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Background. Human immunodeficiency virus (HIV) infection remains incurable due to the persistence of a viral reservoir
despite antiretroviral therapy (ART). Cannabis (CB) use is prevalent amongst people with HIV (PWH), but the impact of CB

on the latent HIV reservoir has not been investigated.
Methods.

Peripheral blood cells from a cohort of PWH who use CB and a matched cohort of PWH who do not use CB on ART

were evaluated for expression of maturation/activation markers, HIV-specific T-cell responses, and intact proviral DNA.

Results.

CB use was associated with increased abundance of naive T cells, reduced effector T cells, and reduced expression of

activation markers. CB use was also associated with reduced levels of exhausted and senescent T cells compared to nonusing
controls. HIV-specific T-cell responses were unaffected by CB use. CB use was not associated with intact or total HIV DNA

frequency in CD4 T cells.
Conclusions.

This analysis is consistent with the hypothesis that CB use reduces activation, exhaustion, and senescence in the T

cells of PWH, and does not impair HIV-specific CD8 T-cell responses. Longitudinal and interventional studies with evaluation of
CB exposure are needed to fully evaluate the impact of CB use on the HIV reservoir.
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While antiretroviral therapy (ART) suppresses human immu-
nodeficiency virus (HIV) replication, continuous therapy is re-
quired due to a latently infected reservoir that fuels viral
rebound upon ART cessation [1]. ART mitigates CD4 T-cell
depletion associated with untreated infection and leads to re-
constitution of pathogen-specific immune response, and de-
creases in immune activation [2-4]. However, sequelae of
immune activation and dysfunction, such as cancers and car-
diopulmonary disease, contribute to morbidity and mortality
in treated individuals [5, 6]. The mechanisms of this persistent
pathologic inflammation during ART suppression are unclear
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but may involve residual proviral expression, impaired gut mu-
cosal barrier function, and long-lasting immune system alter-
ations induced during untreated infection [7, 8].

Cannabis (CB) use is prevalent among people with HIV
(PWH), with close to 80% of PWH reporting any lifetime CB
use, and up to 50% reporting daily to weekly use [9]. Despite
widespread use and increasing legality, the impact of CB use
on immune function in PWH during suppressive ART is incom-
pletely understood [10-21]. Delta-9-tetrahydrocannabinol
(THC), the major psychoactive cannabinoid constituent, exerts
its effects via 2 G-protein coupled receptors CB; and CB,. CB; is
largely present in neurons. CB,, by contrast, is abundantly ex-
pressed in immune cells, including CD4 T cells [22-24]. At
the molecular level, activation of cannabinoid and potentially
other receptors leads to complex pleotropic cell-type and
context-dependent cellular signaling [22-24]. Canonically, can-
nabinoids are characterized as anti-inflammatory through sev-
eral mechanisms, including suppression of inflammatory
cytokines, decreased T-cell proliferation, and modulation of T
helper responses [22-24].

In the context of HIV infection in humans, there are mixed
results regarding the immune impacts of CB use, reviewed in
detail elsewhere [10, 25]. Across multiple studies, CB use did
not impact CD4 and CD8 counts or increase the risk for HIV
disease progression in untreated disease [10, 25, 26]. Some
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but not all human studies report a variety of anti-inflammatory
effects of CB use, including decreases in levels of activated T
cells and inflammatory cytokines [10-21]. Notably, hazardous
CB use or CB use paired with concomitant use of other sub-
stances may decrease the anti-inflammatory effect of CB use
[13, 15, 19].

The virologic effects of CB use on HIV infection are also
poorly understood. In vitro studies demonstrate that synthetic
cannabinoids can inhibit HIV replication, and some but not all
animal and human studies suggest reduced viral loads in PWH
who use CB [10, 24, 27, 28]. During treated HIV infection, CB
use has been associated with more rapid decay of total HIV
DNA during the first 2 years of ART [20]. CB use also influenc-
es T-cell activation and proliferation [10, 25]. Given that these
factors are implicated in HIV reservoir dynamics, further
evaluation of the immune-virologic effects of CB use in the
context of persistent HIV infection is needed to inform strate-
gies to deplete the HIV reservoir and mitigate persistent
inflammation [29].

In this cross-sectional study, high-dimensional immunophe-
notyping, measurement of HIV-specific T-cell responses, and
HIV reservoir quantification using the intact proviral DNA as-
say (IPDA) were performed on peripheral blood samples from
PWH on suppressive ART with or without CB use to assess im-
pact of CB use on inflammation, immune function, and the
HIV reservoir.

METHODS

Study Approval and Samples

This study was reviewed and approved by the institutional review
boards from both Duke University and University of North
Carolina (00107328). All participants provided written, informed
consent. Peripheral blood mononuclear cells (PBMCs) were iso-
lated from whole blood and viably cryopreserved.

Peptide Stimulation and Flow Cytometry

Thawed PBMCs were rested for 6 hours prior to stimulation
with or without HIV Gag, Pol, and Env PepMixes (JPT
Laboratories) at 0.2 pg/mL final concentration of each with di-
methyl sulfoxide solvent, and in the presence of brefeldin A,
monensin, and CD107a-PE (H4A3 clone; BL) prior to cytokine
staining. A separate portion of unstimulated PBMCs were re-
served for a high-dimensional immunophenotyping panel;
detailed staining methods and antibody information is avail-
able in the Supplementary Methods. Sample acquisition was
performed on a Cytek Aurora spectral flow cytometer. Flow cy-
tometry analysis was performed in FlowJo version 10.8.

Intact Proviral DNA Assay
A portion of the viably thawed PBMCs described above under-
went total CD4 T-cell negative selection and IPDA as

previously described [30, 31]. Detailed assay performance pa-
rameters are reported in the Supplementary Methods.

Data Analysis

All statistical comparisons were subject to a false discovery rate
(FDR) correction with q=10%, except for the exploratory
subgroup analysis for the IPDA data (Supplementary
Materials). Comparisons were considered statistically significant
if (1) P was < .05 and (2) the FDR correction q value was <10%.

Traditional statistical comparisons between the CB use and
nonuse groups for flow cytometry and IPDA analysis were car-
ried out using Mann-Whitney U tests. Evaluation of the rela-
tionship between years of self-reported CB use and IPDA and
flow cytometry parameters were conducted using Spearman
correlation.

Linear regression was employed to estimate the effect of self-
reported years of CB use on the immunophenotypes observed
while also accounting for the potential confounders of age, sex,
race, years of HIV infection, years of treatment, CD4 T-cell na-
dir value, and recent CD4 T-cell count. Features were standard-
ized prior to model fitting [32].

Comparison of functional T-cell responses was performed
using a nonparametric multicomponent distribution statistical
test [33]. As previously described, T-cell response data were
subject to thresholding (75th percentile) and normalization
to non-peptide-stimulated cells for each donor [33]. This facil-
itates visualization and ensures the comparison reflects true
positive responses.

Multiple data science approaches were employed to further
evaluate relationships between CB use and 142 immune/clini-
cal/demographic parameters and are described in detail in
the Supplementary Materials. Briefly, we leveraged these data
science tools to provide the following main analyses: (1) receiv-
er operating characteristic (ROC) curves for individual im-
mune cell types, which finds the most important single
immune cell type associated with CB use versus nonuse; (2)
sparse decision trees, which find combinations of immune
cell types that best distinguish PWH who use CB versus those
who do not [34]; and (3) dimension reduction, an unsupervised
technique for visualization of high-dimensional data on a 2-di-
mensional plot to visualize assess if there are global difference
in PWH who use CB versus PWH who do not use CB [35].

RESULTS

Cohort Characteristics

Seventy-five PWH participated in this cross-sectional study;
detailed study inclusion and exclusion criteria are published
elsewhere [36]. Briefly, all participants had tested positive for
HIV for more than 2 years (median, 12 years; range, 2-34 years)
and were ART suppressed (<50 RNA copies/mL) for at least 12
months (median, 10 years; range, 2-28 years). Overall, the 2
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groups had similar characteristics in terms of age, sex, race,
years of infection and therapy, and CD4 nadir (Table 1).
Individuals with recent or previous regular use of illicit sub-
stances other than CB, as well as individuals with alcohol use
disorder, were excluded.

Criteria for the CB-use group (n = 33) were greater than 12
days of self-reported CB use within the last 90 days and a pos-
itive urine test, while PWH who did not use CB (n = 42) were
defined as having no reported CB or illicit substance use in the
last 12 months and a negative urine test. Additionally, estimates
of self-reported years of lifetime CB use for all participants were
also obtained to estimate cumulative exposure, because reliance
on analysis of CB metabolites verifies only recent use and is lim-
ited by marked variation related to host metabolism, route of
administration, and heterogeneity of CB [37, 38]. Median life-
time self-reported years of CB use for the cohort was 19 (Q1, 11;
Q3, 24) years.

CB Use Is Associated With Alterations to T-Cell Maturation, Activation,
and Exhaustion

High-dimensional flow cytometry immunophenotyping was
performed for each participant (Supplementary Figure 1A
and Supplementary Table 1). Use of CB was not associated
with statistically significant (FDR-corrected Mann-Whitney
U test) changes in abundance of CD4 T cells (median differ-
ence =5.2%), CD8 T cells (median difference = 3%), NK cells
(median difference = 0.3%), or NKT cells (median difference
1B-E). No

=0.4%) (Supplementary Figure statistically

Table 1. Participant Demographic and Clinical Characteristics

Cannabis Use No Cannabis Use

Characteristic (n=33) (n=42)
Age, y 42 (33, 48.5) 45.5 (37, 53.25)
Sex, % male (No.) 87.88 (29) 73.81 (31)
Race/ethnicity, % (No.)
African American 66.67 (22) 71.43 (30)
Caucasian 30.30 (10) 28.57 (12)
Hispanic 0(0) 0(0)
Mixed 3.03 (1) 0(0)
Years HIV positive 12(7,21) 12 (8, 21.5)
Years ART treatment 10 (6, 17.5) 10 (7, 19)

CD4 count at study entry, cells/ 815 (626, 1141) 779.5 (658, 932.3)

mm?

Nadir CD4 count, cells/mm?® 285 (133.5, 431.8) 245.5 (102.5, 360.8)

Current antiretroviral class, %

(No.)

Combined 57.58 (19) 47.62 (20)
NNRTI 33.33(11) 23.81(10)
Pl 9.09 (3) 11.9 (5)
Il 0 (0) 16.67 (7)

Unless otherwise specified, quantitative data are median (Q1, Q3). There are missing values
in the data: years HIV positive, 1 missing; years ART treatment, 8 missing; and nadir CD4
count, 3 missing.

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus; I, integrase
inhibitor; NNRTI, nonnucleoside reverse transcriptase inhibitor; PI, protease inhibitor.

significant alterations to CD4 maturation subsets were ob-
served (Figure 1A). Evaluation of T-cell maturation subsets
demonstrated that CB use was associated with statistically sig-
nificantly increased CD8 T naive cells (median difference =
12.4%) and decreased CD8 T effector cells (median difference
=6.5%) (Figure 1B).

Next, we conducted an analysis of classical activation and ex-
haustion markers (CD38, HLA-DR, and PD-1) and an immune
senescence marker (killer cell lectin-like receptor subfamily G
member 1 [KLRGI]) on total CD4 and CDS8 cells (Figure 2)
[39-41]. CB use was associated with statistically significant
(FDR-corrected Mann-Whitney U test) reduced frequencies
of CD4"PD1" T cells (median difference = 6.4%) (Figure 2A).
Similarly, in CD8 T cells, significantly decreased HLA-DR"
(median difference = 7.0%) and KLRG1" levels were observed
for  PWH who wuse CB (median difference =20.7%
(Figure 2B). Additional analysis of activation/exhaustion/sen-
escence markers in CD4 and CD8 T-cell subsets demonstrated
that CB use was associated with statistically significantly
(FDR-corrected Mann-Whitney U test) reduced frequencies
of CD38" cells in the CD4 T naive (median difference =
4.7%) and T central memory (median difference = 4.3%) com-
partments (Supplementary Figures 2 and 3).

To assess for a potential dose-response effect of CB use on
inflammation, years of lifetime self-reported CB use
(Supplementary Figure 4A) was correlated with immune mark-
ers identified to be statistically significantly different between
CB-use and nonuse groups in Figure 1 and Figure 2 using
FDR-corrected Spearman correlations. Years of CB use weakly
positively correlated with CD8 naive T-cell frequencies
(r=10.20), albeit without statistical significance. A statistically
significant negative correlation was observed for CD8 effector
T-cell frequencies (r=—0.27) (Supplementary Figure 4B and
4C). Years of CB use was statistically significantly negatively
correlated with CD4"PD-1" T cells (r=-0.29),
CD8"HLA-DR" T cells (r=—0.27), and CD8"KLRG1* T cells
(r=—0.29) (Supplementary Figure 4D-F).

Linear Regression With Adjustment for Confounders Show Self-reported
Years of CB Is Directly Related to Altered Inmunophenotypes

Linear regression was employed to estimate the effect of self-
reported years of CB use on the immunophenotypes observed
while also accounting for the potential confounders of age, sex,
race, years of HIV infection, years of treatment, CD4 T-cell na-
dir value, and recent CD4 T-cell count. For the 8 statistically
significant cell populations identified in Figure 1 and
Figure 2, and Supplementary Figures 2 and 3, the best fit linear
models included those for percent CD8 T KLRG1", percent
CD8 T naive, and percent CD8 T central memory PD-1"
populations: more than 22% of the variance in these popula-
tions was explained by the demographics, clinical information,
and CB use (Supplementary Figure 5 and Supplementary
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Figure 1.

Cannabis (CB) use is associated with increased CD8 naive T cells and decreased CD8 T effector cells. A and B, Proportional abundance of T cells in naive (Tn),

central memory (Tem), effector memory (Tem), and effector (Teff) subsets for CD4 T cells (A) and CD8 T cells (B). Cell subsets assigned by expression of the surface markers
CD45RA and CCR7: Tn, CD45RA*/CCR7*; Tem, CD45RA™/CCR7*; Tem, CD45RA~/CCR7~; and Teff, CD45RA*/CCR7~. Each dot represents an individual participant (CB use
n=33; no CB use n=42). Comparisons were considered statistically significant (designated with a single asterisk) if the (1) Pvalue from the Mann-Whitney U test was
<.05 and (2) the FDR q value was <10%. Lines represent the median and error bars the interquartile range.

Table 2). To determine the relevance of self-reported years of
CB use to these models, we also computed adjusted R* scores
without self-reported years of CB use in the models. We ob-
served a reduction in R* scores for all 8 linear models (median
R?=0.15 with years of CB use, median R* = 0.07 without years
of CB use; Supplementary Table 2). This finding lends support
to the notion that self-reported lifetime years of CB use partially
explains the variance in several immunophenotypes related to
inflammation, even after accounting for several potential
confounders.

Data Science Approaches Identify Inmunophenotypes That Distinguish
PWH Who Use CB From Those Who Do Not

We leveraged several data science approaches to identify
features associated with CB use that may not be apparent in tra-
ditional analyses (Supplementary Methods). First, the ability of
each of 142 single-immunophenotype frequencies from the
data
(Supplementary Table 1 and Supplementary Methods) to clas-

flow cytometry analysis or clinical/demographic
sify individuals correctly into the CB-use versus nonuse groups
was evaluated using ROC curves. The top 2 predictive features
(greatest area under the ROC curve [AUC]) were (1) percent
KLRG17/PD-1~ CD8 T cells and (2) percent PD-17/CCR7*
CD8 T cells (Figure 3A and Supplementary Table 3).

Next, generalized and scalable optimal sparse decision trees
(GOSDT) [34] analysis was performed using the 46 features

with AUC > 0.6 identified in the ROC analysis. This approach
generated a classification tree that correctly identifies the
CB-use status of 67 of 75 participants using only 4 specific im-
munophenotypes (Figure 3B).

As an additional approach to identify unique features associ-
ated with CB use, CB use agnostic high-dimensional reduction
techniques were performed using the 46 features with an AUC
> 0.6 from the ROC analysis. Superimposition of CB use status
after clustering revealed some separation of PWH who use CB
and those who do not (Figure 3C). Remarkably, visualization of
participants using combinations of 2 minimally correlated im-
munophenotype features identified in the ROC analysis and
GOSDT algorithm (Figure 3D and 3E) resulted in similar clus-
ter separation as the high dimension analysis (Figure 3C).
Opverall, the data science approach corroborates the traditional
analysis in Figure 1, Figure 2, Figure 3, and Figure 4, and iden-
tifies combinations of a limited number of specific immune pa-
rameters that highlight the anti-inflammatory signature
associated with CB use.

CB Use Is Not Associated With a Reduction in HIV-Specific T-Cell
Responses

Given the associations of CB use with suppression of inflamma-
tory cytokines, decreased T-cell activation, and modulation of
T helper responses [22-24], an important question is whether
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Figure 2. Cannabis (CB) use is associated with decreased activation and exhaustion markers on CD4 and CD8 T cells. A and B, Expression levels (percent positive) for 3
different immune activation markers (HLA-DR, CD38, and PD-1) are shown for total CD4 T cells (4) and CD8 T cells (B). Each dot represents an individual participant (CB use
n=233; no CB use n=42). Comparisons were considered statistically significant (designated with a single asterisk) if (1) the P value from the Mann-Whitney U test was
<.05 and (2) the FDR q value was <10%. Lines represent the median and error bars the interquartile range.

functional T-cell responses to HIV are impaired in PWH on
ART who use CB. To address this, HIV-specific CD4 and
CD8 T-cell functional responses were quantified using
PBMCs from each study participant as described in the
“Methods” section. CD4 and CD8 T-cell responses were as-
sessed using collapsed analysis groups: monofunctional (1/4
markers positive), bifunctional (2/4 markers positive), or poly-
functional (3/4 or 4/4 markers positive) (Figure 4A). There was
a similar distribution of mono-, bi-, or polyfunctional CD4
(Figure 4B) and CD8 (Figure 4C) T-cell responses to the overall
functional T-cell response across PWH who use CB versus
those who do not. A previously described statistical test [33]
for groups with multicomponent measurements demonstrated
no statistically significant association of CB use with altered
CD4 or CD8 functional T-cell responses.

Evaluation of the Relationship Between CB Use and HIV Reservoir

As CB use may influence HIV reservoir dynamics [20], we
evaluated whether CB use impacts the latent HIV reservoir in
durably ART-suppressed PWH. Total CD4 T cells from each
participant were evaluated with the IPDA, which quantifies in-
tact proviruses per million CD4 T cells; 5'-defective,
3’-defective, and total (sum of intact, 5’-defective, and
3'-defective) proviral frequencies are also quantified in the

same sample [30]. Total HIV DNA frequency was not statisti-
cally significantly different between PWH who use CB and
those who do not (Figure 5A). Frequency of intact proviruses
were also not statistically different when assessed as absolute
frequencies/10° CD4 T cells or as a percentage of total HIV
DNA frequency (Figure 5B and 5C). No statistically significant
correlation between years of CB use and intact or total HIV
DNA was observed (Supplementary Figure 2G and 2H). A
hypothesis-generating exploratory subgroup analysis was per-
formed to further examine if CB use was associated with reser-
voir frequency (Supplementary Methods and Supplementary
Figure 6). This analysis identified that in individuals with NK
cell expression of NKG2A > 28%, CB use may be associated
with a lower level of intact HIV DNA.

DISCUSSION

In this observational cross-sectional study, we found that CB
use was associated with alterations in CD8 T-cell subset abun-
dance, as well as reduced expression of a variety of T-cell im-
mune activation, exhaustion, and senescence markers.
Notably, the magnitude of the aforementioned parameters cor-
related with self-reported years of lifetime regular CB use,
suggesting a potential dose responsive impact of CB use on im-

mune activation. Data science approaches were confirmatory of
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Figure 3.

Exploratory data science approaches identify complex immunophenotype classifications that can predict CB use status. A, ROC curves and corresponding AUC

values for 133 features derived from demographics, IPDA, and flow cytometry analysis of the cohort. Axes represent TPR and the FPR for each feature-derived model for
classifying study participants into the CB use versus nonuse groups. Dashed line corresponds to the ROC curve of an uninformative model. B, Visualization of the dataset
using the decision tree algorithm GOSDT. This tree correctly describes 89.3% of the dataset. C, Visualization of the dataset based on application of PaCMAP dimension
reduction. D and £, Scatter plot of 2 sets of feature combination. We constructed pairs of features with high AUC values combined with features from GOSDT tree and
chose the 2 pairs with lowest Spearman correlation: the frequency of CD387/HLA-DR™ cells within the CD4 Tn population versus the frequency of KLRG1~/PD-1~ cells
within the total CD8 T-cell gate (D), and the frequency of CD38~/HLA-DR* cells within the CD4 Tcm population versus the frequency of KLRG1* cells within the CD8 T--
cell population (£). Abbreviations: AUC, area under the curve; CB, cannabis; FPR, false positive rate; GOSDT, generalized and scalable optimal sparse decision trees; IP-
DA, intact proviral DNA assay; ROC, receiver operating characteristic; Tcm, central memory T cell; Tn, naive T cell; TPR, true positive rate.

the anti-inflammatory effect of CB use, and identified a limited
number of complex immunophenotypes that could predict CB
use. Importantly, HIV-specific functional T-cell responses were
unaffected by CB use. Finally, CB use was not associated with
altered frequency of intact or total HIV DNA.

Canonically, cannabinoids are thought to exhibit anti-
inflammatory effects [22, 23]. However, despite the high prev-
alence of CB use in PWH, only a handful of studies have exam-
ined the impact of CB use on the immune system in PWH on

durable suppressive ART [10]. Some human studies have dem-
onstrated that CB use is associated with anti-inflammatory ef-
fects, including lower levels of inflammatory monocytes,
plasma inflammatory cytokines, and T-cell activation markers
[10-15, 21]. However, this broad anti-inflammatory phenotype
has not been reproduced in all studies [16-20].

This study supports the notion that CB use is associated with
anti-inflammatory effects on T cells. A notable strength of the
study is the focus on individuals who use CB but do not have
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Figure 4. Cannabis use does not impair HIV-specific T-cell responses. PBMCs
from each study participant were stimulated with HIV peptides and analyzed for
expression of CD107, IFN-y, IL-2, and TNF-a. by flow cytometry. A, Cells were clas-
sified as monofunctional, bifunctional, or polyfunctional based on expression pat-
terns of these 4 proteins. B and C, The frequency of monofunctional,
bifunctional, and polyfunctional CD4 T cells (B) or CD8 T cells (C) was compared
between PWH who use CB and PWH who do not, using a previously described non-
parametric statistical test for groups with multicomponent measurements [33].
Abbreviations: CB, cannabis; HIV, human immunodeficiency virus; IFN-y, interfer-
on-y; IL-2, interleukin 2; PBMC, peripheral blood mononuclear cell; PWH, people
with HIV; TNF-a, tumor necrosis factor-a.

other substance use disorders, as other substance use has been
suggested to confound the anti-inflammatory effects of CB [13,
15, 19]. Further, several anti-inflammatory phenotypes associ-
ated with CB correlated with the cumulative lifetime years of
self-reported CB use. Additionally, using data science ap-
proaches, a limited combination of specific immunophenotype
parameters was identified that predicted CB use in PWH.
Common among these parameters were markers of T-cell in-
flammation/exhaustion, including CD38, HLA-DR, PD-1,
and KLRG1.

There are some limitations of this study and remaining ques-
tions regarding the impact of CB use on inflammation in PWH
on ART. Future appropriately powered studies will be required
to understand the interactions of CB use with other substances
(such as tobacco, alcohol, illicit drugs, and/or polysubstance
use), biological sex, and the immune system [13, 15, 19, 27—
29]. Additional studies might also further define the

mechanisms underlying the anti-inflammatory effect of CB
use in the context of PWH on ART [22-24]. The specific CB
these
inflammatory effects also remain to be determined. CB con-

constituents and exposures that mediate anti-
tains several cannabinoids, including THC, cannabidiol
(CBD), and minor cannabinoids. Self-reported lifetime years
of CB use correlated with several metrics of immune activa-
tion/exhaustion, suggesting a dose-responsive effect; however,
the correlation was weak and self-reported exposures are sub-
ject to response bias. Therefore, controlled animal model ex-
periments or clinical trials will be necessary to establish
dosing and the specific CB constituents or derivatives that
could provide the most immune benefit to PWH [21].
Thorough assessment of the benefits and risks of CB use on
nonimmune tissues and physiological and psychological pro-
cesses will also be required [9].

Given the anti-inflammatory signature associated with CB
use, an important question is whether functional T-cell re-
sponses to HIV are impaired in PWH on ART who use CB
[11, 22-24]. Short-term CB exposure in PWH on ART did
not alter mitogenic and non-HIV functional immune respons-
es; however, no study has evaluated the impact of CB use on
HIV-specific functional T-cell responses during ART [42].
Importantly, in this study CB use was not associated with al-
tered functional CD4 and CD8 T-cell responses to HIV peptide
pools ex vivo in PWH on suppressive ART. However, it re-
mains possible that CB use could impact adaptive responses
in a manner that is not captured using ex vivo assays or exhibit
immunosuppressive effects during only certain stages of infec-
tion such as prior to ART initiation [43]. Nonetheless, these re-
sults provide some reassurance that CB use does not adversely
impact HIV-specific T-cell functionality.

In addition to addressing immune activation and T-cell
functionality, our study represents the first assessment of the
impact of CB use on the intact and total HIV DNA reservoir
in participants on durable suppressive ART, when reservoir fre-
quencies are relatively more stable and less subject to the dy-
namics of initial reservoir decline and CD4 reconstitution
following ART initiation [20, 44, 45]. Interestingly, a clear asso-
ciation between CB use and the frequency or composition (in-
tact vs defective proviruses) of the HIV reservoir in CD4 T cells
was not observed in this cross-sectional study. An exploratory
subgroup analysis suggested that CB use may be associated with
lower HIV reservoir frequency in PWH who use CB that have
higher NK cell NKG2A expression, but this requires additional
follow-up and validation. The absence of a clear relationship
between CB use and HIV reservoir size across the entire cohort
may be a true negative finding but could also reflect limitations
of the cross-sectional design. For instance, the impact of CB use
on the HIV reservoir may be dose-dependent; however, no cor-
relation was observed between lifetime years of self-reported
CB use and intact or total HIV DNA frequencies. That said,
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Figure 5. Cannabis use is not associated with differences in intact or total HIV DNA reservoir frequency in CD4 T cells. IPDA was carried out on purified CD4 T cells from
subjects without IPDA amplification failures (66/75, n = 30 CB use and n = 36 nonuse) to quantify (4) total viral DNA per million CD4 T cells (total HIV DNA/10° CD4 T cells),
(B)intact proviruses per million CD4 T cells (intact HIV DNA/10° CD4 T cells), and (C) percent intact proviruses of total proviruses detected by IPDA for each study participant
(intact DNA % of total). Each dot represents an individual participant. Comparisons were considered statistically significant (designated with a single asterisk) if (1) the P
value from the Mann-Whitney U test was <.05 and (2) the FDR q value was <10%. Lines represent the median and error bars the interquartile range. Abbreviations: HIV,
human immunodeficiency virus; IPDA, intact proviral DNA assay; LOD, limit of detection; ns, not significant.

longitudinal cohort studies or clinical trials are required to fully
elucidate the impact of CB on long-term HIV reservoir fre-
quency and dynamics, as CB use may impact the HIV reservoir
through pre-ART (eg, impacts on viral replication) and
post-ART (eg, influences on reservoir decay/expansion) mech-
anisms [20, 29, 44].

In summary, CB use was associated with a specific anti-
inflammatory immunophenotypic signature and preserved
HIV-specific T-cell responses during long-term ART. While
no robust association of CB use and the HIV reservoir was ob-
served, this observational cross-sectional study provides the
scientific basis for several hypotheses that could be explored
in longitudinal cohort or interventional studies to fully dissect
the interactions between CB use, inflammation, and the HIV
reservoir. This might ultimately be leveraged clinically to mit-
igate persistent inflammation and associated sequelae in
PWH, as well as inform strategies for an HIV cure.
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