177] <.001

CD4/CD8 ratio 1.6 [1.4–2.1] 0.4 [0.2–0.7] 1 [0.8–1.3] 0.9 [0.6–1] 0.8 [0.7–1] <.001

Platelet (cells/µL) 246 [211–275] 219 [186–257] 212 [192–245] n.a n.a n.s

Neutrophils (cells/µL) 3.40 [2.70–4.73] 2.64 [1.91–3.21] 3.67 [2.68–4.90] n.a. n.a .002

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus; NA, not applicable; ND, not detectable; n.s., not significant.
aData are expressed as median [interquartile range] and as percentage (n). Statistical significance was determined using χ 2 test and Kruskal-Wallis test for qualitative and continuous vari-
ables, respectively.
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(22.3% vs 41.6%, P <  .001), and those receiving ART had the 
lowest proportion of mito+ MVs (17.3% vs 24.0%, P  =  .003) 
(Table 2).

Neutrophil-derived MVs more often contained mitochon-
dria than did platelet-derived MVs in both controls (88.9% vs 

29.4%; P  <  .001) and HIV-infected donors (66.7% vs 19.4%; 
P  <  .001). Among HIV-infected donors, the lowest frequen-
cies of mito+ MVs from neutrophils or platelets were found 
among ART-treated patients (48.2% and 13.4%, respectively), 
with significant differences for platelet-derived MVs between 
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Figure 1. Gating strategy to characterize microvesicles (MVs) by flow cytometry. (a) Microvesicles less than 1 μM were gated using size reference beads and CD9 expres-
sion. Representative contour plots showing side scatter (SSC) and forward scatter (FSC) or CD9 labeling of MVs from antiretroviral therapy-exposed human immunodeficiency 
virus-infected donors (n = 30); (b) CD3 staining on plasma-derived MVs or peripheral blood-derived T cells; CD14 staining on plasma-derived MVs or monocytes, and CD41a 
and CD61 staining on plasma-derived MVs or platelets; (c) coexpression of CD11b and CD16 on MVs and CD66b staining on plasma-derived MVs subsets or peripheral blood-
derived neutrophils. 
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ART-treated patients and the rest of the HIV-infected popula-
tion never exposed to ART (13.4% vs 21.3%; P = .019) (Table 2).

Mitochondrial density (as measured by mean fluores-
cence intensity [MFI] of MitoTrackerDeepRed labeling) was 

also lower within mito+ MVs in the HIV-infected population 
than in controls (706 vs 1346; P  <  .001). Here too, the ART-
exposed group showed the lowest mitochondrial density, and 
this was moderately inversely correlated with the duration of 

Table 2. Microvesicles Profile and Mitochondrial Density (MFI) Among the Study Populationa

Control (n = 30) ART-Naive (n = 30) ART-Exposed (n = 30) EC (n = 30) VC (n = 30)
P 

Value

MVs (count/mL) 6982 [5185–8971] 68 468 [27 299–
145 591]

116 385 [66 713–
220 466]

120 009 [29 266–
377 811]

139 602 [81 729–259  
127]

<.001

Platelet-derived MVs (%) 40.6 [25.6–51.1] 84.8 [71.9–89.9] 91.8 [85.5–94.5] 79.7 [64.7–91.4] 81.9 [72.0–89.6] <.001

Neutrophil-derived MVs (%) 6.2 [2.7–24.2] 1.1 [0.3–2.4] 0.1 [0.1–0.5] 1.04 [0.3–6.6] 1.88 [0.3–4.5] <.001

mito+ MVs (count/mL) 2661 [1893–4196] 20 432 [7687–34 460] 19 710 [8262–30 118] 26 451 [7650–51 141] 29 783 [12 165–45 518] <.001

mito+ MVs (%) 41.65 [21.5–56.10] 24.30 [19.6–31.7] 17.35 [11.3–24.0] 24.20 [16.4–38.0] 23.40 [13.2–31.4] <.001

Platelet-derived mito+ MVs (%) 29.4 [19.3–37.2] 22.1 [16.6–25.1] 13.4 [11.1–21.7] 20.9 [10.6–36.7] 21.3 [10.8–29.6] <.001

Neutrophil-derived mito+  
MVs (%)

88.9 [72.5–93.1] 88.6 [57.9–98.1] 48.2 [34.8–81.7] 65.9 [31.4–84.3] 64.1 [30.1–85.9] <.001

Mitochondrial density (MFI) 1346 [1101–1799] 720 [691–1260] 628 [584–754] 764 [567–1038] 711 [632–796] <.001

Abbreviations: ART, antiretroviral therapy; EC, elite controllers; MFI, mitochondria fluorescence intensity; MV, microvesicle; VC, viremic controllers.
aData are expressed as median [interquartile range]. Statistical significance was determined using Kruskal-Wallis test.

A
Platelets

Mitotracker deep red

SS
C

SS
C

SS
C

92.3 59.5 11.0

Mitotracker deep red Mitotracker deep red

MVs - control MVs – Art-exposed

B

Figure 2. Microvesicles (MVs) contain mitochondria. (a) Representative contour plots showing side scatter (SSC) and MitoTrackerDeepRed labeling of platelets and MVs from 
human immunodeficiency virus (HIV)-uninfected controls (n = 30) or MVs from antiretroviral therapy (ART)-exposed HIV-infected donors (n = 30); (b) transmission electron mi-
croscopy visualization of plasma-derived MVs with (black arrow) and without (white arrow) mitochondria from an ART-exposed HIV-infected donor (representative of 2 donors).
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ART exposure (rho = −0.492; P = .012). The proportion of MVs 
containing mitochondria was lower among patients receiving 
ABC/3TC than among those receiving TDF/TAF+3TC/FTC 
(12.8% vs 18.5%; P = .032).

Circulating Cell-Free Mitochondrial Deoxyribonucleic Acid Levels and 

Correlation With Microvesicle Count

We next quantified plasma ccf-mtDNA and observed higher 
median levels of ccf-mtDNA among HIV-infected patients than 
in uninfected controls (50.2 vs 26.6 copies/μL, respectively; 
P < .001), with significantly higher median levels for the EC and 
VC groups (64.5 and 100.5 copies/μL, respectively; P  <  .001) 
(Figure 3).

The ccf-mtDNA levels positively correlated with total MV 
counts (rho = 0.392; P < .001) (Figure 4a). Positive correlations 
were found between ccf-mtDNA levels and total mito+ MVs 
(rho = 0.400; P < .001) and platelet-derived mito+ MVs (CD61+/
CD41a+, MitoTrackerDeepRed+) (rho  =  0.414; P  <  .001), 
but not neutrophil-derived mito+ MVs (CD16+/CD11b+, 
MitoTrackerDeepRed+) (rho = 0.147; P = .109) (Figure 4b–d).

Clinical Indices, Plasma Microvesicle Count, Circulating Cell-Free 

Mitochondrial Deoxyribonucleic Acid, and Mitochondrial Density

Within the HIV-infected population, neither age, sex, HIV viral 
load, nor CD4 or CD8 T-cell counts were related to the plasma 
MV numbers, nor to the proportions of mito+ MVs, the den-
sity of mitochondria within them, or the levels of ccf-mtDNA in 
plasma. Moreover, neither platelet nor neutrophil counts were 
related to the total MV counts, mito+ MV counts, or numbers of 
MVs derived from platelets or neutrophils (these numbers were 
not available for elite or viremic controllers).

Multivariate linear regression identified as independent cor-
relates of higher MV numbers: presence of HIV infection (B [re-
gression coefficient] = 48.2 × 103; 95% confidence interval [CI], 

4.5 × 103 to 91.8 × 103; P =  .031), MVs with platelet markers 
(B = 2.12; 95% CI, 1.97–2.27; P <  .001), and lower mitochon-
drial MFI (B = −57.7; 95% CI, −90.8 to −24.6; P <  .001) after 
proportions of mito+ MVs, ccf-mtDNA levels, and age were ex-
cluded from the model.

DISCUSSION

We report a significant increase in the number of circulating 
platelet-derived MVs during HIV infection; elevated MV num-
bers were not related to viroimmunological status or to ad-
ministration of ART, and some MVs contained mitochondria. 
Overall, we observed lower numbers of mito+ MVs and reduced 
mitochondrial density within MVs in HIV infection, especially 
for patients on ART. It is interesting to note that plasma ccf-
mtDNA levels correlated with the total number of MVs and 
with the MV subpopulations containing mitochondria and/or 
platelet markers. Moreover, higher levels of ccf-mtDNA were 
observed among HIV-infected patients, especially those with 
long-term natural control of HIV replication.

Human immunodeficiency virus infection is associated with 
activated platelets, even with virological suppression by ART, 
and platelet activation appears related to immune activation and 
inflammation [22, 23]. Activated platelets release MVs (with or 
without mitochondria) and release free mitochondria in vitro 
[24, 25]. Our findings may therefore reflect the consequences 
of platelet activation during HIV infection—a massive release 
of platelet-derived MVs—that we show here in a large popula-
tion (n = 120) of HIV-infected persons with different levels of 
virologic control, including patients with endogenous control 
of HIV replication. In concordance with our findings, Hijmans 
et al [26] recently described elevated numbers of plasma MVs 
derived from activated platelets in 15 HIV-infected patients on 
ART. Their MV numbers in both HIV-infected persons and 
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controls were similar to ours (124 [IQR, 86–169] vs 38 [IQR, 
30–78] microparticles/µL). They also found that MVs from 
HIV-infected donors promoted the release of cytokines and 
other inflammatory molecules by human endothelial cells in 
vitro, promoting inflammation, oxidative stress, senescence, 
and apoptosis. Thus, circulating MVs may transport inflam-
matory cytokines and other “danger signals” to endothelium 
during HIV infection that could contribute to an increased car-
diovascular disease risk observed in the HIV-infected popula-
tion [27, 28]. These findings warrant further studies to elucidate 
the specific role of MVs and other danger signals (ie, mtDNA) 
that they contain in the pathogenesis of HIV infection.

Recent studies have identified immunometabolic defects 
during HIV infection, suggesting a key role of mitochondrial 
dysfunction in HIV disease progression [29–32]. Mitochondrial 
dysfunction is associated with the spontaneous loss of virolog-
ical control in EC patients [30] and with immune nonresponse 
on ART [31]. Activated platelets from ART-controlled patients 
also have evidence of mitochondrial dysfunction [22]. In our 
study, although platelet-derived MV numbers were increased 
in HIV infection, their mitochondrial content was proportion-
ally diminished, and whereas mitochondrial density was de-
creased in MVs in all HIV+ groups, the lowest mitochondrial 
density was seen in MVs of ART-treated patients—consistent 

with observations that ART regimens may also contribute to 
mitochondrial dysfunction [33]. In particular, the proportion 
of MVs containing mitochondria was lower among patients re-
ceiving ABC/3TC than among those receiving TDF/TAF+3TC/
FTC. Additional studies evaluating biomarkers directly related 
with mitochondrial dysfunction to address the impact of cur-
rent ART drugs on the mitochondria and the mechanisms un-
derlying are warranted.

When mitochondrial damage occurs, mitophagy eliminates 
them to maintain cell health, inhibiting inflammation [34]. 
When mitophagy is impaired or inadequate, mitochondrial 
components leak into the cytosol, triggering danger-associated 
molecular pattern (DAMP)-mediated innate immune re-
sponses [26, 35]. Although we and others have described in-
creased levels of ccf-mtDNA during HIV infection [19, 36–38], 
its role as a DAMP and its relationship to with inflammation 
and disease outcome is still controversial [39–42].

We propose that during chronic HIV infection, effective 
mitophagy is maintained for patients on ART. In contrast, for 
patients with long-term natural control of HIV replication 
(EC and VC), mitophagy mechanisms may become exhausted 
and inefficient, allowing accumulation of damaged mitochon-
dria and mtDNA release, which could explain the higher levels 
of mtDNA in plasmas of EC and VC. It is plausible that the 
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presence of ccf-mtDNA in EC and VC may activate innate re-
sponses and contribute to the higher levels of inflammatory 
mediators that are linked with increased risk of comorbidities 
such as cardiovascular disease [43–46]. In this study, we ob-
served a correlation between plasma levels of ccf-mtDNA and 
the number of mito+ MVs. The release of ccf-mtDNA into the 
circulation (either free or MV-associated) is related to several 
pathogenic processes [47], but, to our knowledge, this is the first 
study that evaluated and correlated mito+ MV numbers with 
ccf-mtDNA levels during HIV infection.

The lower proportion of mito+ MVs and lower mitochondrial 
density observed within the ART-treated group might be related 
to the mitochondrial toxicity of the ART regimens as previously 
described with older NRTIs (eg, didanosine, stavudine) [48]. 
Although current HIV medications are far-better tolerated [49], 
it is possible that components of these regimens also alter mi-
tochondrial function. Accordingly, we found an inverse correla-
tion between ART duration and mitochondrial density, as well 
as a lower proportion of platelet-derived MVs containing mito-
chondria for patients who were receiving an ABC/3TC NRTI-
based regimen than among those receiving TDF or TAF/3TC 
or FTC. Higher levels of platelet-derived MVs among patients 
receiving ABC/3TC might be related to the greater platelet ag-
gregation observed in patients on ABC/3TC than in those on 
TAF [50]. Moreover, these observations need confirmation in a 
larger study to better understand the impact of current antire-
troviral drugs on mitochondrial homeostasis and to explore the 
significance of these observations on the occurrence of HIV-
related comorbidities.

The use of conventional flow cytometry reveals certain meth-
odological limitations in this study. We gated on MVs using for-
ward scatter to approximate size and antibody labeling of CD9 
to positively identify membrane components. However, some 
MVs were likely smaller than our detection threshold, so we may 
have underestimated MV numbers, although our numbers are 
consistent with other reports [26]. Because ccf-mtDNA quanti-
fication was performed from plasma samples after a 16 000 ×g 
centrifugation, we cannot exclude the possibility that some of 
the ccf-mtDNA we measured was contained within smaller 
vesicles (ie, exosomes) that require higher speed to pellet. Our 
preliminary experiments suggest that these mitochondria may 
be functional because they appear to metabolize dimethyl suc-
cinate (data not shown). This functionality of mitochondria 
should be confirmed and investigated with other methods.

CONCLUSIONS

In conclusion, we describe an increase of circulating platelet-
derived MVs during HIV infection irrespective of the level of 
HIV control. The ccf-mtDNA levels are highest among patients 
with natural control of HIV infection, and among HIV-infected 
patients, frequencies of mito+ MVs correlate with ccf-mtDNA 
levels. We propose a potential dual role for MVs as intercellular 

messengers that can deliver cytokine packages (and possibly 
mitochondria) and as products of mitophagy reflecting and/
or driving immune activation. High levels of mtDNA released 
into the circulation either within MVs or free due to inefficient 
mitophagy in patients with natural or pharmacological control 
of HIV replication might promote proinflammatory pathways, 
increasing the risk of cardiovascular and other comorbidities. 
More importantly, these indices should be examined further as 
potential surrogate biomarkers of platelet activation and mito-
chondrial dysfunction in the settings of treated and untreated 
HIV infection.
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samples by NanoSight.
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