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Abstract: HIV-associated neurocognitive disorders (HAND) affect 15–55% of HIV-positive patients
and effective therapies are unavailable. HIV-infected monocyte-derived macrophages (MDM) invade
the brain of these individuals, promoting neurotoxicity. We demonstrated an increased expression of
cathepsin B (CATB), a lysosomal protease, in monocytes and post-mortem brain tissues of women with
HAND. Increased CATB release from HIV-infected MDM leads to neurotoxicity, and their secretion is
associated with NF-κB activation, oxidative stress, and lysosomal exocytosis. Cannabinoid receptor
2 (CB2R) agonist, JWH-133, decreases HIV-1 replication, CATB secretion, and neurotoxicity from
HIV-infected MDM, but the mechanisms are not entirely understood. We hypothesized that HIV-1
infection upregulates the expression of proteins associated with oxidative stress and that a CB2R
agonist could reverse these effects. MDM were isolated from healthy women donors (n = 3), infected
with HIV-1ADA, and treated with JWH-133. After 13 days post-infection, cell lysates were labeled
by Tandem Mass Tag (TMT) and analyzed by LC/MS/MS quantitative proteomics bioinformatics.
While HIV-1 infection upregulated CATB, NF-κB signaling, Nrf2-mediated oxidative stress response,
and lysosomal exocytosis, JWH-133 treatment downregulated the expression of the proteins involved
in these pathways. Our results suggest that JWH-133 is a potential alternative therapy against
HIV-induced neurotoxicity and warrant in vivo studies to test its potential against HAND.

Keywords: CATB; HIV; MDM; CB2R; NF-κB; Nrf2

1. Introduction

Approximately 15–55% of HIV-positive people develop despite being under combined
antiretroviral therapy (cART) [1]. There are no effective therapies available against HAND.
HAND is a neurodegenerative disease characterized by lymphocyte and MDM infiltration,
inflammation, and persistent HIV replication in affected individuals’ brains [2–6]. Our
laboratory has found increased expression of CATB, a proinflammatory lysosomal enzyme,
in the post-mortem brain tissues, plasma, and monocytes of individuals with HAND [7,8].
Also, in in vitro HIV-infected macrophages, increased CATB release in its free-form leads
to neuronal apoptosis [7,9–14]. We also demonstrated that CATB can be found free and
in exosomes secreted from HIV-infected macrophages [15]. However, the mechanisms of
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free-form CATB secretion from HIV-infected macrophages are not entirely understood. In
osteosarcoma cells, mitochondrial oxidative phosphorylation impairment and NF-κB (p65)
activation lead to an increased expression and secretion of CATB [16]. IL-6 stimulation in
osteoclasts promotes the release of CATB in part through NF-κB activation [17]. Similarly, in
melanoma cells, NF-κB (p65) activation leads to CATB secretion [18]. Previous studies in our
laboratory have proposed that the release of CATB to the extracellular space is associated
with oxidative stress and NF-κB activation [19–21]. This was based on findings showing
that the HIV-1 infection of macrophages decreased intracellular tyrosine-phosphorylated
STAT-1 (STAT-1PY) levels due to STAT-1 interaction with cystatin B, sequestering STAT-1
in the cytoplasm and preventing its phosphorylation [22]. This sequestration may affect
STAT1PY interaction with the interferon regulatory factor 1 (IRF-1), preventing IRF-1
binding with NF-κB and translocation to the nucleus [20]. Indeed, additional experiments
with IFN-β-treated MDM demonstrated that cystatin B interferes with STAT-1 signaling
and IFN-β–antiviral responses [21]. The activation of NF-κB may promote increased HIV-1
replication, oxidative stress, and the release of CATB into the extracellular space [20].
However, the mechanism by which CATB in its free-form could end up secreted from
HIV-infected macrophages is unknown.

In previous studies, we demonstrated that increased CATB secretion from HIV-infected
macrophages is associated with increased intracellular ROS/RNS levels, confirming our
hypothesis that CATB secretion is prompted by oxidative stress [10]. The nuclear erythroid
transcription factor 2 (Nrf2) is considered the master regulator of the oxidative stress
response by activating the antioxidant response element (ARE) [23–25]. Studies have
demonstrated that HIV-1 infection suppresses the Nrf2/ARE pathway [26–29]; however,
cells exposed to HIV-1 viral proteins such as Tat, gp120, and the reverse transcriptase (RT)
show discrepant effects [27–33]. Our previous study also demonstrated that dimethyl
fumarate (DMF), a known NF-κB inhibitor and Nrf2 activator, decreases HIV-1 replication,
oxidative stress, and CATB release from HIV-infected MDM, indicating that oxidative stress
is linked to CATB secretion [10,34].

Subtle increases in reactive oxygen species (ROS) levels can activate the mucolipin
TRP channel 1 (TRPML1) in lysosomes and promote their exocytosis [35,36]. Increased
oxidative stress induces lysosomal exocytosis instead of cell damage in T cells and astrocytes
by elevating intracellular calcium levels [37,38]. In line with this, HIV-1 Tat promotes
CATB release from astrocytes through lysosomal exocytosis, and it contributes to the
astrocyte-mediated Tat neurotoxicity [39]. HIV-1 gp120 induces lysosomal exocytosis
from human Schwann cells [40]. In U87MG glioblastoma cells, HIV-1 gp120 exposure
increases ROS levels and promotes de-acidification and the positioning of lysosomes
toward the plasma membrane [41]. Cinti and collaborators in 2017 demonstrated that in
macrophages, HIV-1 infection promotes the movement of lysosomes to the cell periphery
to facilitate HIV-1 budding and release and suggested that lysosomes fuse with the plasma
membrane to assist in viral assembly at the inner plasma membrane [42]. In cancer,
lysosomes accumulate at the cell periphery and secrete their contents, including CATB, to
the extracellular milieu [43–45]. Moreover, an increased production of CATB and cathepsin
L promotes lysosome positioning toward the cell periphery [45–48], and lysosomes at the
cell periphery fuse with each other and then with the plasma membrane in a calcium-
dependent manner [45,49]. However, whether HIV-1 infection of macrophages promotes
CATB secretion through lysosomal exocytosis is unknown.

Agonists of the CB2R have shown therapeutic potential against HIV-1 replication,
neuroinflammation and neurotoxicity in several studies, which have been reviewed by
different groups [50–55], and new supporting evidence continues to emerge [14,56]. In
searching for strategies against CATB-induced neurotoxicity, we recently demonstrated
that activating the CB2R with agonists decreases HIV-1 replication, CATB secretion, and
neurotoxicity from HIV-infected macrophages [14]. CB2R agonists decrease iNOS and ROS
generation in LPS-treated microglia by attenuating NF-κB activation in microglia [57]. The
CB2R agonist, JWH-133, ameliorates the proinflammatory response in rats with induced
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lung injury by suppressing MAPKs and NF-κB signaling pathways [58]. In a mouse model
of collagen-induced arthritis, JWH-133 polarized macrophages to an anti-inflammatory
phenotype and inhibited RANKL-induced NF-κB activation in RAW264.7 macrophages [59].
This agonist also promotes the nuclear translocation of Nrf2 and increases the expression
of HO-1 in macrophages following LPS treatment [60]. However, whether CB2R activation
modulates NF-κB and Nrf2/ARE activation in HIV-infected macrophages is unknown.
Additionally, the role of CB2R activation in lysosomal exocytosis is unknown.

Therefore, we hypothesized that the HIV-1 infection of macrophages upregulates
proteins associated with NF-κB signaling and lysosomal exocytosis, downregulates proteins
associated with the Nrf2/ARE to promote oxidative stress, and both effects can be reduced
by the CB2R agonist JWH-133. To test this hypothesis, we applied a quantitative proteomics
approach using Tandem Mass Tag (TMT) and LC/MS/MS to HIV-infected MDM exposed
to JWH-133 compared to controls, followed by Limma software (version 3.18) and Ingenuity
Pathways Analyses (IPA).

2. Results
2.1. JWH-133 Inhibits HIV-Induced Activation of Nrf2-Mediated Oxidative Stress Response and
NF-κB Signaling

In our previous studies, we have demonstrated that macrophages with increased
CATB secretion after HIV infection are neurotoxic, whereas macrophages with decreased
CATB secretion after HIV infection are unable to promote neurotoxicity [13]. In addition, we
demonstrated that JWH-133 treatment decreased CATB levels in HIV-infected MDM [14].
Therefore, for this study, we selected a representative number of HIV-infected MDM cells
(n = 3) with increased CATB secretion and treated with JWH-133 at 0.5 µM, lysed after
13 dpi, and stored at −80 ◦C (Figure 1).
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teins increased in HIV-infected macrophages when compared to uninfected cells as shown 

Figure 1. Total CATB levels in supernatants of MDM selected for TMT proteomics. MDM were
cultured for 7 days and infected with HIV-1ADA. At day 1 post-infection (pi), MDM were treated
with JWH-133 (0.5 µM) or vehicle control, and cultures were maintained until day 13 post-infection,
replacing half of media with fresh media containing JWH-133 treatment every three days. Uninfected
MDM treated with vehicle were used as controls. At day 13 pi, supernatants and lysates were
collected. Total CATB levels were measured by ELISA. The percent change in total CATB levels
compared to the uninfected vehicle-treated control per donor was calculated. The mean ± standard
error of the mean (SEM) is shown. * p < 0.05.

Following bioinformatics analyses, we found that most differentially abundant pro-
teins increased in HIV-infected macrophages when compared to uninfected cells as shown
in volcano plots (Figure 2A). These proteins decreased in the presence of the HIV + Agonist,
as represented in Figure 2B. A total of 1889 deregulated protein species were identified in
the HIV-infected MDM compared to uninfected controls. Of these, 1821 were upregulated
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and 14 were downregulated, as shown in Table S1. When we compared the HIV + Agonist
group to the HIV-infected group with no treatment, a total of 1821 protein species were
deregulated, with eight protein species being upregulated with the agonist compared
to 1813 being downregulated in absence of the agonist (Table S2). A heatmap was con-
structed with the top significant differentially expressed proteins (p value ≤ 0.05 and
fold change ≥ |2|) between both groups ordered by the magnitude of the fold change
(Figure 2C). After entering the data to IPA and performing group comparison analyses,
we identified 639 proteins that were commonly deregulated by HIV infection and ago-
nist treatment, whereas 29 proteins were deregulated by HIV only and 6 by JWH-133
treatment (Figure 2D). In addition, JWH-133 reversed the effect (upregulated) of the fol-
lowing proteins whose expression was downregulated in HIV-infected untreated MDM:
sulfotransferase (accession ID: E9PKR8 and H3BQX5), desmin (accession ID: P17661), phos-
phopyruvate hydratase (accession ID: E5RGZ4), and beta-enolase (accession ID: P13929)
(Tables S1 and S2).
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Figure 2. Volcano plots of differentially deregulated protein species. (A) Volcano plot depicting
differentially abundant protein species for the HIV vs. Uninfected comparison. (B) Volcano plot
depicting differentially abundant protein species for the HIV + Agonist vs. HIV comparison. Each
upregulated protein specie is represented by a red symbol. Each downregulated protein specie is
represented by a green symbol. Each protein specie that did not change is represented by a gray
symbol. (C) Heatmap with the top significant differentially expressed proteins (p-value ≤ 0.05 and
fold change ≥ |2|) between both groups ordered by the magnitude of the fold change. (D) Venn
diagram showing the number of common and unique differentially abundant proteins for the
two groups of comparisons with a fold change ≥ |2| and p-value ≤ 0.05 as identified by IPA’s
comparison analysis.
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Using IPA, we searched for canonical pathways associated with Nrf2 and NF-κB
signaling and found that HIV infection of macrophages activated the mechanisms of the
Nrf2-mediated oxidative stress response and NF-κB signaling pathways as predicted by
IPA (Figure 3A). All these mechanisms were inhibited by JWH-133 treatment (Figure 3B).
The 16 commonly deregulated proteins between the two comparisons associated with
Nrf2-mediated oxidative stress response are shown in Table 1. Illustrations of this canon-
ical pathway depicting the deregulated proteins and their cellular locations are shown
for the comparison of HIV+ vs. Uninfected group (Figure S1) and for the comparison of
HIV + Agonist vs. Untreated HIV-infected group (Figure S2). Most proteins were upregu-
lated by HIV infection and downregulated by JWH-133 CB2R agonist treatment. Among the
deregulated proteins, the top five proteins with the highest fold change expression values
were the following: protein kinase C alpha (PRKCA), 3-hydroxyacyl-CoA-dehydratase 3
(HACD3), cullin 3 (CUL3), phosphoinositide-3-kinase regulatory subunit 2 (PIK3R2), and
DnaJ heat shock protein family (Hsp40) member C7 (DNAJC7). PRKCA phosphorylates
Nrf2 in macrophages [61]. HACD3 is an enzyme, which is involved in lipid metabolism
that is expressed during Nrf2 activation [62]. CUL3, with the help of the Roc1 complex,
binds keap1 and ubiquitinates Nrf2, leading to its degradation under a resting state [63].
PI3K, of which PIK3R2 is a subunit, modifies actin in the cytoplasm, allowing its binding
to Nrf2 and translocation into the nucleus during oxidative stress [64]. The PI3K/Akt
activation also leads to Nrf2 activation under oxidative stress [65]. The product of DNAJC7
is a heat-shock protein (Hsp40) that is expressed during Nrf2 activation [62].
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Figure 3. Deregulated canonical pathways. (A) Canonical pathways of Nrf2-mediated oxidative stress
response and NF-κB signaling for the comparison of HIV vs. Uninfected. (B) Canonical pathways of
Nrf2-mediated oxidative stress response and NF-κB signaling for the comparison of HIV + Agonist vs.
HIV. Orange color represents a predicted activated pathway (positive z-score). Blue color represents
a predicted inhibited pathway (negative z-score). This figure was obtained from IPA.

Table 1. Deregulated proteins in Nrf2-mediated oxidative stress response canonical pathway. Com-
monly deregulated proteins associated with Nrf2-mediated oxidative stress response canonical
pathway between both groups of comparisons. Red color indicates upregulated proteins, while green
color downregulated proteins. Expr = Expression.

HIV vs. Uninfected HIV + Agonist vs. HIV

Symbol Entrez Gene Name Expr
Fold Change

Expr
p-Value

Expr
Fold Change

Expr
p-Value

PRKCA protein kinase C alpha 32.142 4.63 × 10−8 −31.119 3.94 × 10−6

HACD3 3-hydroxyacyl-CoA dehydratase 3 25.127 1.51 × 10−7 −23.856 1.07 × 10−7
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Table 1. Cont.

HIV vs. Uninfected HIV + Agonist vs. HIV

Symbol Entrez Gene Name Expr
Fold Change

Expr
p-Value

Expr
Fold Change

Expr
p-Value

CUL3 cullin 3 9.871 6.53 × 10−7 −9.554 4.99 × 10−6

PIK3R2 phosphoinositide-3-kinase regulatory
subunit 2 9.386 7.64 × 10−7 −9.018 5.89 × 10−6

DNAJC7 DnaJ heat shock protein family (Hsp40)
member C7 7.967 1.12 × 10−6 −8.220 1.40 × 10−5

DNAJC11 DnaJ heat shock protein family (Hsp40)
member C11 6.470 1.67 × 10−5 −6.012 1.01 × 10−6

PRKCD protein kinase C delta 5.793 1.29 × 10−6 −5.660 5.75 × 10−6

HMOX1 heme oxygenase 1 5.773 2.78 × 10−6 −5.579 2.41 × 10−6

STIP1 stress induced phosphoprotein 1 5.593 4.72 × 10−6 −5.338 2.06 × 10−6

FTH1 ferritin heavy chain 1 4.999 2.25 × 10−6 −5.082 1.07 × 10−4

ACTG2 actin gamma 2, smooth muscle 4.746 1.42 × 10−5 −4.700 4.70 × 10−5

DNAJC8 DnaJ heat shock protein family (Hsp40)
member C8 4.268 1.81 × 10−5 −4.202 1.20 × 10−5

DNAJB12 DnaJ heat shock protein family (Hsp40)
member B12 4.025 9.19 × 10−5 −3.563 8.55 × 10−6

PIK3CB phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit beta 3.723 5.97 × 10−6 −4.084 6.96 × 10−6

SQSTM1 sequestosome 1 3.639 6.16 × 10−5 −3.879 6.59 × 10−6

GCLC glutamate-cysteine ligase catalytic subunit 3.280 2.52 × 10−3 −3.711 3.33 × 10−4

The 12 commonly deregulated proteins between the two comparison groups (HIV
Agonist treated vs. HIV untreated) that were associated with NF-κB signaling are shown in
Table 2. Illustrations of this canonical pathway depicting the deregulated proteins and their
cellular locations are shown for the HIV+ vs. Uninfected group comparison (Figure S3) and
for the HIV + Agonist vs. HIV comparison (Figure S4). These proteins were upregulated by
HIV and downregulated by the CB2R agonist, JWH-133. Among the deregulated proteins,
the top five proteins with the highest fold change expression values were the following:
casein kinase 2 alpha 1 (CSNK2A1), A-Raf proto-oncogene serine/threonine kinase (ARAF),
mitogen-activated protein kinase kinase kinase kinase 4 (MAP4K4), phosphoinositide-
3-kinase regulatory subunit 2 (PIK3R2), and tyrosyl-DNA phosphodiesterase 2 (TDP2).
CSNK2A1, during TNF-α and IL-1 receptors activation, phosphorylates the p65 (RelA)
NF-κB subunit in the cytoplasm, leading to its translocation to the nucleus [66–70]. A-Raf
activates MEKK1 in the cytoplasm, leading to NF-κB activation [71]. MAP4K4, also known
as NIK, activates the IKK-α [72]. PIK3R2 is part of the PI3K complex that activates AKT
proteins [73]. TDP2 binds to TNF-α receptor associated proteins to inhibit NF-κB activation
through TRAF6; however, it does not inhibit IKK-α and the p65-mediated activation
of NF-κB [74].
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Table 2. Deregulated proteins in NF-κB signaling canonical pathway. Commonly deregulated
proteins associated with NF-κB signaling canonical pathway between both groups of compar-
isons. Red color indicates upregulated proteins while green color indicates downregulated proteins.
Expr = Expression.

HIV vs. Uninfected HIV + Agonist vs. HIV

Symbol Entrez Gene Name Expr
Fold Change

Expr
p-Value

Expr
Fold Change

Expr
p-Value

CSNK2A1 casein kinase 2 alpha 1 187.779 1.01 × 10−8 −144.412 1.16 × 10−7

ARAF A-Raf proto-oncogene, serine/
threonine kinase 85.425 2.27 × 10−8 −13.087 1.90 × 10−5

MAP4K4 mitogen-activated protein kinase kinase
kinase kinase 4 22.938 2.13 × 10−7 −15.934 1.12 × 10−6

PIK3R2 phosphoinositide-3-kinase regulatory
subunit 2 9.386 7.64 × 10−7 −9.018 5.89 × 10−6

TDP2 tyrosyl-DNA phosphodiesterase 2 6.952 3.23 × 10−6 −7.308 9.59 × 10−6

EIF2AK2 eukaryotic translation initiation factor 2
alpha kinase 2 6.464 8.41 × 10−6 −6.394 6.53 × 10−6

TRADD TNFRSF1A associated via death domain 6.013 1.54 × 10−6 −4.772 8.51 × 10−6

IGF2R insulin like growth factor 2 receptor 5.983 3.18 × 10−6 −5.753 3.25 × 10−6

PRKACA protein kinase cAMP-activated catalytic
subunit alpha 4.901 2.52 × 10−6 −4.533 2.30 × 10−6

RIPK1 receptor interacting serine/threonine
kinase 1 3.84 9.41 × 10−6 −4.144 3.88 × 10−6

PIK3CB phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit beta 3.723 5.97 × 10−6 −4.084 6.96 × 10−6

MYD88 MYD88 innate immune signal
transduction adaptor 2.785 1.36 × 10−4 −2.638 1.20 × 10−2

2.2. JWH-133 Decreases the Expression of Proteins Associated with Lysosomal Exocytosis

By searching for the deregulated proteins associated with the function of “Exocytosis
of Lysosome” in IPA, we found that HIV infection and JWH-133 commonly deregulated
the expression of five proteins (Figure 4). These proteins were upregulated by HIV and
downregulated by JWH-133. The deregulated proteins were transcription factor EB (TFEB),
coagulation factor II (F2), protein unc-13 homolog D (UNC13D), Hermansky–Pudlak syn-
drome 6 protein (HPS6), and protein kinase C delta (PRKCD). TFEB is the master regulator
of lysosomal biogenesis, and its activation promotes lysosomal exocytosis [75]. CATB par-
ticipates in TFEB-mediated lysosomal exocytosis in monocytes exposed to high glucose [76].
UNC13D participates in the LPS-induced lysosomal exocytosis in neutrophils [77]. Alpha
thrombin, a product of F2, increases the secretion of lysosomes in platelets [78]. HPS6 par-
ticipates in lysosomal exocytosis from platelets [78]. PRKCD activation promotes lysosomal
exocytosis in cytotoxic CD8+ T cells [79].
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Figure 4. Node of proteins associated with lysosomal exocytosis. (A) Deregulated proteins associated
with the function of “Exocytosis of Lysosome” for the HIV vs. Uninfected comparison. (B) Deregu-
lated proteins associated with the function of Exocytosis of Lysosome for the HIV + Agonist vs. HIV
comparison. The expression fold change value is shown below each protein’s gene symbol. A solid
line indicates a direct interaction, and a dashed line indicates an indirect interaction. An asterisk
indicates that multiple identifiers in the dataset file map to a single gene in the Global Molecular
Network. Transcription factor EB (TFEB), coagulation factor II (F2), protein unc-13 homolog D
(UNC13D), Hermansky–Pudlak syndrome 6 protein (HPS6), and protein kinase C delta (PRKCD).
This figure was obtained from IPA.

2.3. JWH-133 Decreases the Expression of CATB and Associated Proteins

HIV infection of macrophages increased the intracellular expression of CATB by
2.7-fold, whereas JWH-133 decreased its expression by −2.9-fold (Figure 5). We searched
for the deregulated proteins associated with CATB in IPA and found that HIV infection
and JWH-133 commonly deregulated the expression of 15 proteins. These proteins were
upregulated by HIV and downregulated by JWH-133. The deregulated proteins were the
following: TFEB, transforming growth factor beta 1 (TGFβ1), TSC complex subunit 1 (TSC1),
autophagy-related 7 (ATG7), caspase 4 (CASP4), chloride voltage-gated channel 5, cystatin
C (CST3), death-associated protein kinase 1 (DAPK1), desmocollin 1 (DSC1), hemoglobin
subunit alpha 1/2 (HBA1/HBA2), metadherin (MTDH), myogenic factor 6 (MYF6), PRKCA,
PRKCD, and receptor interaction serine/threonine kinase 1 (RIPK1). The top 5 proteins with
the highest expression fold changes were the following: MYF6, ATG7, PRKCA, HBA1/HBA2,
and TFEB. In mice, MYF6 regulates CATB mRNA expression [80]. CATB participates in
ATG7-induced nod-like receptor 3 (NLRP3)-inflammasome activation in a rat insulinoma
cell line [81]. PRKCA mediates the expression of CATB in a human breast cancer cell
line [82]. In mice, CATB interacts with HBA1 [83]. TFEB increases the protein expression of
CATB in Hela cells [84].
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Figure 5. Node of proteins associated with CATB. (A) Deregulated proteins associated with CATB
for the HIV vs. Uninfected comparison. (B) Deregulated proteins associated with CATB for the
HIV + Agonist vs. HIV comparison. The expression fold change value is shown below each protein’s
gene symbol. A solid line indicates a direct interaction, and a dashed line indicates an indirect
interaction. An asterisk indicates that multiple identifiers in the dataset file map to a single gene in
the Global Molecular Network. Transforming growth factor beta 1 (TGFβ1), TSC complex subunit
1 (TSC1), autophagy-related 7 (ATG7), caspase 4 (CASP4), chloride voltage-gated channel 5, cystatin
C (CST3), death-associated protein kinase 1 (DAPK1), desmocollin 1 (DSC1), hemoglobin subunit
alpha 1/2 (HBA1/HBA2), metadherin (MTDH), myogenic factor 6 (MYF6), and receptor interaction
serine/threonine kinase 1 (RIPK1). CTSB (gene symbol) was used to abbreviate CATB in this figure.
This figure was obtained from IPA.

3. Discussion

In the past, we have shown that the expression of CATB, a proinflammatory lyso-
somal enzyme, increases in post-mortem brain tissues, plasma, and monocytes of in-
dividuals with HAND [7,8]. The increased secretion of this enzyme from in vitro HIV-
infected macrophages leads to neuronal apoptosis [7,9–13]. Our studies have also shown
that CATB neurotoxicity is decreased by the addition of an inhibitor or antibody against
CATB [7,9–14,85]. In addition, we have recently found that CB2R agonists can decrease the
secretion and neurotoxic potential of CATB from HIV-infected MDM [14]. However, the
mechanisms by which HIV-1 infection and CB2R activation modulate CATB secretion in
macrophages remained unknown. Using a quantitative proteomics approach, we have
uncovered proteins and pathways related to the expression and secretion of CATB from
MDM, such as NF-κB signaling, Nrf2-oxidative stress response, and lysosomal exocytosis
pathways. We hypothesized that HIV-1 activates an antioxidant response through Nrf2
activation at a relatively later stage during their infection to counteract the damaging effects
of oxidative stress and ensure the macrophage reservoir survival. In HIV-1 transgenic
mice, an elevation of mRNA expression of antioxidant enzymes such as heme oxygenase-1
and glutathione s-transferase was observed despite the downregulation of Nrf2 mRNA
expression by 50% of its normal levels [86]. The authors suggested that even at these
lower expression levels, Nrf2 was sufficiently active to mount an antioxidant response for
protection against oxidative stress. Our study is consistent with their observations, as we
observed that HIV-1 infection elevated the expression of heme oxygenase-1 (Table 1). In ad-
dition, a recent study demonstrated that Nrf2 activation inhibits apoptosis in HIV-infected
macrophages [87]. In contrast, other studies have reported a decreased expression of heme
oxygenase-1 in HIV-infected macrophages and in certain regions of the brain of patients
with HAND [26,88,89]. However, they also reported an elevation of Nrf2 expression in
in vitro HIV-infected macrophages and suggested that in the dorsolateral prefrontal cortex
of patients with HAND, the Nrf2/ARE activity is not affected by HIV-1 infection [88,89].
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These results suggest that the relation of HIV-1 infection with the Nrf2/ARE is complex
and might be context-dependent. On the other hand, CB2R activation by JWH-133 might
have prevented Nrf2 activation by inhibiting HIV-1 RT activity, a known inducer of Nrf2,
and by maintaining control of HIV-1 replication and oxidative stress [31]. This hypothesis is
supported by a previous study that demonstrated that JWH-133 inhibits HIV-1 RT activity
in primary HIV-infected macrophages [90].

HIV-infected macrophages activated NF-κB signaling, and this effect was decreased
by JWH-133. Thus, these results align with previous studies showing that the activation
of NF-κB in HIV-infected macrophages promotes the viral reservoir persistence [91,92] as
well as with studies demonstrating that CB2R activation attenuates NF-κB activation in
macrophages, leading to a decreased oxidative stress and neuroprotection [93,94]. Since
NF-κB activates the HIV-1 long-terminal repeat (LTR), the inhibition of NF-κB signaling by
JWH-133 might also contribute to the downregulation of HIV-1 replication as demonstrated
in previous studies, including ours [14,90,95]. Furthermore, HIV-1 infection increased the
expression of proteins associated with the lysosomal exocytosis mechanism, whereas JWH-
133 decreased the expression of all these proteins. These results are consistent with previous
studies in astrocytes where exposure to HIV-1 Tat promoted the release of CATB and
neurotoxicity through lysosomal exocytosis [39]. However, this is the first study suggesting
that HIV-1 infection in macrophages promotes lysosomal exocytosis and that it is attenuated
by JWH-133 treatment, which is a significant advance for future treatment modalities. In
a previous TMT-based proteomics study, we observed an increased CATB expression
in macrophages from HIV-seropositive women with impaired cognition compared to
asymptomatically impaired HIV-seropositive woman after 7 days in culture, suggesting that
CATB protein expression is linked to cognitive impairment in HIV-seropositive women [96].
In this study, we found that intracellular CATB levels were increased by HIV-1 infection and
decreased by JWH-133 treatment. These results differ from previous in vitro studies in our
laboratory, which demonstrated that intracellular CATB protein levels were unaffected in
HIV-infected macrophages at day 12 pi compared to healthy MDM controls as determined
by Western blot, even when its mRNA expression and extracellular secretion levels were
increased [7]. However, since we used 13pi lysates for these studies, it is possible that there
are time-dependent differences in CATB intracellular expression. Our results suggest that
JWH-133 decreases CATB secretion, in part, by downregulating its intracellular expression.
Additionally, we found proteins associated with CATB that were increased by HIV-1
infection and decreased by JWH-133. One limitation of this study is that the significant
proteins affected by JWH-133 could not be validated by other methods such as Western blot
or qPCR. This study focused on the pathways affected by the agonist, since our experiments
were limited by the amount of MDM protein lysates to perform further validations. This
could be subject to future studies. In this study, we did not consider the analyses of
uninfected MDM treated with JWH-133, as uninfected MDM do not induce neurotoxicity.

In summary, the activation of NF-κB, oxidative stress, and lysosomal exocytosis might
be involved in the mechanism of CATB secretion and neurotoxicity from HIV-infected
macrophages. We propose that HIV-1 infection induces NF-κB activation, which drives
the expression of CATB and HIV-1 replication (Figure 6). HIV-1 replication increases ROS
and activates the Nrf2-mediated antioxidant response to counteract the damaging effects
of oxidative stress and ensure the reservoir survival. Moderate levels of ROS drive the
exocytosis of lysosomes by activating the TRPML1 calcium channel in the lysosomes, pro-
moting increased secretion of CATB and neurotoxicity. The hypothesis that moderate levels
of oxidative stress promote lysosomal exocytosis from HIV-infected MDM is supported by
a previous study [35]. This study demonstrated that high levels of ROS induced by HIV-1
infection inhibit lysosomal exocytosis, promoting cell damage, whereas moderate levels of
ROS induced lysosomal exocytosis as a mechanism of cell repair by activating TRPML1 [35].
Therefore, these mechanisms represent potential targets for treatment against HIV-induced
neurotoxicity. Most importantly, CB2R activation represents a potential therapeutic target
against HAND.
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Figure 6. Proposed mechanism of JWH-133 in CATB secretion and neurotoxicity from HIV-infected
MDM. (A) By day 13 pi, HIV-1 infection induces the activation of NF-κB signaling (1). NF-κB
activation increases CATB expression and HIV-1 replication (2), which allows the generation of
ROS and maintains NF-κB activation (3). Increased oxidative stress promotes the activation of the
Nrf2-mediated antioxidant response, which reduces ROS to moderate levels, ensuring the survival of
the macrophage viral reservoir (4). Moderate levels of ROS activate TRPML1, inducing lysosomal
exocytosis (5) and the release of CATB to the extracellular milieu (6). Increased secretion of CATB
leads to neuronal death (7). (B) Continuous treatment of HIV-infected MDM with CB2R agonist
JWH-133 since day 1 pi attenuates the activation of NF-κB (1), reducing CATB expression and HIV-1
replication (2). Therefore, it decreases the generation of ROS (3), the Nrf2-mediated antioxidant
response (4), lysosomal exocytosis (5), CATB secretion (6), and neuronal death (7). Red arrows
indicate upregulation. Green arrows indicate downregulation.



Int. J. Mol. Sci. 2024, 25, 3246 12 of 19

4. Materials and Methods
4.1. Isolation of Macrophages, HIV-1ADA Infection, and Treatments with JWH-133 Agonist

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy women
donors over 21 years of age. The study was managed under the approval of the Univer-
sity of Puerto Rico, Medical Sciences Campus Institutional Review Board (IRB) (Protocol
#0720116). Signed informed consents were obtained from each donor by the Code of Ethics
of the World Medical Association and the institutional guidelines and regulations. PBMCs
were cultured in T25 flasks at a concentration of 10 × 106 cells/flask, and (MDM) were
isolated by adherence after seven days in fetal bovine serum 10% (FBS), human serum 1%,
RPMI, and 100 U/mL pen/strep (Sigma, St. Louis, MO, USA). The media were changed
every three days. On day 7 of culture, HIV-1ADA was added to the T25 flasks at an MOI
of 0.1, and MDM were incubated overnight at 37 ◦C in 5% CO2. Thereafter, cells were
washed with media and treated with CB2R agonist JWH-133 at 0.5 µM, exchanging half
of the media with fresh media containing JWH-133 (0.5 µM) every three days on days 3,
6, and 9 pi. At day 12 pi, all the media were replaced with serum-free media, and cells
were incubated at 37 ◦C in 5% CO2 for 24 h. At day 13 pi, this supernatant was collected
and saved at −80 ◦C for future neurotoxicity experiments, which require serum-free condi-
tions. In parallel, at day 13 pi, MDM lysates were collected and saved at −80 ◦C for TMT
labeling proteomics. The rationale for using day 13 pi as our endpoint is because previous
studies in our laboratory have demonstrated that CATB is neurotoxic after twelve days
post-infection and up to day 13 pi, which is the latest time-point at which we tested its
neurotoxic potential [7,9–14].

4.2. Total CATB ELISA

Total CATB levels were measured in MDM supernatants from 13 dpi using ELISA accord-
ing to the manufacturer’s instructions (R&D systems, Minneapolis, MN, USA, respectively).

4.3. Preparation of MDM Lysates for TMT Labeling

MDM lysates from three donors (n = 3) showing increased CATB levels after HIV infec-
tion at day 13 post-infection were selected for Tandem Mass Tag (TMT) labeling, following
an already developed protocol at the UPR-MSC Translational Proteomics Center [97]. In
summary, MDM were washed twice with phosphate-buffered saline (PBS) and incubated
with 100 µL of lysis buffer (5 mM Tris-HCl at pH 8.0, 0.1% Triton X-100), which contained
5 µL of protease inhibitor cocktail (AEBSF, Aprotinin, Bestatin, ethylenediaminetetraacetic
acid (EDTA), and leupeptin). Cells were incubated for 30 min on ice and scraped for protein
extraction. After that, cells were vortexed and centrifuged at 4 ◦C for 10 min at 1500 rpm.
Finally, the supernatants containing the intracellular proteins were collected and saved
at −80 ◦C.

For total protein quantitation of MDM lysates, we performed the bicinchoninic acid
(BCA) test (DC protein assay, Bio-Rad, Hercules, CA, USA) following the manufacturer’s in-
structions (Bio-Rad, La Jolla, CA, USA). Samples were read at 450 nm in the Varioskan Flash
Spectral Reader (Thermo Fisher Scientific, Bannockburn, IL, USA). Twenty micrograms of
protein were used for TMT analysis. Three donors and three conditions (HIV-uninfected
with vehicle, HIV-infected with vehicle, and HIV-infected with agonist) for a total of
9 samples were used for TMT10-plex.

In a sample tube with approximately 20 µg of mixed cell lysate protein, 50 µL of
10% sodium dodecyl sulfate (SDS) was added to initiate the acetone precipitation. Then, it
was heated for 15 min at 70 ◦C, and cold acetone (~1 mL) was added to the sample until a
final dilution of 15% was achieved. Samples were incubated overnight at −20 ◦C. The next
day, samples were centrifuged at 10,000× g for 10 min, the supernatants were removed,
and a sample buffer containing 2× Laemmli buffer + β-mercaptoethanol (Bio-Rad, USA)
was added. Proteins were rehydrated with sample buffer and heated for 10 min at 70 ◦C.
In a pre-made gel (Mini-PROTEAN TGX 4–20%), the samples were run at 200 volts for
10 min. Gels were stained using Biosafe Coomassie G-250 staining and documented using
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Chemi-Doc XRS+ (Bio-Rad, La Jolla, CA, USA). Gels images are presented in Figure S5.
Coomassie-stained proteome bands were cut manually in 1 mm3 cubes. For destaining, a
mixture of 50% acetonitrile and 50 mM ammonium bicarbonate was added; then, proteins
were reduced using 25 mM dithiothreitol (DTT) in 50 mM ammonium bicarbonate for
30 min at 55 ◦C and alkylated with 10 mM iodoacetamide (IAA) in 50 mM ammonium
bicarbonate for 45 min in the dark. Samples were digested with sequencing grade-modified
trypsin (Promega, Madison, WI, USA) in 50 mM ammonium bicarbonate at a ratio of
1:50 (trypsin/protein) overnight at a temperature of 37 ◦C for a maximum of 16 h. The
peptides were extracted from the gel pieces using 150 µL of a mixture of 50% acetonitrile
and 2.5% formic acid in water and 150 µL of 100% acetonitrile. Digests were dried for
subsequent TMT labeling.

4.4. TMT Labeling

TMT labeling was performed following the manufacturer’s instructions (Thermo
Fisher Scientific) and according to Borges-Vélez et al., 2021 [97]. One TMT10-plex platform
was required, accommodating three donors with their conditions in each platform with the
addition of a pool composed of peptides from uninfected vehicle controls in the same label
across platforms. The specific TMT tags used for each sample are described in Table S3.
Triethylammonium bicarbonate (TEAB) was used to reconstitute the dried peptides in
100 mM buffer and then labeled with the TMT10-plex reagents. The TMT reagents were
resuspended in 41 µL of anhydrous acetonitrile (99.9%), added to each respective sample,
and incubated for one hour at room temperature. To quench the reaction, 5% hydroxylamine
was added and incubated for 15 min. Finally, equal amounts of labeled sample were mixed
to generate a final pool that was dried and subjected to fractionation.

The fractionation was performed using the Pierce High pH Reversed-Phase Peptide
Fractionation Kit (Thermo Fisher Scientific) and following manufacturer’s instructions.
Briefly, the column was conditioned twice using 300 µL of acetonitrile, centrifuged at
5000× g for 2 min, and the steps were repeated using 0.1% trifluoroacetic acid (TFA). Each
TMT labeled pool was reconstituted in 300 µL of 0.1% TFA, loaded onto the column and
washed with water and 5% acetonitrile/0.1% triethylamine (TEA). Thereafter, the sample
was eluted 8 times into 8 different vials using a series of elution solutions with different
acetonitrile/0.1% TEA percentages as suggested by the manufacturer. Fractions were dried
and stored for mass spectrometric analysis.

4.5. Mass Spectrometry Analyses

Mass spectrometry analyses were performed according to Borges-Vélez et al., 2021 [97].
An HPLC system (Easy nLC 1200) (Thermo Fisher Scientific) was used for peptides separa-
tion. First, the peptides are loaded onto a Pico Chip H354 REPROSIL-Pur C18-AQ 3 µM
120 A (75 µm × 105 mm) chromatographic column (New Objective, Littleton, MA, USA).
In a total gradient time of 128 min, separation was obtained at a rate of 300 nL/min as
follows: 7–25% 0.1% formic acid in 80% acetonitrile (Buffer B) for 102 min, 25–60% Buffer B
for 20 min and 60–95% for 6 min. After separating the peptides, they were sprayed and an-
alyzed using a mass spectrometer operated in positive polarity mode and data-dependent
mode using a Q-Exactive Plus (Thermo Fisher Scientific, Bannockburn, IL, USA). The MS1
(full scan) was measured in a range of 375 to 1400 m/z with a resolution of 70,000. To
select the ten most intense ions for HCD fragmentation and MS2 (MS/MS) analysis with
a resolution of 35,000, a dynamic exclusion parameter was created in 30.0 s with a repeat
count of three.

4.6. Protein Identification and Quantitative Analyses

The protein identification process has been made following the protocol established
by the Translational Proteomics Center [97]. MS/MS raw data files were searched using
Proteome Discoverer version 2.5 (Thermo Fisher Scientific) with a SEQUEST HT algorithm,
and proteins were identified using the human protein database from the same software’s
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protein knowledgebase. Trypsin was included in the search as an enzyme for proteolysis
with a range of 6–144 in peptide length. The precursor mass tolerance was set at 20 ppm
and 0.02 Da for the fragment mass tolerance. Oxidation +15.995 Da (M) was included
as a dynamic modification. The static modifications included were carbamidomethyl
+57.021 Da (C), TMT reagents +229.163 Da (Any N-terminal end, K). The false discovery
rate was set at 0.01 (strict) and 0.05 (relaxed). The raw protein files obtained were exported
from the Proteome Discoverer software to .xls format using Microsoft Excel Program 2016
(Los Angeles, CA, USA) for further bioinformatic analyses [62].

4.7. Bioinformatics and Statistical Analyses

Following an already developed protocol at the Translational Proteomics Center [97],
we used the Bioconductor R-Limma (version 3.18) package to carry out statistical anal-
yses of protein abundances [98]. In summary, two different comparisons (experimental
case/control) of protein abundances were analyzed with the Limma software (version
3.18) to calculate their respective fold changes and p-values. Single-channel analyses in-
cluded abundances between the following: HIV+/Vehicle vs. Uninfected/Vehicle, and
HIV+/Agonist vs. HIV+/Vehicle. Statistically significant differentially expressed pro-
teins met the following parameters: fold-change (FC) values greater than or equal to |2|
(i.e., FC ≥ |2|) and a p-value less than or equal to 0.05 (i.e., p-value ≤ 0.05, 95% confi-
dence). Significantly differentially expressed proteins were entered into IPA (QIAGEN, Inc.,
Germantown, MD, USA) to perform enrichment analyses based on the canonical pathways
“NF-κB signaling” and “Nrf2-mediated oxidative stress response”, and the nodes “Exocyto-
sis of lysosome”, and CATB (“CSTB”). In addition, the molecule activity predictor (MAP)
was included in the analyses.

5. Conclusions

This is the first study that demonstrates that a CB2R agonist downregulates the
expression of proteins associated with NF-κB signaling, Nrf2-mediated oxidative stress
response, and lysosomal exocytosis in HIV-infected macrophages, indicating that these
proteins are involved in the secretion of CATB. As proposed in Figure 6, the use of JWH-133
warrants future in vivo studies to test its potential as a therapeutic ligand against HIV-
induced neurotoxicity and HAND. The results obtained in this study provide a foundation
for future studies on the mechanisms driving HIV-induced neurotoxicity from macrophages.
This study reveals alternative strategies for treatment against HIV-induced neurotoxicity
and HAND that should be validated in human studies.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms25063246/s1.

Author Contributions: Conceptualization, L.J.R.-R. and L.M.M.; Data Curation, Y.M.C.-R. and
K.C.-C.; Formal Analysis, L.J.R.-R., Y.M.C.-R. and K.C.-C.; Funding Acquisition, L.J.R.-R., A.R.-L. and
L.M.M.; Investigation, L.J.R.-R., Y.M.C.-R., K.C.-C., A.E.R.-D.J., L.J.C.-I. and L.A.G.-R.; Methodology,
L.J.R.-R., Y.M.C.-R. and K.C.-C.; Project Administration, A.R.-L. and L.M.M.; Resources, A.R.-L. and
L.M.M.; Software, K.C.-C.; Supervision, L.J.R.-R., Y.M.C.-R., A.R.-L. and L.M.M.; Validation, L.J.R.-R.
and K.C.-C.; Visualization, L.J.R.-R., K.C.-C., A.R.-L. and L.M.M.; Writing—Original Draft, L.J.R.-R.;
Writing—Review and Editing, Y.M.C.-R., K.C.-C., A.E.R.-D.J., L.J.C.-I., L.A.G.-R., A.R.-L. and L.M.M.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported in part by grants from the National Institutes of Health:
F99-NS113455 (L.J.R.-R.) from the National Institute of Neurological Disorders and Stroke (NINDS),
NIGMS R25-GM061838 (L.J.R.-R.) and SC1GM11369–01 (L.M.M.) from National Institute of General
Medical Sciences (NIGMS), and the University of Puerto Rico School of Medicine and Biomedical Sci-
ences Deanships. Clinical support in obtaining samples from HIV-seronegative donors was provided
by the Hispanic Alliance for Clinical & Translational Research (“The Alliance”) grant U54GM133807
from NIGMS. Research infrastructure support and services in proteomics and bioinformatics were
provided, in part, by the grant U54MD007600 from the Center for Collaborative Research and Health
Disparities, National Institute on Minority Health and Health Disparities and by the PR-INBRE

https://www.mdpi.com/article/10.3390/ijms25063246/s1
https://www.mdpi.com/article/10.3390/ijms25063246/s1


Int. J. Mol. Sci. 2024, 25, 3246 15 of 19

program Supported by an Institutional Development Award (IDeA) from the NIGMS under grant
number P20GM103475. Research infrastructure for this publication was supported in part by the
Comprehensive Cancer Center of the UPR (a public corporation of the Government of Puerto Rico
created in virtue of Law 230 of August 26, 2004, as amended). The content is entirely the responsibility
of the authors and does not necessarily represent the official views of NIH or the Comprehensive
Cancer Center UPR.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of the University of Puerto
Rico-Medical Sciences Campus (Protocol #0720116, April 10, 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Most of the data generated or analyzed during this study are included
in this published article. All the proteomics raw datasets generated in the current study have been
deposited in the ProteomeXchange [99]. Consortium via the PRIDE [100], a partner repository with a
dataset identifier: Project accession: PXD048464; Project DOI: 10.6019/PXD04.8464.

Acknowledgments: We thank the University of Puerto Rico-School of Medicine, the Biomedical
Sciences Deanship, and the Microbiology Department for their administrative support.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Saylor, D.; Dickens, A.M.; Sacktor, N.; Haughey, N.; Slusher, B.; Pletnikov, M.; Mankowski, J.L.; Brown, A.; Volsky, D.J.;

McArthur, J.C. HIV-Associated Neurocognitive Disorder—Pathogenesis and Prospects for Treatment. Nat. Rev. Neurol.
2016, 12, 234–248. [CrossRef]

2. Williams, D.; Veenstra, M.; Gaskill, P.; Morgello, S.; Calderon, T.; Berman, J. Monocytes Mediate HIV Neuropathogenesis:
Mechanisms That Contribute to HIV Associated Neurocognitive Disorders. Curr. HIV Res. 2014, 12, 85–96. [CrossRef]

3. Hong, S.; Banks, W.A. Role of the Immune System in HIV-Associated Neuroinflammation and Neurocognitive Implications.
Brain Behav. Immun. 2015, 45, 1–12. [CrossRef]

4. Rappaport, J.; Volsky, D.J. Role of the Macrophage in HIV-Associated Neurocognitive Disorders and Other Comorbidities in
Patients on Effective Antiretroviral Treatment. J. Neurovirol. 2015, 21, 235. [CrossRef]

5. Subra, C.; Trautmann, L. Role of T Lymphocytes in HIV Neuropathogenesis. Curr. HIV/AIDS Rep. 2019, 16, 236. [CrossRef]
6. Wahl, A.; Al-Harthi, L. HIV Infection of Non-Classical Cells in the Brain. Retrovirology 2023, 20, 1. [CrossRef]
7. Rodriguez-Franco, E.J.; Cantres-Rosario, Y.M.; Plaud-Valentin, M.; Romeu, R.; Rodríguez, Y.; Skolasky, R.; Meléndez, V.; Cadilla,

C.L.; Melendez, L.M. Dysregulation of Macrophage-Secreted Cathepsin B Contributes to HIV-1-Linked Neuronal Apoptosis.
PLoS ONE 2012, 7, e36571. [CrossRef]

8. Cantres-Rosario, Y.; Plaud-Valentín, M.; Gerena, Y.; Skolasky, R.L.; Wojna, V.; Meléndez, L.M. Cathepsin B and Cystatin B
in HIV-Seropositive Women Are Associated with Infection and HIV-1-Associated Neurocognitive Disorders. AIDS 2013,
27, 347–356. [CrossRef]

9. Cantres-Rosario, Y.M.; Hernandez, N.; Negron, K.; Perez-Laspiur, J.; Leszyk, J.; Shaffer, S.A.; Meléndez, L.M. Interacting Partners
of Macrophage-Secreted Cathepsin B Contribute to HIV-Induced Neuronal Apoptosis. AIDS 2015, 29, 2081–2092. [CrossRef]

10. Rosario-Rodríguez, L.J.; Colón, K.; Borges-Vélez, G.; Negrón, K.; Meléndez, L.M. Dimethyl Fumarate Prevents HIV-Induced
Lysosomal Dysfunction and Cathepsin B Release from Macrophages. J. Neuroimmune Pharmacol. 2018, 13, 345–354. [CrossRef]

11. López, O.V.; Gorantla, S.; Segarra, A.C.; Andino Norat, M.C.; Álvarez, M.; Skolasky, R.L.; Meléndez, L.M. Sigma-1 Receptor
Antagonist (BD1047) Decreases Cathepsin B Secretion in HIV-Infected Macrophages Exposed to Cocaine. J. Neuroimmune
Pharmacol. 2019, 14, 226–240. [CrossRef]

12. Zenón, F.; Segarra, A.C.; Gonzalez, M.; Meléndez, L.M. Cocaine Potentiates Cathepsin B Secretion and Neuronal Apoptosis from
HIV-Infected Macrophages. J. Neuroimmune Pharmacol. 2014, 9, 703–715. [CrossRef]

13. Zenón-Meléndez, C.N.; Carrasquillo Carrión, K.; Cantres Rosario, Y.; Roche Lima, A.; Meléndez, L.M. Inhibition of Cathepsin B
and SAPC Secreted by HIV-Infected Macrophages Reverses Common and Unique Apoptosis Pathways. J. Proteome Res. 2022,
21, 301–312. [CrossRef]

14. Rosario-Rodríguez, L.J.; Gerena, Y.; García-Requena, L.A.; Cartagena-Isern, L.J.; Cuadrado-Ruiz, J.C.; Borges-Vélez, G.; Meléndez,
L.M. Cannabinoid Receptor Type 2 Agonist JWH-133 Decreases Cathepsin B Secretion and Neurotoxicity from HIV-Infected
Macrophages. Sci. Rep. 2022, 12, 233. [CrossRef]

15. Cantres-Rosario, Y.M.; Ortiz-Rodríguez, S.C.; Santos-Figueroa, A.G.; Plaud, M.; Negron, K.; Cotto, B.; Langford, D.; Melendez, L.M.
HIV Infection Induces Extracellular Cathepsin B Uptake and Damage to Neurons. Sci. Rep. 2019, 9, 8006. [CrossRef] [PubMed]

16. Hamer, I.; Delaive, E.; Dieu, M.; Abdel-Sater, F.; Mercy, L.; Jadot, M.; Arnould, T. Up-Regulation of Cathepsin B Expression and
Enhanced Secretion in Mitochondrial DNA-Depleted Osteosarcoma Cells. Biol. Cell 2009, 101, 31–43. [CrossRef]

https://doi.org/10.1038/nrneurol.2016.27
https://doi.org/10.2174/1570162X12666140526114526
https://doi.org/10.1016/j.bbi.2014.10.008
https://doi.org/10.1007/s13365-015-0346-y
https://doi.org/10.1007/s11904-019-00445-6
https://doi.org/10.1186/s12977-023-00616-9
https://doi.org/10.1371/journal.pone.0036571
https://doi.org/10.1097/QAD.0b013e32835b3e47
https://doi.org/10.1097/QAD.0000000000000823
https://doi.org/10.1007/s11481-018-9794-5
https://doi.org/10.1007/s11481-018-9807-4
https://doi.org/10.1007/s11481-014-9563-z
https://doi.org/10.1021/acs.jproteome.1c00187
https://doi.org/10.1038/s41598-021-03896-3
https://doi.org/10.1038/s41598-019-44463-1
https://www.ncbi.nlm.nih.gov/pubmed/31142756
https://doi.org/10.1042/BC20080043


Int. J. Mol. Sci. 2024, 25, 3246 16 of 19

17. Chae, H.J.; Ha, K.C.; Lee, G.Y.; Yang, S.K.; Yun, K.J.; Kim, E.C.; Kim, S.H.; Chae, S.W.; Kim, H.R. Interleukin-6 and Cyclic AMP
Stimulate Release of Cathepsin B in Human Osteoblasts. Immunopharmacol. Immunotoxicol. 2007, 29, 155–172. [CrossRef] [PubMed]

18. Tripathi, R.; Fiore, L.S.; Richards, D.L.; Yang, Y.; Liu, J.; Wang, C.; Plattner, R. Abl and Arg Mediate Cysteine Cathepsin Secretion
to Facilitate Melanoma Invasion and Metastasis. Sci. Signal 2018, 11, 518. [CrossRef] [PubMed]

19. Rivera-Rivera, L.; Perez--Laspiur, J.; Colón, K.; Meléndez, L.M. Inhibition of Interferon Response by Cystatin B: Implication in
HIV Replication of Macrophage Reservoirs. J. Neurovirol. 2012, 18, 20. [CrossRef]

20. Rivera, L.E.; Colón, K.; Cantres-Rosario, Y.M.; Zenón, F.M.; Meléndez, L.M. Macrophage Derived Cystatin B/Cathepsin B in HIV
Replication and Neuropathogenesis. Curr. HIV Res. 2014, 12, 111. [CrossRef] [PubMed]

21. Rivera, L.E.; Kraiselburd, E.; Meléndez, L.M. Cystatin B and HIV Regulate the STAT-1 Signaling Circuit in HIV Infected and
INF-β Treated Human Macrophages. J. Neurovirol. 2016, 22, 666. [CrossRef]

22. Luciano-Montalvo, C.; Meléndez, L.M. Cystatin B Associates with Signal Transducer and Activator of Transcription 1 in
Monocyte-Derived and Placental Macrophages. Placenta 2009, 30, 464. [CrossRef]

23. Vomund, S.; Schäfer, A.; Parnham, M.J.; Brüne, B.; von Knethen, A. Nrf2, the Master Regulator of Anti-Oxidative Responses.
Int. J. Mol. Sci. 2017, 18, 2772. [CrossRef]

24. Shaw, P.; Chattopadhyay, A. Nrf2–ARE Signaling in Cellular Protection: Mechanism of Action and the Regulatory Mechanisms.
J. Cell. Physiol. 2020, 235, 3119–3130. [CrossRef]

25. Ngo, V.; Duennwald, M.L. Nrf2 and Oxidative Stress: A General Overview of Mechanisms and Implications in Human Disease.
Antioxidants 2022, 11, 2345. [CrossRef] [PubMed]

26. Gill, A.J.; Kovacsics, C.E.; Vance, P.J.; Collman, R.G.; Kolson, D.L. Induction of Heme Oxygenase-1 Deficiency and Associated
Glutamate-Mediated Neurotoxicity Is a Highly Conserved HIV Phenotype of Chronic Macrophage Infection That Is Resistant to
Antiretroviral Therapy. J. Virol. 2015, 89, 10656. [CrossRef]

27. Staitieh, B.S.; Ding, L.; Neveu, W.A.; Spearman, P.; Guidot, D.M.; Fan, X. HIV-1 Decreases Nrf2/ARE Activity and Phagocytic
Function in Alveolar Macrophages. J. Leukoc. Biol. 2017, 102, 517–525. [CrossRef] [PubMed]

28. Fan, X.; Murray, S.C.; Staitieh, B.S.; Spearman, P.; Guidot, D.M. HIV Impairs Alveolar Macrophage Function via MicroRNA-144-
Induced Suppression of Nrf2. Am. J. Med. Sci. 2021, 361, 90–97. [CrossRef]

29. Ivanov, A.V.; Valuev-Elliston, V.T.; Ivanova, O.N.; Kochetkov, S.N.; Starodubova, E.S.; Bartosch, B.; Isaguliants, M.G. Oxidative
Stress during HIV Infection: Mechanisms and Consequences. Oxid. Med. Cell. Longev. 2016, 2016, 8910396. [CrossRef]

30. Ronaldson, P.T.; Bendayan, R. HIV-1 Viral Envelope Glycoprotein Gp120 Produces Oxidative Stress and Regulates the Functional
Expression of Multidrug Resistance Protein-1 (Mrp1) in Glial Cells. J. Neurochem. 2008, 106, 1298–1313. [CrossRef] [PubMed]

31. Isaguliants, M.; Smirnova, O.; Ivanov, A.V.; Kilpelainen, A.; Kuzmenko, Y.; Petkov, S.; Latanova, A.; Krotova, O.; Engström,
G.; Karpov, V.; et al. Oxidative Stress Induced by HIV-1 Reverse Transcriptase Modulates the Enzyme’s Performance in Gene
Immunization. Hum. Vaccines Immunother. 2013, 9, 2111–2119. [CrossRef]

32. Fan, X.; Staitieh, B.S.; Jensen, J.S.; Mould, K.J.; Greenberg, J.A.; Joshi, P.C.; Koval, M.; Guidot, D.M. Activating the Nrf2-Mediated
Antioxidant Response Element Restores Barrier Function in the Alveolar Epithelium of HIV-1 Transgenic Rats. Am. J. Physiol.-Lung
Cell. Mol. Physiol. 2013, 305, L267. [CrossRef]

33. Mastrantonio, R.; Cervelli, M.; Pietropaoli, S.; Mariottini, P.; Colasanti, M.; Persichini, T. HIV-Tat Induces the Nrf2/ARE
Pathway through NMDA Receptor-Elicited Spermine Oxidase Activation in Human Neuroblastoma Cells. PLoS ONE 2016,
11, e0149802. [CrossRef]

34. Gill, A.J.; Kolson, D.L. Dimethyl Fumarate Modulation of Immune and Antioxidant Responses: Application to HIV Therapy.
Crit. Rev. Immunol. 2013, 33, 307–359. [CrossRef]

35. Ravi, S.; Peña, K.A.; Chu, C.T.; Kiselyov, K. Biphasic Regulation of Lysosomal Exocytosis by Oxidative Stress. Cell Calcium 2016,
60, 356–362. [CrossRef]

36. He, X.; Li, X.; Tian, W.; Li, C.; Li, P.; Zhao, J.; Yang, S.; Li, S. The Role of Redox-Mediated Lysosomal Dysfunction and Therapeutic
Strategies. Biomed. Pharmacother. 2023, 165, 115121. [CrossRef] [PubMed]

37. Li, X.; Gulbins, E.; Zhang, Y. Oxidative Stress Triggers Ca2+-Dependent Lysosome Trafficking and Activation of Acid Sphin-
gomyelinase. Cell. Physiol. Biochem. 2012, 30, 815. [CrossRef] [PubMed]

38. Li, Z.; Gu, Y.; Wen, R.; Shen, F.; Tian, H.L.; Yang, G.Y.; Zhang, Z. Lysosome Exocytosis Is Involved in Astrocyte ATP Release after
Oxidative Stress Induced by H2O2. Neurosci. Lett. 2019, 705, 251–258. [CrossRef]

39. Fan, Y.; He, J.J. HIV-1 Tat Promotes Lysosomal Exocytosis in Astrocytes and Contributes to Astrocyte-Mediated Tat Neurotoxicity.
J. Biol. Chem. 2016, 291, 22830–22840. [CrossRef] [PubMed]

40. Datta, G.; Miller, N.M.; Afghah, Z.; Geiger, J.D.; Chen, X. Hiv-1 Gp120 Promotes Lysosomal Exocytosis in Human Schwann Cells.
Front. Cell. Neurosci. 2019, 13, 329. [CrossRef] [PubMed]

41. Halcrow, P.W.; Lakpa, K.L.; Khan, N.; Afghah, Z.; Miller, N.; Datta, G.; Chen, X.; Geiger, J.D. HIV-1 Gp120-Induced Endolysosome
de-Acidification Leads to Efflux of Endolysosome Iron, and Increases in Mitochondrial Iron and Reactive Oxygen Species.
J. Neuroimmune Pharmacol. 2022, 17, 181. [CrossRef]

42. Cinti, A.; le Sage, V.; Milev, M.P.; Valiente-Echeverría, F.; Crossie, C.; Miron, M.J.; Panté, N.; Olivier, M.; Mouland, A.J.
HIV-1 Enhances MTORC1 Activity and Repositions Lysosomes to the Periphery by Co-Opting Rag GTPases. Sci. Rep. 2017,
7, 5515. [CrossRef]

https://doi.org/10.1080/08923970701511579
https://www.ncbi.nlm.nih.gov/pubmed/17849265
https://doi.org/10.1126/scisignal.aao0422
https://www.ncbi.nlm.nih.gov/pubmed/29463776
https://doi.org/10.1007/s13365-011-0061-2
https://doi.org/10.2174/1570162X12666140526120249
https://www.ncbi.nlm.nih.gov/pubmed/24862331
https://doi.org/10.1007/s13365-016-0443-6
https://doi.org/10.1016/j.placenta.2009.03.003
https://doi.org/10.3390/ijms18122772
https://doi.org/10.1002/jcp.29219
https://doi.org/10.3390/antiox11122345
https://www.ncbi.nlm.nih.gov/pubmed/36552553
https://doi.org/10.1128/JVI.01495-15
https://doi.org/10.1189/jlb.4A0616-282RR
https://www.ncbi.nlm.nih.gov/pubmed/28550120
https://doi.org/10.1016/j.amjms.2020.07.026
https://doi.org/10.1155/2016/8910396
https://doi.org/10.1111/j.1471-4159.2008.05479.x
https://www.ncbi.nlm.nih.gov/pubmed/18485102
https://doi.org/10.4161/hv.25813
https://doi.org/10.1152/ajplung.00288.2012
https://doi.org/10.1371/journal.pone.0149802
https://doi.org/10.1615/CritRevImmunol.2013007247
https://doi.org/10.1016/j.ceca.2016.08.002
https://doi.org/10.1016/j.biopha.2023.115121
https://www.ncbi.nlm.nih.gov/pubmed/37418979
https://doi.org/10.1159/000341460
https://www.ncbi.nlm.nih.gov/pubmed/22890197
https://doi.org/10.1016/j.neulet.2019.03.046
https://doi.org/10.1074/jbc.M116.731836
https://www.ncbi.nlm.nih.gov/pubmed/27609518
https://doi.org/10.3389/fncel.2019.00329
https://www.ncbi.nlm.nih.gov/pubmed/31379513
https://doi.org/10.1007/s11481-021-09995-2
https://doi.org/10.1038/s41598-017-05410-0


Int. J. Mol. Sci. 2024, 25, 3246 17 of 19

43. Scerra, G.; De Pasquale, V.; Scarcella, M.; Caporaso, M.G.; Pavone, L.M.; D’Agostino, M. Lysosomal Positioning Diseases: Beyond
Substrate Storage. Open Biol. 2022, 12, 220155. [CrossRef] [PubMed]

44. Machado, E.R.; Annunziata, I.; van de Vlekkert, D.; Grosveld, G.C.; d’Azzo, A. Lysosomes and Cancer Progression: A Malignant
Liaison. Front. Cell Dev. Biol. 2021, 9, 642494. [CrossRef] [PubMed]

45. Kundu, S.T.; Grzeskowiak, C.L.; Fradette, J.J.; Gibson, L.A.; Rodriguez, L.B.; Creighton, C.J.; Scott, K.L.; Gibbons, D.L. TMEM106B
Drives Lung Cancer Metastasis by Inducing TFEB-Dependent Lysosome Synthesis and Secretion of Cathepsins. Nat. Commun.
2018, 9, 2731. [CrossRef]

46. Hämälistö, S.; Jäättelä, M. Lysosomes in Cancer- Living on the Edge (of the Cell). Curr. Opin. Cell Biol. 2016, 39, 69. [CrossRef]
47. Brix, D.M.; Rafn, B.; Bundgaard Clemmensen, K.; Andersen, S.H.; Ambartsumian, N.; Jäättelä, M.; Kallunki, T. Screening and

Identification of Small Molecule Inhibitors of ErbB2-induced Invasion. Mol. Oncol. 2014, 8, 1703. [CrossRef]
48. Medina, D.L.; Fraldi, A.; Bouche, V.; Annunziata, F.; Mansueto, G.; Spampanato, C.; Puri, C.; Pignata, A.; Martina, J.A.;

Sardiello, M.; et al. Transcriptional Activation of Lysosomal Exocytosis Promotes Cellular Clearance. Dev. Cell 2011, 21, 421.
[CrossRef] [PubMed]

49. Rodríguez, A.; Webster, P.; Ortego, J.; Andrews, N.W. Lysosomes Behave as Ca2+-Regulated Exocytic Vesicles in Fibroblasts and
Epithelial Cells. J. Cell Biol. 1997, 137, 93. [CrossRef] [PubMed]

50. Purohit, V.; Rapaka, R.S.; Rutter, J. Cannabinoid Receptor-2 and HIV-Associated Neurocognitive Disorders. J. Neuroimmune
Pharmacol. 2014, 9, 447–453. [CrossRef]

51. Rom, S.; Persidsky, Y. Cannabinoid Receptor 2: Potential Role in Immunomodulation and Neuroinflammation. J. Neuroimmune
Pharmacol. 2013, 8, 608–620. [CrossRef]

52. Rizzo, M.D.; Henriquez, J.E.; Blevins, L.K.; Bach, A.; Crawford, R.B.; Kaminski, N.E. Targeting Cannabinoid Receptor 2
on Peripheral Leukocytes to Attenuate Inflammatory Mechanisms Implicated in HIV-Associated Neurocognitive Disorder.
J. Neuroimmune Pharmacol. 2020, 15, 780–793. [CrossRef]

53. Yadav-Samudrala, B.J.; Fitting, S. Mini-Review: The Therapeutic Role of Cannabinoids in NeuroHIV. Neurosci. Lett. 2021,
750, 135717. [CrossRef]

54. Starr, A.; Jordan-Sciutto, K.L.; Mironets, E. Confound, Cause, or Cure: The Effect of Cannabinoids on HIV-Associated Neurological
Sequelae. Viruses 2021, 13, 1242. [CrossRef]

55. Kaminski, N.E.; Kaplan, B.L.F. Immunomodulation by Cannabinoids: Current Uses, Mechanisms, and Identification of Data
Gaps to Be Addressed for Additional Therapeutic Application. Adv. Pharmacol. 2021, 91, 1–59. [CrossRef]

56. Wang, L.; Zeng, Y.; Zhou, Y.; Yu, J.; Liang, M.; Qin, L.; Zhou, Y. Win55,212-2 Improves Neural Injury Induced by HIV-1
Glycoprotein 120 in Rats by Exciting CB2R. Brain Res. Bull. 2022, 182, 67–79. [CrossRef]

57. Ribeiro, R.; Wen, J.; Li, S.; Zhang, Y. Involvement of ERK1/2, CPLA2 and NF-KB in Microglia Suppression by Cannabinoid
Receptor Agonists and Antagonists. Prostaglandins Other Lipid Mediat. 2013, 100–101, 1–14. [CrossRef]

58. Liu, Z.; Wang, Y.; Zhao, H.; Zheng, Q.; Xiao, L.; Zhao, M. CB2 Receptor Activation Ameliorates the Proinflammatory Activity in
Acute Lung Injury Induced by Paraquat. Biomed Res. Int. 2014, 2014, 971750. [CrossRef] [PubMed]

59. Zhu, M.; Yu, B.; Bai, J.; Wang, X.; Guo, X.; Liu, Y.; Lin, J.; Hu, S.; Zhang, W.; Tao, Y.; et al. Cannabinoid Receptor 2 Agonist Prevents Local
and Systemic Inflammatory Bone Destruction in Rheumatoid Arthritis. J. Bone Miner. Res. 2019, 34, 739–751. [CrossRef] [PubMed]

60. Wu, Q.; Ma, Y.; Liu, Y.; Wang, N.; Zhao, X.; Wen, D. CB2R Agonist JWH-133 Attenuates Chronic Inflammation by Restraining M1
Macrophage Polarization via Nrf2/HO-1 Pathway in Diet-Induced Obese Mice. Life Sci. 2020, 260, 118424. [CrossRef] [PubMed]

61. Kim, K.M.; Heo, D.R.; Kim, Y.A.; Lee, J.; Kim, N.S.; Bang, O.S. Coniferaldehyde Inhibits LPS-Induced Apoptosis through the PKC
α/β II/Nrf-2/HO-1 Dependent Pathway in RAW264.7 Macrophage Cells. Environ. Toxicol. Pharmacol. 2016, 48, 85–93. [CrossRef]

62. Kwak, M.K.; Wakabayashi, N.; Itoh, K.; Motohashi, H.; Yamamoto, M.; Kensler, T.W. Modulation of Gene Expression by Cancer
Chemopreventive Dithiolethiones through the Keap1-Nrf2 Pathway. Identification of Novel Gene Clusters for Cell Survival.
J. Biol. Chem. 2003, 278, 8135–8145. [CrossRef] [PubMed]

63. Brand, S.R.; Kobayashi, R.; Mathews, M.B. The Tat Protein of Human Immunodeficiency Virus Type 1 Is a Substrate and Inhibitor
of the Interferon-Induced, Virally Activated Protein Kinase, PKR. J. Biol. Chem. 1997, 272, 8388–8395. [CrossRef]

64. Kang, K.W.; Lee, S.J.; Park, J.W.; Kim, S.G. Phosphatidylinositol 3-Kinase Regulates Nuclear Translocation of NF-E2-Related
Factor 2 through Actin Rearrangement in Response to Oxidative Stress. Mol. Pharmacol. 2002, 62, 1001–1010. [CrossRef] [PubMed]

65. Koundouros, N.; Poulogiannis, G. Phosphoinositide 3-Kinase/Akt Signaling and Redox Metabolism in Cancer. Front. Oncol. 2018,
8, 160. [CrossRef] [PubMed]

66. Bird, T.A.; Schooley, K.; Dower, S.K.; Hagen, H.; Virca, G.D. Activation of Nuclear Transcription Factor NF-κB by Interleukin-1 Is
Accompanied by Casein Kinase II-Mediated Phosphorylation of the P65 Subunit. J. Biol. Chem. 1997, 272, 32606–32612. [CrossRef] [PubMed]

67. Wang, D.; Westerheide, S.D.; Hanson, J.L.; Baldwin, J. Tumor Necrosis Factor Alpha-Induced Phosphorylation of RelA/P65 on
Ser529 Is Controlled by Casein Kinase II. J. Biol. Chem. 2000, 275, 32592–32597. [CrossRef] [PubMed]

68. Meggio, F.; Pinna, L.A. One-Thousand-and-One Substrates of Protein Kinase CK2? FASEB J. 2003, 17, 349–368. [CrossRef]
69. Martin, M.U.; Wesche, H. Summary and Comparison of the Signaling Mechanisms of the Toll/Interleukin-1 Receptor Family.

Biochim. Biophys. Acta (BBA) Mol. Cell Res. 2002, 1592, 265–280. [CrossRef]
70. Li, Q.; Verma, I.M. NF-κB Regulation in the Immune System. Nat. Rev. Immunol. 2002, 2, 725–734. [CrossRef]
71. Baumann, B.; Weberjakob Troppmair, C.K.; Whiteside, S.; Israel, A.; Rapp, U.R.; Wirth, T. Raf Induces NF-κB by Membrane Shuttle

Kinase MEKK1, a Signaling Pathway Critical for Transformation. Proc. Natl. Acad. Sci. USA 2000, 97, 4615–4620. [CrossRef]

https://doi.org/10.1098/rsob.220155
https://www.ncbi.nlm.nih.gov/pubmed/36285443
https://doi.org/10.3389/fcell.2021.642494
https://www.ncbi.nlm.nih.gov/pubmed/33718382
https://doi.org/10.1038/s41467-018-05013-x
https://doi.org/10.1016/j.ceb.2016.02.009
https://doi.org/10.1016/j.molonc.2014.07.004
https://doi.org/10.1016/j.devcel.2011.07.016
https://www.ncbi.nlm.nih.gov/pubmed/21889421
https://doi.org/10.1083/jcb.137.1.93
https://www.ncbi.nlm.nih.gov/pubmed/9105039
https://doi.org/10.1007/s11481-014-9554-0
https://doi.org/10.1007/s11481-013-9445-9
https://doi.org/10.1007/s11481-020-09918-7
https://doi.org/10.1016/j.neulet.2021.135717
https://doi.org/10.3390/v13071242
https://doi.org/10.1016/BS.APHA.2021.01.001
https://doi.org/10.1016/j.brainresbull.2022.02.006
https://doi.org/10.1016/j.prostaglandins.2012.11.003
https://doi.org/10.1155/2014/971750
https://www.ncbi.nlm.nih.gov/pubmed/24963491
https://doi.org/10.1002/jbmr.3637
https://www.ncbi.nlm.nih.gov/pubmed/30508319
https://doi.org/10.1016/j.lfs.2020.118424
https://www.ncbi.nlm.nih.gov/pubmed/32949586
https://doi.org/10.1016/j.etap.2016.10.016
https://doi.org/10.1074/jbc.M211898200
https://www.ncbi.nlm.nih.gov/pubmed/12506115
https://doi.org/10.1074/jbc.272.13.8388
https://doi.org/10.1124/mol.62.5.1001
https://www.ncbi.nlm.nih.gov/pubmed/12391262
https://doi.org/10.3389/fonc.2018.00160
https://www.ncbi.nlm.nih.gov/pubmed/29868481
https://doi.org/10.1074/jbc.272.51.32606
https://www.ncbi.nlm.nih.gov/pubmed/9405476
https://doi.org/10.1074/jbc.M001358200
https://www.ncbi.nlm.nih.gov/pubmed/10938077
https://doi.org/10.1096/fj.02-0473rev
https://doi.org/10.1016/S0167-4889(02)00320-8
https://doi.org/10.1038/nri910
https://doi.org/10.1073/pnas.080583397


Int. J. Mol. Sci. 2024, 25, 3246 18 of 19

72. Mitchell, S.; Vargas, J.; Hoffmann, A. Signaling via the NFκB System. Wiley Interdiscip. Rev. Syst. Biol. Med. 2016, 8, 227–241. [CrossRef]
73. Wang, P.; Wang, S.C.; Yang, H.; Lv, C.; Jia, S.; Liu, X.; Wang, X.; Meng, D.; Qin, D.; Zhu, H.; et al. Therapeutic Potential of Oxytocin

in Atherosclerotic Cardiovascular Disease: Mechanisms and Signaling Pathways. Front. Neurosci. 2019, 13, 454. [CrossRef]
74. Pype, S.; Declercq, W.; Ibrahimi, A.; Michiels, C.; van Rietschoten, J.G.I.; Dewulf, N.; de Boer, M.; Vandenabeele, P.;

Huylebroeck, D.; Remacle, J.E. TTRAP, a Novel Protein That Associates with CD40, Tumor Necrosis Factor (TNF) Receptor-
75 and TNF Receptor-Associated Factors (TRAFs), and That Inhibits Nuclear Factor-κB Activation. J. Biol. Chem. 2000,
275, 18586–18593. [CrossRef]

75. di Paola, S.; Medina, D.L. TRPML1-/TFEB-Dependent Regulation of Lysosomal Exocytosis. Methods Mol. Biol. 2019, 1925,
143–144. [CrossRef]

76. Tseng, H.H.L.; Vong, C.T.; Kwan, Y.W.; Lee, S.M.Y.; Hoi, M.P.M. Lysosomal Ca2+ Signaling Regulates High Glucose-Mediated
Interleukin-1β Secretion via Transcription Factor EB in Human Monocytic Cells. Front. Immunol. 2017, 8, 1161. [CrossRef]

77. Johnson, J.L.; Hong, H.; Monfregola, J.; Kiosses, W.B.; Catz, S.D. Munc13-4 Restricts Motility of Rab27a-Expressing Vesicles to
Facilitate Lipopolysaccharide-Induced Priming of Exocytosis in Neutrophils. J. Biol. Chem. 2011, 286, 5647–5656. [CrossRef]

78. Sharda, A.; Kim, S.H.; Jasuja, R.; Gopal, S.; Flaumenhaft, R.; Furie, B.C.; Furie, B. Defective PDI Release from Platelets and Endothelial
Cells Impairs Thrombus Formation in Hermansky-Pudlak Syndrome. Blood 2015, 125, 1633–1642. [CrossRef] [PubMed]

79. Ma, J.S.Y.; Haydar, T.F.; Radoja, S. Protein Kinase C Delta Localizes to Secretory Lysosomes in CD8+ CTL and Directly Mediates
TCR Signals Leading to Granule Exocytosis-Mediated Cytotoxicity. J. Immunol. 2008, 181, 4716–4722. [CrossRef] [PubMed]

80. Lazure, F.; Blackburn, D.M.; Corchado, A.H.; Sahinyan, K.; Karam, N.; Sharanek, A.; Nguyen, D.; Lepper, C.; Najafabadi, H.S.;
Perkins, T.J.; et al. Myf6/MRF4 Is a Myogenic Niche Regulator Required for the Maintenance of the Muscle Stem Cell Pool.
EMBO Rep. 2020, 21, e49499. [CrossRef] [PubMed]

81. Li, S.; Du, L.; Zhang, L.; Hu, Y.; Xia, W.; Wu, J.; Zhu, J.; Chen, L.; Zhu, F.; Li, C.; et al. Cathepsin B Contributes to Autophagy-
Related 7 (Atg7)-Induced Nod-like Receptor 3 (NLRP3)-Dependent Proinflammatory Response and Aggravates Lipotoxicity in
Rat Insulinoma Cell Line. J. Biol. Chem. 2013, 288, 30094. [CrossRef] [PubMed]

82. Rafn, B.; Nielsen, C.F.; Andersen, S.H.; Szyniarowski, P.; Corcelle-Termeau, E.; Valo, E.; Fehrenbacher, N.; Olsen, C.J.; Daugaard,
M.; Egebjerg, C.; et al. ErbB2-Driven Breast Cancer Cell Invasion Depends on a Complex Signaling Network Activating Myeloid
Zinc Finger-1-Dependent Cathepsin B Expression. Mol. Cell 2012, 45, 764–776. [CrossRef]

83. Lee, J.H.; Yu, W.H.; Kumar, A.; Lee, S.; Mohan, P.S.; Peterhoff, C.M.; Wolfe, D.M.; Martinez-Vicente, M.; Massey, A.C.;
Sovak, G.; et al. Lysosomal Proteolysis and Autophagy Require Presenilin 1 and Are Disrupted by Alzheimer-Related PS1
Mutations. Cell 2010, 141, 1146–1158. [CrossRef] [PubMed]

84. Sardiello, M.; Palmieri, M.; di Ronza, A.; Medina, D.L.; Valenza, M.; Gennarino, V.A.; di Malta, C.; Donaudy, F.; Embrione, V.;
Polishchuk, R.S.; et al. A Gene Network Regulating Lysosomal Biogenesis and Function. Science 2009, 325, 473–477. [CrossRef]

85. Zenón, F.; Cantres-Rosario, Y.; Adiga, R.; Gonzalez, M.; Rodriguez-Franco, E.; Langford, D.; Melendez, L.M. HIV-Infected
Microglia Mediate Cathepsin B-Induced Neurotoxicity. J. Neurovirol. 2015, 21, 544–558. [CrossRef] [PubMed]

86. ElZohary, L.; Weglicki, W.B.; Chmielinska, J.J.; Kramer, J.H.; Tong Mak, I. Mg-Supplementation Attenuated Lipogenic and
Oxidative/Nitrosative Gene Expression Caused by Combination Antiretroviral Therapy (CART) in HIV-1-Transgenic Rats.
PLoS ONE 2019, 14, e0210107. [CrossRef]

87. Han, D.; Lu, X.; Yin, W.; Fu, H.; Zhang, X.; Cheng, L.; Liu, F.; Jin, C.; Tian, X.; Xie, Y.; et al. Activation of NRF2 Blocks HIV
Replication and Apoptosis in Macrophages. Heliyon 2023, 9, e12575. [CrossRef] [PubMed]

88. Cross, S.A.; Cook, D.R.; Chi, A.W.S.; Vance, P.J.; Kolson, L.L.; Wong, B.J.; Jordan-Sciutto, K.L.; Kolson, D.L. Dimethyl Fumarate,
an Immune Modulator and Inducer of the Antioxidant Response, Suppresses HIV Replication and Macrophage-Mediated
Neurotoxicity: A Novel Candidate for HIV Neuroprotection. J. Immunol. 2011, 187, 5015–5025. [CrossRef]

89. Gill, A.J.; Kovacsics, C.E.; Cross, S.A.; Vance, P.J.; Kolson, L.L.; Jordan-Sciutto, K.L.; Gelman, B.B.; Kolson, D.L. Heme
Oxygenase-1 Deficiency Accompanies Neuropathogenesis of HIV-Associated Neurocognitive Disorders. J. Clin. Investig. 2014,
124, 4459. [CrossRef]

90. Ramirez, S.H.; Reichenbach, N.L.; Fan, S.; Rom, S.; Merkel, S.F.; Wang, X.; Ho, W.; Persidsky, Y. Attenuation of HIV-1 Replication
in Macrophages by Cannabinoid Receptor 2 Agonists. J. Leukoc. Biol. 2013, 93, 801–810. [CrossRef]

91. Asin, S.; Taylor, J.A.; Trushin, S.; Bren, G.; Paya, C.V. Ikappakappa Mediates NF-κB Activation in Human Immunodeficiency
Virus-Infected Cells. J. Virol. 1999, 73, 3893–3903. [CrossRef]

92. McElhinny, J.A.; MacMorran, W.S.; Bren, G.D.; Ten, R.M.; Israel, A.; Paya, C.V. Regulation of I Kappa B Alpha and P105 in
Monocytes and Macrophages Persistently Infected with Human Immunodeficiency Virus. J. Virol. 1995, 69, 1500–1509. [CrossRef]

93. Giacoppo, S.; Gugliandolo, A.; Trubiani, O.; Pollastro, F.; Grassi, G.; Bramanti, P.; Mazzon, E. Cannabinoid CB2 Receptors Are
Involved in the Protection of RAW264.7 Macrophages against the Oxidative Stress: An in Vitro Study. Eur. J. Histochem. 2017,
61, 2749. [CrossRef]

94. Luo, X.Q.; Li, A.; Yang, X.; Xiao, X.; Hu, R.; Wang, T.W.; Dou, X.Y.; Yang, D.J.; Dong, Z. Paeoniflorin Exerts Neuroprotective
Effects by Modulating the M1/M2 Subset Polarization of Microglia/Macrophages in the Hippocampal CA1 Region of Vascular
Dementia Rats via Cannabinoid Receptor 2. Chin. Med. 2018, 13, 14. [CrossRef] [PubMed]

95. Williams, J.C.; Appelberg, S.; Goldberger, B.A.; Klein, T.W.; Sleasman, J.W.; Goodenow, M.M. ∆9-Tetrahydrocannabinol Treatment
during Human Monocyte Differentiation Reduces Macrophage Susceptibility to HIV-1 Infection. J. Neuroimmune Pharmacol. 2014,
9, 369–379. [CrossRef] [PubMed]

https://doi.org/10.1002/wsbm.1331
https://doi.org/10.3389/fnins.2019.00454
https://doi.org/10.1074/jbc.M000531200
https://doi.org/10.1007/978-1-4939-9018-4_12
https://doi.org/10.3389/fimmu.2017.01161
https://doi.org/10.1074/jbc.M110.184762
https://doi.org/10.1182/blood-2014-08-597419
https://www.ncbi.nlm.nih.gov/pubmed/25593336
https://doi.org/10.4049/jimmunol.181.7.4716
https://www.ncbi.nlm.nih.gov/pubmed/18802074
https://doi.org/10.15252/embr.201949499
https://www.ncbi.nlm.nih.gov/pubmed/33047485
https://doi.org/10.1074/jbc.M113.494286
https://www.ncbi.nlm.nih.gov/pubmed/23986436
https://doi.org/10.1016/j.molcel.2012.01.029
https://doi.org/10.1016/j.cell.2010.05.008
https://www.ncbi.nlm.nih.gov/pubmed/20541250
https://doi.org/10.1126/science.1174447
https://doi.org/10.1007/s13365-015-0358-7
https://www.ncbi.nlm.nih.gov/pubmed/26092112
https://doi.org/10.1371/journal.pone.0210107
https://doi.org/10.1016/j.heliyon.2022.e12575
https://www.ncbi.nlm.nih.gov/pubmed/36691556
https://doi.org/10.4049/jimmunol.1101868
https://doi.org/10.1172/JCI72279
https://doi.org/10.1189/jlb.1012523
https://doi.org/10.1128/JVI.73.5.3893-3903.1999
https://doi.org/10.1128/jvi.69.3.1500-1509.1995
https://doi.org/10.4081/ejh.2017.2749
https://doi.org/10.1186/s13020-018-0173-1
https://www.ncbi.nlm.nih.gov/pubmed/29560022
https://doi.org/10.1007/s11481-014-9527-3
https://www.ncbi.nlm.nih.gov/pubmed/24562630


Int. J. Mol. Sci. 2024, 25, 3246 19 of 19

96. Cantres-Rosario, Y.M.; Acevedo-Mariani, F.M.; Pérez-Laspiur, J.; Haskins, W.E.; Plaud, M.; Cantres-Rosario, Y.M.; Skolasky, R.;
Méndez-Bermúdez, I.; Wojna, V.; Meléndez, L.M.; et al. Microwave & Magnetic Proteomics of Macrophages from Patients with
HIV-Associated Cognitive Impairment. PLoS ONE 2017, 12, e0181779. [CrossRef]

97. Borges-Vélez, G.; Rosado-Philippi, J.; Cantres-Rosario, Y.M.; Carrasquillo-Carrion, K.; Roche-Lima, A.; Pérez-Vargas, J.; González-
Martínez, A.; Correa-Rivas, M.S.; Meléndez, L.M. Zika Virus Infection of the Placenta Alters Extracellular Matrix Proteome.
J. Mol. Histol. 2021, 53, 199–214. [CrossRef]

98. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. Limma Powers Differential Expression Analyses for
RNA-Sequencing and Microarray Studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]

99. Deutsch, E.W.; Bandeira, N.; Sharma, V.; Perez-Riverol, Y.; Carver, J.J.; Kundu, D.J.; García-Seisdedos, D.; Jarnuczak, A.F.;
Hewapathirana, S.; Pullman, B.S.; et al. The ProteomeXchange Consortium in 2020: Enabling ‘Big Data’ Approaches in
Proteomics. Nucleic Acids Res 2020, 48, D1145. [CrossRef]

100. Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D.J.; Inuganti, A.; Griss, J.; Mayer, G.;
Eisenacher, M.; et al. The PRIDE Database and Related Tools and Resources in 2019: Improving Support for Quantification Data.
Nucleic Acids Res. 2019, 47, D442. [CrossRef]

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

https://doi.org/10.1371/journal.pone.0181779
https://doi.org/10.1007/s10735-021-09994-w
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkz984
https://doi.org/10.1093/nar/gky1106

	Introduction 
	Results 
	JWH-133 Inhibits HIV-Induced Activation of Nrf2-Mediated Oxidative Stress Response and NF-B Signaling 
	JWH-133 Decreases the Expression of Proteins Associated with Lysosomal Exocytosis 
	JWH-133 Decreases the Expression of CATB and Associated Proteins 

	Discussion 
	Materials and Methods 
	Isolation of Macrophages, HIV-1ADA Infection, and Treatments with JWH-133 Agonist 
	Total CATB ELISA 
	Preparation of MDM Lysates for TMT Labeling 
	TMT Labeling 
	Mass Spectrometry Analyses 
	Protein Identification and Quantitative Analyses 
	Bioinformatics and Statistical Analyses 

	Conclusions 
	References

