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Abstract
Chronic neuroinflammation is associated with comorbidities in people with HIV (PWH) on antiretroviral therapy 
(ART). While cannabis use is associated with reduced neuroinflammation and neurocognitive impairment (NCI) in 
PWH, the underlying mechanisms are unknown. To address this gap in knowledge, we analyzed monocyte-derived 
macrophages (MDMs) from a cohort of 50 PWH and 33 people without HIV (mean age: 61.9 years), categorized 
by frequency of cannabis use (naïve/low, moderate, daily). We performed immunocytochemistry, RNA sequencing, 
and qPCR on MDMs and quantified related biomarkers in donor plasma. In this cohort study, daily cannabis use 
in PWH was associated with less global neurocognitive deficits, and with an anti-inflammatory immunometabolic-
phenotype in MDMs characterized by (1) a metabolic shift from glycolysis to oxidative phosphorylation, (2) 
higher mitochondrial numbers, (3) altered cytokine profiles (pro-inflammatory downregulation, anti-inflammatory 
upregulation), and (4) higher brain-derived neurotrophic factor (BDNF) expression. These cellular changes were 
corroborated by a plasma biomarker profile in PWH including (1) lower levels of growth differentiation factor 15 
and soluble triggering receptor expressed on myeloid cells 2, and (2) higher mature BDNF/precursor BDNF ratios 
that correlated with better cognition. Thus, cannabis use may mitigate NCI in PWH by immunometabolically 
reprogramming MDM function towards an anti-inflammatory and neuroprotective state.
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Graphical Abstract
Cannabis use by people with HIV (PWH) is associated with neuroprotective and anti-inflammatory effects, mediated 
in part by reprogramming the immunometabolism of monocyte-derived macrophages (MDMs). This shift involves 
a transition from a pro-inflammatory, glycolytic phenotype toward a more anti-inflammatory state characterized by 
oxidative phosphorylation and altered cytokine expression.

In cannabis-Naïve/Low PWH, MDMs exhibit a pro-inflammatory profile that promotes neuroinflammation and 
mitochondrial damage, resulting in a reduced number of mitochondria. Chronic neuroinflammation contributes to 
neurodegeneration and the neurocognitive impairments (NCI) that define HIV-Associated Neurocognitive Disorders 
(HAND). This inflammatory and neurodegeneration profile is reflected by plasma immunometabolic biomarkers 
including reduced mature BDNF (mBDNF), and elevated GDF15 and soluble TREM2 (sTREM2) levels.

Conversely, cannabis use in PWH induces an anti-inflammatory MDM profile that promotes reduced 
neuroinflammation with increased mitochondrial biogenesis. The reduced neuroinflammation leads to improved 
neuronal function and reduced NCI, resulting in improved memory, motor and verbal skills, and executive learning. This 
neuroprotective effect is corroborated by corresponding plasma biomarkers showing increased mBDNF levels, and 
decreased GDF15 and sTREM2 levels. Collectively, these findings suggest that cannabis use by PWH appears to mitigate 
neuroinflammation and NCI, with the immunometabolic reprogramming of MDMs likely playing a key mechanistic role. 
Graphical Methods
The HIV Neurobehavioral Research Program (HNRP) donor cohort consisted of people without HIV (PWoH) and people 
with HIV (PWH) who were either cannabis naïve/low, moderate cannabis users, or daily cannabis users. Peripheral blood 
mononuclear cells (PBMCs) were isolated from donor blood samples, plated, and allowed to differentiate for two weeks 
into monocyte-derived macrophages (MDMs) before being tested or treated with THC and then tested. At the same 
time plasma samples were isolated from each donor and stored for testing. At that point specific dyes were added, and 
different parameters were measured such as on the CX5 CellInsight Imager or an ELISA and the data was then analyzed.
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Introduction
Antiretroviral therapy (ART) has transformed HIV into a 
manageable chronic condition, increasing the life expec-
tancy of people with HIV (PWH). However, this advance-
ment has revealed a new challenge: an aging population 
of PWH facing a range of comorbidities, driven by the 
virus's long-term effects, particularly chronic neuroin-
flammation [1–4]. This persistent inflammation can lead 
to HIV-associated neurocognitive impairment (NCI), 
which manifests as deficits in memory, learning, and 
motor function [5]. These cognitive deficits contribute 
to morbidity and mortality among aging PWH on ART 
[6, 7]. Despite progress in understanding the pathogenic 
mechanisms of HIV-NCI, effective interventions are 
needed to preserve brain function in PWH.

Monocyte-derived macrophages (MDMs) are crucial 
for inflammatory responses, expressing both pro- and 
anti-inflammatory signaling proteins [8–10]. Circulating 
monocytes migrate into tissues for purposes of routine 
surveillance in response to chemokines and extracel-
lular stimuli, where they differentiate into pro- or anti-
inflammatory macrophage phenotypes [8, 9, 11–13]. 
Upon migrating into tissues, MDM polarization influ-
ences the local inflammatory milieu, particularly in the 
brain where it may affect neuronal function [14]. While 
pro-inflammatory MDMs produce neurotoxic cytokines 
(e.g., TNF-α, IL-1β, IL-6) that can damage neurons, anti-
inflammatory MDMs express factors like IL-10 and IL-4 
that may promote neuroprotection and homeostasis [14–
19]. Although PWH on suppressive ART exhibit chroni-
cally elevated inflammatory markers in the blood and 
low-level neuroinflammation, the relationship between 
MDM phenotype and these inflammatory mediators is 
not well understood [20].

With its long history as a medicinal plant, cannabis 
contains components with potential therapeutic ben-
efits [21]. PWH use cannabis for both recreational and 
symptomatic relief at a rate two to three times higher 
than the general population [22–25]. This use is associ-
ated with reduced inflammatory biomarkers in PWH 
and, in some instances, a lower prevalence of NCI [26–
33]. For example, studies have observed lower plasma 
levels of inflammatory markers like IL-16 and IP-10 in 
cannabis-using PWH [26, 34]. Despite evidence that can-
nabinoids can influence the inflammatory phenotype of 
MDMs, the specific cannabis use patterns and underlying 

mechanisms linking cannabis to less NCI in the context 
of HIV infection are not yet fully understood.

Cannabinoids may modulate several potential etiolo-
gies contributing to HIV-NCI, such as immune dysregula-
tion, premature aging, and metabolic dysfunction [35–39]. 
Even with suppressed viral loads, ART-treated PWH are 
susceptible to NCI. Postmortem studies of such indi-
viduals have revealed synaptodendritic damage, includ-
ing the loss of dendritic spines in brain regions critical 
for learning and memory [40–43]. Furthermore, plasma 
biomarkers point to underlying immune and metabolic 
dysregulation. For example, altered levels of  triggering 
receptor expressed on myeloid cells 2 (TREM2), a mac-
rophage receptor dysregulated in the brains of PWH with 
NCI, and  growth differentiation factor 15 (GDF15), a 
mitokine associated with metabolic stress, implicate these 
pathways in NCI pathogenesis [44]. Given that cannabi-
noids can promote immune and metabolic homeostasis, 
changes in TREM2 and GDF15 levels in cannabis-using 
PWH may reflect better cellular and metabolic balance. 
In parallel, plasma biomarkers of neuronal health, such 
as brain-derived neurotrophic factor (BDNF), directly cor-
relate with neurocognitive function [45–47]. Therefore, 
the plasma profile of PWH can serve as a valuable indica-
tor of their immune dysregulation and neuronal health.

This exploratory study investigated the impact of can-
nabis use on MDMs and neurocognition in PWH. The 
primary objective was to characterize cannabis-related 
immunometabolic changes in MDMs by examining 
mitochondrial function and gene expression across dif-
ferent groups (PWoH, PWH, and frequency of cannabis 
use (naïve/low, moderate, daily)). The secondary aims 
assessed whether cannabis use is associated with lower 
NCI in PWH as well as quantifying related plasma bio-
markers.  As such, this work offers clinical relevance by 
potentially revealing a mechanistic link that mediates the 
neuroprotective and disease-modifying effects of canna-
bis in PWH.  The findings could, therefore, support the 
hypothesis that cannabis use mitigates NCI in PWH by 
reprogramming MDM function toward an anti-inflam-
matory and neuroprotective phenotype.

Materials and methods
Sex as a biological variable
This study included both male and female humans, and 
similar findings are reported for both sexes.
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Study population
Graphical methods

From 2023 to 2025, this study recruited individuals with 
and without HIV from San Diego, CA, and categorized 
them according to frequency of cannabis use in the six 
months prior to their clinical assessment visit at the HIV 
Neurobehavioral Research Program (HNRP). Categori-
zation was as follows: Naïve/Low (never used or used ≤ 6 
times/year with > 60  days abstinence), Moderate (1–6 
times/week), and Daily (7 days/week). Current and life-
time cannabis use was assessed using both laboratory 
measures and self-report questionnaires to capture vari-
ations in frequency, quantity, and cannabinoid content. 
To control for potential withdrawal effects, cannabis 
users were instructed to maintain their usual consump-
tion before assessment.

Participants provided venous blood samples in addition 
to performing comprehensive medical and neurobehav-
ioral evaluations at the HNRP. Exclusion criteria included 
acute substance use (non-cannabis) as indicated by urine 
drug screen and breathalyzer on the day of assessment, 
significant or uncontrolled medical/psychiatric/neuro-
logical conditions, use of daily anti-inflammatory medi-
cation, DSM IV diagnosis of significant (i.e., dependence) 
substance use disorders within the past five years, DSM 
diagnosis of moderate or severe alcohol use disorder in 
the past 12  months, or mild (i.e., abuse) substance use 
disorder within the past six months. Substance-related 
criteria apply to substances other than cannabis for the 
cannabis-using groups and tobacco. A total of 83 eligible 
participants were included that were virally suppressed: 
PWH cannabis users (n = 27), PWH cannabis-naïve 
(n = 24), PWoH cannabis users (n = 18), and PWoH can-
nabis-naïve (n = 15) (Table 1). Among cannabis users in 

the cohort, nearly half (46%) reported using more than 
one route of administration, reflecting common real-
world use patterns. Among the remaining participants 
who reported a single primary route, smoking was most 
common (46%), followed by ingestion (32%) and vaping 
(22%). Importantly, the distribution of routes of admin-
istration did not differ significantly between daily and 
moderate cannabis users (p > 0.10).

Separation and treatment of Monocyte-Derived 
Macrophages (MDMs)
Peripheral blood mononuclear cells (PBMCs) were iso-
lated from participant blood samples using density gradi-
ent centrifugation. Two hours after collection, 45  mL of 
donor blood was gently layered into three 50 mL conical 
tubes containing HISTOPAQUE-1077 (Sigma Life Sci-
ences; Cat. # 10,771) at a 1:1 ratio. This was followed by 
centrifugation at 400  g for 30  min with no brake. After 
centrifugation, the PBMC layer was collected, diluted 
1:1 with 1X Phosphate Buffered Saline (PBS), and cen-
trifuged at 250 g for 10 min. The cells were washed, cen-
trifuged, and resuspended three times in 1X PBS before 
being resuspended in Iscove’s Modified Dulbecco’s 
Medium (IMDM; Gibco; Cat. # 12,440,053) supple-
mented with 10% human serum (Millipore Sigma; Cat. 
# H5667) and 1% penicillin/streptomycin (Gibco; Cat. # 
15,140,122). Cell counts were performed using a Count-
ess™ 3 FL automated cell counter (Thermo Fisher Scien-
tific; Cat. # AMQAF2000) with 0.4% trypan blue solution 
(Amresco; Cat. # K940100ML). The cells were plated in 
96-well plates (Thermo Fisher Scientific; Cat. # 164,588) 
at a density of 1 × 104 cells/well for immunocytochemistry 
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analysis. MDMs from donors representative of each 
demographic group were also plated in Seahorse XFe96/
XF Pro Cell Culture Microplates (Agilent Technolo-
gies; Cat. # 103,794–100) at a density of 3 × 104 cells/
well for Seahorse analysis. The cells were cultured and 
differentiated in a humidified incubator at 5% CO2 and 
37  °C. Monocytes were isolated via plastic adhesion and 
matured into monocyte-derived macrophages (MDMs) 
in supplemented IMDM media. Non-adherent cells were 
removed through complete media exchanges every two 
to three days. After eight days, MDMs were pre-treated 
for one hour with delta-9-tetrahydrocannabinol (THC, 
Millipore-Sigma), before being incubated with IL-1β 
(InvivoGen; Cat. # 6409–44-01; 20  ng/mL) for 24  h. All 
conditions were tested in biological replicates of at least 6.

Mitochondrial signal measurements
Mitochondria signal was measured using cells preincu-
bated with MitoTracker™ Deep Red FM (MT, Invitrogen, 
Cat. # M22426), following the manufacturer’s instruc-
tions for immunocytochemistry. After 24  h of treat-
ment, MDMs were washed with 1 × PBS. Then the cells 
were incubated with 50 µL of 100 nM MT at 37 °C with 
5% CO2. After 30  min, wells were washed three times 
with 1 × PBS before being fixed in 50 µLs of 4% parafor-
maldehyde for 20 min at 4 °C. Prior to imaging, the cells 
were incubated on a shaking platform for 5 min at room 
temperature with 4′,6-diamidino-2-phenylindole (DAPI) 
to localize cellular nuclei then washed with 1 × PBS 
three times. Cells were visualized and imaged using two 

Table 1  Clinical data of sampled patients showing the sex, age, and ethnicity of the PWoH, PWH, and total overall groups. The table 
is further organized for age, Age difference, Neurocognitive Impairment (%), Last cannabis use, on ART (%), on HAART (%), Regimen 
type (%), Total # of ARVs on (%)
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channels on the CellInsight CX5 high-content screening 
platform (Thermo Fisher Scientific, Cat. # CX51110).

DAPI was imaged on Channel 1 at 358  nm excitation 
and 461  nm emission and used to autofocus the CX5 
machine to the plane of interest at a using a 20X objective 
lens. MT was imaged on Channel 2 using 633 nm exci-
tation and 650–734 nm emission. Each well was imaged 
twice across the two channels with five different fields 
of view per well. Image exposure time was optimized to 
each plate using a uniform threshold intensity and a 40% 
fluorescence capture target.

The Thermo Scientific HCS Studio 4.0 Cell Analysis 
Software, included with the CX5 platform, was used to 
configure assay parameters as well as tabulate results and 
population statistics for all wells imaged. Representative 
images from each plate were used to validate and opti-
mize two assays: the Cell Health Profiling Assay and the 
Spot Detection Assay. Images were preprocessed on both 
Channel 1 (DAPI) and Channel 2 (MT) to eliminate any 
background signal detected in control wells. In Chan-
nel 1, primary objects were identified using threshold-
ing and segmentation. Objects were validated by gating 
for area, average intensity, and variable intensity. Chan-
nel 2 objects were selected by adjusting a ring mask 
around validated Channel 1 objects, then gating the mask 
for upper and lower parameters of object total intensity 
and average intensity measurements. Spots within each 
Channel 2 ring were then identified using Box Detection, 
Three Sigma Thresholding, and Uniform Smoothing. The 
spots were then gated for upper and lower parameters 
using area, shape, average intensity, and variable inten-
sity. After assay parameters were configured, two scans of 
each plate were conducted.

For Spot Average Intensity (the average individual 
mitochondrial intensity per well), Spot Average Area 
(the average individual mitochondrial size per well), Spot 
Total Area per Object (the average mitochondrial area 
per cell), and Target Average Intensity (the average MT 
intensity per cell, all values were measured in pixels.

In order to normalize values between plate reads, the 
pixel values for each plates’ control wells were averaged. 
All well values scanned were then divided by the average 
pixel value of the control wells, for all image features. The 
values for each treatment were then averaged for group 
comparisons. Calculations were performed using Excel 
and PRISM, with the ROUT method used to identify and 
exclude outliers.

Determination of metabolism in monocyte-derived 
macrophages
Max ECAR and Max OCAR output from MDMs was 
determined using the Seahorse XF Pro Analyzer (Agilent 
Technologies, Santa Clara, CA), courtesy of the Mito-
chondrial Bioenergetics Resource Core at the University 

of California, San Diego School of Medicine (La Jolla, 
CA). The Mitochondrial Bioenergetics core kindly pro-
vided the sensor cartridges, tissue culture plates, cali-
brant, and utility plates for calibration. Seahorse data was 
normalized using direct cell count, either via Agilent’s XF 
Imaging system or post-assay fluorescent DAPI staining. 
Normalization was performed using the Seahorse Wave 
Desktop software (Agilent Technologies, Santa Clara, 
CA). The Seahorse Wave calculated the Max OCR and 
Max ECAR values for each well, and the values for which 
were then exported into PRISM. Outliers were removed 
via the PRISM ROUT method before well values were 
averaged per treatment. Perimeter well values were 
excluded from analysis.

RNA sequencing
RNA sequencing on MDMs of all demographic groups 
was conducted at the Institute for Genomic Medicine, 
University of California, San Diego (La Jolla, CA). An 
Agilent Tapestation (Santa Clara, CA) automated gel 
electrophoresis machine was used for sample quality 
control before samples were sequenced using an Illumina 
NovaSeq X Plus.

After sequencing, biosample fastq files were uploaded 
to the BaseSpace Sequence Hub (Illumina, San Diego, 
CA). The BaseSpace STAR aligner (v2.7.9a) was used to 
align clean reads to the hg38 human reference genome 
with default parameters. Differential expression analyses 
were run between all sample groups using the BaseSpace 
DRAGEN Differential Expression Application (v4.3.7). 
See Statistical Analysis (in Methods) for further bioinfor-
matic analysis details.

Quantitative Polymerase Chain Reaction (qPCR)
RNA isolation and cDNA synthesis on MDMs repre-
sentative of each demographic group was performed as 
previously described [37]. Multiplex relative quantifica-
tion assays were performing using a QuantStudio 3 Real-
Time PCR machine using TaqMan Fast Advanced Master 
Mix for qPCR (Applied Biosystems; #4,444,557). ACTB 
(Applied Biosystems; #4310881E) was used as the endog-
enous control. Individual probes of interest included 
MT-CO3 (Life Technologies, Cat.# 448,892), PGC-1α 
(Life Technologies, Cat.# 4,331,182), PINK1 (Life Tech-
nologies, Cat.# 4,331,182), PGAM1 (Fischer Scien-
tific, Cat.# 4,351,372), TPI1 (Life Technologies, Cat.# 
4,351,372), GPI (Life Technologies, Cat.# 4,351,372), 
MT-CO1 (Life Technologies, Cat.# 4,331,182), MT-
CYB (Life Technologies, Cat.# 4,331,182), BDNF (Life 
Technologies, Cat.# Mm04230607_s1), IL-6 (Life 
Technologies, Cat.# 4,414,149), IL-1α (Life Tech-
nologies, Cat.# Mm00439620_m1), IL-18 (Life Tech-
nologies, Cat.# Mm00434226_m1), CD68 (Life 
Technologies, Cat.# Mm00839636_g1), IL-1β (Life 
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Technologies, Cat.# Hs01555410_m1), IL-4 (Life Tech-
nologies, Cat.# 4,414,148), IL-10 (Life Technologies, 
Cat.# 4,414,143), and CD163 (Life Technologies, Cat.# 
Hs00174705_m1). Raw cq data was uploaded to the 
ThermoFisher Connect cloud before being exported for 
analysis. The gene expression fold change was quantified 
via the comparative Ct method, as previously described 
with outliers removing using the ROUT method [48]. All 
donor samples were run in technical triplicate.

Differentially expressed genes displayed
Gene analyses as in Fig. 2D–2G display significant differ-
entially expressed genes (DEGs) identified across group 
comparisons, such as PWH Naïve vs. PWoH Naïve. Con-
sistent parameters were applied across all panels; the 
genes meeting the DEG criteria for a specific category 
(e.g., Mitochondrial Biogenesis) were included in the 
respective analysis and also including non-DEGs to dem-
onstrate a robust list.

For instance,  CREBRF  met the threshold for differ-
ential expression in panels 2D, 2E, and 2G, but did not 
reach significance in 2F but was now included in 2F. To 
illustrate the directionality of these changes, the DEGs 
in panels 2D and 2E are ordered from lowest to highest 
expression (downregulated), while panels 2F and 2G are 
ordered from highest to lowest (upregulated).

In Figs. 3 J –M and 4 I –L, while most genes remain 
consistent, the panels specifically highlight significant 
DEGs to illustrate metabolic shifts. Figure  3 (Glycoly-
sis): Genes in panels 3 J – 3 K are ordered from highest 
to lowest expression to demonstrate the upregulation of 
glycolysis, whereas panels 3L – 3M are ordered from low-
est to highest to highlight the  downregulation  of glyco-
lytic genes. Figure 4 (Oxidative Stress): Significant DEGs 
in panels  4I – 4P  are organized from highest to lowest 
expression. This arrangement demonstrates that oxida-
tive stress genes are upregulated in PWoH Daily and in 
PWH Naïve groups. Whereas these genes become down-
regulated in PWH who are moderate and daily cannabis 
users. In both figures, the data is structured to show how 
significant DEGs related to oxidative stress and glycoly-
sis in PWH are attenuated with cannabis use. Because 
we prioritized displaying the significant DEGs  for each 
comparison, the specific gene lists vary slightly between 
categories, though the majority of genes are consistent 
across the analyses.

Clinical assessment
Clinical data were obtained through standardized neuro-
medical, neurocognitive, and psychiatric/substance use 
assessments.

Neuromedical Assessment  A structured medical his-
tory interview was conducted to evaluate both current 

and past medical conditions (e.g., Hepatitis C Virus 
[HCV], diabetes, hypertension, hyperlipidemia) and 
treatment. Antiretroviral (ARV) treatment history was 
assessed using a structured, clinician-administered ques-
tionnaire. Participants also completed a breathalyzer test 
to detect recent alcohol use, and blood and urine samples 
were collected for routine clinical labs (e.g., lipid panel, 
CD4+T-cell counts, plasma HIV RNA, C Reactive Protein) 
and research biomarkers (see under: Plasma Biomarkers), 
diagnostic testing (e.g., HIV, HCV), and urine toxicology 
screening. None of the participants had a positive breath-
alyzer result on the morning of their evaluation. Health-
related quality of life was assessed using the 36-Item Short 
Form Health Survey (SF-36) [49], which measures eight 
domains of functioning and well-being. Scores were cal-
culated according to standardized procedures, with higher 
values indicating better health-related quality of life.

Detecting plasma biomarkers
Enzyme-Linked Immunosorbent Assay (ELISA) kits 
were used to measure plasma levels of Human GDF15 
(Thomas Scientific, Cat.# KE00108-96 T), Human soluble 
TREM2 (Invitrogen, Cat.# EH464RB), Human Mature 
BDNF (Biosensis, Cat.# BEK-2211-1P), and Human 
proBDNF (Biosensis, Cat.# BEK-2237-1P) according to 
the manufacturer’s instructions, and normalized to stan-
dard curves. Fluorescence of the product of the enzyme 
reaction was detected using a plate reader (Beckman 
Coulter DTX 880 multimode microplate reader, US).

Neurocognitive assessment
Participants completed a standardized battery of 14 tests 
designed to assess seven cognitive domains relevant to 
HIV and/or cannabis use [30, 50]: verbal fluency, infor-
mation-processing speed, executive functions, learn-
ing, memory, working memory, and motor skills. Raw 
scores from each test were converted to demographi-
cally adjusted T-scores (Mean = 50; SD = 10) based on 
published normative samples that account for age, edu-
cation, sex, and race/ethnicity [51–53]. Domain-specific 
T-scores were calculated by averaging individual test 
T-scores within each domain, and a global neurocogni-
tive T-score was derived by averaging across all tests. 
Higher T-scores indicated better neurocognitive per-
formance. Demographically corrected T-scores were 
converted to deficit scores ranging from 0 (T > 39, no 
impairment) to 5 (T < 20, severe impairment). These 
were averaged to yield domain deficit scores (DDS) and 
a global deficit score (GDS), which served as outcome 
measures in analyses. Global neurocognitive impairment 
was classified using a GDS cutoff of ≥ 0.5, representing at 
least mild impairment on half of the battery, and domain 
impairment was defined by a DDS cutoff of > 0.5 [54].
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Psychiatric and substance use history
Current and lifetime substance use (i.e., DSM-IV Sub-
stance Abuse/Dependence) and mood disorders were 
assessed using the Composite International Diagnostic 
Interview [55]. Lifetime substance use characteristics 
(e.g., age at first and last use, frequency, quantity) were 
collected using a semi-structured Timeline Follow-Back 
substance use interview.

Statistical analysis
Statistical analyses were performed using Microsoft 
Excel, GraphPad Prism 10 (La Jolla, CA), as well as R 
(4.4.3) and RStudio (2025.05.1 + 513).

Group comparisons
Differences in in vitro treatment effects and plasma ana-
lyte levels across demographic groups were assessed 
using two-sample t-tests, one-way ANOVA, or two-way 
ANOVA followed by Tukey’s post hoc pairwise com-
parisons, unless otherwise specified. Two-tailed t-tests 
were applied for pairwise comparisons involving MT 
signal, treatment conditions, and demographic variables. 
Experimental sample sizes and details regarding data 
normalization to appropriate controls are provided in the 
corresponding figure legends. Statistical significance was 
set at p < 0.05.

Correlational analysis
Only participants with complete clinical datasets and 
corresponding MT measurements were included in the 
analyses. Simple linear regression was employed to exam-
ine the relationships between MT signal measures and 
clinical variables (e.g. GDS). The regression line range 
was automatically determined by PRISM with the 95% 
confidence bands visualizing the line of best fit. Effect 
sizes were reported using R2 values.

Data normalization and visualization
MT signal measures were normalized to control MDMs 
treated with media. A correlation matrix was generated 
to visually represent the relationships between MT and 
clinical data. These models controlled for the influence of 
key covariates on the observed associations.

Gene ontology and volcano plots
Plots of the DRAGEN Differential Expression datas-
ets were generated using RStudio, Excel and Prism. For 
the GO Plots, CSV files of differentially expressed genes 
(DEGs) with False Discovery Rate-adjusted p-values 
were downloaded from BaseSpace and read into the 
R data frame. Genes displaying a false discovery rate 
(FDR) < 0.05 were considered significantly differentially 
expressed. Analyses were conducted using open-source 
packages on R, including clusterProfiler, org.Hs.eg.db, 

dplyr, ggplot2, and enrichplot with target genes of inter-
est determined by the authors. Gene ontology dot plots 
were generated primarily using the ggplot2 package in R 
Studio.

For the Volcano Plots, datasets were downloaded 
from BaseSpace, and genes with missing adjusted p-val-
ues (NaN) or adjusted p-values greater than 0.05 were 
excluded from further analysis. No additional filtering 
was applied based on log₂  fold change. Adjusted p-val-
ues (p-adj) were transformed to –log₁₀(p-adj) values in 
Microsoft Excel, and volcano plots were generated using 
PRISM. Genes of interest highlighted in the plots were 
selected from a researcher-curated list.

The Log2 Fold Change plots on Glycolysis genes, 
OXPHOS genes, Pro- & Anti-Inflammatory Cytokines, 
Oxidative Stress genes and B-Oxidation genes were cre-
ated using Log₂ Fold Change data obtained directly from 
BaseSpace, restricted to a researcher-curated list.

Results
Cannabis use by PWH was associated with better 
neurocognitive function that correlated with higher 
average mitochondrial signals in monocyte-derived 
macrophages (Fig. 1)
The relationship between HIV status and the Global Def-
icit Score (GDS), is significantly moderated by cannabis 
use frequency, as indicated by a significant interaction 
effect (F(2,48) = 11.00, P = 0.0001).

Post hoc analyses showed that cannabis-naïve/low 
PWH demonstrated significantly greater global NC defi-
cits than cannabis-naïve/low PWoH (p = 1.60 × 10⁻3, 95% 
CI [− 0.71, − 0.3]). Among PWH, daily cannabis users 
had significantly fewer global NC deficits than canna-
bis-naïve/low PWH (p = 6.00 × 10⁻4, 95% CI [0.27, 0.8]) 
(Fig. 1A).

A significant interaction was observed between HIV 
status and cannabis use frequency concerning mito-
chondrial signal levels (F(2,48) = 4.870, (P = 0.0119). This 
interaction indicates that the effect of HIV status on 
mitochondrial signal depends on the frequency of canna-
bis use (Fig. 1B).

Post-hoc analysis showed that within both PWoH and 
PWH groups, moderate and daily cannabis users had 
a significantly higher mitochondrial signal compared 
to cannabis-naïve/low users (p < 1.00 × 10–4), 95% CI 
[−4,354,553.22, −2,629,851.48]) (Fig. 1B).

To examine the relationship between mitochondrial 
function following THC exposure and neurocogni-
tive performance in cannabis-using PWH, MDMs were 
incubated with THC, MitoTracker signal was quanti-
fied, and mitochondrial signal was correlated with global 
and domain-specific T-scores. This exposure resulted 
in a positive correlation between mitochondrial sig-
nal and improved cognitive performance across several 



Page 9 of 21Ford et al. Journal of Neuroinflammation          (2026) 23:173 

functions. Significant correlations were found for Global 
Mean T Score (p = 7.50 × 10–3), 95% CI [0.01078, 0.05059]) 
and domain T-scores, including Executive Function 
(p = 9.10 × 10–3, 95% CI [0.2732, 0.9427]), Motor Skills 
(p = 1.55 × 10–2, 95% CI [0.1951, 0.9328]), Verbal Abil-
ity (p = 2.91 × 10–2, 95% CI [0.09608, 0.9183]), Learning 

(p = 2.00 × 10–4, 95% CI [0.6617, 0.9792]), and Working 
Memory (p = 2.80 × 10–3, 95% CI [0.4266, 0.9593]) (Fig. 1, 
C–H). No significant relationship was detected between 
MDM Mitochondrial signal and any cognitive score 
within the PWH naïve group (Fig. 1, C–H). These results 
indicate a potential link between daily cannabis use, 

Fig. 1  Cannabis use by PWH was associated with better neurocognitive function that correlated with higher mitochondrial signals in MDMs. A NCI was 
clinically assessed using the Global Deficit Score (GDS, 0 = no impairment, 1.5 = severe impairment). B Mitochondria signal in non-stimulated MDMs was 
quantified via MitoTracker total fluorescence intensity (TFI) on the CX5. C–H Correlations with THC-stimulated MDMs included GDS, Executive Function, 
Motor skills, Verbal skills, Learning, and Working Memory. Statistics: Two-way ANOVA with Tukey’s Multiple Comparisons Test. Simple Linear Regression 
Analysis. (B) Mitochondrial Signal: Inter-assay CV = 9.2%; Mitochondrial Signal LLOQ: 10 nM; GDS PWoH Naïve/Low vs PWH Naïve/Low: Cohen’s d = −2.30 
and effect-size r = −0.76; GDS PWH Naïve/Low vs PWH Daily: Cohen’s d = 1.89 and effect-size r = 0.69; Mitochondrial Signal PWoH Naïve/Low vs PWH Naïve/
Low: Cohen’s d = −6.94 and effect-size r = −0.96; Mitochondrial Signal PWH Naïve/Low vs PWH Daily: Cohen’s d = −3.74 and effect-size r = −0.88. GDS PWoH 
Naïve/Low vs PWH Naïve/Low: 95% CI [−0.71, −0.3]; GDS PWH Naïve/Low vs PWH Daily: 95% CI [0.27, 0.8]; Mitochondrial Signal PWoH Naïve/Low vs PWH 
Naïve/Low: 95% CI [−3074198.2, −2,352,554.9]; Mitochondrial Signal PWH Naïve/Low vs PWH Daily: 95% CI [−4354553.22, −2,629,851.48]; Global Mean T 
Score: 95% CI [0.01078, 0.05059], effect-size r = 0.97; Exec. Function Score: 95% CI [0.2732, 0.9427], effect-size r = 0.77; Motor Score: 95% CI [0.1951, 0.9328], 
effect-size r = 0.73; Verbal Score: 95% CI [0.09608, 0.9183], effect-size r = 0.68; Learning Score: 95% CI [0.6617, 0.9792], effect-size r = 0.91; Working Memory 
Score: 95% CI [0.4266, 0.9593], effect-size r = 0.83; (A-B) n = 9 donors per group; (C – H) n = 5 donors per group
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Fig. 2 (See legend on next page.)
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better neurocognition, and a higher mitochondrial signal 
in MDMs from PWH.

Cannabis use by PWH was associated with a reduced 
glycolytic response, increased mitochondrial numbers 
and transcriptional profiles consistent with mitochondrial 
biogenesis in monocyte-derived macrophages (Fig. 2)
A significant interaction was observed between PWH 
and frequency of cannabis use with Max ECAR for IL-1β 
treatment in MDMs (F(2, 2) = 103.1, P = 0.0096), but there 
was no significant interaction between PWoH and fre-
quency of cannabis use with Max ECAR for IL-1β treat-
ment in MDMs (F(2, 6) = 0.7197, P = 0.5246). This finding 
indicates that the effect of PWH on Max ECAR is depen-
dent on the frequency of cannabis use (Fig. 2A).

In MDMs from PWH, daily cannabis was associated 
with significantly diminished IL-1β-stimulated glycolysis 
compared to naïve/low (p = 4.48 × 10–2, 95% CI [−0.5998, 
−0.4461]). This relationship was not observed in MDMs 
from PWoH (Fig. 2, A and B).

Consistent with these metabolic changes, mitochon-
drial numbers per MDM were significantly higher in 
moderate and daily cannabis-using PWH relative to can-
nabis-naïve/low PWH (p < 1.00 × 10–4, 95% CI [−25.56, 
−18.48]; Fig. 2, C).

Gene expression analyses supported these findings. 
RNA sequencing showed that mitochondrial biogen-
esis genes that showed lower expression in cannabis-
naïve/low PWH compared to cannabis-naïve/low PWoH 
(Fig. 2, D & E) showed higher expression in moderate or 
daily-using PWH compared to their cannabis-naïve/low 
PWH counterparts (Fig. 2, F & G).

Further supporting this, qPCR analysis confirmed a 
significantly higher mRNA levels of the key mitochon-
drial biogenesis regulator, PGC-1α, in moderate and daily 
cannabis-using PWH (up to 8 and 10 Log2 fold change, 
respectively) when compared to both daily cannabis-
using PWoH and cannabis-naïve/low PWH (Fig.  2, H – 
K). Additionally,  PINK1 mRNA, coding for a gene that 
detects damaged mitochondria, was higher in cannabis-
naïve/low PWH relative to PWoH but was lower in mod-
erate and daily cannabis-using PWH (Fig. 2, I – K).

Thus, these findings indicate that moderate and daily 
cannabis use by PWH is associated with reduced levels of 
mRNA associated with glycolysis and higher mitochon-
drial numbers, a change supported by the upregulation of 
PGC-1α and a positive correlation with improved neuro-
cognitive outcomes.

Cannabis use by PWH was associated with lower glycolysis 
and higher oxidative phosphorylation gene expression in 
monocyte-derived macrophages (Fig. 3)
Gene expression analysis of MDMs revealed a metabolic 
shift influenced by both cannabis use and HIV status. 
In daily cannabis-using people without HIV (PWoH) 
and cannabis-naïve/low people with HIV (PWH), Gene 
Ontology (GO) and volcano plots showed a significant 
enrichment of glycolysis-related genes compared to 
cannabis-naïve/low PWoH (Fig. 3, A, B, F, and G). Genes 
associated with oxidative phosphorylation (OXPHOS), 
particularly the electron transport chain (ETC), were not 
significantly enriched. This higher level of glycolytic gene 
expression was consistent with transcripts identified by 
RNA sequencing, which also showed higher expression 
of OXPHOS genes (Fig. 3, J–Q). These transcript profiles 
were validated by qPCR analysis showing higher expres-
sion of glycolytic genes (PGAM1, TPI1, GPI) and lower 
expression of OXPHOS genes (MT-CO1, MT-CO3, MT-
CYB) (Fig. 3, R and S).

Conversely, MDMs from PWH with moderate or 
daily cannabis use exhibited a different metabolic pro-
file. Compared to cannabis-naïve/low PWH, these cells 
showed significant enrichment of OXPHOS and ETC 
genes, with glycolysis genes not being enriched (Fig. 3, C, 
D, H, and I). RNA sequencing confirmed this metabolic 
reversal (Fig. 3, J–Q), and qPCR validated the transcript 
profile, showing lower glycolytic gene expression and 
higher OXPHOS gene expression (Fig. 3, T and U).

These findings collectively demonstrate that cannabis 
use by PWH is associated with increased mitochondrial 
oxidative phosphorylation in MDMs, suggesting a meta-
bolic reprogramming away from glycolysis.

(See figure on previous page.)
Fig. 2  Cannabis use by PWH was associated with a reduced glycolytic response, increased mitochondrial numbers and transcriptional profiles consis-
tent with mitochondrial biogenesis in MDMs. A and B Glycolytic responses were measured via a Seahorse assay (Max ECAR) following IL-1β stimulation. 
C Mitochondrial numbers per MDM was quantified via MitoTracker staining and CX5 imaging. D–G Mitochondrial biogenesis gene expression was deter-
mined using RNA sequencing. H–K Gene expression for PGC-1α and PINK1 was confirmed via qPCR (Log2 Fold Change). ECAR: Extracellular Acidification 
Rate. Statistics: Two-way ANOVA with Tukey’s Multiple Comparisons Test. Max ECAR: Intra-assay CV = 5.1% and 2.8%, Inter-assay CV = 4.0%; Mitochondrial 
Number/Cell: Inter-assay CV = 7.9%; (H – K) qPCR: Inter-assay CV = 6.4%; RNA sequencing LLOQ: 1 pg; qPCR LLOQ: 10 copies of target DNA; CX5 Mito-
chondrial Number LLOQ: 10 nM; Max ECAR PWoH Daily Control vs IL-1β: 95% CI [−0.5683, −0.09420], effect-size r = 0.74; Max ECAR PWH Daily Control vs 
IL-1β: 95% CI [−0.5998, −0.4461], effect-size r = 0.98; Mitochondrial Numbers PWoH Naïve/Low vs PWH Naïve/Low: 95% CI [4.04, 12.28], effect-size d = 1.47, 
r = 0.59; Mitochondrial Numbers PWH Naïve/Low vs PWH Daily: 95% CI [−25.56, −18.48], effect-size d = −4.61, r = −0.92; PGC-1α PWoH Daily vs PWH Naïve/
Low: 95% CI [−0.61, −0.11], effect-size d = −1.78, r = −0.67; PGC-1α PWoH Daily vs PWH Moderate: 95% CI [−7.27, −1.74], effect-size d = −2.02, r = −0.71; PGC-
1α PWoH Daily vs PWH Daily: 95% CI [−8.25, −1.99], effect-size d = −2.03, r = −0.71; (A and B) n = 2 donors per group (PWoH and PWH: Naïve/Low, Moderate, 
Daily); (D -G) n = 1 donor per group with 3 biological replicates; (H – K) n = 3 donors with 2 biological replicates per group
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Fig. 3  Cannabis use by PWH was associated with lower glycolysis and higher oxidative phosphorylation gene expression in MDMs. A–E Gene Ontology 
(GO) enrichment analysis of metabolic pathways. F–I Volcano plot visualization of upregulated and downregulated gene expression including glycolysis 
and oxidative phosphorylation (OXPHOS) gene expression. J–Q RNA sequencing determination of glycolytic and OXPHOS gene expression. R–U Confir-
mation of randomly selected three glycolysis and three OXPHOS genes via qPCR (Log2 Fold Change). (R-U) qPCR: Inter-assay CV = 4.1%; RNA sequencing 
LLOQ: 1 pg; qPCR LLOQ: 10 copies of target DNA; GO:Gene Ontology. (A – Q) n = 1 donor per group with 3 biological replicates (PWoH and PWH: Naïve/
Low, Moderate, Daily); (R – U) n = 3 donors with 2 biological replicates per group
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Fig. 4  Cannabis use by PWH was associated with reduced pro-inflammatory and oxidative stress gene expression and increased anti-inflammatory, 
β-oxidation, and brain-derived neurotropic factor gene expression. A–H  Gene expression analysis (RNA sequencing and qPCR) of pro-inflammatory 
and anti-inflammatory cytokine expression in MDMs from PLWoH and PWH (cannabis-naïve, moderate, and daily users). I–L RNA sequencing analysis of 
oxidative stress gene expression. M–P RNA sequencing analysis of β-oxidation gene expression. Q–T qPCR analysis of BDNF gene expression (Inter-assay 
CV = 5.9%). BDNF: Brain-Derived Neurotrophic Factor; LLOQ: Lower Limit of Quantitation; RNA sequencing LLOQ: 1 pg; qPCR LLOQ: 10 copies of target 
DNA; Statistics: BDNF PWoH Daily vs PWH Naïve/Low: 95% CI [1.55, 3.45], effect-size d = 3.25, r = 0.85; BDNF PWoH Daily vs PWH Moderate: 95% CI [−3.39, 
0.8], effect-size d = −0.77, r = −0.36; BDNF PWoH Daily vs PWH Daily: 95% CI [−1.44, 0.88], effect-size d = −0.30, r = −0.15; (A – D, I – P) n = 1 donor per group 
with 3 biological replicates (PWoH and PWH: Naïve/Low, Moderate, Daily); (E – H) n = 3 donors with 2 biological replicates per group; (Q – T) n = 6 donors 
per group
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Cannabis use by PWH was associated with reduced pro-
inflammatory and oxidative stress gene expression and 
increased anti-inflammatory, β-oxidation, and brain-
derived neurotropic factor gene expression (Figure 4)
Gene expression analysis of MDMs, using RNA sequenc-
ing and qPCR, revealed significant differences influenced 
by HIV status and cannabis use.

Compared to cannabis-naïve/low PWoH, daily can-
nabis-using PWoH showed minimal changes in gene 

expression. In contrast, MDMs from cannabis-naïve/
low PWH exhibited a pro-inflammatory profile, with 
higher expression of genes such as IL-1α, IL-1β, IL-18, 
MARCO, and FPR2, and lower expression of anti-inflam-
matory genes, including IL-4, IL-10, CD163, GPR18, and 
CD200R1 (Fig.  4, A – H). This profile was reversed in 
MDMs from PWH with moderate or daily cannabis use, 
which showed an anti-inflammatory phenotype (Fig.  4, 
A–H).

Fig. 5  Cannabis use by PWH was associated with lower plasma levels of growth differentiation factor 15, soluble triggering receptor expressed on my-
eloid cells 2, and increased mature BDNF/precursor BDNF ratios that correlated with better cognition. A Quantification of GDF15 plasma levels via ELISA 
(Intra-assay CV = 5.6%, LLOQ: 1.0 pg/mL). B Quantification of sTREM2 plasma levels via ELISA (Intra-assay 1 CV = 4.6%, Intra-assay 2 CV = 5.7%, Inter-assay 
CV = 5.2%, LLOQ: 0.7 pg/mL). C Correlation of plasma sTREM2 levels with Global Deficit Score (GDS). D–F Quantification of mBDNF (Intra-assay CV = 5.3%, 
LLOQ: 200 pg/mL) and proBDNF (Intra-assay CV = 8.6%, LLOQ: 30 pg/mL) plasma levels via ELISA and calculation of the mBDNF/proBDNF ratios. G Cor-
relation of mBDNF/proBDNF ratios with sTREM2 levels. H Correlation of mBDNF/proBDNF ratios with GDS. mBDNF: mature BDNF; proBDNF: precursor 
BDNF; GDF15: Growth Differentiation Factor 15; TREM2: Triggering Receptor Expressed on Myeloid Cells 2; LLOQ: Lower Limit of Quantitation. Statistics: 
(A-E, G-I) Two-way ANOVA with Tukey’s Multiple Comparisons Test. Simple Linear Regression Analysis. Confidence intervals and effect sizes: GDF15 PWoH 
Naïve/Low vs PWH Naïve/Low: 95% CI [−974.09, −379.3], d = −1.61 and effect-size r = −0.63; GDF15 PWH Naïve/Low vs PWH Daily: 95% CI [572.39, 1138.76], 
d = 1.55 and effect-size r = 0.61; sTREM2 PWoH Naïve/Low vs PWH Naïve/Low: 95% CI [−790.59, −325.05], d = −1.53 and effect-size r = −0.61; sTREM2 PWH 
Naïve/Low vs PWH Daily: 95% CI [311.79, 790.6], d = 2.03 and effect-size r = 0.71; mBDNF/proBDNF Ratios PWoH Naïve/Low vs PWoH Daily: 95% CI [10.39, 
17.59], d = 2.61 and effect-size r = 0.80; mBDNF/proBDNF Ratios PWH Naïve/Low vs PWH Daily: 95% CI [−106.9, −68.77], d = −3.10 and effect-size r = −0.84; 
(A) n = 3 donors with 3 biological replicates per group; (B) n = 6 donors with 3 biological replicates per group; (C) n = 6 donors with 3 biological replicates 
per group; (D – F) n = 3 donors with 3 biological replicates per group; (G) n = 3 donors with 3 biological replicates per group; (H) n = 3 donors with 3 bio-
logical replicates per group, the mBDNF/proBDNF ratio was plotted with each donor’s GDS score
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Consistent with the observation of higher mitochon-
drial numbers in PWH who use cannabis, gene expres-
sion analysis showed lower levels of mRNA associated 
with oxidative stress. Specifically, RNA sequencing 
showed that genes related to oxidative stress, such as 
HIF1α, GPX3, and SOD1, were higher in cannabis-naïve/
low PWH but downregulated in PWH with moder-
ate and daily cannabis use (Fig.  4, I–L). Furthermore, a 
more active β-oxidation process was evident in MDMs 
from PWH who were moderate and daily users, with the 
upregulation of several key β-oxidation genes (CPT1A, 
ACADVL, ACAD10, ACAD11) (Fig. 4, M–P).

Finally, BDNF expression followed a notable pattern. 
While it was downregulated in cannabis-naïve/low PWH, 
it was upregulated in both daily cannabis-using PWoH 
and PWH with moderate and daily cannabis use (Fig. 4, 
Q–T).

Thus, these findings suggest that cannabis use by PWH 
is associated with increased anti-inflammatory cytokines, 
β-oxidation, and BDNF gene expression, and decreased 
oxidative stress gene expression in MDMs.

Cannabis use by PWH was associated with lower plasma 
levels of growth differentiation factor 15, soluble 
triggering receptor expressed on myeloid cells 2, and 
increased mature BDNF/precursor BDNF ratios that 
correlated with better cognition (Fig. 5)

Inflammatory markers (GDF15)
A significant interaction was observed between HIV sta-
tus and frequency of cannabis use concerning GDF15 
plasma levels (F(2, 72) = 4.604, P = 0.0131). This finding 
indicates that the effect of HIV status on GDF15 plasma 
levels varies with the frequency of cannabis use (Fig. 5A).

Specifically, cannabis-naïve/low PWH had signifi-
cantly higher plasma GDF15 levels compared to canna-
bis-naïve/low PWoH (p < 1.00 × 10–4, 95% CI [−974.09, 
−379.3]). In contrast, daily cannabis use by PWH was 
associated with a significant reduction in GDF15 rela-
tive to cannabis-naïve/low PWH (p < 1.00 × 10–4, 95% CI 
[572.39, 1138.76]) (Fig. 5A).

Neuroinflammatory and neurotrophic markers (sTREM2, 
BDNF)
A statistically significant interaction was observed 
between HIV status and frequency of cannabis use 
concerning plasma sTREM2 levels (F(2, 102) = 13.60, 
P < 0.0001). This indicates that the effect of HIV status on 
sTREM2 plasma levels varies depending on cannabis use 
frequency (Fig. 5B).

Specifically, cannabis-naïve/low PWH had signifi-
cantly higher plasma sTREM2 levels compared to can-
nabis-naïve/low PWoH (p < 1.00 × 10–4, 95% CI [−790.59, 
−325.05]). However, sTREM2 levels were significantly 

reduced in PWH who were moderate or daily cannabis 
users (p < 1.00 × 10–4, 95% CI [311.79, 790.6]) (Fig. 5B).

Moreover, sTREM2 levels correlated positively with 
GDS (p < 1.00 × 10–4, 95% CI [740.9, 1487]), indicating 
that higher sTREM2 levels are associated with greater 
neurocognitive deficits (Fig. 5C).

A statistically significant interaction was observed 
between HIV status and frequency of cannabis use 
concerning plasma mBDNF/proBDNF ratios (F(2, 
48) = 16.41, P < 0.0001). The effect of HIV status on these 
ratios changed depending on cannabis use frequency 
(Fig. 5F).

The mBDNF/proBDNF ratio was significantly higher 
in daily cannabis-using PWoH compared to cannabis-
naïve/low PWoH (p = 2.45 × 10–2, 95% CI [10.39, 17.59]). 
Similarly, the ratio was significantly higher in daily can-
nabis-using PWH compared to cannabis-naïve/low PWH 
(p < 1.00 × 10–4, 95% CI [−106.9, −68.77]) (Fig. 5, D – F).

Furthermore, sTREM2 plasma levels correlated sig-
nificantly with mBDNF/proBDNF ratios (p = 2.70 × 10–3, 
95% CI [−7.173, −1.614]) (Fig.  5, G), and the mBDNF/
proBDNF ratio correlated significantly with GDS 
(p = 2.00 × 10–4, 95% CI [−52.68, −17.47]) (Fig. 5, H). Thus, 
these findings suggest that in PWH, cannabis use is 
associated with reduced inflammation and increased 
mBDNF/proBDNF ratios, which correlate with better 
cognitive function.

Discussion
This study demonstrates that cannabis use, particularly 
daily use, by PWH is associated with a distinct immuno-
metabolic phenotype in monocyte-derived macrophages 
(MDMs) characterized by evidence of low glycolysis, 
high oxidative phosphorylation (OXPHOS), and elevated 
anti-inflammatory gene expression. This cellular phe-
notype corresponds with better neurocognitive perfor-
mance and lower plasma inflammatory biomarkers in 
PWH using cannabis [26, 29–31]. These findings are par-
ticularly significant given that MDMs are critical media-
tors of HIV-associated comorbidities: they are among 
the first cells infected during viral transmission, traffic 
HIV to the brain, and produce inflammatory cytokines 
that affect bystander cells and the systemic inflamma-
tory milieu [56–58]. Understanding MDM phenotype in 
PWH and its relationship to cognitive function is there-
fore critically important for identifying therapies against 
HIV-associated neurocognitive impairment (NCI). 
This is the first study to report associations between an 
anti-inflammatory immunometabolic profile in patient-
derived MDMs to higher average cognitive outcomes in 
PWH using cannabis, building on prior work from our 
group showing cannabis use is associated with changes 
in TREM2 expression and NLRP3 inflammasome-related 
gene expression in MDMs [33, 59].
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A metabolic shift toward glycolysis typically drives 
inflammatory responses in macrophages and other 
myeloid lineage cells [60]. While some studies of HIV-
infected MDMs show shifts toward either OXPHOS or 
glycolysis [15, 61–63], this study examined uninfected 
bystander MDMs from PWH on ART, as the majority 
of circulating PBMCs are not productively infected [48, 
64, 65]. The signal reflecting high OXPHOS and rela-
tively low glycolysis observed in MDMs from PWH using 
cannabis is consistent with an anti-inflammatory, tis-
sue-reparative phenotype [66]. Such immunometabolic 
reprogramming is implicated in processes beyond energy 
production to influence biosynthetic processes, redox 
balance, reactive oxygen species levels, mitochondrial 
density, and cellular functions including proliferation, 
differentiation, and genomic integrity [67, 68]. As criti-
cal mediators of innate immunity, macrophages orches-
trate both inflammatory and reparative responses to 
maintain tissue homeostasis [69–72]. The pro-OXPHOS 
gene expression associated with cannabis use suggests 
MDMs can contribute to resolving chronic inflamma-
tion in PWH. This is further supported by low levels of 
mRNA associated with oxidative stress and high levels of 
mRNA for the reparative factor TGF-β2 [73, 74], consis-
tent with enhanced tissue repair and inflammation reso-
lution [75–78]. Critically, relatively high BDNF mRNA 
expression in MDMs from PWH using cannabis suggests 
enhanced production of secreted BDNF, which promotes 
neuronal growth, synaptic plasticity, and cognitive func-
tion [79–81], collectively consistent with a neuroprotec-
tive MDM phenotype that may mitigate NCI in PWH. 
However, longitudinal studies and clinical trials using 
larger cohorts with rigorous inclusion and exclusion cri-
teria are necessary to better test the effect of cannabis use 
on MDM phenotype and brain function in PWH.

The effects of cannabis use on neurocognitive out-
comes is likely contextual, depending upon disease 
state, population, and individual characteristics, among 
other factors. Prior studies in PWH report mixed cog-
nitive findings, with some showing associations con-
sistent with reduced inflammation and better cognitive 
outcomes and others reporting null or adverse effects, 
highlighting substantial variability across cohorts and 
study designs [82–86]. However, studies of neurocogni-
tive outcomes associated with neutral or adverse effects 
in people without HIV (PWoH) reflecting fundamental 
differences in underlying pathophysiology [87–92]. One 
plausible explanation for these divergent observations is 
the distinct inflammatory and metabolic baseline associ-
ated with chronic HIV infection, which is characterized 
by persistent immune activation, mitochondrial injury, 
and oxidative stress even under effective antiretroviral 
therapy [59, 93, 94]. In this pathological context, the anti-
inflammatory properties of cannabinoids may partially 

mitigate HIV-associated neuroinflammatory processes 
and their neurotoxic effects [26, 27], with benefits most 
pronounced in cognitive domains disproportionately 
affected by HIV such as verbal fluency, learning, and 
motor function [95]. Conversely, in healthy individuals 
without chronic neuroinflammation, acute or chronic 
THC exposure can impair mitochondrial respiration via 
mitochondrial CB1 receptors and disrupt glutamatergic 
and GABAergic signaling critical for synaptic plasticity 
and memory [33, 96–101]. Within the HIV pathologi-
cal environment, cannabis-associated anti-inflammatory 
effects, particularly suppression of NLRP3 inflammasome 
activity [95, 102], may preserve mitochondrial integrity 
against ongoing inflammatory damage, and evidence in 
PWH suggests an association with normalization of glu-
tamate concentrations and stabilization of GABAergic 
cortical dynamics [103–105]. These effects represent rel-
ative improvements compared to non-using PWH rather 
than enhancement beyond healthy baselines. However, 
the current finding that THC induced higher levels of 
mitochondrial activity in MDMs generated from PWH 
using cannabis with better cognitive scores is consistent 
with a role of cannabis in promoting an anti-inflamma-
tory phenotype in these individuals. Strikingly, this rela-
tionship was not apparent in THC-treated MDMs from 
PWH in the cannabis naïve group, which could indi-
cate that cannabis use primes MDMs for THC-induced 
increases in mitochondrial activity. Conversely, this find-
ing could reflect a difference in how some people respond 
to cannabis use, and this may contribute to personal 
choices to use cannabis recreationally or medically. These 
differences in relationship could also indicate that PWH 
using cannabis may be more cognitively resilient and not 
that cannabis is causing the neuroprotection. A clini-
cal trial would be needed to test this hypothesis. How-
ever, the positive effects of cannabis use in some PWH 
are consistent with studies showing that cannabinoids 
can be neuroprotective and anti-inflammatory in rodent 
models for neurodegenerative diseases and even in a 
clinical trial of people exhibiting Alzheimer’s like symp-
toms [106–108]. This framework positions cannabis as 
a potential pathology-specific modulator of HIV-driven 
neuroinflammation rather than a generalized cognitive 
enhancer and observed effects should be interpreted cau-
tiously as domain-specific and context-dependent rather 
than implying global cognitive benefit [31].

Specific doses of cannabis or combinations of phy-
tocannabinoids may be more beneficial for some peo-
ple than others, which is consistent with a previously 
described hormetic effect of cannabis [119–111]. Can-
nabis exposure itself is heterogeneous, encompassing 
variability in frequency, dose, potency, cannabinoid 
composition (including THC:CBD ratios), and route 
of administration, and these factors may differentially 
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modulate immune and metabolic pathways depending 
on the presence or absence of HIV-related inflammation. 
In the present study, the daily-use category includes indi-
viduals reporting once-daily use as well as those using 
multiple times per day. Future research in larger daily use 
samples should examine whether lighter versus heavier 
daily use may differentially alter immunometabolic or 
neurocognitive profiles. Moreover, neurocognitive out-
comes in PWH are influenced by numerous factors (e.g., 
comorbid medical and psychiatric conditions, vascular 
risk, polysubstance use, and lifestyle variables) that were 
not comprehensively modeled in this cross-sectional 
study. Individual differences withing populations of 
people with neurodegenerative diseases may deem some 
people more amenable to cannabis or cannabinoid-based 
therapies that others [109]. Accordingly, these find-
ings should be interpreted as associative and context-
dependent. While cannabis-related immunometabolic 
modulation may contribute to differences in cognitive 
vulnerability in PWH, future studies with larger samples 
and more granular and/or objective measures of canna-
bis exposure may improve our understanding of these 
relationships.

The endocannabinoids system is increasingly being 
investigated as a therapeutic target against diseases with 
an inflammatory component [110]. The observed effects 
in the current study may reflect engagement of the endo-
cannabinoid system (ECS), particularly CB2 receptors, 
which are primarily expressed on MDMs alongside mini-
mal CB1 expression [111, 112]. CB2 receptor activation 
mediates anti-inflammatory activity, influences cellular 
metabolism, and promotes mitochondrial function [112–
114]. THC, the predominant cannabinoid in cannabis, is 
a partial agonist for CB1 and CB2 [115]. Selective CB2 
agonists such as JWH015 induce shifts from pro-inflam-
matory to homeostatic phenotypes and demonstrate 
neuroprotection in rodent neurodegeneration models 
[116–120]. Prior work demonstrates that cannabis use is 
associated with relatively high levels of TREM2-related 
transcripts in MDMs [33], and cannabinoids suppresses 
pro-inflammatory IL-1β secretion, and can reverse HIV-
induced metabolic reprogramming that disrupts synap-
tic plasticity [121]. Cannabis use is also associated with 
reductions in activated and inflammatory immune cell 
frequencies and alterations in viral reservoir dynamics 
in PWH on ART [122, 123]. These findings are consis-
tent with the hypothesis that cannabis promotes an anti-
inflammatory immunometabolic phenotype in PWH 
MDMs primarily through CB2-mediated pathways [27, 
124, 125], highlighting the potential therapeutic utility of 
non-psychoactive CB2-selective agonists for HIV-associ-
ated NCI.

Plasma biomarkers provide robust systemic valida-
tion of the cellular findings [126]. Cannabis-using PWH 

exhibited lower levels of GDF15, a biomarker of oxidative 
stress, inflammation, and mitochondrial dysfunction that 
is elevated in neurodegenerative disease and associated 
with HIV-associated NCI [44, 127], suggesting cannabis 
use may be associated with reduced systemic inflam-
mation and improved mitochondrial health. Reduced 
soluble TREM2 (sTREM2) in cannabis users is particu-
larly significant given its positive correlation with global 
neurocognitive deficits and elevated CSF levels in HIV-
associated neurocognitive impairment [33, 128–130]; 
mechanistically, TREM2 regulates metabolic homeo-
stasis in microglia, promoting mitophagy and reducing 
neuroinflammation [118–120]. Although sTREM2 is not 
yet an established plasma biomarker for NCI in PWH, 
these findings underscore its potential in this context. 
Daily cannabis users also demonstrated a higher plasma 
mBDNF/proBDNF ratio, a key neuroplasticity indicator 
inversely correlated with global neurocognitive deficits 
[126, 129]. Collectively, these converging biomarkers—
reduced inflammatory and stress markers (GDF15, 
sTREM2) alongside increased neuroplasticity indicators 
(mBDNF/proBDNF)—provide strong systemic evidence 
complementing the cellular and molecular data, suggest-
ing cannabis use may mitigate inflammation and support 
neurocognitive function in PWH. Importantly, better 
controlled longitudinal studies and clinical trials will be 
needed to solidify these associations.

Several important limitations of this study must be 
acknowledged. The cross-sectional design and lim-
ited sample size preclude causal inference, and reliance 
on self-reported cannabis use requires validation with 
objective plasma cannabinoid measurements. The res-
pirometry data showed high inter-individual variability 
and a small sample size, rendering these findings prone 
to effect size inflation and Type II errors; they should be 
viewed as exploratory proof-of-concept data requiring 
validation in larger, more diverse cohorts. The sample 
size precludes controlling for important confounding 
variables, including polysubstance use [131–133], psy-
chiatric comorbidities, variable ART regimens with dif-
fering CNS penetration and neurotoxicity profiles [129, 
130, 134, 135], and route of cannabis administration. 
Based on the current findings, we cannot rule out the 
possibility that cannabis-using PWH are inherently more 
cognitively resilient through mechanisms not investi-
gated in this study. The current studies did not assess the 
phenotype of other important immune cells that may be 
mediating the effects of cannabis in PWH and this should 
be considered in future studies. Future research requires 
longitudinal designs with precise characterization of can-
nabis use including dose, potency, and THC:CBD ratios, 
along with control for key confounders and ultimately 
randomized controlled trials to rigorously test whether 
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cannabis causally promotes neuroprotection through 
immunometabolic reprogramming.

Despite these limitations, this work provides evidence 
of a mechanistic link through which cannabis may miti-
gate HIV-associated NCI by immunometabolically 
reprogramming MDMs toward an anti-inflammatory, 
neuroprotective phenotype [27, 31]. These findings 
underscore the therapeutic potential of targeting immu-
nometabolic pathways to reduce inflammation and 
support cognition in PWH and cautiously raise the pos-
sibility of adjunctive cannabinoid-based therapies—
including non-psychoactive CB2-selective agonists—for 
HIV-associated NCI. The inherent risks of cannabis use, 
and the conflicting literature nonetheless necessitate 
careful interpretation and further large-scale, longitudi-
nal investigation before any clinical recommendations 
can be made.

Acknowledgements
We acknowledge the UC San Diego IGM Genomics Center because this 
publication includes data generated from the IGM by utilizing an Illumina 
NovaSeq X Plus that was purchased with funding from the National 
Institutes of Health SIG grant (#S10 OD026929); We acknowledge the HIV 
Neurobehavioral Research Program (HNRP), UCSD (La Jolla, CA) for their 
recruitment of donors as well as their efforts that made this study possible.

Authors' contributions
MKF, PWH, SL, RJE, JI, and JAF all participated in experimental design. PWH 
and JAF wrote the initial manuscript text. JAF, JI, JS, MCGM, RJE, JS, PWH, and 
MKF edited the original manuscript. PWH and JAF wrote the final manuscript 
version. MKF, AEL, GF, and AAL collected the blood samples. MKF, PWH, 
AEL, BLA, AB, MS, JIM, KCW, DDH, GF, EGS, and AAL conducted experiments, 
analyzed data, and made figures. MKF, PWH, RJI, ST, MCGM, JS, JI, and JAF 
analyzed data, formatted figures and improved data analyses.

Funding
Jerel Fields and Jennifer Iudicello acknowledge the National Institute on Drug 
Abuse DA058405, Jennifer Iudicello acknowledges the National Institute on 
Drug Abuse DA053052, Jerel Fields acknowledges the National Institute of 
Mental Health MH128108, the National Institute on Aging AG092255, and the 
National Institute on Drug Abuse DA062278.

Data availability
The datasets supporting the conclusions of this article are included within 
the article, and the RNAseq data was published in the GEO database and 
is accessible under accession number GSE285294 and available at [GEO 
Accession viewer](https:/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​g​e​o​/​q​u​e​r​y​/​a​c​c​.​c​g​i​?​a​c​c​
=​G​S​E​2​8​5​2​9​4). The gene expression analysis code was submitted to the 
international open-access repository Dryad.

Declarations

Ethical approval and consent to participate
Written informed consent to participate was received from all participants 
prior to inclusion in the study, and all human data associated with this study 
were performed in accordance with the Declaration of Helsinki with ethics 
approval by the UC San Diego Institutional Review Board Administration (IRB) 
Reference # 808184.

Consent for publication
Written informed consent for publication was received from all participants 
prior to inclusion in the study.

Competing interests
The authors declare no competing interests.

Author details
1Department of Psychiatry, University of California, San Diego, 9500 
Gilman Drive, La Jolla, CA 92093, USA
2Department of Neurosciences, University of California, San Diego, La 
Jolla, CA, USA
3San Diego Biomedical Research Institute, San Diego, CA, USA
4Department of Medicine, University of California San Diego, La Jolla, CA, 
USA

Received: 18 November 2025 / Accepted: 17 March 2026

References
1.	 Chitu-Tisu CE, Barbu EC, Lazar M, Ionescu R, Bojinca M, Ion DA, et al. An 

overview of bone disease in HIV-infected patients. Acta Med Mediterr. 
2015;31:1139–51.

2.	 Chițu-Tișu CE, Barbu EC, Lazăr M, Bojincă M, Tudor AM, Hristea A, et al. Body 
composition in HIV-infected patients receiving highly active antiretroviral 
therapy. Acta Clin Belg. 2017;72(1):55–62.

3.	 Lazar M, Moroti R, Barbu EC, Chitu-Tisu CE, Tiliscan C, Erculescu TM, et al. The 
Impact of HIV on Early Brain Aging-A Pathophysiological (Re)View. J Clin Med. 
2024;13(23):7031.

4.	 Hyle EP, Wattananimitgul N, Mukerji SS, Foote JHA, Reddy KP, Thielking A, et al. 
Age-associated dementia among older people aging with HIV in the United 
States: a modeling study. AIDS Lond Engl. 2024;38(8):1186–97.

5.	 Nightingale S, Ances B, Cinque P, Dravid A, Dreyer AJ, Gisslén M, et al. Cogni-
tive impairment in people living with HIV: consensus recommendations for a 
new approach. Nat Rev Neurol. 2023;19(7):424–33.

6.	 Thakur KT, Boubour A, Saylor D, Das M, Bearden DR, Birbeck GL. Global HIV 
Neurology: A Comprehensive Review. AIDS Lond Engl. 2019;33(2):163–84.

7.	 Ances BM, Clifford DB. HIV-associated neurocognitive disorders and the 
impact of combination antiretroviral therapies. Curr Neurol Neurosci Rep. 
2008;8(6):455–61.

8.	 Kovacs-Litman A, Vonderwalde I. Monocyte-Derived Macrophages Modulate 
Inflammation and Promote Long-Term Functional Recovery in a Mouse 
Model of Ischemia. J Neurosci. 2016;36(38):9757–9.

9.	 Hou F, Wang H, Zheng K, Yang W, Xiao K, Rong Z, et al. Distinct Transcriptional 
and Functional Differences of Lung Resident and Monocyte-Derived Alveolar 
Macrophages During the Recovery Period of Acute Lung Injury. Immune 
Netw. 2023;23(3):e24.

10.	 Xiao H, Yang K. Role of macrophages in neuroimmune regulation. Front 
Immunol. 2025;18(16):1573174.

11.	 Xiao H, Yang K. Role of macrophages in neuroimmune regulation. Front 
Immunol [Internet]. 2025 [cited 2025 Aug 15];16. Available from: ​h​t​t​p​​s​:​/​​/​w​
w​w​​.​f​​r​o​n​​t​i​e​​r​s​i​n​​.​o​​r​g​/​​j​o​u​​r​n​a​l​​s​/​​i​m​m​​u​n​o​​l​o​g​y​​/​a​​r​t​i​​c​l​e​​s​/​1​0​​.​3​​3​8​9​​/​f​i​​m​m​u​.​​2​0​​2​5​.​1​5​
7​3​1​7​4​/​f​u​l​l

12.	 Cassol E, Cassetta L, Alfano M, Poli G. Macrophage polarization and HIV-1 
infection. J Leukoc Biol. 2010;87(4):599–608.

13.	 Herbein G, Varin A. The macrophage in HIV-1 infection: from activation to 
deactivation? Retrovirology. 2010;9(7):33.

14.	 Minogue AM. Role of infiltrating monocytes/macrophages in acute and 
chronic neuroinflammation: Effects on cognition, learning and affective 
behaviour. Prog Neuropsychopharmacol Biol Psychiatry. 2017;3(79):15–8.

15.	 Castellano P, Prevedel L, Valdebenito S, Eugenin EA. HIV infection and latency 
induce a unique metabolic signature in human macrophages. Sci Rep. 
2019;9(1):3941.

16.	 Zhang J, Yuan Z, Li X, Wang F, Wei X, Kang Y, et al. Activation of the JNK/
COX-2/HIF-1α axis promotes M1 macrophage via glycolytic shift in HIV-1 
infection. Life Sci Alliance. 2023;6(12):e202302148.

17.	 Murray PJ. Macrophage Polarization. Annu Rev Physiol. 2017;79:541–66.
18.	 Shang X, Maimaiti N, Fan J, Wang L, Wang Y, Sun H, et al. Triggering 

Receptor Expressed on Myeloid Cells 2 Mediates the Involvement of 
M2-Type Macrophages in Pulmonary Tuberculosis Infection. J Inflamm Res. 
2024;27(17):1919–28.

19.	 Whittaker GC, Orr SJ, Quigley L, Hughes L, Francischetti IMB, Zhang W, et al. 
The Linker for Activation of B Cells (LAB)/Non-T Cell Activation Linker (NTAL) 
Regulates Triggering Receptor Expressed on Myeloid Cells (TREM)-2 Signaling 
and Macrophage Inflammatory Responses Independently of the Linker for 
Activation of T Cells. J Biol Chem. 2010;285(5):2976–85.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE285294
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE285294
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2025.1573174/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2025.1573174/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2025.1573174/full


Page 19 of 21Ford et al. Journal of Neuroinflammation          (2026) 23:173 

20.	 Funderburg NT. Markers of coagulation and inflammation often remain 
elevated in ART-treated HIV-infected patients. Curr Opin HIV AIDS. 
2014;9(1):80–6.

21.	 Mercurio A, Aston ER, Claborn K, Waye K, Rosen RK. Marijuana as a Substi-
tute for Prescription Medications: A Qualitative Study. Subst Use Misuse. 
2019;54(11):1894–902.

22.	 Costiniuk CT, Saneei Z, Salahuddin S, Cox J, Routy JP, Rueda S, et al. Can-
nabis Consumption in People Living with HIV: Reasons for Use, Secondary 
Effects, and Opportunities for Health Education. Cannabis Cannabinoid Res. 
2019;4(3):204–13.

23.	 Mimiaga MJ, Reisner SL, Grasso C, Crane HM, Safren SA, Kitahata MM, et al. 
Substance use among HIV-infected patients engaged in primary care in 
the United States: findings from the Centers for AIDS Research Network of 
Integrated Clinical Systems cohort. Am J Public Health. 2013;103(8):1457–67.

24.	 Whiting PF, Wolff RF, Deshpande S, Di Nisio M, Duffy S, Hernandez AV, et al. 
Cannabinoids for Medical Use: A Systematic Review and Meta-analysis. JAMA. 
2015;313(24):2456–73.

25.	 Lutge EE, Gray A, Siegfried N. The medical use of cannabis for reducing mor-
bidity and mortality in patients with HIV/AIDS. Cochrane Database Syst Rev. 
2013;(4):CD005175.

26.	 Ellis RJ, Peterson SN, Li Y, Schrier R, Iudicello J, Letendre S, et al. Recent can-
nabis use in HIV is associated with reduced inflammatory markers in CSF and 
blood. Neurology Neuroimmunology & Neuroinflammation. 2020;7(5):e809.

27.	 Ellis RJ, Wilson N, Peterson S. Cannabis and Inflammation in HIV: A Review of 
Human and Animal Studies. Viruses. 2021;13(8):1521.

28.	 Manuzak JA, Gott TM, Kirkwood JS, Coronado E, Hensley-McBain T, Miller 
C, et al. Heavy Cannabis Use Associated With Reduction in Activated and 
Inflammatory Immune Cell Frequencies in Antiretroviral Therapy-Treated 
Human Immunodeficiency Virus-Infected Individuals. Clin Infect Dis. 
2018;66(12):1872–82.

29.	 Watson CWM, Campbell LM, Sun-Suslow N, Hong S, Umlauf A, Ellis RJ, et al. 
Daily cannabis use is associated with lower CNS inflammation in people with 
HIV. J Int Neuropsychol Soc. 2021;27(6):661–72.

30.	 Watson CWM, Paolillo EW, Morgan EE, Umlauf A, Sundermann EE, Ellis RJ, et 
al. Cannabis Exposure is Associated with a Lower Likelihood of Neurocogni-
tive Impairment in People Living with HIV. J Acquir Immune Defic Syndr 
1999. 2020;83(1):56–64.

31.	 Ayoub SM, Holloway BM, Miranda AH, Roberts BZ, Young JW, Minassian A, 
et al. The impact of cannabis use on cognition in people with HIV: evidence 
of function-dependent effects and mechanisms from clinical and preclinical 
studies. Curr HIV AIDS Rep. 2024;21(3):87–115.

32.	 Rizzo MD, Crawford RB, Henriquez JE, Aldhamen YA, Gulick P, Amalfitano A, et 
al. HIV-infected cannabis users have lower circulating CD16+ monocytes and 
IFN-γ-inducible protein 10 levels compared with nonusing HIV patients. AIDS. 
2018;32(4):419.

33.	 Avalos B, Kulbe JR, Ford MK, Laird AE, Walter K, Mante M, et al. Cannabis use 
and cannabidiol modulate HIV-induced alterations in TREM2 expression: 
implications for age-related neuropathogenesis. Viruses. 2024;16(10):1509.

34.	 Yin L, Dinasarapu AR, Borkar SA, Chang KF, De Paris K, Kim-Chang JJ, et al. 
Anti-inflammatory effects of recreational marijuana in virally suppressed 
youth with HIV-1 are reversed by use of tobacco products in combination 
with marijuana. Retrovirology. 2022;19(1):10.

35.	 Zhao J, Nguyen LNT, Nguyen LN, Dang X, Cao D, Khanal S, et al. ATM 
deficiency accelerates DNA damage, telomere erosion, and premature T cell 
aging in HIV-infected individuals on antiretroviral therapy. Front Immunol. 
2019;10:2531.

36.	 Dang X, Ogbu SC, Zhao J, Nguyen LNT, Cao D, Nguyen LN, et al. Inhibition 
of topoisomerase IIA (Top2α) induces telomeric DNA damage and T cell 
dysfunction during chronic viral infection. Cell Death Dis. 2020;11(3):196.

37.	 Zhao J, Schank M, Wang L, Li Z, Nguyen LN, Dang X, et al. Mitochondrial 
Functions Are Compromised in CD4 T Cells From ART-Controlled PLHIV. Front 
Immunol. 2021;12:658420.

38.	 Baker JV, Peng G, Rapkin J, Abrams DI, Silverberg MJ, MacArthur RD, et al. 
CD4+ count and risk of non-AIDS diseases following initial treatment for HIV 
infection. AIDS Lond Engl. 2008;22(7):841–8.

39.	 Watkins CC, Treisman GJ. Cognitive impairment in patients with AIDS - preva-
lence and severity. HIV AIDS Auckl NZ. 2015;7:35–47.

40.	 Ellis R, Langford D, Masliah E. HIV and antiretroviral therapy in the brain: 
neuronal injury and repair. Nat Rev Neurosci. 2007;8(1):33–44.

41.	 Ru W, Tang SJ. HIV-associated synaptic degeneration. Mol. Brain. 
2017;10(1):40.

42.	 Fitting S, Ignatowska-Jankowska BM, Bull C, Skoff RP, Lichtman AH, Wise LE, 
et al. Synaptic Dysfunction in the Hippocampus Accompanies Learning and 
Memory Deficits in Human Immunodeficiency Virus Type-1 Tat Transgenic 
Mice. Biol Psychiatry. 2013;73(5):443–53.

43.	 Fitting S, Xu R, Bull C, Buch SK, El-Hage N, Nath A, et al. Interactive Comorbid-
ity between Opioid Drug Abuse and HIV-1 Tat: Chronic Exposure Augments 
Spine Loss and Sublethal Dendritic Pathology in Striatal Neurons. Am J 
Pathol. 2010;177(3):1397–410.

44.	 Wang L, Zhao J, Schank M, Hill AC, Banik P, Zhang Y, et al. Circulating GDF-15: 
a biomarker for metabolic dysregulation and aging in people living with HIV. 
Front Aging. 2024;5:1414866.

45.	 Bachis A, Avdoshina V, Zecca L, Parsadanian M, Mocchetti I. Human immuno-
deficiency virus type 1 alters brain-derived neurotrophic factor processing in 
neurons. J Neurosci Off J Soc Neurosci. 2012;32(28):9477–84.

46.	 Fazeli PL, Woods SP, Lambert CC, Li W, Hopkins CN, Vance DE. Differen-
tial Associations Between BDNF and Memory Across Older Black and 
White Adults With HIV Disease. J Acquir Immune Defic Syndr 1999. 
2022;89(2):129–35.

47.	 Míguez-Burbano MJ, Espinoza L, Whitehead NE, Bryant VE, Vargas M, Cook 
RL, et al. Brain derived neurotrophic factor and cognitive status: the delicate 
balance among people living with HIV, with and without alcohol abuse. Curr 
HIV Res. 2014;12(4):254–64.

48.	 Franklin RA. Fibroblasts and macrophages: collaborators in tissue homeosta-
sis. Immunol Rev. 2021;302(1):86–103.

49.	 Ware JE, Sherbourne CD. The MOS 36-item short-form health survey (SF-36). I. 
Conceptual framework and item selection. Med Care. 1992;30(6):473–83.

50.	 Heaton RK, Clifford DB, Franklin DR, Woods SP, Ake C, Vaida F, et al. HIV-
associated neurocognitive disorders persist in the era of potent antiretroviral 
therapy: CHARTER Study. Neurology. 2010;75(23):2087–96.

51.	 Heaton RK, Psychological Assessment Resources I. Revised Comprehensive 
Norms for an Expanded Halstead-Reitan Battery: Demographically Adjusted 
Neuropsychological Norms for African American and Caucasian Adults, 
Professional Manual [Internet]. Psychological Assessment Resources; 2004. 
Available from: ​h​t​t​p​​s​:​/​​/​b​o​o​​k​s​​.​g​o​​o​g​l​​e​.​c​o​​m​/​​b​o​o​​k​s​?​​i​d​=​x​​9​s​​J​t​w​A​A​C​A​A​J

52.	 Norman MA, Moore DJ, Taylor M, Franklin D, Cysique L, Ake C, et al. Demo-
graphically corrected norms for African Americans and Caucasians on the 
Hopkins Verbal Learning Test-Revised, Brief Visuospatial Memory Test-Revised, 
Stroop Color and Word Test, and Wisconsin Card Sorting Test 64-Card Version. 
J Clin Exp Neuropsychol. 2011;33(7):793–804.

53.	 Heaton RK, Taylor MJ, Manly J. Chapter 5 - Demographic Effects and Use 
of Demographically Corrected Norms with the WAIS-III and WMS-III. In: 
Tulsky DS, Saklofske DH, Heaton RK, Bornstein R, Ledbetter MF, Chelune GJ, 
et al., editors. Clinical Interpretation of the WAIS-III and WMS-III [Internet]. 
San Diego: Academic Press; 2003 [cited 2025 Oct 27]. p. 181–210. (Practical 
Resources for the Mental Health Professional). Available from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​s​​c​i​
e​​n​c​e​​d​i​r​e​​c​t​​.​c​o​​m​/​s​​c​i​e​n​​c​e​​/​a​r​​t​i​c​​l​e​/​p​​i​i​​/​B​9​7​8​0​1​2​7​0​3​5​7​0​3​5​0​0​1​0​9

54.	 Carey CL, Woods SP, Gonzalez R, Conover E, Marcotte TD, Grant I, et al. Predic-
tive validity of global deficit scores in detecting neuropsychological impair-
ment in HIV infection. J Clin Exp Neuropsychol. 2004;26(3):307–19.

55.	 Kessler RC, Ustün TB. The World Mental Health (WMH) Survey Initiative 
Version of the World Health Organization (WHO) Composite International 
Diagnostic Interview (CIDI). Int J Methods Psychiatr Res. 2004;13(2):93–121.

56.	 Koenig S, Gendelman HE, Orenstein JM, Dal Canto MC, Pezeshkpour GH, 
Yungbluth M, et al. Detection of AIDS virus in macrophages in brain tissue 
from AIDS patients with encephalopathy. Science. 1986;233(4768):1089–93.

57.	 Geary DC. Mitochondrial Functioning and the Relations among Health, 
Cognition, and Aging: Where Cell Biology Meets Cognitive Science. Int J Mol 
Sci. 2021;22(7):3562.

58.	 Spearman C. aGeneral intelligenceo, objectively determined and measured. 
Am J Psychol. 1904;15:201–93.

59.	 Vringer E, Tait SWG. Mitochondria and cell death-associated inflammation. 
Cell Death Differ. 2023;30(2):304–12.

60.	 O’Neill LAJ, Pearce EJ. Immunometabolism governs dendritic cell and macro-
phage function. J Exp Med. 2016;213(1):15–23.

61.	 Lanza IR, Nair KS. Mitochondrial function as a determinant of life span. 
Pflugers Arch. 2010;459(2):277–89.

62.	 Cliff TS, Dalton S. Metabolic switching and cell fate decisions: implications 
for pluripotency, reprogramming and development. Curr Opin Genet Dev. 
2017;46:44–9.

63.	 Okabe Y, Medzhitov R. Tissue biology perspective on macrophages. Nat 
Immunol. 2016;17(1):9–17.

https://books.google.com/books?id=x9sJtwAACAAJ
https://www.sciencedirect.com/science/article/pii/B9780127035703500109
https://www.sciencedirect.com/science/article/pii/B9780127035703500109


Page 20 of 21Ford et al. Journal of Neuroinflammation          (2026) 23:173 

64.	 Jenkins SJ, Allen JE. The expanding world of tissue-resident macrophages. Eur 
J Immunol. 2021;51(8):1882–96.

65.	 Meizlish ML, Franklin RA, Zhou X, Medzhitov R. Tissue Homeostasis and 
Inflammation. Annu Rev Immunol. 2021;26(39):557–81.

66.	 Watanabe S, Alexander M, Misharin AV, Budinger GRS. The role of macro-
phages in the resolution of inflammation. J Clin Invest. 2019;129(7):2619–28.

67.	 Doran AC, Yurdagul A, Tabas I. Efferocytosis in health and disease. Nat Rev 
Immunol. 2020;20(4):254–67.

68.	 Sugimoto MA, Sousa LP, Pinho V, Perretti M, Teixeira MM. Resolution of inflam-
mation: what controls its onset? Front Immunol. 2016;7:160.

69.	 Rodríguez-Morales P, Franklin RA. Macrophage phenotypes and func-
tions: resolving inflammation and restoring homeostasis. Trends Immunol. 
2023;44(12):986–98.

70.	 Shibata A, Zelivyanskaya M, Limoges J, Carlson KA, Gorantla S, Branecki C, et 
al. Peripheral nerve induces macrophage neurotrophic activities: regulation 
of neuronal process outgrowth, intracellular signaling and synaptic function. 
J Neuroimmunol. 2003;142(1):112–29.

71.	 Lei M, Liu Q, Nie J, Huang R, Mei Y, Pan D, et al. Impact and Mechanisms 
of Action of BDNF on Neurological Disorders, Cancer, and Cardiovascular 
Diseases. CNS Neurosci Ther. 2024;30(12):e70138.

72.	 Arévalo JC, Deogracias R. Mechanisms controlling the expression and secre-
tion of BDNF. Biomolecules. 2023;13(5):789.

73.	 Vellas C, Martres D, Requena M, Nayrac M, Collercandy N, Latour J, et al. 
Compartmentalized Human Immunodeficiency Virus Type 1 Reservoir in 
Intestinal Monocytes/Macrophages on Antiretroviral Therapy. J Infect Dis. 
2025;231(3):611–21.

74.	 Javed H, Azimullah S, Haque ME, Ojha SK. Cannabinoid Type 2 (CB2) Recep-
tors Activation Protects against Oxidative Stress and Neuroinflammation 
Associated Dopaminergic Neurodegeneration in Rotenone Model of Parkin-
son’s Disease. Front Neurosci. 2016;2(10):321.

75.	 Dadkhah M, Saadat M, Ghorbanpour AM, Moradikor N. Experimental and 
clinical evidence of physical exercise on BDNF and cognitive function: A 
comprehensive review from molecular basis to therapy. Brain Behav Immun 
Integr. 2023;1(3):100017.

76.	 Miranda M, Morici JF, Zanoni MB, Bekinschtein P. Brain-Derived Neurotrophic 
Factor: A Key Molecule for Memory in the Healthy and the Pathological Brain. 
Front Cell Neurosci. 2019;7(13):363.

77.	 Abellanas MA, Purnapatre M, Burgaletto C, Schwartz M. Monocyte-derived 
macrophages act as reinforcements when microglia fall short in Alzheimer’s 
disease. Nat Neurosci. 2025;28(3):436–45.

78.	 Zhou Q, Fang Q, Zhang C, Liu W, Sun Y. BDNF-GABA signaling in astrocytes: 
enhancing neural repair after SCI through MSC therapies. Spinal Cord. 
2025;63(5):263–9.

79.	 Deng Z, Fan T, Xiao C, Tian H, Zheng Y, Li C, et al. TGF-β signaling in health, 
disease and therapeutics. Signal Transduct Target Ther. 2024;9(1):61.

80.	 Pakshir P, Hinz B. The big five in fibrosis: macrophages, myofibroblasts, matrix, 
mechanics, and miscommunication. Matrix Biol. 2018;68–69:81–93.

81.	 Gambini J, Stromsnes K. Oxidative Stress and Inflammation: From Mecha-
nisms to Therapeutic Approaches. Biomedicines. 2022;10(4):753.

82.	 Lorkiewicz SA, Ventura AS, Heeren TC, Winter MR, Walley AY, Sullivan M, et al. 
Lifetime marijuana and alcohol use, and cognitive dysfunction in people with 
human immunodeficiency virus infection. Subst Abuse. 2018;39(1):116–23.

83.	 Schantell M, Lulli MC, McDonald KM, Horne LK, John JA, Coutant AT, et al. 
Cannabis- and HIV-related perturbations to the cortical gamma dynamics 
supporting inhibitory processing. Brain Commun. 2025;7(3):fcaf190.

84.	 Kallianpur KJ, Birn R, Ndhlovu LC, Souza SA, Mitchell B, Paul R, et al. Impact of 
Cannabis Use on Brain Structure and Function in Suppressed HIV Infection. J 
Behav Brain Sci. 2020;10(8):344–70.

85.	 Porchia DD, Wang Y, Zhou Z, Chen M, Porges EC, Cohen RA, et al. Cannabis 
use, microbial diversity and Dialister abundance in older adults with HIV: A 
cross-sectional study. HIV Med. 2025;

86.	 Lorenz DR, Dutta A, Mukerji SS, Holman A, Uno H, Gabuzda D. Marijuana Use 
Impacts Midlife Cardiovascular Events in HIV-Infected Men. Clin Infect Dis Off 
Publ Infect Dis Soc Am. 2017;65(4):626–35.

87.	 Meier MH, Caspi A, Knodt A, Hall W, Ambler A, Harrington H, et al. Long-Term 
Cannabis Use and Cognitive Reserves and Hippocampal Volume in Midlife. 
Am J Psychiatry. 2022;179(5):362–74.

88.	 Pope HG, Gruber AJ, Hudson JI, Huestis MA, Yurgelun-Todd D. Cognitive 
measures in long-term cannabis users. J Clin Pharmacol. 2002;42(S1):41S-47S.

89.	 Meier MH, Caspi A, Danese A, Fisher HL, Houts R, Arseneault L, et al. Associa-
tions between adolescent cannabis use and neuropsychological decline: a 
longitudinal co-twin control study. Addiction. 2018;113(2):257–65.

90.	 Jacobus J, Squeglia LM, Sorg SF, Nguyen-Louie TT, Tapert SF. Cortical thickness 
and neurocognition in adolescent marijuana and alcohol users following 28 
days of monitored abstinence. J Stud Alcohol Drugs. 2014;75(5):729–43.

91.	 Burggren AC, Shirazi A, Ginder N, London ED. Cannabis effects on brain struc-
ture, function, and cognition: considerations for medical uses of cannabis 
and its derivatives. Am J Drug Alcohol Abuse. 2019;45(6):563–79.

92.	 Gowin JL, Ellingson JM, Karoly HC, Manza P, Ross JM, Sloan ME, et al. Brain 
Function Outcomes of Recent and Lifetime Cannabis Use. JAMA Netw Open. 
2025;8(1):e2457069.

93.	 Suryavanshi SV, Kovalchuk I, Kovalchuk O. Cannabinoids as Key Regulators of 
Inflammasome Signaling: A Current Perspective. Front Immunol [Internet]. 
2021 [cited 2026 Jan 7];11. Available from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​f​​r​o​n​​t​i​e​​r​s​i​n​​.​o​​r​g​/​​j​o​u​​r​n​a​
l​​s​/​​i​m​m​​u​n​o​​l​o​g​y​​/​a​​r​t​i​​c​l​e​​s​/​1​0​​.​3​​3​8​9​​/​f​i​​m​m​u​.​​2​0​​2​0​.​6​1​3​6​1​3​/​f​u​l​l

94.	 Green DR, Galluzzi L, Kroemer G. Mitochondria and the autophagy-inflamma-
tion-cell death axis in organismal aging. Science. 2011;333(6046):1109–12.

95.	 Testai FD, Gorelick PB, Aparicio HJ, Filbey FM, Gonzalez R, Gottesman RF, et 
al. Use of Marijuana: Effect on Brain Health: A Scientific Statement From the 
American Heart Association. Stroke. 2022;53(4):e176–87.

96.	 Queiroz APdeS, Pozzolo Pedro MO, Waisman Campos M, Torales J, Ventriglio 
A, Castaldelli-Maia JM. Cognitive Effects of Cannabis Use: A Comprehensive 
Review Across Domains. Neurol Int. 2025;17(7):107.

97.	 Buckley S, Byrnes S, Cochrane C, Roche M, Estes JD, Selemidis S, et al. The role 
of oxidative stress in HIV-associated neurocognitive disorders. Brain Behav 
Immun Health. 2021;28(13):100235.

98.	 Gras G, Porcheray F, Samah B, Leone C. The glutamate-glutamine cycle 
as an inducible, protective face of macrophage activation. J Leukoc Biol. 
2006;80(5):1067–75.

99.	 Christopher-Hayes NJ, Lew BJ, Wiesman AI, Schantell M, O’Neill J, May PE, et 
al. Cannabis use impacts pre-stimulus neural activity in the visual cortices of 
people with HIV. Hum Brain Mapp. 2021;42(16):5446–57.

100.	 Webert LK, Schantell M, Horne LK, John JA, Glesinger R, O’Neill J, et al. Motor-
Related Neural Dynamics are Modulated by Regular Cannabis Use Among 
People with HIV. J Neuroimmune Pharmacol. 2025;20(1):63.

101.	 Schantell M, Springer SD, Arif Y, Sandal ME, Willett MP, Johnson HJ, et al. Regu-
lar cannabis use modulates the impact of HIV on the neural dynamics serving 
cognitive control. J Psychopharmacol. 2022;36(12):1324–37.

102.	 Meyer A, Laverny G, Bernardi L, Charles AL, Alsaleh G, Pottecher J, et al. Mito-
chondria: An Organelle of Bacterial Origin Controlling Inflammation. Front 
Immunol. 2018;19(9):536.

103.	 Williams D, Veenstra M, Gaskill P, Morgello S, Calderon T, Berman J. Monocytes 
mediate HIV neuropathogenesis: mechanisms that contribute to HIV associ-
ated neurocognitive disorders. Curr HIV Res. 2014;12(2):85–96.

104.	 Campbell JH, Hearps AC, Martin GE, Williams KC, Crowe SM. The importance 
of monocytes and macrophages in HIV pathogenesis, treatment, and cure. 
AIDS. 2014;28(15):2175–87.

105.	 Borrajo López A, Penedo MA, Rivera-Baltanas T, Pérez-Rodríguez D, Alonso-
Crespo D, Fernández-Pereira C, et al. Microglia: the real foe in HIV-1-associ-
ated neurocognitive disorders? Biomedicines. 2021;9(8):925.

106.	 Toledano RS, Akirav I. Cannabidiol prevents cognitive and social deficits in a 
male rat model of Alzheimer’s disease through CB1 activation and inflamma-
tion modulation. Neuropsychopharmacol Off Publ Am Coll Neuropsycho-
pharmacol. 2025;50(13):1916–27.

107.	 Aumer B, Rosa Porto R, Coles M, Ulmer N, Watt G, Kielstein H, et al. Combina-
tion treatment with medium dose THC and CBD had no therapeutic effect 
in a transgenic mouse model for Alzheimer’s disease but affected other 
domains including anxiety-related behaviours and object recognition 
memory. Pharmacol Biochem Behav. 2025;257:174101.

108.	 Cury RdeM, da Silva T, Cezar-Dos-Santos F, Fakih YRC, Narvaez KAR, Gouvea 
MC, et al. A randomized clinical trial of low-dose cannabis extract in 
Alzheimer’s disease. J Alzheimers Dis JAD. 2025;108(4):1602–13.

109.	 Kitdumrongthum S, Trachootham D. An Individuality of Response to Can-
nabinoids: Challenges in Safety and Efficacy of Cannabis Products. Molecules. 
2023;28(6):2791.

110.	 Maccarrone M, Di Marzo V, Gertsch J, Grether U, Howlett AC, Hua T, et al. 
Goods and Bads of the Endocannabinoid System as a Therapeutic Target: Les-
sons Learned after 30 Years. Pharmacol Rev. 2023;75(5):885–958.

111.	 Chu L, Shu Z, Gu X, Wu Y, Yang J, Deng H. The endocannabinoid system as 
a potential therapeutic target for HIV-1-associated neurocognitive disorder. 
Cannabis Cannabinoid Res. 2023;8(3):445–63.

https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2020.613613/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2020.613613/full


Page 21 of 21Ford et al. Journal of Neuroinflammation          (2026) 23:173 

112.	 Tan S, Chen W, Kong G, Wei L, Xie Y. Peripheral inflammation and neurocog-
nitive impairment: correlations, underlying mechanisms, and therapeutic 
implications. Front Aging Neurosci [Internet]. 2023 [cited 2026 Jan 7];15. 
Available from: ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​​f​r​o​​n​t​i​e​​r​s​i​​​n​.​​o​​r​​g​/​j​o​​u​r​n​​a​​l​​s​/​a​​g​​i​n​​g​-​n​​e​u​​r​o​s​​c​i​e​​​n​c​e​/​​a​r​​t​i​​​
c​l​e​​​s​/​1​0​​​.​​3​3​8​9​/​​f​n​a​g​​i​.​2​0​2​3​.​1​​3​0​5​7​9​0​/​f​u​l​l

113.	 Carruthers ER, Grimsey NL. Cannabinoid CB2 receptor orthologues; in vitro 
function and perspectives for preclinical to clinical translation. Br J Pharmacol. 
2024;181(14):2247–69.

114.	 Voicu V, Brehar FM, Toader C, Covache-Busuioc RA, Corlatescu AD, Bordeianu 
A, et al. Cannabinoids in Medicine: A Multifaceted Exploration of Types, 
Therapeutic Applications, and Emerging Opportunities in Neurodegenerative 
Diseases and Cancer Therapy. Biomolecules. 2023;13(9):1388.

115.	 Shahbazi F, Grandi V, Banerjee A, Trant JF. Cannabinoids and Cannabinoid 
Receptors: The Story so Far. iScience. 2020;23(7):101301.

116.	 Zhu Z, Zhang X, Dong W, Wang X, He S, Zhang H, et al. TREM2 suppresses the 
proinflammatory response to facilitate PRRSV infection via PI3K/NF-κB signal-
ing. PLoS Pathog. 2020;16(5):e1008543.

117.	 Li Y, Long W, Gao M, Jiao F, Chen Z, Liu M, et al. TREM2 Regulates High 
Glucose-Induced Microglial Inflammation via the NLRP3 Signaling Pathway. 
Brain Sci. 2021;11(7):896.

118.	 Azzolini F, Gilio L, Pavone L, Iezzi E, Dolcetti E, Bruno A, et al. Neuroinflam-
mation Is Associated with GFAP and sTREM2 Levels in Multiple Sclerosis. 
Biomolecules. 2022;12(2):222.

119.	 La Rosa F, Agostini S, Piancone F, Marventano I, Hernis A, Fenoglio C, et al. 
TREM2 Expression and Amyloid-Beta Phagocytosis in Alzheimer’s Disease. Int 
J Mol Sci. 2023;24(10):8626.

120.	 Hu L, Liu J, Peng J, Li X, Huang Z, Zhang C, et al. TREM2 Alleviates Neuroin-
flammation by Maintaining Cellular Metabolic Homeostasis and Mitophagy 
Activity During Early Inflammation. Dis Basel Switz. 2025;13(2):60.

121.	 Rosario-Rodríguez LJ, Cantres-Rosario YM, Rodríguez De Jesús AE, Mera-Pérez 
AM, Tosado-Rodríguez EL, Roche Lima A, et al. Cannabinoid Receptor Type 2 
Agonist JWH-133 Stimulates Antiviral Factors and Decreases Proviral, Inflam-
matory, and Neurotoxic Proteins in HIV-Infected Macrophage Secretome. Int 
J Mol Sci. 2025;26(21):10596.

122.	 Montecucco F, Burger F, Mach F, Steffens S. CB2 cannabinoid recep-
tor agonist JWH-015 modulates human monocyte migration through 
defined intracellular signaling pathways. Am J Physiol Heart Circ Physiol. 
2008;294(3):H1145-1155.

123.	 Correa F, Mestre L, Docagne F, Guaza C. Activation of cannabinoid CB2 recep-
tor negatively regulates IL-12p40 production in murine macrophages: role of 
IL-10 and ERK1/2 kinase signaling. Br J Pharmacol. 2005;145(4):441–8.

124.	 Mukerji SS, Bachanová P, Park H, Rosen LV, Kashlan R, Kivisäkk P, et al. Plasma 
Neurofilament Light Chain and Glial Fibrillary Acidic Protein as Biomarkers of 
Cognitive Decline in People With Human Immunodeficiency Virus. J Infect 
Dis. 2025;231(4):946–56.

125.	 Gisslén M, Heslegrave A, Veleva E, Yilmaz A, Andersson LM, Hagberg L, et al. 
CSF concentrations of soluble TREM2 as a marker of microglial activation in 
HIV-1 infection. Neurol Neuroimmunol Neuroinflammation. 2018;6(1):e512.

126.	 Leonard BE, Aricioglu F. Cannabinoids and neuroinflammation: therapeutic 
implications. J Affect Disord Rep. 2023;12(1):100463.

127.	 Pérez-Diego M, Angelina A, Martín-Cruz L, de la Rocha-Muñoz A, Maldonado 
A, Sevilla-Ortega C, et al. Cannabinoid WIN55,212-2 reprograms monocytes 
and macrophages to inhibit LPS-induced inflammation. Front Immunol. 
2023;14:1147520.

128.	 Tomaszewska-Zaremba D, Gajewska A, Misztal T. Anti-inflammatory effects of 
cannabinoids in therapy of neurodegenerative disorders and inflammatory 
diseases of the CNS. Int J Mol Sci. 2025;26(14):6570.

129.	 Arentoft A, Troxell K, Alvarez K, Aghvinian M, Rivera Mindt M, Cherner M, 
et al. HIV Antiretroviral Medication Neuropenetrance and Neurocognitive 
Outcomes in HIV+ Adults: A Review of the Literature Examining the Central 
Nervous System Penetration Effectiveness Score. Viruses. 2022;14(6):1151.

130.	 Webb AJ, Borrelli EP, Vyas A, Taylor LE, Buchanan AL. The effect of antiretro-
viral therapy with high central nervous system penetration on HIV-related 
cognitive impairment: a systematic review and meta-analysis. AIDS Care. 
2023;35(11):1635–46.

131.	 Cisneros IE, Ghorpade A. Methamphetamine and HIV-1-induced neurotoxic-
ity: role of trace amine associated receptor 1 cAMP signaling in astrocytes. 
Neuropharmacology. 2014;85:499–507.

132.	 Cisneros IE, Erdenizmenli M, Cunningham KA, Paessler S, Dineley KT. Cocaine 
evokes a profile of oxidative stress and impacts innate antiviral response 
pathways in astrocytes. Neuropharmacology. 2018;135:431–43.

133.	 Hauser KF, Fitting S, Dever SM, Podhaizer EM, Knapp PE. Opiate Drug Use and 
the Pathophysiology of NeuroAIDS. Curr HIV Res. 2012;10(5):435–52.

134.	 Ciccarelli N, Fabbiani M, Di Giambenedetto S, Fanti I, Baldonero E, Bracciale L, 
et al. Efavirenz associated with cognitive disorders in otherwise asymptom-
atic HIV-infected patients. Neurology. 2011;76(16):1403–9.

135.	 Libertone R, Lorenzini P, Balestra P, Pinnetti C, Ricottini M, Plazzi MM, et al. 
Central nervous system penetration-effectiveness rank does not reliably 
predict neurocognitive impairment in HIV-infected individuals. J Int AIDS Soc. 
2014;17(4 Suppl 3):19655.

Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://www.frontiersin.org/journals/aging-neuroscience/articles/10.3389/fnagi.2023.1305790/full
https://www.frontiersin.org/journals/aging-neuroscience/articles/10.3389/fnagi.2023.1305790/full

	﻿Cannabis use by people with HIV is associated with an anti-inflammatory immunometabolic phenotype in monocyte-derived macrophages
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Sex as a biological variable
	﻿Study population
	﻿Graphical methods
	﻿Separation and treatment of Monocyte-Derived Macrophages (MDMs)
	﻿Mitochondrial signal measurements
	﻿Determination of metabolism in monocyte-derived macrophages
	﻿RNA sequencing
	﻿Quantitative Polymerase Chain Reaction (qPCR)
	﻿Differentially expressed genes displayed
	﻿Clinical assessment
	﻿Detecting plasma biomarkers
	﻿Neurocognitive assessment
	﻿Psychiatric and substance use history


	﻿Statistical analysis
	﻿Group comparisons
	﻿Correlational analysis
	﻿Data normalization and visualization
	﻿Gene ontology and volcano plots

	﻿Results
	﻿Cannabis use by PWH was associated with better neurocognitive function that correlated with higher average mitochondrial signals in monocyte-derived macrophages (Fig. ﻿1﻿﻿﻿﻿﻿)
	﻿Cannabis use by PWH was associated with a reduced glycolytic response, increased mitochondrial numbers and transcriptional profiles consistent with mitochondrial biogenesis in monocyte-derived macrophages (Fig. ﻿2﻿﻿﻿﻿﻿)
	﻿Cannabis use by PWH was associated with lower glycolysis and higher oxidative phosphorylation gene expression in monocyte-derived macrophages (Fig. ﻿3﻿﻿﻿﻿﻿)
	﻿Cannabis use by PWH was associated with reduced pro-inflammatory and oxidative stress gene expression and increased anti-inflammatory, ﻿β﻿-oxidation, and brain-derived neurotropic factor gene expression (Figure ﻿4﻿﻿﻿﻿﻿)
	﻿Cannabis use by PWH was associated with lower plasma levels of growth differentiation factor 15, soluble triggering receptor expressed on myeloid cells 2, and increased mature BDNF/precursor BDNF ratios that correlated with better cognition (Fig. ﻿5﻿﻿﻿﻿﻿
	﻿Inflammatory markers (GDF15)
	﻿Neuroinflammatory and neurotrophic markers (sTREM2, BDNF)

	﻿Discussion
	﻿References


