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Background: Although effective antiretroviral therapy (ART) has improved the 
life expectancy of people with HIV (PWH), the prevalence of milder forms of 
HIV-associated neurocognitive disorders (HAND) persist, and it is associated 
with systemic and neuro-inflammatory processes that could impact other organ 
systems. However, the complex signaling mechanisms between the bone-kidney 
systems and the brain in HAND remain unknown. Extracellular vesicles (EVs) play 
a potential role in inter-organ communication and are involved in regulating 
cell activity in distant tissues. In this study, we examined whether levels of EVs 
from bone-and kidney-related cells associate with cognitive dysfunction and 
explored the relationship between kidney-bone EV axis in PWH experiencing 
cognitive deficits.

Methods: EV subtypes were characterized in plasma from 61 PWH with either 
cognitive impairment (CI, n  =  53) or normal cognition (NC, n  =  8) based on 
the American Academy of Neurology criteria for HIV-associated dementia 
(HAD, n  =  11), minor cognitive motor disorder (MCMD, n  =  25) or asymptomatic 
neurocognitive impairment (ANI, n  =  17) by spectral flow cytometry. EVs were 
profiled with markers reflecting bone and kidney cell origin. A support vector 
machine learning-based model was employed for analyses of EV phenotypes to 
predict the cognitive dysfunction.

Results: Plasma-EVs expressing osteocalcin, sclerostin, and nephrin were 
significantly higher in the cognitive impairment group compared to the normal 
cognition group. EVs bearing kidney cell markers correlated significantly with 
bone-derived EVs. A machine learning-based model, comprised of osteocalcin+, 
nephrin+, and CD24+ EVs predicted cognitive impairment in PWH on ART.

Conclusion: Our study reveals that neurocognitive impairment in PWH is 
associated with increased levels of plasma EVs enriched with the bone markers 
osteocalcin and sclerostin and the kidney marker nephrin, suggesting that 
these EV subtypes may be  novel candidate biomarkers for disease-spanning 
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neurocognitive dysfunction. Moreover, the relationship between bone-derived 
EVs with kidney-derived EVs may suggest their role in mediating inter-organ 
crosstalk in the pathogenesis of HIV-associated cognitive impairment.

KEYWORDS

extracellular vesicles, bone and kidney cells, cognitive impairment, human 
immunodeficiency virus, antiretroviral therapy

Introduction

Despite long term virological suppression by effective 
antiretroviral therapy (ART), milder forms of cognitive impairment, 
including asymptomatic neurocognitive impairment (ANI) and minor 
cognitive motor disorder (MCMD) continue to affect 10–30% of 
people with HIV (PWH) (1, 2). The pathophysiological mechanisms 
are still unclear but probably are associated with persistent immune 
activation and inflammation, blood–brain barrier dysfunction, 
metabolic changes, drugs of abuse, secondary effects of aging, and 
virus-induced neurotoxicity (3, 4). Furthermore, the pathogenesis of 
HIV-associated neurocognitive impairment in the era of ART appears 
to be  multifactorial with contributions from various age-related 
comorbidities, including osteoporosis and renal disease (5–7). To our 
knowledge, only a few studies have reported the association between 
bone or kidney markers and cognitive impairment in PWH (8–10), 
emphasizing the need for further investigation to explore potential 
links between the bone-kidney axis and cognitive function in the 
context of HIV infection. However, understanding disease 
mechanisms that drive cognitive impairment in PWH and identifying 
promising molecular targets and putative biomarkers has 
been challenging.

In recent years increasing attention has been given to the potential 
role of extracellular vesicles (EVs) in driving or modulating immune 
responses and cell-pathogen interactions (11). EVs have the ability to 
cross biological barriers to transfer functional proteins, viral proteins, 
microRNA (miRNAs), or other EV cargo to neighboring cells and 
mediate intercellular and inter-organ crosstalk between the brain and 
other organs (12). We recently showed that EVs expressing monocyte 
activation and neuronal markers associated with HIV-related 
neurocognitive impairment. We  further showed that circulating 
platelet EV levels were linked to monocyte activation indicating a 
potential interaction in the pathological processes involved in 
HIV-associated neurological disorders (13). Interestingly, a study 
performed by Jiang et  al. (14) showed that inhibition of young 
osteocyte-derived EVs contributed to accelerated cognitive 
impairment in an Alzheimer’s disease mouse model. Another study 
reported that urinary EVs expressing calbindin, a protein expressed 
in the kidney and brain, were associated with Parkinson’s disease 
individuals (15). In addition, it was found that miR-483-5p enriched 
EVs correlated with the bone loss in Alzheimer’s disease individuals, 
suggesting that EV miR-483-5p may serve as a mediator of neuronal 
control of bone remodeling (16). Given these findings, together with 
evidence of the communication between the brain and other organs, 
it would be  advantageous to focus on EVs carrying the surface 
proteins from specific parent cell types that may be engaged in the 
pathophysiology to narrow down off-target effects and provide 

valuable insights into the underlying disease mechanisms. 
Furthermore, EVs not only influence disease through cellular crosstalk 
but can also carry disease-specific signatures and mimic the status of 
their cell of origin. However, to our knowledge, there are no published 
human studies that have explored the role of EVs as key mediators in 
the crosstalk between the bone/kidney axis in PWH with cognitive 
impairment. This study assessed the interactions between the brain 
and bone/kidney systems in the context of HIV infection and 
cognitive impairment by determining the changes in circulating levels 
of EVs expressing bone and kidney related markers. Furthermore, 
we assessed the relationship of organ-derived EVs with each other 
based on surface markers from their cell of origin.

Methods

Study participants and sample collection

This study utilized stored plasma samples from the Hawaii Aging 
with HIV Cohort (HAHC) study, a longitudinal cohort designed to 
investigate the impact of age and HIV on cognitive function (17). At 
enrollment, demographic information, clinical laboratory data, and 
medical history were obtained. The cohort details have been published 
previously (18). This study was approved by the Institutional Review 
Board of the University of Hawaii Committee on Human Subjects, and 
all participants signed a written informed consent.

Sixty-one plasma samples from PWH were selected for EV 
analysis based on sample availability. Participants were classified with 
either normal cognition (n = 8) or cognitive impairment based on the 
American Academy of Neurology (AAN) criteria for HIV-associated 
dementia (HAD, n = 11), minor cognitive motor disorder (MCMD, 
n = 25) or asymptomatic neurocognitive impairment (ANI, n = 17) 
(19). Blood was collected in an EDTA tube and centrifuged at 2000 g 
for 10 min at 4°C, and the obtained plasma was stored at −80°C until 
further analysis.

Neurocognitive evaluation

The 80-min neuropsychological battery used within the HAHC 
has previously been described (18). Briefly, this battery was designed 
to assess multiple cognitive domains affected by HIV-infection 
including Choice and Sequential Reaction Time (CalCap), Rey 
Auditory Verbal Learning Test (RAVLT), Rey-Osterreith Complex 
Figure (RCF) Copy and Recall, Trail Making Tests A and B, WAIS-R 
Digit Symbol, Grooved Pegboard, Timed Gait, Odd Man Out, FAS, 
Animal Naming, Boston Naming Test (BNT), and WAIS-R Digit Span 
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(Forward and Backward). Scores were converted to normative-
adjusted z-scores from HIV seronegative subjects with similar risk 
profiles as the HAHC. A sum score (NPZ8) was constructed from the 
following tests: RAVLT trial 5, delayed recall and delayed recognition, 
RCF immediate recall and copy, Odd Man Out, FAS, Digit Symbol, 
CalCap choice and sequential reaction times, and Grooved Pegboard 
dominant and non-dominant hands. NPZ8 was used as a comparative, 
secondary assessment of neurocognitive impairment, but was not a 
determinate in NC/CI classification. All neuropsychological testing 
was performed by an examiner trained and supervised by a 
clinical neuropsychologist.

EV characterization by spectral flow 
cytometry

To determine EV quantity and putative cell source markers, 
plasma samples were thawed and promptly processed to minimize the 
impact of freeze–thaw cycles. EVs were isolated by centrifugation at 
2000 g for 15 min at 4°C and designated as large EVs in accordance 
with an ISEV position paper (20). As is known, EV is an umbrella 
term that encompasses smaller EVs (which would include exosome 
markers) and larger EVs, which can be generated from the cell surface, 
and there are no universal molecular markers for EV subtypes 
generated from the cell surface (20, 21). However, the selection of 
putative surface markers was guided by the source cell origin. Large 
EVs were stained using pre-titrated volumes of fluorochrome-
conjugated monoclonal antibodies in two separate panels, purchased 
from Santa Cruz Biotechnology unless otherwise noted: osteoblasts 
osteocalcin-PE, osteopontin-Alexa Fluor 790, DKK1 (dickkopf-1)-
Alexa fluor 594, and RANKL (receptor activator of NF-kB ligand)-
Alexa Fluor 647, osteocytes sclerostin-Alexa Fluor 488, osteoclasts 
RANK (receptor activator of NF-kB)-Alexa Fluor 488, glomerular 
epithelial cells nephrin-Alexa Fluor 647, and neph1-Alexa Fluor 790, 
renal cells cadherin16-PE, sialoglycoprotein CD24-BV421 
(BioLegend), and antigen-presenting cells MHC Class II (major 
histocompatibility complex class II)-BV510 (BioLegend) 
(Figures  1A,B). Fluorescence minus one controls were used to 
determine background signal. Antibodies were filtered using a using 
a pore size of 0.22 μm centrifugal filter (Millipore) to remove 
aggregates. One to 2 μL were added to 10 μL of EVs and incubated at 
4°C for 30 min. EVs were diluted in 0.22 μm-filtered PBS containing 
2.8% formaldehyde (BD stabilizing fixative) to appropriate dilutions 
to avoid coincident detection, as previously described (22).

Considering the methodological guidelines for EV studies (20, 
21), large EVs were characterized based on their cellular origin using 
a high-sensitivity spectral flow cytometer with five lasers (UV, violet, 
blue, yellow/green, and red; Cytek Biosciences).The MIFlowCyt 
checklist was included as Supplemental material. Quality control was 
performed using SpectroFlo QC Beads according to the manufacture’s 
instructions (Cytek Biosciences). A clean flow cell procedure was 
conducted prior to sample analysis to minimize EV carryover. A 
0.22 μm-filtered PBS control was recorded to estimate the background 
noise. Unstained samples were used under the same conditions as the 
stained EV samples to ensure accurate unmixing and autofluorescence 
quantitation by flow cytometry. Side scatter was measured using the 
405 nm violet laser at a threshold of 1,000 arbitrary units. Samples 
were acquired for 60 s at a low flow rate (~15 μL/min) and a double 
SIT flush was performed over the wash station after each acquisition. 

The reference bead mix (Apogee Flow Systems) composed of a 
mixture of 110 nm and 500 nm polystyrene (PS) beads, and 180, 240, 
300, 590, 880, and 1,300 silica beads were used to evaluate the 
fluorescence performance. EV gates were established using PS beads 
ranging from 80 nm to 1,300 nm (Apogee and NIST-traceable PS 
beads). Representative flow cytometry plots showing the expression 
of surface markers are shown in Figure  1C. EV counts/μL were 
calculated using the flow rate of the cytometer. Analysis was 
performed using SpectroFlo software (Cytek Biosciences).

Statistical analysis

Participant demographic and clinical characteristics are 
represented as frequencies or medians with interquartile range (IQR) 
for categorical and continuous variables, respectively. EV measures 
were log10 transformed and Shapiro–Wilk test was used to assess 
normality for all variables prior to statistical analysis. Comparisons 
between CI sub-groups (ANI/MCMD/HAD) were performed by 
Kruskal-Wallis tests, while chi-squared test was used to examine 
categorical differences. Mann–Whitney U test was used to examine 
unpaired differences of continuous measures. XGBoost modeling was 
used to assess the probability of cognitive status. XGBoost model was 
trained on a random sampling of 70% of the dataset, while the 
remaining 30% were reserved as a validation group. Receiver operating 
characteristic (ROC) plots were used to graphically represent model 
performance. Given the imbalance between classes (NC vs. CI) and 
the sensitivity of ROC area under the curve (AUC) has to class 
imbalance, accuracy score (sklearn v.1.2.0) was used to evaluate model 
performance. Spearman correlation coefficients were used to assess 
pairwise relationships between variables. The Benjamini-Hochberg 
procedure was used to adjust for multiple comparisons. We used a 
p-value of ≤0.05 for statistical significance and employed an adjusted 
p-value <0.1 as the significance threshold for multiple comparisons, a 
choice considered acceptable given the aims of the study, as previously 
described (13).

Results

Demographics and clinical characteristics

Study participants’ demographic and clinical characteristics are 
shown in Table 1. A significant difference was found among the ANI, 
MCMD, and HAD groups for sex, CD4+ T cell count, and nadir 
CD4+ T cell count (p ≤ 0.034), while no difference were found for 
these variables between the NC and CI groups. There were no 
significant differences in age, viral load, or the duration of ART 
therapy between the NC, ANI, MCMD, and HAD groups. NPZ8 score 
was significantly higher in the NC group (p < 0.001).

EVs expressing putative bone and kidney 
markers are associated with cognitive 
impairment in PWH on suppressive ART

Considering that potential markers of cellular activation and 
neuroinflammation were significantly abundant on EVs from HIV+ 
individuals with CI (13), we next determined whether levels of EVs 
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from bone-and kidney-related cells associate with cognitive 
dysfunction. The abundance markers of plasma-EVs from PWH with 
and without CI are shown in Table  2. There were no significant 

differences in the total EV concentration between the NC and CI 
groups. Plasma levels of EVs expressing dickkopf-1, RANKL, RANK, 
osteopontin, cadherin-16, Neph1, and MHC Class II did not 

FIGURE 1

Measuring single EVs directly in biofluid. (A) Schematic of the method for isolation and spectral characterization of EVs. (B) Illustration of surface 
markers on EVs linked to bone cells and kidney cells. (C) Sensitivity to discriminate beads ≥80  nm in diameter by violet laser scatter (SSC). 
Representative flow plots of EV subtypes according their cell of origin.
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statistically differ between the groups. However, we  observed 
significant elevations in levels of EVs expressing two of the bone-
associated markers, osteocalcin and sclerostin, as well as EVs 
expressing the kidney-associated markers, nephrin and CD24, in 
HIV-infected individuals with cognitive impairment compared to 
those with normal cognition (Figure 2). When adjusted for multiple 
comparisons, osteocalcin, sclerostin, and nephrin remained significant 
(padj ≤ 0.077). Finally, to assess the power of osteocalcin-, sclerostin-, 
and nephrin-expressing EVs by cognitive status, an XGBoost model 
was trained and validated on only participants with viral load <1,000 
copies/mL. The resulting model had an accuracy score of 0.927, 
suggesting the model was well trained. The validation subset produced 
an accuracy of 100% (Figure 3). These results suggest that osteocalcin+, 

nephrin+, and CD24+ EVs may serve as novel biomarkers of 
HIV-related cognitive disorders.

Finally, we explored the relationship between bone-derived EVs 
with kidney-derived EVs (Figure  4). Using Spearman’s rank 
correlation, a positive relationship was observed between levels of EVs 
expressing the bone markers osteocalcin, RANKL, and RANK with 
kidney-derived EVs (neph1, nephrin, and CD24). We also observed a 
correlation between levels of osteoblast-associated markers 
(dickkopf-1 and osteopontin) derived from EVs with Neph1 + EVs 
and cadherin-16 + EVs. There was a relationship between levels of EVs 
expressing the osteocyte-derived sclerostin with glomerular epithelial 
markers (Neph1 + EVs and nephrin+EVs). These results remained 
significant after correcting for multiple testing with an adjusted 

TABLE 1 Demographic and clinical characteristics of HIV-infected participants.

NC (n  =  8) ANI (n  =  17) MCMD 
(n  =  25)

HAD (n  =  11) p-value 
(Intra-CI)

All CI 
(n  =  53)

p-value 
(NC vs CI)

Age, years 38.3 [35.1, 57.1] 49.0 [37.4, 51.8] 50.3 [39.6, 53.8] 51.6 [38.5, 55.1] 0.45 50.0 [39.2, 53.8] 0.73

Male [n (%)] 6 (75.0%) 14 (82.4%) 25 (100%) 11 (100%) 0.03 50 (94.3%) 0.24

Education (years) 12.0 [12.0, 14.5] 14.0 [12.0, 16.0] 14.0 [12.0, 16.0] 14.0 [12.0, 14.0] 0.69 14.0 [12.0, 16.0] 0.23

NPZ global score 0.4 [0.2, 0.5] −0.3 [−0.7, −0.0] −0.5 [−0.9, 0.2] −1.0 [−1.1, −0.5] 0.08 −0.50 [−0.9, 0.1] <0.001

CD4+ count (cells/

μL)
494 [213, 645] 429 [335, 739] 533 [333, 649] 175 [125, 85] <0.001 429 [285, 570] 0.94

CD4+ nadir (cells/

μL)
265 [107, 339] 351 [120, 730] 180 [74, 313] 55 [16, 85] 0.002 180 [71, 351] 0.63

HIV duration, years 9.0 [5.1, 11.6] 7.5 [1.1, 15.9] 12.1 [7.7, 17.2] 10.8 [7.9, 14.3] 0.243 10.8 [5.7, 16.4] 0.42

Undetectable HIV 

RNA, n (%)
5 (62.5%) 10 (58.8%) 14 (56.0%) 8 (72.7%) 0.632 32 (60.4%) 0.40

Results are reported as median with interquartile ranges. Intra-CI comparisons (ANI vs MCMD vs HAD) were examined by KruskalWallis and chi-squared tests for continuous and categorical 
data, respectively. Comparisons between NC and CI groups were performed by Mann–Whitney U and chi-squared tests for continuous and categorical data. NC, normal cognition; ANI, 
asymptomatic neurocognitive impairment; MCMD, minor cognitive motor disorder; HAD, HIV-associated dementia. NPZ global score, neuropsychological z score. Bold values indicate the 
statistically significant.

TABLE 2 Abundance of plasma-derived EVs from PWH by cognitive status.

NC 
(n  =  8)

ANI 
(n  =  17)

MCMD 
(n  =  25)

HAD 
(n  =  11)

p-value 
(Intra-CI)

All CI 
(n  =  53)

p-value 
(NC vs 

CI)

Padj

Total EV count/μL
10.5 [10.2, 

10.7]
10.6 [1.9, 2.4] 10.6 [10.2, 10.7]

10.5 [10.3, 

10.6]
0.64 10.5 [10.3, 10.7] 0.93 0.93

MHC Class 2 + EVs/μL 2.0 [1.4, 2.4] 2.2 [1.9, 2.4] 1.9 [1.4, 2.2] 1.7 [1.5, 1.8] 0.40 1.9 [1.6, 2.3] 0.92 0.93

Dickkopf-1 + EVs/μL 0.2 [−0.3, 2.1] 1.1 [0.2, 1.7] 0.7 [−0.1, 1.4] 1.0 [0.5, 1.5] 0.55 1.0 [−0.1, 1.5] 0.80 0.93

Osteocalcin + EVs/μL 3.1 [2.6, 3.6] 4.6 [3.5, 4.8] 4.3 [3.6, 4.5] 3.9 [3.8, 4.4] 0.70 4.2 [3.6, 4.7] 0.003 0.02

Osteopontin + EVs/μL
−0.9 [−1.6, 

2.2]
0.6 [−0.8, 1.7] −0.7 [−2.4, 0.6] −0.0 [−1.8, 0.9] 0.11 −0.0 [−2.4, 1.2] 0.68 0.90

Sclerostin + EVs/μL 1.9 [1.5, 2.5] 2.9 [2.1, 3.5] 2.7 [2.1, 3.2] 2.6 [2.1, 3.5] 0.50 2.7 [2.1, 3.4] 0.02 0.08

RANKL + EVs/μL 2.1 [2.1, 2.3] 2.9 [2.3, 3.3] 2.4 [2.0, 3.1] 2.0 [1.8, 2.5] 0.22 2.5 [2.1, 3.2] 0.23 0.39

RANK + EVs/μL 1.9 [1.4, 2.5] 2.7 [2.0, 3.5] 2.6 [1.5, 3.4] 2.0 [1.6, 2.8] 0.83 2.6 [1.6, 3.4] 0.20 0.39

CD24 + EVs/μL 2.2 [1.6, 2.6] 3.0 [2.3, 4.2] 2.8 [2.2, 3.4] 2.3 [1.8, 2.7] 0.40 2.7 [2.2, 3.4] 0.04 0.12

Cadherin16 + EVs/μL 1.5 [1.2, 2.0] 1.4 [0.8, 2.3] 1.1 [0.8, 1.6] 1.0 [0.9, 1.4] 0.12 1.1 [0.8, 1.8] 0.17 0.39

Nephrin + EVs/μL 2.8 [1.8, 3.3] 4.7 [4.3, 5.8] 4.6 [3.2, 5.9] 4.2 [3.0, 4.4] 0.81 4.5 [3.2, 5.8] <0.001 0.01

Neph1 + EVs/μL 2.7 [2.0, 3.3] 3.6 [2.8, 3.9] 2.7 [1.2, 3.3] 2.7 [2.4, 3.1] 0.19 2.9 [2.2, 3.5] 0.61 0.90

Results are reported as median with interquartile ranges. EV measures are the log of EVs/μL. Intra-CI comparisons (ANI vs MCMD vs HAD) were examined by Kruskal-Wallis and chi-
squared tests. Comparisons between NC and CI groups were performed by Mann–Whitney U. benjamini-Hochberg adjustments for multiple comparisons between NC and CI groups are 
represented by adjusted p-values (Padj). NC, normal cognition; ANI, asymptomatic neurocognitive impairment; MCMD, minor cognitive motor disorder; HAD, HIV-associated dementia. Bold 
values indicate the statistically significant.
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FIGURE 2

Circulating EVs bearing bone and kidney cell markers associate with cognitive impairment in PWH. Scatter plots of EV concentration (log 
10-transformed). Levels of EVs expressing bone-associated markers and kidney markers were significantly higher in PWH with cognitively impaired (CI) 
compared to PWH with normal cognition (NC). p values were determined by using two-tailed Mann–Whitney test. *p  <  0.05, **p  <  0.01, ***p  <  0.001. 
ANI, asymptomatic neurocognitive impairment; MCMD, minor cognitive motor disorder; HAD, HIV-associated dementia.
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p-value (padj) < 0.1. Taken together, these associations might suggest 
that bone and kidney cell-derived EVs may be coordinately regulated 
in the pathophysiology of HIV-related cognitive impairment.

Discussion

To the best of our knowledge, this study provides the first evidence 
that levels of EVs enriched with the bone markers osteocalcin and 
sclerostin and the kidney marker nephrin are associated with cognitive 
impairment in PWH on suppressive ART, suggesting that higher 
abundance of EVs expressing these proteins may serve as novel candidate 
biomarkers for disease-spanning neurocognitive dysfunction and might 
lay the foundations of signaling mechanisms between the nervous system 
and other organs. Consistent with our observations, some studies have 

demonstrated that bone-secreted factors could influence cognitive 
function. Ross et al. reported that bone-derived osteocalcin was associated 
with worse working memory in women living with HIV, and plasma 
sclerostin levels trend toward an association with cognitive decline (8). 
Liu et al. reported that brain-derived EVs from Alzheimer’s disease mice 
can across the blood–brain barrier to reach the bone tissue and promote 
a bone-fat imbalance. Further, level of EV miR-483-5p was associated 
with bone loss in Alzheimer’s disease patients, which might mediate 
neuronal tissue controls of bone remodeling during disease (16). Another 
study performed by Xia et al. (23) showed that EVs and their miRNA 
cargo derived from patients and rats with injured neurons can target 
osteoprogenitors to promote osteogenesis, suggesting a neuroimmune 
crosstalk in the bone-brain axis during bone homeostasis. Furthermore, 
consistent with this notion, a recent study reported that EV miR-34a had 
the same trend of expression in the brain and the kidney of mice deficient 
in protein L-isoaspartyl methyltransferase, suggesting that EVs may 
mediate the exchange of signals in the kidney-brain axis (24). Although 
our study did not investigate the EV cargo, it is important to mention that 
circulating EVs, particularly their miRNA content, may shed light on this 
aspect of interorgan crosstalk and indicate that certain EV cargo may play 
a role in the neuropathological conditions of tissues, encompassing both 
in the brain and other organs. Taken together, our recent findings and 
these observations suggest that EVs from bone-and kidney-related cells 
may take part in the pathophysiological process of HIV-related cognitive 
impairment and mediate the functional crosstalk in near-and long-
distant organs.

Considering the machine learning model for identifying cognitive 
phenotypes in PWH, osteocalcin+EVs, nephrin+EVs, and CD24 + EVs 
accurately predicted cognitive dysfunction with 93% certainty within 
PWH with viral load <1,000 copies/mL. Osteocalcin has emerged as 
an osteoblast-specific protein with potential endocrine properties that 
can across the blood–brain barrier and affect neuronal function (25). 
Collectively, several studies using mouse models observed that 
osteocalcin can enhance neurogenesis and cognitive performance 

FIGURE 3

Logistic regression modeling of EVs expressing bone and kidney markers to predict cognitive status. Training of the model (blue) was well trained with 
an accuracy score of 0.927 and scored 100% accuracy on validation. The XGBoost model selected only 3 features: osteocalcin+EVs, nephrin+EVs, and 
CD24  +  EVs.

FIGURE 4

Spearman correlation between EV subtypes. Blue boxes denote 
correlations between bone and kidney EVs. Positive correlations are 
displayed in red shades.
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(25–27). Another interesting point is that increased levels of 
osteocalcin were observed in individuals with neurodegenerative 
diseases, including Alzheimer’s disease and Parkinson’s disease (28–
31). Along with the bone-derived osteocalcin, the osteocyte-derived 
sclerostin may regulate the Wnt/β-catenin signaling pathway, which 
is essential for regulating bone metabolism and cognitive function and 
has been associated with Alzheimer’s disease progression (14, 32, 33). 
Furthermore, the association between elevated levels of plasma 
sclerostin and high brain amyloid-β deposition in older individuals at 
high risk of Alzheimer’s disease may be  proposed as a crosstalk 
between bone and brain (34). In addition, some studies observed that 
nephrin, a protein expressed in glomerular podocytes, could serve as 
a predictive marker for renal damage and neuronal dysfunction in 
mouse models of diabetic kidney disease (35–39).

It is important to mention that some studies have pointed out that 
EVs could serve as potential therapeutic tools for several conditions, such 
as neurological disorders, and cardiac and bone diseases, as they can 
target multiple pathways and carry anti-inflammatory, antioxidant, 
pro-angiogenic, and anti-apoptotic properties. However, a recent study 
identified 60 unique clinical trials on clinicaltrials.gov underscores the 
diverse range of conditions being targeted with EV-based therapies, 
including moderate-to-severe COVID-19 infection, chronic post-COVID 
19 syndrome, Alzheimer’s disease, acute myocardial infarction, Type 
I  diabetes, cancer, and osteoarthritis (40). These comprehensive 
approaches observed in clinical trials may reflect the potential of EVs in 
addressing a wide array of health conditions.

While the strengths of this study include the utilization of the clinical 
and demographic data from the longitudinal HAHC cohort (17), our 
study has limitations; first, this study was limited by modest sample size 
and the lack of investigating soluble bone remodeling proteins as well as 
bone mineral density, which might have detected the association between 
bone health and cognitive function in PWH. Another limitation was the 
lack of information on other variables such as glomerular filtration rate, 
creatinine, and albumin to explore the relationship between renal 
function and cognitive status. Further investigations are also required to 
validate our findings through a larger cohort as well as measurement of 
EV subtypes in similar aged HIV uninfected individuals. However, 
whether the development of milder forms of HIV-associated 
neurocognitive disorders is caused (at least in part) by bone-derived EVs 
in the brain or whether EV signaling factors, including osteocalcin and 
sclerostin, could contribute to restoring cognitive functions remains to 
be investigated. Furthermore, elucidating the mechanisms governing their 
crosstalk between the brain and other organ systems could provide 
potential targets for therapy not just for HAND but for other degenerative 
diseases in the general population.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding author.

Ethics statement

The studies involving humans were approved by the Institutional 
Review Board of the University of Hawaii Committee on Human 

Subjects and conducted in accordance with the local legislation and 
institutional requirements. The participants provided their written 
informed consent to participate in this study.

Author contributions

EM: Conceptualization, Formal analysis, Investigation, 
Methodology, Project administration, Writing – original draft. SB: 
Formal analysis, Writing – review & editing. CS: Resources, Writing 
– review & editing. LN: Conceptualization, Formal analysis, Resources, 
Investigation, Methodology, Supervision, Writing – review & editing. 
PN: Conceptualization, Formal analysis, Resources, Investigation, 
Methodology, Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by National Institutes of Health (NIH) under grant award 
numbers R21NS106970 and R01NS117458. LN also acknowledges 
funding from the NIH under grant number R01MH120693.

Acknowledgments

We would like thank the study participants of the Hawaii Aging 
with HIV Cohort for their participation, and the clinical and 
laboratory staff of the Hawaii Center for AIDS for their collaboration 
and support. Figures 1A,B were created with BioRender.com.

Conflict of interest

LN serves as a scientific advisor to Abbvie and ViiV Healthcare, 
serves on the board of Cytodyn and has financial interests in Ledidi 
AS, all for work unrelated to this study.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fneur.2024.1383227/
full#supplementary-material

https://doi.org/10.3389/fneur.2024.1383227
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
http://clinicaltrials.gov
https://www.biorender.com
https://www.frontiersin.org/articles/10.3389/fneur.2024.1383227/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2024.1383227/full#supplementary-material


Marques de Menezes et al. 10.3389/fneur.2024.1383227

Frontiers in Neurology 09 frontiersin.org

References
 1. Wang Y, Liu M, Lu Q, Farrell M, Lappin JM, Shi J, et al. Global prevalence and 

burden of HIV-associated neurocognitive disorder: a meta-analysis. Neurology. (2020) 
95:e2610–21. doi: 10.1212/WNL.0000000000010752

 2. Wei J, Hou J, Su B, Jiang T, Guo C, Wang W, et al. The prevalence of frascati-criteria-
based HIV-associated neurocognitive disorder (HAND) in HIV-infected adults: a 
systematic review and Meta-analysis. Front Neurol. (2020) 11:581346. doi: 10.3389/
fneur.2020.581346

 3. Johnson TP, Nath A. Biotypes of HIV-associated neurocognitive disorders based 
on viral and immune pathogenesis. Curr Opin Infect Dis. (2022) 35:223–30. doi: 10.1097/
QCO.0000000000000825

 4. Irollo E, Luchetta J, Ho C, Nash B, Meucci O. Mechanisms of neuronal dysfunction 
in HIV-associated neurocognitive disorders. Cell Mol Life Sci. (2021) 78:4283–303. doi: 
10.1007/s00018-021-03785-y

 5. Rosenthal J, Tyor W. Aging, comorbidities, and the importance of finding 
biomarkers for HIV-associated neurocognitive disorders. J Neurovirol. (2019) 25:673–85. 
doi: 10.1007/s13365-019-00735-0

 6. Gannon P, Khan MZ, Kolson DL. Current understanding of HIV-associated 
neurocognitive disorders pathogenesis. Curr Opin Neurol. (2011) 24:275–83. doi: 
10.1097/WCO.0b013e32834695fb

 7. Ng RQ, Yip K, Teh Y. An overview of neurocognitive impairment in older people 
living with HIV. Proc Singapore Healthcare. (2023) 32:201010582311606. doi: 
10.1177/20101058231160605

 8. Ross RD, Olali AZ, Shi Q, Hoover DR, Sharma A, Weber KM, et al. Brief report: 
Undercarboxylated osteocalcin is associated with cognition in women with and without 
HIV. J Acquir Immune Defic Syndr. (2022) 91:162–7. doi: 10.1097/
QAI.0000000000003043

 9. The ALCOVE Study GroupMoulignier A, Viret-Vilayphon AC, Lescure FX, Plaisier 
E, Salomon L, et al. Microalbuminuria: a sentinel of neurocognitive impairment in HIV-
infected individuals? J Neurol. (2020) 267:1368–76. doi: 10.1007/s00415-019-09674-6,

 10. Anesten B, Yilmaz A, Hagberg L, Zetterberg H, Nilsson S, Brew BJ, et al. Blood–
brain barrier integrity, intrathecal immunoactivation, and neuronal injury in HIV. 
Neurol Neuroimmunol Neuroinflamm. (2016) 3:e300. doi: 10.1212/
NXI.0000000000000300

 11. Robbins PD, Morelli AE. Regulation of immune responses by extracellular vesicles. 
Nat Rev Immunol. (2014) 14:195–208. doi: 10.1038/nri3622

 12. Zhou W, Zhao L, Mao Z, Wang Z, Zhang Z, Li M. Bidirectional communication 
between the brain and other organs: the role of extracellular vesicles. Cell Mol Neurobiol. 
(2023) 43:2675–96. doi: 10.1007/s10571-023-01345-5

 13. de Menezes EGM, Liu JS, Bowler SA, Giron LB, D’Antoni ML, Shikuma CM, et al. 
Circulating brain-derived extracellular vesicles expressing neuroinflammatory markers 
are associated with HIV-related neurocognitive impairment. Front Immunol. (2022) 
13:1033712. doi: 10.3389/fimmu.2022.1033712

 14. Jiang YL, Wang ZX, Liu XX, Wan MD, Liu YW, Jiao B, et al. The protective effects 
of osteocyte-derived extracellular vesicles against Alzheimer’s disease diminished with 
aging. Adv Sci (Weinh). (2022) 9:e2105316. doi: 10.1002/advs.202105316

 15. Wang S, Kojima K, Mobley JA, West AB. Proteomic analysis of urinary extracellular 
vesicles reveal biomarkers for neurologic disease. EBioMedicine. (2019) 45:351–61. doi: 
10.1016/j.ebiom.2019.06.021

 16. Liu X, Chen C, Jiang Y, Wan M, Jiao B, Liao X, et al. Brain-derived extracellular 
vesicles promote bone-fat imbalance in Alzheimer’s disease. Int J Biol Sci. (2023) 
19:2409–27. doi: 10.7150/ijbs.79461

 17. Shimizu SM, Chow DC, Valcour V, Masaki K, Nakamoto B, Kallianpur KJ, et al. 
The impact of depressive symptoms on neuropsychological performance tests in HIV-
infected individuals: a study of the Hawaii aging with HIV cohort. WJA. (2011) 
1:139–45. doi: 10.4236/wja.2011.14020

 18. Valcour V, Shikuma C, Shiramizu B, Watters M, Poff P, Selnes O, et al. Higher 
frequency of dementia in older HIV-1 individuals: the hawaii aging with HIV-1 cohort. 
Neurology. (2004) 63:822–7. doi: 10.1212/01.WNL.0000134665.58343.8D

 19. Report of a working group of the American academy of neurology AIDS task force. 
Nomenclature and research case definitions for neurologic manifestations of human 
immunodeficiency virus-type 1 (HIV-1) infection. Neurology. (1991) 41:778–8. doi: 
10.1212/WNL.41.6.778

 20. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R, 
et al. Minimal information for studies of extracellular vesicles 2018 (MISEV 2018): a 
position statement of the international society for extracellular vesicles and update of 

the MISEV2014 guidelines. J Extracell Vesicle. (2018) 7:1535750. doi: 
10.1080/20013078.2018.1535750

 21. Welsh JA, Goberdhan DCI, O’Driscoll L, Buzas EI, Blenkiron C, Bussolati B, et al. 
Minimal information for studies of extracellular vesicles (MISEV2023): from basic to 
advanced approaches. J Extracell Vesicle. (2024) 13:e12404. doi: 10.1002/jev2.12404

 22. Inglis HC, Danesh A, Shah A, Lacroix J, Spinella PC, Norris PJ. Techniques to 
improve detection and analysis of extracellular vesicles using flow cytometry. Cytometry 
A. (2015) 87:1052–63. doi: 10.1002/cyto.a.22649

 23. Xia W, Xie J, Cai Z, Liu X, Wen J, Cui ZK, et al. Damaged brain accelerates bone 
healing by releasing small extracellular vesicles that target osteoprogenitors. Nat 
Commun. (2021) 12:6043. doi: 10.1038/s41467-021-26302-y

 24. Su Z, Ren N, Ling Z, Sheng L, Zhou S, Guo C, et al. Differential expression of 
microRNAs associated with neurodegenerative diseases and diabetic nephropathy in 
protein l-isoaspartyl methyltransferase-deficient mice. Cell Biol Int. (2021) 45:2316–30. 
doi: 10.1002/cbin.11679

 25. Oury F, Khrimian L, Denny CA, Gardin A, Chamouni A, Goeden N, et al. 
Maternal and offspring pools of osteocalcin influence brain development and functions. 
Cell. (2013) 155:228–41. doi: 10.1016/j.cell.2013.08.042

 26. Khrimian L, Obri A, Ramos-Brossier M, Rousseaud A, Moriceau S, Nicot AS, et al. 
Gpr158 mediates osteocalcin’s regulation of cognition. J Exp Med. (2017) 214:2859–73. 
doi: 10.1084/jem.20171320

 27. Shan C, Zhang D, Ma DN, Hou YF, Zhuang QQ, Gong YL, et al. Osteocalcin 
ameliorates cognitive dysfunctions in a mouse model of Alzheimer’s disease by reducing 
amyloid β burden and upregulating glycolysis in neuroglia. Cell Death Discov. (2023) 
9:46. doi: 10.1038/s41420-023-01343-y

 28. Yuan J, Meloni BP, Shi T, Bonser A, Papadimitriou JM, Mastaglia FL, et al. The 
potential influence of bone-derived modulators on the progression of Alzheimer’s 
disease. JAD. (2019) 69:59–70. doi: 10.3233/JAD-181249

 29. Luckhaus C, Mahabadi B, Grass-Kapanke B, Jänner M, Willenberg H, Jäger M, 
et al. Blood biomarkers of osteoporosis in mild cognitive impairment and Alzheimer’s 
disease. J Neural Transm (Vienna). (2009) 116:905–11. doi: 10.1007/s00702-009-0241-x

 30. Shan C, Ghosh A, Guo XZ, Wang SM, Hou YF, Li ST, et al. Roles for osteocalcin 
in brain signalling: implications in cognition-and motor-related disorders. Mol Brain. 
(2019) 12:23. doi: 10.1186/s13041-019-0444-5

 31. Goulding S, Sullivan A, O’Keeffe G, Collins L. The potential of bone morphogenetic 
protein 2 as a neurotrophic factor for Parkinson’s disease. Neural Regen Res. (2020) 
15:1432–6. doi: 10.4103/1673-5374.274327

 32. Tapia-Rojas C, Inestrosa N. Loss of canonical Wnt signaling is involved in the 
pathogenesis of Alzheimer’s disease. Neural Regen Res. (2018) 13:1705–10. doi: 
10.4103/1673-5374.238606

 33. Inestrosa NC, Varela-Nallar L. Wnt signaling in the nervous system and in 
Alzheimer’s disease. J Mol Cell Biol. (2014) 6:64–74. doi: 10.1093/jmcb/mjt051

 34. Yuan J, Pedrini S, Thota R, Doecke J, Chatterjee P, Sohrabi HR, et al. Elevated 
plasma sclerostin is associated with high brain amyloid-β load in cognitively normal 
older adults. NPJ Aging. (2023) 9:17. doi: 10.1038/s41514-023-00114-4

 35. Yi SS. Disease predictability review using common biomarkers appearing in 
diabetic nephropathy and neurodegeneration of experimental animals. Lab Anim Res. 
(2022) 38:3. doi: 10.1186/s42826-022-00113-8

 36. Li M, Armelloni S, Ikehata M, Corbelli A, Pesaresi M, Calvaresi N, et al. Nephrin 
expression in adult rodent central nervous system and its interaction with glutamate 
receptors. J Pathol. (2011) 225:118–28. doi: 10.1002/path.2923

 37. Putaala H, Soininen R, Kilpeläinen P, Wartiovaara J, Tryggvason K. The murine 
nephrin gene is specifically expressed in kidney, brain and pancreas: inactivation of the 
gene leads to massive proteinuria and neonatal death. Hum Mol Genet. (2001) 10:1–8. 
doi: 10.1093/hmg/10.1.1

 38. Nagai T, Yamada K, Kim HC, Kim YS, Noda Y, Imura A, et al. Cognition 
impairment in the genetic model of aging klotho gene mutant mice: a role of oxidative 
stress. FASEB J. (2003) 17:50–2. doi: 10.1096/fj.02-0448fje

 39. Nishida K, Hoshino M, Kawaguchi Y, Murakami F. Ptf1a directly controls 
expression of immunoglobulin superfamily molecules Nephrin and Neph3  in the 
developing central nervous system. J Biol Chem. (2010) 285:373–80. doi: 10.1074/jbc.
M109.060657

 40. Sanz-Ros J, Mas-Bargues C, Romero-García N, Huete-Acevedo J, Dromant M, 
Borrás C. Extracellular vesicles as therapeutic resources in the clinical environment. 
IJMS. (2023) 24:2344. doi: 10.3390/ijms24032344

https://doi.org/10.3389/fneur.2024.1383227
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1212/WNL.0000000000010752
https://doi.org/10.3389/fneur.2020.581346
https://doi.org/10.3389/fneur.2020.581346
https://doi.org/10.1097/QCO.0000000000000825
https://doi.org/10.1097/QCO.0000000000000825
https://doi.org/10.1007/s00018-021-03785-y
https://doi.org/10.1007/s13365-019-00735-0
https://doi.org/10.1097/WCO.0b013e32834695fb
https://doi.org/10.1177/20101058231160605
https://doi.org/10.1097/QAI.0000000000003043
https://doi.org/10.1097/QAI.0000000000003043
https://doi.org/10.1007/s00415-019-09674-6
https://doi.org/10.1212/NXI.0000000000000300
https://doi.org/10.1212/NXI.0000000000000300
https://doi.org/10.1038/nri3622
https://doi.org/10.1007/s10571-023-01345-5
https://doi.org/10.3389/fimmu.2022.1033712
https://doi.org/10.1002/advs.202105316
https://doi.org/10.1016/j.ebiom.2019.06.021
https://doi.org/10.7150/ijbs.79461
https://doi.org/10.4236/wja.2011.14020
https://doi.org/10.1212/01.WNL.0000134665.58343.8D
https://doi.org/10.1212/WNL.41.6.778
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/cyto.a.22649
https://doi.org/10.1038/s41467-021-26302-y
https://doi.org/10.1002/cbin.11679
https://doi.org/10.1016/j.cell.2013.08.042
https://doi.org/10.1084/jem.20171320
https://doi.org/10.1038/s41420-023-01343-y
https://doi.org/10.3233/JAD-181249
https://doi.org/10.1007/s00702-009-0241-x
https://doi.org/10.1186/s13041-019-0444-5
https://doi.org/10.4103/1673-5374.274327
https://doi.org/10.4103/1673-5374.238606
https://doi.org/10.1093/jmcb/mjt051
https://doi.org/10.1038/s41514-023-00114-4
https://doi.org/10.1186/s42826-022-00113-8
https://doi.org/10.1002/path.2923
https://doi.org/10.1093/hmg/10.1.1
https://doi.org/10.1096/fj.02-0448fje
https://doi.org/10.1074/jbc.M109.060657
https://doi.org/10.1074/jbc.M109.060657
https://doi.org/10.3390/ijms24032344

	Circulating plasma-derived extracellular vesicles expressing bone and kidney markers are associated with neurocognitive impairment in people living with HIV
	Introduction
	Methods
	Study participants and sample collection
	Neurocognitive evaluation
	EV characterization by spectral flow cytometry
	Statistical analysis

	Results
	Demographics and clinical characteristics
	EVs expressing putative bone and kidney markers are associated with cognitive impairment in PWH on suppressive ART

	Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

