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Abstract: Despite combined antiretroviral therapy (ART) achieving efficient HIV replication control,
HIV-associated neurocognitive disorders (HAND) continue to be highly prevalent in HIV-infected
patients. Diabetes mellitus (DM) is a well-known comorbidity of HAND in HIV-infected patients.
Blood brain barrier (BBB) dysfunction has been linked recently to dementia development, specifically in
DM patients. BBB injury exists both in HIV and DM, likely contributing to cognitive decline. However,
its extent, exact cellular targets and mechanisms are largely unknown. In this report, we found a
decrease in pericyte coverage and expression of tight junction proteins in human brain tissues from
HIV patients with DM and evidence of HAND when compared to HIV-infected patients without
DM or seronegative DM patients. Using our in vitro BBB models, we demonstrated diminution
of barrier integrity, enhanced monocyte adhesion, changes in cytoskeleton and overexpression of
adhesion molecules in primary human brain endothelial cells or human brain pericytes after exposure
to HIV and DM-relevant stimuli. Our study demonstrates for the first-time evidence of impaired BBB
function in HIV-DM patients and shows potential mechanisms leading to it in brain endothelium
and pericytes that may result in poorer cognitive performance compared to individuals without HIV
and DM.

Keywords: BBB; diabetes; HIV-1; hyperglycemia; endothelial dysfunction; actin cytoskeleton
rearrangement; pericytes

1. Introduction

Cognitive impairment/dementia progression and its associations with diverse pathologic
conditions remain mysterious. A number of fundamental mechanisms/causes have been suggested
including genetic defects in Parkinson’s disease and Alzheimer’s disease (AD), hypertension, metabolic
abnormalities (diabetes mellitus (DM), homocysteinemia, toxic effects of drugs and environmental
factors, etc.), chronic neuroinflammatory conditions (autoimmune or infectious origin), stroke and
traumatic brain injury. Nevertheless, close to 40% of these ailments converge on defects in the brain
microvasculature [1] and its coupling to neuronal functions, causing cerebral hypo-perfusion and
subsequent neuronal failure [2–4].

Human immunodeficiency virus (HIV)-1 crosses the blood brain barrier (BBB) and infects microglial
cells in the central nervous system (CNS). HIV-1-associated neurological disorder (HAND) is described
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as cognitive, motor and/or behavioral deficiencies initiated by HIV replication, immune activation and
neurotoxin secretion in the brain that result in neuronal damage [5]. Despite antiretroviral therapy
during which some individuals display immune recovery, the incidence of HAND remains high, and its
causes are poorly understood [5]. One current theory is that HIV-1-associated neurodegeneration is
forced by chronic inflammatory processes in the brain, secondary to a low level of HIV-1 replication in
CNS reservoir cells (macrophages, microglia) [6,7].

Recently, cognitive demise has been described in patients suffering from DM type 1 or type 2 [8–10].
DM is a metabolic disease associated with the failure to produce insulin and appropriate utilization of
glucose (type 1) or insulin resistance when this hormone is produced but unable interact with
its receptors (type 2). Both DM conditions result in high glucose levels in blood, increased
production of reactive oxygen species (ROS) and end organ injury stemming from microvascular
abnormalities. Cardiovascular disease, nephropathy and retinopathy secondary to microvascular
injury are well-documented DM complications [11]. The association between microvascular changes
and cognitive decline in DM has not been validated until very recently, including impaired blood flow,
neuronal dysfunction, abnormalities of white matter microstructure and metabolic aberrations [12].
Overall small vessel abnormalities documented in DM include white matter lesions, microbleeds,
silent brain infarcts and lacunar abnormalities indicative of cognitive decline [13].

BBB chronic demise and its association with cognitive decline has been recently found in DM
patients [14]. Cognitive decline in DM patients was associated with increased levels of vascular
dysfunction markers in cerebrospinal fluid (CSF) [14]. Markers of BBB damage have better predictive
power for dementia development than genetic hallmarks of AD. Further, memory deficits have been
documented in animal models of DM, which showed BBB dysfunction paralleling a loss of pericytes
and neuronal dysfunction [4,15,16]. Recently, we showed an increased BBB permeability that was
associated with hyperglycemia in both DM types 1 and 2 animal models [3,4]. Notably, these animals
revealed cognitive decline paralleling BBB injury. Profiling of genes in CNS microvessels isolated
from these animals presented upregulation of pro-inflammatory and barrier-destabilizing molecules,
and the extent of their expression interrelated with cognitive defects.

Recent publications have suggested a strong link between DM and HAND [17,18].
Further, patients with DM and HIV performed significantly worse on psychomotor tests when
compared to HIV patients without DM [19]. Our previous study indicated BBB injury enhanced
neuroinflammation and decreased pericyte microvessel coverage in human brain tissues derived from
HIV-infected patients (with or without antiretroviral therapy (ART)) [20]. DM is a well-known correlate
of HAND in HIV-infected patients [21,22]. The role of comorbidities in HAND development is one of
the top research priorities according to the NIMH recent workshop “NeuroHIV in the ART era” [23].

In the present study, we demonstrated that the combination of DM conditions and presence
of HIV-1ADA resulted in diminished BBB tightness, which concurred with increased expression of
plasmalemma vesicle associated protein (PLVAP), a marker of brain endothelial cell permeability [24–26]
and actin cytoskeletal rearrangements. Pericyte cells supporting BBB function also displayed increased
cytoskeletal actin reorganizations and the expression of the crucial pericyte receptor, PDGF-Rβ,
which assures proper pericyte function and barrier integrity [27] was decreased. This report offers
evidence from in vitro BBB models and DM HIV patients for the causes of vascular dementia and
might lead to development of future therapeutics to reduce its burden.

2. Results

2.1. HIV Infection and Hyperglycemia Result in Decreased Claudin-5, TJ Protein, and CD13 Expression in
Cerebral Microvessels of DM Patients with HIV

To assess the effects of DM and HIV on cerebral microvasculature, we tested expression levels of
the TJ protein, claudin-5 and of the pericyte markers, PDGF-Rβ and CD13, in cerebral microvessels.
Semi-quantitative analysis showed that there was a significant decrease in CD13 staining in HIV-infected
patients (with p = 0.002 or without ART p = 0.001, Figure 1A,B) when compared to seronegative controls
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(Figure 1E,F). These changes were even more obvious in HIV-infected patients with DM where CD13
expression was significantly lower when compared with HIV patients (without ART), DM HIV-negative
(p = 0.02, Figure 1D) or controls (p < 0.0001, Figure 1E). Of note, the pericyte marker was significantly
diminished in HIV-negative DM patients as compared to controls (p < 0.001, Figure 1F). As in our prior
study, diminished expression of pericyte markers was not different between ART-treated or untreated
patients. We also found significantly attenuated staining for claudin-5 in HIV-infected patients as
compared to controls Figure 1G). Further decrease in claudin-5 staining was seen in HIV patients with
DM Figure 1G). There was a notable attenuation of claudin-5 staining in human brain tissues from
seronegative patients with diabetes and HIV-infected patients especially evident in patients with DM
and HIV (Figure 1G and Supplemental Figure S1A,C,E,G). Decline in claudin-5 staining paralleled
diminution of PDGF-Rβ staining (pericyte markers) (Supplemental Figure S1B,D,F,H). HIV-driven
chronic inflammation leads to decreases in TJ protein expression, resulting in BBB injury [28,29].
Disruption of the BBB and its association with cognitive decline has been recently demonstrated in
DM patients [14] and DM mouse models [3,4]. Therefore, barrier compromise exists in DM and HIV
infection, and it is aggravated by a combination of both due to the same cellular and molecular targets.
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Figure 1. Decrease of claudin-5 expression and pericyte coverage of BBB (blood brain barrier) in DM 
(diabetes mellitus), HIV-infected and HIV patients with DM. (A,B) There was a significant decrease 
in CD13 staining in HIV-infected patients with or without ART (antiretroviral therapy). (C) CD13 was 
further diminished in HIV-DM patients when compared to DM seronegative patients (D) or controls 
(E). All images were acquired with 20 ms exposure. Original magnification: A-E x200. 
Semiquantitative assessment of CD13 (F) and claudin-5 expression (G) in HIV-infected patients 
without ART (n = 10), HIV-ART (n = 11), HIV-DM (n = 11), DM without HIV (n = 11) or control subjects 
(n = 5). Group mean and standard error are indicated by bars. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p 
< 0.0001. 

Figure 1. Decrease of claudin-5 expression and pericyte coverage of BBB (blood brain barrier) in DM
(diabetes mellitus), HIV-infected and HIV patients with DM. (A,B) There was a significant decrease in
CD13 staining in HIV-infected patients with or without ART (antiretroviral therapy). (C) CD13 was
further diminished in HIV-DM patients when compared to DM seronegative patients (D) or controls
(E). All images were acquired with 20 ms exposure. Original magnification: A-E x200. Semiquantitative
assessment of CD13 (F) and claudin-5 expression (G) in HIV-infected patients without ART (n = 10),
HIV-ART (n = 11), HIV-DM (n = 11), DM without HIV (n = 11) or control subjects (n = 5). Group mean
and standard error are indicated by bars. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

2.2. Hyperglycemia and HIV Exposure Diminish BBB Tightness and Intensify Primary Human Monocyte
Adhesion to BMVEC

To mimic BBB injury in HIV-infected patients with DM conditions in vitro, we modeled it in the
in vitro BBB model previously established in our laboratory with primary human brain endothelial
cells (BMVEC) [30–34] using a combination of high glucose (HG) and infectious HIV-1ADA (in two
concentrations, of 17 and 35 ng/mL HIV p24 mimicking viremia) [20,35], and measured endothelial
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function utilizing TEER (transendothelial electrical resistance) technology. Exposure of BMVEC
to HIV resulted in an immediate drop of TEER and, while there was recovery with lower HIV
concentration, 17 ng/mL p24 (95%), the higher amount (35 ng/mL p24) of HIV led to continuous
barrier disruption (82–85% of control) (Supplemental Figure S2). HG conditions showed a further
decline in endothelial barrier tightness (up to 70% of control, Figure 2A). Next, we investigated
whether DM conditions (HG and AGEs) [3], TNFα (increased in blood of infected patients [36]) and
HIVADA would enhance adhesion of primary human monocytes to BMVEC monolayers. HIVADA

was isolated from PBMC of a patient with AIDS, and has been previously described to play a role in
BBB dysfunction [20,37,38]. Treatment with HIVADA or TNFα increases adhesion 2–2.5-fold. HG also
increased adhesion (1.8-fold) and combination with HIV or TNFα further augmented adhesion (up to
2.2-fold) (Figure 2B). Combination of all three stimuli further enhanced adhesion to 3.9-fold, indicating
synergistic effects. Similar results were observed with two AGEs (showing amplified adhesion by
3–3.5-fold) (Figure 2B).
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Figure 2. Hyperglycemia and HIV treatment diminish BBB tightness (A) and intensify primary human
monocyte adhesion (B) to BMVEC (primary human brain endothelial cells). BMVEC were maintained in
medium containing 5 mM glucose until a confluent monolayer was achieved (400–600 Ohms). BMVEC
were exposed to glucose for 1 hr followed by HIV treatment at low or high dose, 17 and 35 ng/mL HIV
p24, respectively, mimicking viremia [20,35]. TEER (transendothelial electrical resistance) was measured
for 72 hr. Results are presented as percent change from baseline TEER, where 100% is defined as TEER
values of non-treated (NT) cultures. Experiments were repeated twice with BMVEC from different
donors and means +/− SEM of triplicate determinations are shown. For adhesion assay, BMVEC were
treated for 1 hr with glucose, mGO (methylglyoxal) or GO (glyoxal), followed by overnight treatment
with HIV (low dose) in the presence or absence of TNFα (75 ng/mL). Treatments were removed prior to
addition of monocytes. Experiments were repeated twice with BMVEC and monocytes from different
donors. Data are shown as fold difference (means ± SEM) of adhesion from triplicate determinations,
with adhesion to untreated BMVEC assigned a value of 1. * p < 0.05, ** p < 0.01, *** p < 0.001 shows
significant change vs. non-treated cells, whereas # p < 0.05 shows significant change vs. HIV and
TNFα-stimulated cells in normal glucose (5 mM).
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Plasmalemma vesicle-associated protein (PLVAP) has been described as a marker of brain
endothelial cell permeability [24–26]. We evaluated PLVAP expression in DM conditions alone and
in conjunction with HIVADA exposure. There was a 2-fold increase of PLVAP in BMVEC exposed
to HG and HIVADA (Figure 3A). Furthermore, we evaluated changes in the cytoskeleton in BMVEC
by measuring globular actin (G-actin) after treatment with HG or HIVADA [39]. Treatment with
HIV only resulted in slight decrease in G-actin-positive BMVEC (small hump in the left part of the
respective histogram shows two populations of cells), whereas only the combination of HG and
HIV led to a significant decrease of G-actin (higher hump in the left part of the respective histogram
shows two populations of cells), indicating changes in cytoskeleton associated with diminished
barrier tightness [39] (Figure 3B). Taken together, these results indicate a potential mechanism for
barrier instability.
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Expression of the key pericyte receptor PDGF-Rβ assures proper pericyte function and BBB 
integrity [3,4,27]. We assessed PDGF-Rβ expression after treatment with HIV and/or HG. While HG 
alone did not have an effect, HIV significantly downregulated PDGF-Rβ expression (depicted by a 
stretched histogram pick, representing cells with different levels of protein expression) and 
combination with HG further significantly diminished its expression (portrayed by two separate 

Figure 3. HIV and hyperglycemia induce PLVAP (plasmalemma vesicle associated protein) expression
and actin rearrangement in BMVEC. Cells were stimulated with 25 mM Glu, 200 µM mGO or
1 mM GO alone or in combination with HIV (17 ng/mL HIV p24) [20,35]. Cells were labeled with
fluorophore-labeled Abs and expression was measured by FACS. Data were collected from at least
20,000 events and repeated twice with BMVEC from different donors. Representative histograms
for PLVAP (A) and G-actin (B) staining are shown, and mean fluorescent intensity (MFI) from three
independent experiments are presented as the mean ± SEM. * p < 0.05 represent significance vs.
non-stimulated cells.

2.3. Hyperglycemia and HIV Exposure Reduce PDGF-Rβ Expression and Stimulate Actin Cytoskeletal
Rearrangements in Primary Human Pericytes

Expression of the key pericyte receptor PDGF-Rβ assures proper pericyte function and BBB
integrity [3,4,27]. We assessed PDGF-Rβ expression after treatment with HIV and/or HG. While HG
alone did not have an effect, HIV significantly downregulated PDGF-Rβ expression (depicted by a
stretched histogram pick, representing cells with different levels of protein expression) and combination
with HG further significantly diminished its expression (portrayed by two separate histogram picks,
representing two populations of cells, one with initial expression level and the other close to unstained)
(Figure 4A). Total MFIs (mean fluorescent intensities) of the treatment with HIV only or combination
with HG were shown to be significant when compared to the normal glucose conditions or HG
only. We detected the effects of HG and HIV on cytoskeleton in pericytes and showed that only the
combination of HG and HIV diminished G-actin content in pericytes, which was associated with a less
stable barrier (Figure 4B).
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Figure 4. HIV and hyperglycemia diminish PDGF-Rβ expression and induce actin rearrangement in
pericytes. Cells were stimulated with 25 mM Glu alone or in combination with HIV (17 ng/mL HIV
p24) [20,35]. Cells were labeled with fluorophore-labeled Abs and expression was measured by FACS.
MFI from three independent experiments are shown as the mean ± SEM. Data were collected from at
least 20,000 events, and each repeat was performed with pericytes from a different donor. * p < 0.05
represent significance vs. non-stimulated cells, # p < 0.05 significance compared HIV-treated cells in
normal vs. hyperglycemic conditions.

2.4. Exposure to HIV and Hyperglycemia Stimulates Expression of Adhesion Molecules on Both Primary
Endothelial Cells and Pericytes

Since we saw increased adhesion of primary monocytes to brain endothelial monolayer in
Figure 2B, we decided to assess whether HG and HIV would increase the expression of adhesion
molecules in BMVEC (Figure 5A). The adhesion molecules, intercellular adhesion molecule 1 (ICAM-1)
and vascular cell adhesion molecule 1 (VCAM-1), both members of the Ig superfamily, have been
demonstrated to be upregulated on the endothelial cells or pericytes of cerebral vessels [20,32,34,40–44].
Both ICAM-1 and VCAM-1 were demonstrated to mediate the adhesion of inflammatory cells via
their respective ligands LFA-1 (αLβ2-integrin) and the α4-integrins, α4β1 and α4β7 to the inflamed
cerebral vessels in vitro [40,45,46]. Indeed, the combination of HG and HIV upregulated ICAM-1
and VCAM-1 expression (p > 0.05). As pericyte expression of adhesion molecules may play a role
in propagation of neuroinflammation, we treated pericytes in a similar fashion and demonstrated
significant enhancement in ICAM-1 and VCAM-1 expression with combined HG and HIV exposure
(Figure 5B).
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3. Discussion

Despite introduction of ART keeping virus replication under control, it was noticed that a portion
of HIV-infected people show a decline in brain function and movement skills, as well as shifts in
behavior and mood. In addition to its effect on the immune system, HIV also affects the nervous
system and the brain, which can diminish cognitive reserve in a number of ways. First, HIV can cross
the BBB and infect glial cells, causing their dysfunction. Glial cells are needed to support neuronal
health and their failure results in neuronal dysfunction. Second, HIV infection is also considered an
inflammatory/neuroinflammatory disease associated with neurotoxin production. In general, such
neuroinflammation has been shown in several clinical populations to reduce cognitive reserve and
induce cognitive impairments [47]. A convergence of different factors such as a dietary change, inactive
lifestyle and an aging population in Western countries has led to a fast escalation in the incidence
of DM type 2 that carries a burden in terms of health and economic outcomes. Increasingly, type 2
diabetes is recognized as a major contributor to cognitive decline and dementia in older adults [48–50].
The more complex and sophisticated the connections between neurons are, the better they are able to
communicate and support cognition, even in lieu of disease-related insults. Consequently, more studies
are required to tackle the mechanisms affecting cognitive function in diseases such as DM alone or in
conjunction with HIV infection. Dysfunction of the BBB has been associated with the development of
dementia, specifically in DM patients [8–10,14], and HIV [5,17,18,36,51–53]. A recent study showed a
correlation to the BBB disruption in HAND [54].
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In the current study, we tested whether the presence of both conditions would lead to additive
effects on BBB function. Our results show that the combination of both hyperglycemia or high
levels of advanced glycation end products (AGEs) and HIV resulted in decreased tightness of the
barrier. DM conditions in conjunction with HIVADA exposure showed a significant increase in PLVAP
expression. PLVAP has been portrayed as a marker of brain endothelial cell permeability [24–26].
Interestingly, DM conditions or HIV exposure alone did not produce any effect on PLVAP expression.
Similar effects were observed on actin cytoskeletal rearrangements. There were actin cytoskeletal
rearrangements in pericytes paralleling the combined actions of HG and HIV in brain endothelial cells,
indicating that changes in the cytoskeleton were associated with diminished BBB tightness [39].

Since the expression of the key pericyte receptor PDGF-Rβ assures proper pericyte function and
barrier integrity [3,27], we tested its expression after treatment with HIV and/or HG. Although HG
alone did not have an effect, HIV exposure significantly downregulated PDGF-Rβ expression and
combination with HG further significantly diminished its expression. Cell adhesion molecules (CAMs)
play an important role in leukocyte adhesion and subsequently increase myeloid cell extravasation,
causing further vascular leak. The current study shows that the combination of HG and HIV
upregulated ICAM-1 and VCAM-1 in both endothelial cells and pericytes in vitro and in the most
prominent reduction of claudin-5 expression and decreased pericyte coverage in vivo. Decreased
TJ protein expression has been shown to be associated with BBB injury within HIV-driven chronic
inflammation [28,29] and DM conditions [9,55–58]. Disruption of the BBB and its association with
cognitive decline has been also exhibited in DM patients [14] and DM mouse models [3,4]. It was
accompanied by diminished TJ protein expression in brain endothelium and attenuated staining for
pericyte marker [3,4]. Changes in Toll-like receptors (TLRs), that serve as key innate immune receptors,
and inflammatory mediators such as TNFα, IL-6, MCP-1 and IL-1β, have been linked with DM [59,60].
Cytokines, such as TNFα, IL-6, IL-1β, IL-4, IL-10 and TGF-β, were shown to be highly elevated in the
serum of HIV patients prior to ART treatment, while TNFα and TGF-β remained significantly increased
even 12 months after ART therapy [61]. Most of the cytokines mentioned above were shown to lead to
BBB dysfunction by themselves [62,63], but their presence also results in endothelial activation and
production of adhesion molecules, such as VCAM-1 and ICAM-1 [43,63–66], allowing an increase in
leukocyte adhesion and subsequent migration across the BBB, leading to further BBB dysfunction.
Since barrier compromise exists in DM and HIV infection, and it is aggravated by a combination of
both, there is a possibility of the same cellular and molecular targets.

Endothelial dysfunction initiated by HIV infection has been acknowledged in the literature as a
critical connection between infection, immune activation, inflammation and different cardiovascular
complications. Since HIV cannot actively replicate in endothelial cells, endothelial dysfunction is
contingent on both inflammatory mediators released in the microenvironment by HIV-infected cells
as well as on HIV-encoded proteins. The HIV proteins, gp120 (envelope glycoprotein) and Tat
(transactivator of transcription), are constantly secreted into the endothelial cell microenvironment
during HIV infection [29,67–69]. However, another HIV-encoded protein, Nef, was shown to be
transferred onto endothelial cells during HIV infection [67,70]. These proteins can have significant direct
effects on the endothelium, such as increased leukocyte-adhesiveness, permeability, oxidative stress,
apoptosis and stimulation of cytokine secretion [28,67,71–76]. All these effects contribute consequently
to endothelial dysfunction. HIV-encoded proteins have been found to have harmful effects on pericytes
too. We and others have demonstrated that pericyte exposure to HIV or cytokines (TNFα or IL-1β)
is followed by declined secretion of factors such as angiopoietin-1 and TGF-β, which are known to
promote BBB formation [20,77]. Buch and colleagues showed that HIV-Tat-mediated migration of
pericytes was dependent on PDGF-Rβ signaling and ultimately led to loss of pericyte coverage from
the endothelium, with a subsequent breach of the BBB [77]. A decrease in pericyte coverage has been
reported in AD, MS, ALS, diabetic microangiopathy, and stroke [78–81], while very little is known
about pericyte changes in the brain tissue of HIV-1-infected patients. Our previous data indicate
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reduced coverage and/or downregulation of pericyte markers in patients with HIV infection, untreated
or on ART, even without HIV-1 encephalitis [20,77].

Causes for vascular dysfunction in DM are related to heightened generation of ROS due to
enhanced glucose metabolism, subsequent buildup of glycolytic intermediates, advanced glycation
end products (AGEs) and activation of protein kinase C (PKC) [82,83]. These events eventually may
result in NF-κB activation, overexpression of adhesion molecules (VCAM-1, ICAM-1), activation of
the small GTPase, RhoA and diminished expression of TJ proteins [84]. Interestingly, our studies
showed PKC and RhoA activation in human BMVEC play a significant role in BBB injury associated
with HIV-driven chronic inflammation leading to decreases in TJ protein expression [28,29]. There are
similarities in the appearance of injury, the same signaling pathways are involved, and there is strong
evidence that the combination of both could lead to cognitive deficits (summarized in Graphical
Abstract). However, very little information is currently available on the extent and mechanisms of
BBB demise in the combination of HIV/DM and whether experimentally proven strategies that protect
the barrier can prevent cognitive decline. In this study, we identified functional effects leading to
BBB disruption in both conditions and more studies are needed to identify therapeutic compounds to
challenge these problems.

4. Materials and Methods

4.1. Cells

Primary BMVEC, isolated from vessels from brain resection tissue (showing no abnormalities) from
patients undergoing surgery for treatment of intractable epilepsy, were supplied by Michael Bernas
and Dr. Marlys Witte (University of Arizona, Tucson, AZ, USA) and maintained as described [32,44].
Primary human brain pericytes were isolated by us and cultured as described [20].

4.2. Determination of HIV-1 p24 Concentration

Concentration of p24 antigen was measured in HIV-1-containing supernatant with the HIV-1 p24
Antigen Capture Assay (Advanced BioScience Laboratories, Inc., Kensington, MD, USA), according to
manufacturer’s instructions. Assuming that an HIV core is composed of 2000 p24 capsid molecules,
1 ng of p24 antigen corresponds to 1.25 × 107 viral particles [20,85].

4.3. Monocyte Adhesion Assays

Adhesion assays were performed as described [31,32,44]. BMVEC were pretreated for 1 hr with
DM relevant stimuli, high glucose, glyoxal (GO) or methylglyoxal (mGO), followed by overnight
treatment with HIV (low dose, (17 ng/mL HIV p24) [20,35]) and stimulation with TNFα (75 ng/mL)
for 1 hr. Treatments were removed prior to monocyte introduction. Fluorescently-labeled monocytes
(2.5 × 105 cells/well) were added to the endothelial monolayers for 15 min at 37 ◦C. After adhesion,
monolayers were washed and relative fluorescence of the attached monocytes was acquired on a
fluorescence plate reader, Synergy 2 plate reader (BioTek, Winooski, VT, USA). Results are presented
as the mean ± SEM fold adhesion (number of adherent monocytes for each experimental condition
divided by the basal adhesion of the untreated control).

4.4. Transendothelial Electrical Resistance (TEER)

BMVEC were plated on collagen type I coated 96W20idf electrode arrays (Applied Biophysics,
Troy, NY, USA) and were treated for 1 hr with glucose, followed by overnight treatment with HIV
(low or high dose, 17 and 35 ng/mL HIV p24, respectively, mimicking viremia) for 24 hr [20,35].
TEER measurements were performed using the 1600R ECIS System (Applied Biophysics, Troy, NY,
USA) as described [31,32,44]. The results are presented as the average percent change from baseline
TEER (expressed as average ± SEM) from at least three independent experiments consisting of four to
six replicates each.
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4.5. ICAM-1, VCAM-1, PLVAP, PDGF-Rβ Expression and G-actin Quantification by Flow Cytometry

Analysis of surface expression of adhesion molecules was performed using the conjugated
antibodies ICAM-1-APC and vascular cell adhesion molecule 1 (VCAM-1)-FITC (BD Biosciences,
San Jose, CA, USA). Plasmalemma vesicle associated protein (PLVAP) and PDGF-Rβ proteins were
stained with anti-PLVAP-FITC and anti-PDGF-Rβ -APC (Novus Biologicals, LLC., Centennial, CO, USA).
For G-actin quantification, cells after stimulation were washed with ice-cold PBS and fixed for 10 min
as described [35]. Globular actin (G-actin) was stained with DNase 1-Alexa 488 (Life Technologies),
according to the manufacturer’s instructions. Following staining, data were acquired with a FACS BD
Canto II flow cytometer (BD Biosciences) and analyzed with FlowJo software v9.9.6 (Tree Star, Inc.,
Ashland, OR, USA). Data were collected from at least 20,000 events and repeated twice with BMVEC or
pericytes each time from different donors. The mean fluorescent intensity (MFI) of stain was calculated
in a cell population and presented as average ± SEM.

4.6. Human Brain Tissues

The current study included two patient cohorts for a total of 26 HIV-seropositive cases and
16 seronegative cases. The first cohort described consisted of a total of 21 HIV-seropositive cases and
5 HIV-seronegative patients chosen as a control group (matched for age, gender and racial status,
autopsy cases from the Temple University Hospital). The second cohort was cases provided by
NNTC and consisted of 8 HIV-seropositive cases with diabetes (6 ART-treated and two untreated)
and 11 seronegative cases with diabetes. Available demographic (age, gender, race/ethnicity) and
clinical information (ART status, CD4 count, co-morbidity and neurocognition) were collected from
hospital medical records and information provided by NNTC (Table 1). This study has been approved
by the Institutional Review Board of Temple University School of Medicine according to the ethical
guidelines of the Helsinki Declaration of 1975 (and as revised in 1983). Macroscopic and microscopic
examination of the brains used a standardized protocol with sections from the neocortex (frontal and
parietal), basal ganglia, hippocampus, midbrain, pons, medulla, cerebellum, spinal cord and any
grossly evident lesion. Paraffin sections (5 µm) from frontal cortex and basal ganglia were stained
with hematoxylin-eosin. One section from the frontal cortical lobe and the hippocampus from each
case were used for the evaluation of neuroinflammation and BBB structure by immunohistochemistry
using the following antibodies: anti-CD13 for pericytes (1:1000, R&D Systems, Minneapolis, MN,
USA). Primary antibodies were detected by Vectastain Elite Kit (Vector Laboratories, Burlingame,
CA, USA) with DAB or Vector Blue substrate. In addition, double immunostains were performed
on frozen sections by indirect immunofluorescence for claudin-5, tight junction (TJ) protein, in brain
endothelium (1:50, Zymed/LifeTechnologies, Grand Island, NY, USA) and PDGFR-β, pericyte marker
(1:50, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) as described [75]. Tissue sections were
rinsed, and secondary antibodies conjugated to Alexa-488 or to rhodamine (diluted 1:250, Invitrogen)
were then added for 1 h. Immunostains for CD13 and claudin-5 were assessed in blinded fashion
using a semi-quantitative score protocol: 0—negative staining, 1—mild positivity (<10% of cells),
2—moderate positivity (10–50%), 3—strong positivity (50–75%) and 4—very strong (75–100%).

4.7. Statistical Analysis

Data are expressed as the mean ± SEM of experiments conducted multiple times. Statistical
analyses were performed utilizing Prism v8.3.0 software (GraphPad Software Inc., San Diego, CA,
USA). Comparisons between several groups were performed by two-way analysis of variance with
Tukey post hoc tests (TEER and migration assays). Alternatively, one-way analysis of variance with
Tukey post hoc tests (FACS and IHC). Differences were considered significant at p < 0.05.
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Table 1. Patient demographic and clinical information.

HIV with
ART (11)

HIV without
ART (10)

HIV with Diabetes
(8, ART - 6, without ART - 2)

HIV Naive with
Diabetes (11) HIV NaïVe (5)

Age

<35 0 1 0 0 1

36–64 10 0 6 8 3

>64 1 1 2 3 1

Gender

Male 5 7 6 6 3

Female 5 3 2 5 2

Ethnicity

Caucasian 1 1 4 6 1

African

American 6 6 2 3 2

Hispanic 4 3 2 2 2

Comorbidity

Hepatitis C 3 2 0 0 1

Hepatitis B 1 0 0 0 0

Hepatitis B and C 0 1 0 0 0

5. Conclusions

In this manuscript, we uncovered a decrease in pericyte coverage and expression of tight junction
proteins in human brain tissues from HIV patients with DM and evidence of HAND when compared
to HIV-infected patients without DM or seronegative DM patients. Exploiting our in vitro BBB models,
we confirmed diminution of barrier integrity, enhanced monocyte adhesion, changes in cytoskeleton
and overexpression of adhesion molecules in primary human brain endothelial cells or human brain
pericytes after exposure to HIV and DM-relevant stimuli. Our study presents for the first-time evidence
of compromised BBB function in HIV-DM patients and indicates on potential mechanisms leading to
it in brain endothelium and pericytes that may result in poorer cognitive performance compared to
individuals without HIV and DM.
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