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Mechanisms of HIV-mediated blood-brain barrier
compromise and leukocyte transmigration under the
current antiretroviral era

Cristian Hernandez," Anna Maria Gorska,'-? and Eliseo Eugenin'-3*

SUMMARY

HIV-associated neurological compromise is observed in more than half of all people with HIV (PWH), even
under antiretroviral therapy (ART). The mechanism has been associated with the early transmigration of
HIV-infected monocytes across the BBB in a CCL2 and HIV replication-dependent manner. However, the
mechanisms of chronic brain damage are unknown.

We demonstrate that all PWH under ART have elevated circulating ATP levels that correlate with the
onset of cognitive impairment even in the absence of a circulating virus. Serum ATP levels found in
PWH with the most severe neurocognitive impairment trigger the transcellular migration of HIV-infected
leukocytes across the BBB in a JAM-A and LFA-1-dependent manner. We propose that targeting transcel-
lular leukocyte transmigration could reduce or prevent the devastating consequences of HIV within the
brains of PWH under ART.

INTRODUCTION

Currently, there are about 38.5 million people with HIV (PWH) worldwide, with an estimated 15-50% of those living with HIV-associated
neurocognitive disorder (HAND)."” HAND is a spectrum of neurocognitive disorders that vary in severity from asymptomatic
neurocognitive impairment (ANI) to mild neurocognitive disorder (MND) to HIV-associated dementia (HAD), the most severe.! Clinical
monitoring of HANDs uses a regular (three-to-six-month interval) battery of cognitive tests involving six criteria: language, memory,
attention, motor function, executive functions, and processing speed.3 Biomarkers from either serum or cerebral spinal fluid (CSF),
are available for screening and diagnosis for HIV-associated dementia; however, there are currently no identifiable biomarkers for
less severe HANDs.*© Our laboratory demonstrated that adenosine triphosphate (ATP) concentration within serum correlates with neu-
rocognitive impairment in PWH.” However, the mechanisms by which extracellular ATP (eATP) relates to cognitive impairment in the
PWH are unknown.

Our published data demonstrated that eATP, Pannexin-1 channels (Panx-1), and the purinergic receptor axis are essential for the initial
steps of HIV infection and replication by a mechanism involving the purinergic receptors P2X;, X7, and ;.57 Panx-1 forms hemichannels
at the plasma membrane and are typically constitutively closed in non-pathological conditions. However, during pathological conditions
or certain cell functions such as chemokine signaling, T cell differentiation, and apoptosis, the Panx-1 channel opens and releases cytoplasmic
inflammatory molecules such as ATP, which signals through purinergic receptors.'” Panx-1 inhibition prevents synaptic and neuronal compro-
mise within the brains of SIV-infected macaques, demonstrating that Panx-1 opening plays a critical role in HAND pathogenesis.'' However,
all these data were obtained during acute infection; thus, how eATP in chronic conditions can predict or contribute to cognitive impairment is
unknown. Normally, eATP is degraded quickly (on the order of seconds to minutes) by ectoATPases to prevent the overactivation of puriner-
gic receptors.'*"* Within the serum of aviremic PWH, the concentration of ATP is stable and is persistently released by Panx-1 channels of
circulating leukocytes and likely by other cell types.”

In physiological and pathological conditions, including HIV infection, transendothelial migration (TEM) is a key mechanism for viral tissue
invasion, the formation of viral reservoirs, and immune patrolling.’? In physiological conditions, upon inflammatory stimuli, leukocytes show
activation, arresting, rolling, adhesion, and locomotion onto and through the endothelium.'® Most of these cell-to-cell interactions are weak
and reversible. Then, leukocytes commit to diapedesis, and the best-described mechanism of transmigration is by a paracellular route
between two or more adjacent endothelial cells.” Instead, neutrophils can use a different mechanism, transcellular migration, through
the endothelial cell body.'® Paracellular migration is highly coordinated between the endothelium and leukocyte to compete and secrete
metalloproteases to coordinate a controlled opening of the endothelium junctions to enable the leukocyte to cross them.'® The molecules
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involved in these leukocyte-endothelial or endothelial-endothelial interactions are occludin, zona occludens (ZO-1), claudins, junction adhe-
sion molecules (JAMs), intercellular adhesion molecules (ICAM-1), vascular cell adhesion molecule (VCAM-1), CD99, platelet and endothelial
cell adhesion molecule (PECAM-1), lymphocyte function-associated antigen 1 (LFA-1), and very late antigen 4 (VLA-4)." Dr. Berman's lab
demonstrated that paracellular transmigration is the primary means by which HIV-infected leukocytes, including a subset of monocytes
(CD14*CD16"), infiltrate the brain during acute infection.””~'” In contrast, transcellular is less characterized, involving VCAM-1, ICAM-1,
caveolin-1, vinculin, Wiskott-Aldrich syndrome protein (WASP), and LFA-1, with the formation of a specialized cellular cup to enable transmi-
gration across the endothelial cytoplasm.”” However, whether these mechanisms are present during chronic HIV infection is not fully
understood.

We demonstrated that chronic HIV infection resulted in high levels of ATP in the serum correlating with cognitive impairment.” Increased
eATP minimally compromised the expression and localization of cell adhesion molecules (CAMs) and tight junction proteins on brain
microvascular endothelial cells and leukocytes but triggered the transcellular transmigration of mostly HIV-infected leukocytes across
the blood-brain barrier (BBB). Transcellular migration induced by HIV infection and high eATP was JAM-A and LFA-1 dependent. We
believe that preventing leukocyte brain invasion induced by high eATP and HIV could reduce cognitive impairment observed within PWH
under ART.

RESULTS

Extracellular adenosine triphosphate concentrations identified in uninfected and human immunodeficiency virus infected
people with associated dementia do not compromise brain microvascular endothelial or leukocyte survival

Overactivation of purinergic receptors by eATP generally results in inflammation and apoptosis.”’ A full screening of the profile of the puri-
nergic system in primary human BMVEC by quantitative reverse transcriptase polymerase chain reaction (qRT-PCR; primer sequences in
Table S1) and Western blot analysis of primary BMVEC indicated a lack or low expression of large ionic purinergic channels associated
with inflammation and apoptosis, such as P2X; (Figure STA). BMVEC expressed P2Y4, P2Y,, P2Y,, P2Ys, P2Y,, P2Yg (Figure STA), ecto 5'-nucle-
otidase (NT5E or CD73) (Figure S1B), and adenosine (ado) receptor Ayg as the major purinergic components as analyzed by gRT-PCR (Fig-
ure S1C). Western blot analysis of BMVEC cultures at low (less than 7) and high (8-13 passages) passages did not show changes in protein
expression for the P2X, P2Y, and eATP metabolism enzymes (Figures S1D and S1E). O°-methylguanine-DNA-methyltransferase (MGMT)
was used as a negative control and PECAM-1 as a positive control for amplification (Figures STA-S1C). Overall, no significant changes in
mRNA or protein expression in the purinergic system were detected among different donors' BMVEC, thus, the purinergic profile was consis-
tent (n = 4, from different donors).

Based on the purinergic receptor screening results, primary BMVEC of different donors express purinergic P2 receptor (P2X and P2Y), one
adenosinergic P1 receptor (Azg), eATP metabolism enzymes including nucleotide pyrophosphatase/phosphodiesterase (NPP1, NPP2, and
NPP3), ectonucleotidases (NTPDase1, NTPDase2, NTPDase3, and NTPDase5; members of the CD39 family, also referred to as ENTPD en-
zymes), NT5E/CD73, adenosine deaminase (ADA), and alkaline phosphatase (ALP). Normally, eATP is degraded in seconds-minutes,'? thus,
we mimicked the eATP stability observed in the serum of PWH using ATPyS due to its pharmacological properties on non-P2Xy,7 receptors,
including those expressed by BMVEC, as well as its increased stability to ectonucleotidases.'*?*

Chronic (up to 7 passages or 35+ days) treatment of BMVEC or PBMCs with ATPyS concentrations, 3 uM (uninfected individuals) or 15 uM
(eATP concentration associated with HAD in serum of PWH), did not change PBMC viability (n = 3, untreated: 87 + 10%, 3 uM: 86 + 8%,
15 uM: 89 + 6%, HIV:89 + 3%, 3uM + HIV: 85 + 5%, 15 uM + HIV: 85 + 4%) or BMVEC proliferation (n = 3, n.s., p = 0.056 by linear regression,
untreated slope: 0.588, 3 uM slope: 0.674, 15 uM slope: 0.773) in the presence or absence of HIV infection of PBMCs (Figures S2A and S2B).
Thus, ATPyS treatment, 3 or 15 uM, is not toxic in PBMC or BMVEC. We chose for the following experiments, media as control (media con-
taining 1.9 £+ 1.3 uM of hydrolyzable ATP), healthy ATP levels 3 uM that correspond to the high end (range of ATP in healthy people 1-3 uM,
including with comorbidities), and lastly, 15 uM ATPYS that correspond to the ATP levels present in the serum of PWH and HAD.” Also, the
concentrations were selected based on the maximal serum level present in healthy non-infected individuals and PWH with dementia,
respectively.

Extracellular adenosine triphosphate described in people with human immunodeficiency virus and associated dementia did
not change the expression and distribution of key adhesion and tight junction proteins as well as extracellular adenosine
triphosphate metabolism enzymes on brain microvascular endothelial cells
An integral function of the BBB is to exclude leukocytes from the brain, but during inflammation, leukocytes transmigrate in a controlled
manner using highly specialized heterophilic and homophilic interactions between cell adhesion molecules and integrins between leukocytes
and activated endothelial cells (EC).""*° Our published data during acute HIV infection demonstrated that brain HIV invasion and BBB disrup-
tion are dependent on viral replication and CCL2,""?® but the mechanisms of brain compromise during chronic infection are unknown.
First, we examine the effects of ATP on BMVEC (ATPyS, 3 and 15 uM). BMVEC treated with 3 pM (physiological concentration) or 15 uM
(HAD-associated eATP concentration) ATPyS were examined for the expression of tight junction (occludin, ZO-1, and claudin-1), adhesion
molecules (ICAM-1 and platelet and endothelial cell adhesion molecule, PECAM-1), junctional proteins (JAM-A, -B, -C, and CD99), and
eATP metabolism enzymes (ENTPD-1/CD39;, NT5E/CD73; and adenosine/ado deaminase) by Western blot and FACS (Figures 1 and
S3D-S3F). Western blot analyses indicated no significant change in all described proteins comparing untreated, 3 uM, and 15 uM ATPyS
treatments (Figures 1A-1D and quantification in E, n = 3-7 independent experiments, representative Western blot images shown). However,
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Figure 1. Cell adhesion, junctional, and eATP metabolism enzymes expressed by primary human brain microvascular endothelial cells (BMVEC) are not
altered by treatment with ATPyS

BMVEC were grown to confluence in the presence of 3 or 15 uM of ATPYS (for a single passage or multiple passages), and whole cell lysate was subjected to
Western blot.

(A) Representative blots for occludin, ZO-1, and claudin-1; (B) ICAM-1, PECAM-1, CD99; (C) JAM-A, -B, and -C, and (D) NT5E/CD73, ENTPD1/CD39, and
adenosine (ado) deaminase in untreated, 3 pM and 15 pM ATPyS. GAPDH was used as a loading control (representative western blots are shown).

(E) correspond to the quantification of the Western blot data calibrated to untreated conditions, n = 3-7 independent experiments. Densitometric analysis was
conducted using the target intensity, normalized to the loading control, represented as a fold change compared to corresponding untreated; gray bars represent
3 uM and black bars represent 15 pM. Only adenosine deaminase was upregulated in 15 uM ATP treatment (n = 7, *p < 0.0122, 1.08 + 0.063-fold change),
compared to untreated. Data are represented as mean + standard deviation. Significance was determined using Wilcoxon Signed Rank test. *p < 0.05.

among the proteins involved in eATP metabolism, adenosine deaminase was significantly increased in the 15 uM condition, 1.08 + 0.063 fold-
change (Figures 1D and 1E, n = 7, *p < 0.0122 compared to the untreated condition). As denoted in Figures S3A-S3C, the process of attach-
ment and transmigration as well as BBB permeability are controlled by specific adhesion and junctional interactions.”” Thus, we examined
whether ATPYS (3 uM or 15 uM) alters the surface distribution of adhesion molecules (ICAM-1), junctional proteins (JAM-A and CD99),
and an eATP metabolism enzyme (NT5E/CD73) by flow cytometry in BMVEC. Overall, there were no significant changes in the surface dis-
tribution of the surface proteins analyzed in ATPyS-treated BMVEC (Figures S3D-S3F).

A critical hallmark of HAD in viremic patients is the shedding of PECAM-1 at the plasma membrane and its accumulation at the BBB with
significant leukocyte transmigration to the brain,”® but whether this occurs within chronic conditions is unknown. We examined whether
PECAM-1 was shed upon ATPyS treatment by quantifying total PECAM-1 (Figures 1E and S4A), and the ~20 kDa cleaved PECAM-1
(cPECAM-1) fragment (Figures S4B and S4C). Our data during acute HIV infection also denote a key role of P2Y; and MMP-2, however,
both were not affected by ATPyS treatment (see Figures S4B and S4C). We also increased the treatment duration of BMVEC to ATPYS to
multiple passages (up to 7-8 passages), referred to as chronic treatment. Despite the increased ATPyS treatment duration, no significant
changes in PECAM-1 or ZO-1 protein expression by Western blot were observed (Figure S4A, n = 3). Overall, our data indicates that chronic
brain damage in PWH and associated with high eATP did not change the expression of key adhesion and junctional proteins altered during
acute infection, suggesting a different mechanism.

Extracellular adenosine triphosphate concentrations identified in people with human immunodeficiency virus and
associated dementia disrupt platelet and endothelial cell adhesion molecule-1 localization in brain microvascular
endothelial cells

To characterize whether physiological (3 uM) or HAD-associated (15 uM) eATP concentrations alter the distribution of adhesion and junc-
tional proteins in BMVEC as described in Figure 1, we analyzed the expression and distribution of tight junction and cell adhesion

iScience 27, 109236, March 15, 2024 3




¢ CellPress iScience
OPEN ACCESS

\" w
PECAM-1 ROI PECAM-1 MFI at PECAM-1
Intensity EC-EC Junctions Discontinuity Index
5007 800 7 0.4 *
7 400" z ‘
£400 E 600 1 - 303
= - S =
£ 3001 z =
B £ 400 - 5 0.2
£ E 2 £
= 200 ] 2
G s S
o @ - o 0.14
< 100- s 200 2 &

EC-EC Junction Profile Distance (Lm

PECAM-1

Untreated

3 UM ATPYS 15 uM ATPYS

Figure 2. PECAM-1 localization at the endothelial cell junctions (EC-EC junction) is disrupted by acute HAD-associated eATP treatment

Despite the Western blot results showing a lack of protein PECAM-1 expression by ATPyS treatment (see Figure 1), we determined whether ATPyS changed its
distribution at the EC-EC junctions by determining colocalization with VE-cadherin and continuity of expression using confocal microscopy and image analysis.
(A-E) Representative images of untreated BMVEC stained for DAPI (nuclei, blue staining), PECAM-1 (green staining), and VE-cadherin (red staining). Merge is the
reconstruction of all colors. (E, J, O, T) contain an inset of the white box within the merge.

(F=J) Staining for BMVEC acutely treated with 3 uM ATPYS and (K-O) corresponds to 15 uM ATPYS treatment.

(P-T) TNFa was used as a positive control for endothelial cell activation.

(V) Image quantification, mean fluorescent intensity (MFI), of PECAM-1 within full field ROIs (n = 3 independent experiments, three to five ROls analyzed).

(V) Quantification of PECAM-1 MFI at the EC-EC junctions (n = 3 independent experiments).

(W) PECAM-1 discontinuity index (described within STAR Methods) calculated by the intensity of PECAM-1 at the EC-EC junction (n = 3, *p < 0.05, discontinuity
indices of 0.26 + 0.05 and 0.08 + 0.05 for 15 uM ATPvS and untreated, respectively).

(X) Representative example of the discontinuity index and loss PECAM-1 continuity at EC-EC junctions.

(Y) corresponds to the EC-EC junction intensity of PECAM-1 of untreated and (2) corresponds to the EC-EC junction intensity of 15 uM ATPyS (yellow bar
corresponds to the MFI threshold used, derived from PECAM-1 intensity within the cell). Data are represented as mean + standard deviation. Significance
was determined using Wilcoxon Signed Rank test. *p < 0.05.

molecules by immunofluorescence, confocal microscopy, image reconstruction, and quantification as described within the STAR Methods
section. Representative images of untreated BMVEC (Figures 2A-2E), or treatment with 3 uM ATPyS (Figures 2F-2J), 15 uM ATPyS
(Figures 2K-20), or TNFa. (Figures 2P-2T) show the cellular distribution of PECAM-1. We focused on total intensity, junctional intensity,
and a calculated discontinuity index staining at the cellular junctions (Figure 2). Overall, no changes in intracellular or cell junction distri-
bution were detected for occludin, ZO-1, claudin-1, ICAM-1, CD99, JAM-B, and JAM-C for all three parameters (data not shown). However,
the imaging analysis identified two proteins with altered localization in response to HAD-associated eATP concentration - PECAM-1 (Fig-
ure 2) and JAM-A (Figure 3). In untreated conditions, PECAM-1 (Figures 2A-2E) surrounded the cells in perfect colocalization with VE-
Cadherin, a major determinant of endothelial contact integrity at the EC-EC junctions.”” Among the three treatment conditions, there
was no significant change in mean fluorescence intensity (MFI) of PECAM-1 (Figure 2U, n = 3), in agreement with the Western blot results.
As far as PECAM-1 intensity at the EC-EC junctions, there was no significant change in MFI among the 3, 15 uM ATPyS, and TNFa con-
ditions, compared to untreated conditions (Figure 2V, n = 3). To quantitate the discontinuity of PECAM-1 localized at the EC-EC junctions,
we used a thresholding calculation method, referred to as the discontinuity index (detailed within STAR Methods). Per this analysis,
PECAM-1 distribution among the EC-EC junctions was disrupted within only the 15 uM ATPyS condition (Figure 2W, n = 3, *p < 0.05,
discontinuity indices of 0.26 + 0.05 and 0.08 + 0.05 for 15 uM and untreated, respectively), suggesting that there are more gaps in
PECAM-1 localization to EC-EC junctions. Figure 2X shows a representative example of the quantitation of PECAM-1 localization between
two cells and Figures 2Y and 2Z demonstrate the PECAM-1 intensity along the EC-EC junction was below the threshold for 15 uM ATPYyS,
suggesting greater discontinuity, relative to untreated. Overall, HAD-associated eATP compromised PECAM-1 distribution between two or
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Figure 3. JAM-A localization at EC-EC junctions is increased by acute HAD-associated eATP treatment

Despite that JAM-A protein levels and surface distribution were not affected by ATPyS treatment (see Figure 1), we determined that 15 uM ATPyS treatment
changed its distribution at the EC-EC junctions using confocal microscopy and image analysis than for PECAM-1 (see Figure 2).

(A-E) Representative images of untreated BMVEC stained for DAPI (nuclei, blue staining), JAM-A (green staining), and VE-cadherin (red staining). Merge is the
reconstruction of all colors. (E, J, O, T) contain an inset of the white box within the merge.

(F-J) Staining for BMVEC acutely treated with 3 pM ATPyS and (K-O) corresponds to 15 uM ATPyS treatment.

(P-T) TNFa was used as a positive control.

(U) Image quantification of a representative experiment, MFl of JAM-A within full field ROlIs (Figure 3U, n = 3, *p < 0.0005 with an MFl of 399 + 22 and 338 + 27 for

15 uM ATPyS and TNFa, respectively; an MFI of 674 + 25 for untreated).
(V) Quantification of JAM-A intensity at the EC-EC cell junctions (n = 3, *p < 0.05, an MFI of 277 + 81 and 359 + 20 for 3 uM and 15 uM, respectively; an MFl of

160 + 3 for untreated).

(W) JAM-A discontinuity index calculated by continuous expression at EC-EC junctions (n = 3, *p < 0.0005, a discontinuity index of 0.20 + 0.14 and 0.63 + 0.19 for
15 uM ATPyS and untreated, respectively; TNFa had a discontinuity index of 0.19 + 0.12).

(X) corresponds to an image of how the discontinuity index along an EC-EC junction was derived and the increased JAM-A localization to the EC junctions.
(Y) corresponds to the EC junction intensity of JAM-A of untreated and (Z) corresponds to the EC-EC junction intensity of 15 uM ATPyS (yellow bar corresponds to
the threshold used, derived from JAM-A intensity within the cell). Data are represented as mean =+ standard deviation. Significance was determined using
Wilcoxon Signed Rank test. *p < 0.05.

more endothelial cells, but not other adhesion of junctional proteins, suggesting a mild effect on BBB function even at a high ATP con-

centration, 15 pM.

Junction adhesion molecules-A distribution within brain microvascular endothelial cells is compromised by extracellular
adenosine triphosphate concentrations identified in the serum of people with human immunodeficiency virus and
associated dementia

BMVECs were grown to confluence in the absence or presence of 3 uM or 15 pM ATPYS and the analysis described for PECAM-1 was
performed for JAM-A. In untreated conditions, JAM-A was largely localized to the cytoplasm with little colocalizing with VE-cadherin at
the EC-EC junctions (Figures 3A-3E). Representative images of BMVEC treated with 3 uM ATPyS (Figures 3F-3J), 15 uM ATPyS
(Figures 3K-30), or TNFa (Figures 3P-3T) identified an increase in JAM-A localization to EC-EC junctions. Quantification of total
JAM-A intensity showed a decrease in total JAM-A expression within both the 15 uM ATPyS and TNFa conditions, compared to untreated
(Figure 3U, n = 3, *p < 0.0005 with an MFI of 399 + 22 and 338 + 27 for 15 uM ATPyS and TNFa, respectively; an MFI of 674 + 25 for
untreated). JAM-A intensity at EC-EC junctions significantly increased for both the 3 uM and 15 uM ATPYS conditions, compared to un-
treated (Figure 3V, n = 3, *p < 0.05, an MFI of 277 + 81 and 359 + 20 for 3 uM and 15 uM, respectively; an MFI of 160 + 3 for untreated).
As far as the discontinuity index, both untreated and 3 uM ATPyS had little JAM-A localization at an intensity higher than the cellular
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Figure 4. Focal adhesion molecules, junctional proteins, and eATP metabolism enzyme expression are not significantly altered after acute ATPyS
treatment of HIV-infected or uninfected PBMCs

PBMCs were isolated from Leukopaks derived from healthy patients, then infected in vitro with HIVapa®' ™" or pNL(ADg) (10 ng/mL).* PBMCs (infected and
uninfected) were either untreated or treated with 3 uM or 15 uM ATPvS (for four to five days), or TNFa. (8-12 h) and used for Western blotting. TNFa was
used as a positive control as it increases leukocyte attachment to endothelial cells.

(A) Representative Western blots for talin, vinculin, paxillin, and focal adhesion kinase (FAK); (B) JAM-A, PECAM-1, CD99, and CD11a; (C) CD38, NT5E/CD73,
ENTPD1/CD39, and adenosine (ado) deaminase. GAPDH was used as a loading.

(D-F) correspond to the quantification of the Western blot data, target bands were normalized to GAPDH, then compared to corresponding untreated
conditions, n = 3-9 independent experiments. Aside from the 1.15 + 0.15-fold change in paxillin expression in the 15 uM ATPYyS condition (n = 9, *p < 0.05,
compared to the untreated/uninfected condition). No significant differences were identified in uninfected/HIV-infected and 3 pM and 15 uM ATPyS-treated
cells. As far as TNFa treatment, there was a significant decrease in NT5E expression, 0.76 + 0.08 compared to untreated/uninfected (n = 3, *p < 0.05).
Experiments used at least three different donor Leukopaks. Data are represented as mean + standard deviation. Significance was determined using
Wilcoxon Signed Rank test. *p < 0.05.

threshold at the EC-EC junction, hence the high discontinuity index. In contrast to this, JAM-A redistributed to the EC-EC junction for both
15 uM ATPYS (Figure 3W, n = 3, *p < 0.0005, a discontinuity index of 0.20 £ 0.14 and 0.63 + 0.19 for 15 uM ATPyS and untreated, respec-
tively) and TNFa (Figure 3W, n = 3, *p < 0.0005, an discontinuity index of 0.19 + 0.12 and 0.63 + 0.19 for TNFa and untreated, respec-
tively). Figure 3X shows an example of the quantitation of JAM-A localization between two cells and Figures 3Y and 3Z demonstrate the
JAM-A intensity along the EC-EC junction is above the cellular threshold for 15 uM, suggesting higher continuity due to protein redistri-
bution. Overall, HAD-associated eATP treatment compromises JAM-A distribution, but similar to PECAM-1, the changes were mild.

Adenosine triphosphate treatment does not alter the expression of critical adhesion, junctional, and adenosine
triphosphate metabolism enzymes in uninfected and human immunodeficiency virus-infected peripheral blood
mononuclear cells

A critical component of NeuroHIV, in addition to BBB integrity, is the transmigration of uninfected and HIV-infected leukocytes into the
brain.*° Peripheral blood mononuclear cells (PBMCs) were isolated from Leukopaks (healthy donors) and infected in vitro using the
HIVapa viral isolate® " or molecular clone pNL(ADg) (an R5-pseudotyped NL4-3 clone).®” After about one cycle of replication, 18-24 h
after infection, treatment with ATPyS began (3 pM or 15 uM). After 5-6 days post-infection (4-5 days post-initiation of treatment), or 8-
12 h post-TNFa treatment, cells were collected for subsequent experiments. We examined the total protein expression of focal adhesion
proteins (talin, vinculin, paxillin, and focal adhesion kinase, FAK), molecules involved in attachment/adhesion (PECAM-1 and CD11a/LFA-1),
junctional proteins (JAM-A and CD99), and eATP metabolism enzymes (CD38, NT5E/CD73, and ENTPD1/CD39) by Western blot
(Figures 4A-4C) and flow cytometry (CD11a within Figures S3G and S3H). Focal adhesion molecules aid in facilitating integrin-cytoskeleton
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interactions and modulate attachment to the extracellular matrix or other cells.*

Western blots indicate that paxillin had a significant
change in total expression in the 15 uM ATPyS, a 1.15 + 0.15-fold change compared to the untreated condition (Figures 4A and 4D,
n =9, *p < 0.05 compared to untreated). Aside from this result, we did not detect significant changes in FAK, vinculin, and talin in unin-
fected and HIV-infected cells in the presence of either 3 uM or 15 uM ATPyS. Analysis of critical adhesion and junctional molecules for
leukocyte activation, adhesion, and transmigration indicated that none of the proteins analyzed had a significant change in total expression
(Figures 4B and 4E). Among the eATP metabolism enzymes, only TNFa reduced NT5E/CD73 expression by 0.76 + 0.08-fold change
compared to untreated (Figure 4F, n = 3, *p < 0.05). Otherwise, there were no significant changes in total protein expression in response
to 3 uM or 15 uM ATPvS. A reduction in CD73 expression was found upon the TNFa treatment of PBMCs.*” FACS analyses confirmed our
Western blot analysis for CD11a, indicating that HIV and ATPyS did not affect the surface expression of CD11a (Figures S3G and S3H).
Overall, our data indicates that healthy and HAD-associated eATP concentrations (3 uM and 15 uM eATP, respectively) only result in min-
imal alterations in the expression and surface localization of molecules involved in leukocyte transmigration, cell adhesion, and eATP meta-
bolism in the presence and absence of HIV infection.

Extracellular adenosine triphosphate concentrations identified in people with human immunodeficiency virus and
associated dementia trigger transcellular transmigration

A critical identifier of brain damage within PWH even in the current ART era is the localized CNS damage and leukocyte transmigration across
the BBB.***” Thus, we quantified leukocyte attachment and transmigration across BMVEC in the presence of chronic conditions observed
within PWH, such as HIV infection and HAD-associated eATP. As described above, ATPyS treatment of BMVEC or PBMCs did not affect
the expression of several key adhesion, junctional molecules, or MMP expression (see Figures 1, 2, 3, 4, S3, and S4). Our data indicated
that the addition of 3 uM or 15 uM ATPyS-treated leukocytes to BMVEC exposed to the same treatment resulted in three different leukocyte
phenotypes: attachment, paracellular, and transcellular transmigration (see Figures S3A-S3C for graphical representations of each
morphology).

We determined that the time course of attachment, migration, and transmigration (paracellular or transcellular) reached a peak between
15 and 30 min depending on the donor (data not shown, analysis up to 2 h). The attachment was defined as a leukocyte-BMVEC interaction
without significant changes in actin organization in BMVEC, a round leukocyte shape without cell polarization, a lack of localization to BMVEC
cell-to-cell junctions, and a lack of VE-cadherin “cup” required for transcellular transmigration (Figure 5A, attachment, see red arrow). Para-
cellular transmigration was identified by the leukocyte localization at an endothelial/endothelial cell junction and leukocyte polarization (Fig-
ure 5B, paracellular, see yellow arrows). Transcellular transmigration was identified by the leukocyte localization at the same plane of the
endothelial cell with changes in the actin fibers within the endothelial cell, polarization in leukocyte morphology, a VE-cadherin/caveolin-1
“cup” around the leukocyte, and part or the entire leukocyte within the endothelial cell (Figure 5C, transcellular, see white arrow and the
XZ plane within the endothelial cell).

HIV infection of leukocytes in the presence of 3 uM (healthy conditions) or 15 uM (HAD-associated eATP) ATPYS increased leukocyte
attachment to BMVEC (Figure 5D, n = 3, *p < 0.0001 compared to untreated/uninfected condition, the average leukocyte counts per field
were: untreated - 19 + 3, HIV-45 4+ 4,3 M- 33 &+ 6, 3uM+HIV-40 £+ 2,15 uM-39 £+ 9, 15 uM+HIV - 33 £ 3, TNFa - 48 £+ 19, TNFa+HIV
- 41 + 3). TNFa was used as a positive control, which resulted in enhanced attachment in uninfected and HIV-infected conditions (Fig-
ure 5D, TNFa). HIV-infection increased attachment between the uninfected 3 uM and the HIV-infected 3 uM conditions (Figure 5D, n =
3, #p < 0.05 uninfected and 3 pM compared to HIV infected and 3 uM condition, the average leukocyte counts per field were: 3 uM -
33 + 6, 3 uM+HIV - 40 + 2, respectively). Thus, ATPYS treatment in combination with HIV infection enhanced leukocyte attachment to
BMVEC.

Quantification of paracellular transmigration phenotype indicates that the combination of HIV infection and 3 uM ATPyS
enhanced paracellular transmigration (Figure 5E, n = 3, *p < 0.0001, with average an average number of leukocytes per field undergoing
paracellular transmigration were 9 + 3 and 23 + 4 for untreated/uninfected and 3 uM + HIV, respectively; n = 3, #p < 0.0001, 3 uM,
compared to 3 uM + HIV, with average numbers of leukocytes are 12 + 2 and 23 + 4 for untreated 3 uM and 3 pM + HIV). TNFa was
used as a positive control without HIV infection enhanced paracellular transmigration (Figure 5E, n = 3, *p < 0.0001, with average an
average number of leukocytes per field undergoing paracellular transmigration are 9 + 3 and 25 + 5 for untreated/uninfected and
TNFa, respectively).

The guantification of transcellular leukocyte transmigration indicated that HIV-infected leukocytes and BMVEC exposed to HAD-associ-
ated eATP concentrations (15 uM) induced transcellular transmigration (Figure 5F, n = 3, *p < 0.0001, the average count of 0 + 0 and 23 + 3
for untreated/uninfected and HIV-infected plus 15 uM ATPyS conditions, respectively; #p < 0.0001 an average count of 0 + 0 and 23 + 3 for
uninfected plus 15 uM ATPyS and HIV-infected and 15 uM ATPyS conditions, respectively). The combination of HIV infection and 15 uM
ATPYS was the only condition that triggered transcellular transmigration (Figure 5F). Overall, our data identified a unique mechanism of
BBB transmigration associated with HIV infection and HAD-associated eATP, both essential components to detect the early onset of cognitive
impairment within PWH.
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Figure 5. Quantification of attachment and paracellular/transcellular transmigration upon HIV infection and treatment of 3 M and 15 UM ATP~S, or
TNFa

(A) representative 3D reconstruction of a leukocyte attached to an endothelial cell. YZ and XZ planes at the side of the image indicate that the attached leukocyte
lacks polarization, see red arrow.

(B) representative 3D reconstruction of leukocytes in the process of paracellular transmigration (yellow arrows). YZ and XZ planes at the side of the image indicate
leukocyte polarization and migration at the EC-EC junction.

(C) representative 3D reconstruction of a leukocyte in the process of transcellular transmigration. YZ and XZ planes at the side of the image indicate leukocyte
polarization and endothelial cell cup formation, EC actin rearrangement, and migration through the endothelial cells, see white arrows.

(D) Quantification of attachment of leukocytes to BMVEC in untreated/treated and uninfected/HIV-infected conditions. ATPyS and/or HIV infection increase
attachment (n = 3, *p < 0.0001 compared to untreated/uninfected condition, the average leukocyte counts per field were: untreated - 19 + 3, HIV - 45 + 4,
3uM-33 £+ 6, 3 uM+HIV-40 + 2,15 uM-39 + 9, 15 uM+HIV - 33 + 3, TNFa - 48 + 19, TNFa+HIV - 41 + 3). 3 uM ATPyS further enhanced attachment in
combination with HIV infection (n = 3, #p < 0.05 compared to uninfected 3 uM ATPyS, the average leukocyte counts per field were: 3 uM - 33 + 6,
3 uM+HIV - 40 £ 2). TNFa treatment was used as a positive control for endothelial activation and leukocyte attachment.

(E) Quantification of paracellular transmigration of uninfected/HIV-infected conditions in the presence and absence of 3 uM or 15 uM ATPYS. The combination of
HIV and 3 uM ATPYS enhanced paracellular transmigration (n = 3, *p < 0.0001, with average an average number of leukocytes per field undergoing paracellular
transmigration were 9 + 3 and 23 + 4 for untreated/uninfected and 3 uM + HIV, respectively; #p < 0.0001, 3 uM, compared to 3 pM + HIV, with average numbers
of leukocytes are 12 + 2 and 23 + 4 for untreated 3 uM and 3 uM + HIV, respectively). TNFa was used as a positive control to induce paracellular transmigration
without HIV infection enhanced paracellular transmigration (Figure 5E, n = 3, *p < 0.0001, with average an average number of leukocytes per field undergoing
paracellular transmigration are 9 + 3 and 25 + 5 for untreated/uninfected and TNFa, respectively).

(F) Quantification of transcellular leukocyte transmigration. Only the combination of HIV-infected leukocytes and 15 uM ATPyS (15 uM corresponds to HAD-
associated eATP) triggered transcellular transmigration (n = 3, *p < 0.0001, the average count of 0 + 0 and 23 + 3 for untreated/uninfected and HIV-
infected 15 pM condition, respectively; #p < 0.0001 an average count of 0 + 0 and 23 + 3 for uninfected 15 uM and HIV-infected 15 pM conditions,
respectively). TNFa treatment was unable to trigger transcellular transmigration. Data are represented as mean + standard deviation. Significance was
determined using Wilcoxon Signed Rank test. *p < 0.0001 #p < 0.05.

Extracellular adenosine triphosphate concentrations identified in people with human immunodeficiency virus and
associated dementia -mediated transcellular transmigration by a viral replication and chemokine (C-C motif) ligand-2
independent mechanism

Our published data demonstrated that HIV invasion into the brain involves the transmigration of HIV-infected leukocytes across the BBB by a
CCL2-dependent mechanism during acute HIV infection.'” In agreement with published data, CCL2 is elevated within the CSF of patients with
HAD, which is the main chemoattractant for leukocyte recruitment into the brain."’ "9 However, in the current ART era, CCL2 concentrations
are not elevated in aviremic patients, in contrast to viremic patients with a significantly higher concentration of CCL2 within serum.*' This sug-
gests that for PWH on ART that are diagnosed with HAND, there may be an alternative mechanism of leukocyte invasion into the brain that is
CCL2 and HIV replication independent.

Quantification of HIV-p24 by enzyme-linked immunosorbent assay (ELISA) indicated that HIV infected the leukocytes in all the conditions,
untreated, 3 uM, and 15 uM ATPyS had similar viral replication (data not shown, 1.1 + 0.398 for 3 uM and 1.19 + 0.305 for 15 uM ATPS, fold
change compared to infection alone, n = 3). Prior to the coculture experiment, PBMCs were washed twice to remove any soluble HIV. Also,
due to the short duration of the coculture experiments, no HIV-p24 was detected in the supernatant during the cocultures (data not shown).
Quantification of CCL2 released by BMVEC did not show any changes in concentration, regardless of the number of passages cultured in the
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presence of either concentration of ATPyS (Figure S4D, n = 3, 3 uM and 15 uM ATPyS conditions, compared to untreated). This finding is
consistent with published results that show (24-h) 10 uM ATPYS treatment of an endothelial cell line does not significantly increase the release
of CCL2.* These data demonstrate that transcellular transmigration elicited by HIV and HAD-associated eATP (15 uM) is not dependent on
viral release and high CCL2, as we described in acute HIV conditions where transmigration was paracellular with significant changes in BBB
permeability. Thus, the mechanism of transcellular transmigration elicited by HIV and HAD-associated eATP is different than acute infection.

Extracellular adenosine triphosphate concentrations identified in people with human immunodeficiency virus and
associated dementia-induced transcellular leukocyte transmigration by a junctional adhesion molecule-A and lymphocyte
function-associated antigen 1-dependent mechanism

To determine the mechanisms of HIV and HAD-associated eATP-mediated transcellular transmigration, we examined the participation of key
adhesion molecules involved in paracellular and transcellular transmigration such as JAM-A and CD99 using neutralizing antibodies or an
LFA-1 mimetic peptide characterized to prevent leukocyte-associated LFA-1 binding to endothelial cells.”* As controls, the same concentra-
tion of IgG isotype or a scrambled peptide was used. The neutralizing antibodies or mimetic peptides were added to the BMVECs 30 min
before the addition of uninfected or HIV-infected leukocytes (in the presence of ATPyS treatment; Figure 6). For these experiments, leukocyte
attachment (Figures 6A and 6D), paracellular (Figures 6B and 6D) and transcellular (Figures 6C and 6F) transmigration were quantified as pre-
sented in Figure 5. In uninfected conditions, JAM-A neutralizing antibodies promoted the attachment of uninfected leukocytes, in combina-
tion with 3 uM or 15 uM ATPYS treatment (Figure 6A, *p < 0.0001, the average number of attached leukocytes within the uninfected 3 uM
ATPYS conditions were 32 + 6 and 51 + 7 for the IgG treatment and aJAM-A condition, respectively; for the 15 uM ATPyS condition, the
average number of leukocytes attached were 38 + 9 and 58 + 7 for the IgG treatment and aJAM-A condition, respectively). JAM-A neutral-
izing antibodies prevented paracellular transmigration of uninfected leukocytes elicited by TNFa treatment (Figure 6B, *p < 0.0001, the
average number of leukocytes was 25 + 5 and 4 + 2 for IgG and aJAM-A conditions, respectively. Thus, the differences were not due to
overall changes in attachment. Neutralizing antibodies to JAM-A or CD99 did not enhance transcellular transmigration in uninfected condi-
tions. This supports the data in Figure 5 that enhanced transcellular transmigration requires HIV infection and HAD-associated eATP to occur
(Figure 6C, no transcellular transmigration detected).

In contrast, in the HIV-infected and 3 uM ATPYS condition, neutralizing antibodies to JAM-A prevented attachment (Figure 6D Represen-
tative experiment, *p < 0.0001, the average numbers of attached leukocytes were 51 + 6 and 31 + 4 for IgG and aJAM-A conditions, respec-
tively). Neutralizing antibodies to JAM-A also enhanced paracellular transmigration within the 3 uM ATPYS condition (Figure 6E, *p < 0.0001,
the average number of leukocytes are 22 + 2 and 35 + 2 for IgG and aJAM-A, respectively) suggesting the unique participation of JAM-A
during brain invasion elicited by HIV infection and the physiological concentration of eATP. Most importantly, blocking JAM-A prevented
transcellular transmigration induced by HIV infection and HAD-associated eATP (Figure 6F representative experiment, n = 4, *p < 0.0001,
the average numbers of leukocytes were 21 + 6 and 6 + 2 for IgG and aJAM-A, respectively). CD99-neutralizing antibodies increased
transcellular transmigration within the HIV-infected 15 pM ATPYS condition (Figure 6F representative experiment, n = 3, *p < 0.0001, the
average numbers of leukocytes were 22 + 2 and 31 % 4 for IgG and aCD99, respectively). Due to CD99 being one of the last adhesion
molecules involved in leukocyte transmigration it is likely not involved in attachment and paracellular transmigration at our observed time
frame.**

To elucidate the role of LFA-1 within transcellular migration, we utilized a mimetic peptide to compete for the LFA-1 interaction between
leukocytes and BMVEC.** When the LFA-1 mimetic peptide (LFA-pep) was present, there was a reduction in leukocyte attachment (Figure 7A
representative experiment, n = 3, *p < 0.0004, the average number of attached leukocytes were 35 + 4 and 28 + 5 for scrambled and LFA-1-
peptide, respectively), as well as a complete abolishing of transcellular transmigration in HIV and HAD-associated eATP condition (Figure 7A
representative experiment, n = 3, *p < 0.0001, the average number of leukocytes were 21 + 6 and 1 + 0.5 per field for the scrambled
and LFA-1 peptide, respectively). Overall, HIV-mediated transmigration in response to HAD-associated eATP was JAM-A and LFA-1
dependent.

Extracellular adenosine triphosphate identified in human immunodeficiency virus infection and associated dementia
selectively promotes the transmigration of human immunodeficiency virus-infected leukocytes

To determine whether the transmigrating leukocytes were HIV-infected, we stained for HIV-p24. Quantification of attachment and paracellular
transmigration in HIV-infected conditions indicated that most leukocytes attached or in the process of paracellular transmigration were
uninfected (Figure 7B, representative donor, n = 3, white bars). However, most leukocytes undergoing transcellular transmigration were
HIV-infected (HIV-p24 positive, Figure 7B, black bar). This data indicated that HIV-infected cells treated with HAD-associated eATP
selectively undergo transcellular transmigration to cross the BBB. The transcellular leukocyte transmigration triggered by HIV and HAD-asso-
ciated eATP was sensitive to neutralizing antibodies to JAM-A reducing the total leukocyte number of HIV-infected cells undergoing
transcellular transmigration (Figure 7B, aJAM-A/Trans, n = 3, representative donor). The JAM-A neutralizing antibodies also prevented
the proportion of HIV-infected leukocytes undergoing transcellular transmigration from 80 + 14% to 43 + 7.8% (Figure 7C, n = 3,
*p < 0.0015). Non-immune IgG did not affect the transmigration or selection compared to untreated co-cultures. Overall, our data demon-
strated that most HIV-infected leukocytes underwent transcellular transmigration elicited by HAD-associated eATP and HIV infection, depen-
dent on JAM-A and LFA-1.

iScience 27, 109236, March 15, 2024 9




¢? CellPress iScience
OPEN ACCESS

>
w
(g}

n n

1007 @ 100 g 100

o 5 w0 5 0

o~ o

T g0 * o™ g e

L * S 80 S s0

S [ [

O - -

-1 60 *06 40 ts 40

s s

= E 30 2 %

5 40 [= =

£ & 20 $ ? 5 20

S ] >

o - = 2

8 & 0 = 1n$ 3 6 * @ = 3 10

< L. F 2 ol o ale o ale o ols
Untreated 3 UM ATPYS 15 uM ATPYS TNFa S Untreated 3uMATP/S 15 uM ATPyS TNFa {E Untreated 3 UM ATPYS 15 uM ATPyS TNFa

Igé + - - + - - + - - + - - IgG + - - + - - + - - + - - Igé + - - + - - + - - + - -

wWAM-A -+ - L N R LI T aAMA -+ - - - -+ - -+ - WAM-A -+ - R R I - % -

aCD99 - - 4+ [ - - 4+ |- - & |- - 4+ €D - - + |- - +# |- - & |- - & aCD9 - - o+ |- - |- -+ |- - &

r3 HIV+ Trans TM Neutralizing

o]
m
n

100 100 100
' 80 >‘ 80
_ % 4] soi =3 soi
2 & E5 - = -
Tz o ke * o -} *
‘S £ e0] * S35 w E S 40
- S w @ Ea
S o * = = —_
o o = 4= 30 oo 30
£ o 404 & © ‘_:‘: o
£ ¢ 23 » e P N
-
g & 20 8 g Q0
g £ o2 10 e # eg 1w
= o S © £
o = o ol . o P
Untreated 3 uMATPS 15 uM ATPYS TNFa Untreated 3 uMATPYS 15 uM ATPyS TNFa Untreated 3uMATPS 15 uM ATPyS TNFa
g6 + - -| + - |+ - -]+ - - Ig6 + - - |+ - - |+ - - |+ - g6 + - - |+ - -+ - - |+ - -
aAM-A -  + - e R - U a & + - aJAM-A -+ - -+ - -+ - - aJAM-A -+ - -+ - -+ - -+
aCD99 - a = agl] - at s g - = 3 aCD99 - -+ - - % |- - 4+ - -4 aCD99 - -+ = - o+ |- -+ - -+

Figure 6. JAM-A, but not CD99, is a critical adhesion molecule for attachment, and transcellular leukocyte transmigration

BMVEC were pre-treated with neutralizing JAM-A or CD99 antibodies or the corresponding isotype control (IgG) for 30 min and then identical numbers of
leukocytes were added and allowed to attach and undergo transmigration for 30 min. Leukocytes were stained for CD4, and endothelial cells were stained
for VE-cadherin described in Figure 5, to quantify attachment, and either paracellular or transcellular transmigration.

(A-C) correspond to attachment, paracellular, and transcellular transmigration, respectively, in uninfected conditions. JAM-A neutralizing antibodies enhanced
the attachment of 3 pM and 15 pM ATPYS treated leukocytes (n = 3, *p < 0.0001, the average number of attached leukocytes within the uninfected, 3 uM ATPYyS
conditions were 32 + 6 and 51 + 7 for the IgG treatment and aJAM-A condition, respectively; for the 15 uM ATPyS condition, the average number of leukocytes
attached within the IgG condition were 38 + 9 and within the aJAM-A condition, 58 + 7 leukocytes were attached). Blocking JAM-A also reduced paracellular
transmigration within the TNFa condition (n = 3, *p < 0.0001, the average number of leukocytes was 25 + 5 and 4 + 2 for IgG and aJAM-A conditions,
respectively, the differences observed were not due to changes in attachment). No transcellular transmigration was observed within any of the uninfected
conditions.

(D-F) correspond to attachment, paracellular, and transcellular transmigration, respectively, in HIV-infected conditions. In contrast to uninfected conditions,
JAM-A neutralizing antibodies prevented attachment induced by 3 uM ATPyS (n = 3, *p < 0.0001, the average number of attached leukocytes was 51 + 6
and 31 * 4 for IgG and aJAM-A conditions, respectively) and TNFa treatment (n = 3, *<0.0001 with average number of attached leukocytes were 22 + 2
and 35 £ 2 for IgG and aJAM-A conditions, respectively). JAM-A neutralizing antibodies exacerbated the number of leukocytes undergoing paracellular
transmigration within the 3 pM ATPyS condition (n = 3, *p < 0.0001, the average number of leukocytes are 21 + 6 and 6 + 2 for IgG and aJAM-A,
respectively). More importantly, JAM-A neutralizing antibodies, but not CD99 antibodies (blocking CD99 increased transcellular transmigration; n = 3,
*p < 0.0001, the average number of leukocytes was 22 + 2 and 31 + 4 leukocytes per field for IgG and aCD99, respectively), prevented transcellular
transmigration induced by 15 uM ATPyS and HIV infection (n = 4, *p < 0.0001, the average number of leukocytes was 22 + 6 and 7 + 2 leukocytes per field
for IgG and aJAM-A, respectively). An isotype-matched control antibody (IgG) did not affect attachment or transmigration. Data are represented as mean =+
standard deviation. Significance was determined using the Wilcoxon Signed Rank test. *p < 0.0001.

DISCUSSION

Our data identified that PWH under ART with the onset of cognitive impairment had increased ATP levels in the circulation.” We propose that
ATP within serum could be a biomarker of cognitive impairment in PWH and also a contributor to the brain pathogenesis observed in PWH
despite the lack of systemic replication.” Normally, eATP is degraded by a series of redundant enzymes to keep its concentration within the
sub-micromolar range, but within PWH, these mechanisms are poorly regulated. Only recently, the laboratory of Dr. Pillai demonstrated that
viral reservoirs have a unique expression signature of CD73, IL-8, and CD39 *°. Blocking CD73 or adenosine receptors facilitates latent HIV
reactivation linking purinergic signaling with viral quiescence.*® eATP is considered a key component of the “find me" signal for clear dying
cells under homeostatic conditions.*® ATP, as well as UTP, and fractalkine, are the main chemoattractants for monocytes.%'M ATP concen-
trations (~100 nM or higher) are released by apoptotic lymphocytes’” and necrotic cells; under physiological conditions, eATP is rapidly
degraded (in minutes) to avoid overactivation of purinergic receptors and serves as a chemotactic signal for phagocyte-mediated cell clear-
ance.”® In contrast, high eATP concentrations (0.5-1 mM) can trigger apoptosis by a P2X;-mediated mechanism.*® eATP is a potent inflam-
matory molecule or damage-associated molecular pattern (DAMP), ATP is elevated within the serum of multiple inflammatory conditions such
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Figure 7. 15 uM ATPyS-treated HIV-infected leukocytes undergo transcellular transmigration dependent on a JAM-A and LFA-1-based mechanism
To quantify the ratios of uninfected and HIV-infected cells during transcellular transmigration, we stained for HIV-p24 in addition to the markers described in
Figures 5 and 6 while blocking JAM-A or blocking endothelial cell JAM-A/LFA-1 binding with leukocyte LFA-1 with an LFA-1 mimetic peptide.

(A) Leukocyte attachment (n = 3, representative experiment shown, *p < 0.0004, average number of attached leukocytes was 35 + 4 and 28 + 5for scrambled and
LFA-1-peptide, respectively) and transcellular transmigration induced by HIV and 15 pM ATP¥S are highly dependent on an LFA-1-dependent interaction (n = 3,
*p < 0.0001 LFA-1-peptide compared to scrambled, an average of 21 + 6 and 1 £ 0.5 for scramble and LFA-1-peptide, respectively).

(B) Total numbers of uninfected and HIV-infected leukocytes attached or undergoing paracellular/transcellular transmigration induced by HIV and 15 M ATPyS.
The attached leukocytes were mostly uninfected cells (white bars) with a small contribution of HIV-infected cells (black bars); JAM-A reduced the total number of
attached cells (representative donor, 491 and 347 attached leukocytes for IgG and aJAM-A, respectively). Leukocytes undergoing paracellular transmigration
were also mostly uninfected. HIV-infected cells selectively underwent transcellular transmigration. JAM-A neutralizing antibodies reduced the total number
of leukocytes undergoing transcellular transmigration (n = 3, IgG compared to aJAM-A, 136 HIV-infected of a total of 169 leukocytes for IgG, compared to 6
HIV-infected of a total of 15 leukocytes for aJAM-A).

(C) Blocking JAM-A reduces the proportion of HIV-infected cells undergoing transcellular transmigration (n = 3, *p < 0.0015, 80 + 14% to 43 + 8% HIV-infected
cells undergoing transcellular transmigration for IgG and JAM-A, respectively). Data are represented as mean =+ standard deviation. Significance was
determined using the Wilcoxon Signed Rank test. *p < 0.006.

as rheumatoid arthritis and atherosclerosis resulting in leukocyte and endothelial activation.””>" However, most of these inflammatory mech-
anisms are associated with cell turnover and acute inflammation.

Our data indicated that all PWH have high levels of ATP in the circulation, suggesting a chronic inflammatory state, independent of
systemic viral replication or associated comorbidities that can support vascular disease in PWH as described above.” Additionally, serum
concentration of ATP over 15 uM is associated with severe cognitive impairment suggesting that ATP is not only a potential biomarker of
cognitive impairment but also a likely contributor to HAND progression.” Within acute HIV conditions, HIV binding to CD4/CCR5/CXCR4
resulted in Panx-1 channel opening and ATP release into the extracellular space to activate purinergic receptors to accelerate HIV entry
and other steps for replicationi&g However, in acute HIV and SARS-CoV-2 conditions, eATP stability was short and eATP lasted only a few
minutes as determined by chemiluminescence.”*” A critical question is: why eATP is elevated and stable within the serum of PWH? Our
data using PBMCs from aviremic PWH indicated that Panx-1 channels spontaneously release ATP, contributing to serum ATP, but it is likely
other cell types are involved.” Our analysis of eATP degrading enzymes did not show large differences in NT5E (CD73), ENTPD1 (CD39),
adenosine deaminase, and CD38 upon HAD-associated eATP treatment in PBMCs and endothelial cells. The exception was the significant
increase in adenosine deaminase expression in the HAD-associated eATP treatment of BMVEC. Thus, we propose those cells become
adapted to chronic eATP.

The endothelium, leukocytes, and soluble ATPases including those within both the CD39 and CD73 families are key participants in the
maintenance of anti-inflammatory and anti-thrombotic state in the vasculature by the fast nucleotide inactivation via stepwise reaction:
ATP/ADP/AMP/adenosine (ADP, adenosine diphosphate and AMP, adenosine monophosphate).” Adenosine is anti-inflammatory and pre-
vents excessive tissue damage mediated by the overactivation of purinergic receptors™ by inhibiting cytokine release and expression of
E-selectin and other adhesion molecules that promote transmigration.>> Our mass spectrometry data suggests that the concentrations of
ATP (five to 10-fold higher, relative to uninfected), ADP (10-fold higher, relative to uninfected), and AMP (5-fold higher, relative to uninfected)
are elevated in the serum of PWH; however, adenosine within the serum is not significantly different within PWH, compared to uninfected
(unpublished data). This would suggest that in addition to the persistent ATP release by cells, there is dysfunction of CD39 and CD73 due
to their roles in catabolizing ATP/ADP into AMP, and AMP into adenosine, respectively. Similarly, cells chronically infected with HIV accumu-
late intracellular inositol triphosphate species.” Both inositol triphosphate and ATP contain high energy phosphate groups and during
chronic HIV infection both accumulate to high concentrations and cells are seemingly unable to catabolize these molecules.®

The main consequences of high eATP are likely either constant activation or desensitization of the purinergic system to their ligands.
Desensitization of purinergic receptors through repeated or sustained activation has been documented by several groups.”’**® The conse-
quences of aberrant purinergic signaling in PWH can be significant for several comorbidities including Alzheimer’s disease, immune activa-
tion, and vascular disease.””®" Data from atherosclerosis studies indicates that P2Y and P2X receptor activation triggers the attachment of
leukocytes and platelets to the vessel wall.®*" Drugs such as Prasugrel (anticoagulant) or Clopidogrel (a P2Y;, inhibitor) decrease platelet
attachment and atheroma formation.®> CD8" T lymphocytes are implicated in protecting from atherosclerosis pathogenesis in MHC class
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I-restricted activity.”® The role of these cells is attributed to CD39 expression in reducing interferon gamma and TNFa. secretion in atheroscle-
rosis lesions.® This is an example of the involvement of the purinergic system in immune activation and endothelial compromise.

In HIV infection, it has been described that activated platelets binding to CD8" and CD4™ T cells prevent proper activation and control
long-term immune dysfunction.®” However, whether these mechanisms are mediated by eATP or chronic purinergic receptor activation is
not well described. Our data indicate that healthy eATP and HAD-associated eATP levels did not change the expression and distribution
of key adhesion and junctional molecules, suggesting an adaptation. Normally, endothelial or leukocyte exposure to eATP or other inflam-
matory activators results in the abnormal expression and distribution of VCAM-1 resulting in leukocyte adhesion to the endothelium,®® release
of nitric oxide, prostaglandin I, and endothelium-derived hyperpolarizing factor, as well as altered vasodilation.®”’® Overall, we did not
observe changes in key adhesion and junctional proteins in BMVEC or uninfected and HIV-infected leukocytes treated with eATP examined
separately, suggesting a mild effect of eATP and HIV infection in each cell type.

However, the main finding of our article corresponds to the mechanism triggered by eATP concentrations identified in PWH with the
cognitive impairment-triggered transcellular transmigration of mainly HIV-infected leukocytes across the BBB. In the current ART era, brain
damage has been associated with cognitive impairment and depression-like behaviors by a mechanism of chronic neuroinflammation that is

56

not associated with systemic viral replication but rather with the presence of viral reservoirs and bystander cell activation.”®’" Neurofilament
light chain (NFL), B-amyloids_45, neopterin, CCL2, and sCD14 within either serum or CSF have been proposed, however, they are robust in-
dicators of only the most severe neurocognitive impairment.'’”>’ Our data indicated that serum ATP could be an early predictor for
screening PWH for cognitive impairment.” Currently, brain damage in the current ART era is subtle, and brain imaging studies show white
and gray matter lesions are highly localized, as suggested by several groups.***” These subtle lesions have been associated with the presence
of viral reservoirs and inflammation, synapto-dendritic injury, vascular compromise, demyelination, and localized leukocyte transmigra-
tion.***” Overall, these structural and functional changes cannot be linked to current biomarkers within CSF or serum. Thus, the mechanisms
of spatial and localized damage are unknown.

The process of transendothelial migration through blood vessels relies on several interactions between integrins, selectins, and cell adhe-
sion molecules.' Although our treatment of 15 uM ATPyS did not alter the total expression or surface expression of cell adhesion molecules,
HAD-associated eATP affected the localization of PECAM-1 and JAM-A at the EC-EC junctions. The deletion of PECAM-1 within the context
of transendothelial migration leads to an increase in the transcellular migration of CD4" T cells through an endothelial cell monolayer; the
decrease in the localization of PECAM-1 to the EC-EC junction within the 15 pM ATP+yS condition could promote transcellular transmigration
over paracellular as previously described.”* During HIV infection, however, PECAM-1 is actively shed by PBMCs when treated with CCL2, and
due to PECAM-1 shedding, homophilic interactions between BMVECs are likely disrupted, potentially promoting paracellular transmigration
over transcellular transmigration.”® Within our study, there is a lack of soluble PECAM-1 released from PBMCs, as they are washed out before
addition to BMVECs, and CCL2 release is not increased upon the ATPyS treatment of BMVEC, a distinct difference from the study
referenced.”

In contrast to PECAM-1, JAM-A was redistributed to cellular junctions within the 15 uM ATP+S condition, similar to previous literature using
human umbsilical cord endothelial cells treated with TNFo. and interferon-gamma.’” This contrasts with other publications that see JAM-A at
the cellular junctions in resting conditions but see redistribution from these junctions when endothelial cells are treated with CCL2.”¢ Within
our results, we do not supplement CCL2 for either the transmigration assay nor the ATPyS treatments of BMVEC/PBMCs, making our results
distinct from the referenced study, as well as the BBB leukocyte transmigration during acute infection.'’*®’¢ Regarding the role of JAM-A in
the transcellular transmigration of leukocytes within the 15 uM ATPyS condition using HIV-infected PBMCs, it is apparent that it plays a role in
transcellular transmigration but not attachment. The exception is that within both the 3 pM ATPyS and TNFa. conditions with HIV-infected
leukocytes, there was a significant reduction in the attachment of leukocytes when JAM-A was blocked. This could suggest that within the
15 uM ATPYS condition, either the cell adhesion molecules or integrins involved in initial attachment may not be the same in this condition,
compared to the 3 uM ATPyS and TNFa conditions. The phenomena of the blocking of JAM-A with differing results across treatments are not
exclusive to the results using HIV-infected leukocytes as there is an increase in attachment among both 3 uM ATPyS and 15 uM ATPYS con-
ditions, relative to the untreated condition. The increase in attachment with HIV-infected leukocytes is not present within the TNFa treatment.
It is perhaps the engagement of the anti-JAM-A antibody to the endothelial cell JAM-A at adherens junctions that disrupts homophilic in-
teractions and subsequently allows for an increase in surface area, which allows for an increase in attachment. When human umbilical vein
endothelial cells (HUVECs) are treated with TNFea, adherens junctions undergo remodeling and become more discontinuous as the surface
area of HUVECs increases.”’””® The decrease in adherens junction association and increase in surface area would be conducive for non-JAM-A
mediated interactions with uninfected leukocytes.

Despite a lack of a change in CD99, JAM-A, and LFA-1 expression within leukocytes during HIV infection, we characterized their contri-
bution to attachment, and paracellular and transcellular transmigration triggered by HIV and HAD-associated eATP. Blocking antibodies
for JAM-A and an LFA-1-mimetic peptide prevented the transcellular transmigration of HIV-infected leukocytes. This mechanism is different
than other diseases such as hypertension and atherosclerosis where JAM-A is implicated in paracellular TEM.””%° Similarly, there is a diver-
gence from how ALCAM functions within leukocyte transmigration within allograft rejection, as well as encephalitic conditions, compared to
our reported results due to its primarily playing a role in leukocyte retention in tissue.*’ JAM-A is a critical component of HIV entry into the
brain during acute infection,'? but also during chronic conditions, thus, we propose that a JAM-A/LFA-1 blockage strategy could limit the
devastating effects of HIV and leukocyte invasion into the brain. Serum ATP as a biomarker of cognitive decline and contributor to leukocyte
brain transmigration provides a unique opportunity to target JAM-A/LFA-1, as well as the release of ATP, and downstream signaling through
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purinergic receptors to treat HAND. The potential of targeting purinergic signaling to reduce leukocyte invasion into the brain has been
shown by several animal models, including intracerebral hemorrhage and ischemic stroke.?”®* Our data has also shown promise to reduce
leukocyte transmigration through an in vitro BBB cell culture model by the inhibition of Panx-1.” Lastly, our data also show that HIV-induced
synaptic-dendritic pruning is reduced when Panx-1 is inhibited, preserving complex dendritic spines within an acute SIV infection model."’
Thus, targeting either the release of ATP through Panx-1 or the downstream effects of purinergic signaling within circulation are both viable
strategies for treating HAND.

Our data demonstrate a shift from paracellular transmigration in acute HIV conditions'” into transcellular transmigration dependent on HIV
infection and eATP. In several neuroinflammatory diseases, BBB permeability is increased and promotes the infiltration of leukocytes into the
brain through paracellular or transcellular mechanisms.”***% Transcellular migration increases neuroinflammation and has been described in
multiple sclerosis,®® however, the molecular mechanisms are not fully identified. However, studies with neutrophils and transcellular migration
suggest that diapedesis begins ICAM-1, VCAM-1, and actin becomes concentrated along the endothelial membrane surrounding the leuko-
cyte forming a “cup” around them.'>?° As denoted in our confocal images, endothelial processes form around the leukocyte and leukocytes
extend filopodia-like projections into the endothelial cells, as others have published.?

However, how the endothelial cells select mostly HIV-infected cells is unknown and likely is related to a particular leukocyte population or
residual viral replication resulting in the enhanced expression of specific adhesion molecules to support transcellular transmigration. We
believe that HIV and eATP triggering the transcellular transmigration of HIV-infected leukocytes into the brain correspond to a
selective method of chronic neuroinflammation. Several groups indicate that transcellular migration could be dependent on PECAM-1
and CD99 **, however, our data indicates that PECAM-1 is not upregulated or cleaved, and neutralizing antibodies to CD%9 did not affect
transcellular leukocyte migration trigged by HIV and eATP. It has been proposed that transcellular migration may occur or is promoted if leu-
kocytes have difficulty reaching the cell-to-cell junctions.* However, our data demonstrates that HIV-infected cells selectively undergo trans-
cellular transmigration even in the presence of comparable attachment and paracellular transmigration. In neutrophils deficient in CD11b/
CD18, paracellular migration was compromised due to the inability to locomote along the endothelial surface.®® In our data, JAM-A and
LFA-1 were essential to promote transcellular transmigration and the selectivity of HIV-infected cells.

Our results are the first to provide data for the concentration of ATP within serum to be a biomarker and contributor of HAND within PWH.
This is indicated by the increase in the transendothelial migration of leukocytes through BMVECs after exposure to HAD-associated eATP.
Further studies are warranted to understand the dysregulation of ATP within the serum of PWH and identify the purinergic receptors involved
in the dysregulation of the BBB and leukocytes that could be a target for therapeutic intervention for HAND.

Limitations of the study

Several questions remain for future studies including the role of different ART types, comorbidities, the leukocyte selection mechanisms for trans-
cellular migration, and whether viral reservoirs exploid similar mechanisms for self renewal. As indicated in the introduction, HIV damage in the
PWH under ART is highly localized, thus, how an specific area become susceptible to invasion? is unknown. Future experiments in human tissues,
non-human primates, or humanized mice tissues could provide answers to these questions. The identification of the purinergic receptors involved
in transcellular leukocyte migration is essential for future pre- and clinical studies. ATP as a biomarker and contributor to CNS damage could pro-
vide exciting avenues to prevent the devastating consequences of cognitive decline in at least half of the HIV-infected population.
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STARXxMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
CD4 Abcam Cat# ab133616; RRID:AB_2750883
VE-Cadherin Santa Cruz Cat# sc-6458; RRID:AB_2077955
HIV-p24-biotin Genetex Cat# GTX40774; RRID:AB_424248
JAM-A Sigma Cat# 36-1700; RRID:AB_2533241
JAM-A Santa Cruz Cati# sc-53623; RRID:AB_784134
PECAM-1 Santa Cruz Cat# sc-8306;

RRID:AB_653100
CD99 ThermoFisher Scientific Cat# MA512287; RRID:AB_10979312
CD99 Zymed Cat# 180235;

RRID:AB_86733
Z0-1 ThermoFisher Scientific Cat# 40-2200; RRID:AB_2533456
Claudin-1 ThermoFisher Scientific Cat# 51-9000;

RRID:AB_87435
Occludin ThermoFisher Scientific Cat# SAB4200489
ICAM-1 Sigma Cat# SAB4300383; RRID:AB_10621182
ICAM-1 ThermoFisher Scientific Cat# 16-0549-82; RRID:AB_468981
CD11a ThermoFisher Scientific Cat# PA5-79531; RRID:AB_2746646
NT5E Sigma Cat# SAB5300408
ENTPD-1 Sigma Cat# SAB4301784

Adenosine deaminase

CD38
MMP-2

Talin
Paxillin
Vinculin
FAK
P2X4
P2X4
P2Xs
P2X;

P2Y,
P2Y,
P2Y,
P2Y14
ENTPD-2
ENTPD-3
ENTPD-8
GAPDH

ThermoFisher Scientific

Proteintech

Sigma

ThermoFisher Scientific
ThermoFisher Scientific
Abcam

Proteintech
ThermoFisher Scientific
ThermoFisher Scientific
Alomone

Sigma

ThermoFisher Scientific
ThermoFisher Scientific
Alamone

Alamone

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

Cell Signaling
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Cat# PA5-51572;
RRID:2637694

Cat# 25284-1-AP; RRID:AB_2880007

Cat# M6302;
RRID:AB_260614

Cat# MA5-28133; RRID:AB_2745116
Cat# AHO0492; RRID:AB_2536312
Cat# ab91459; RRID:AB_2050446
Cat# 12636-1-AP; RRID:AB_2173668
Cat# PA577662; RRID:AB_2736289
Cat# PA5-83466; RRID:AB_2790621
Cat# APROO5; RRID:AB_2040060

Cat# P8232;
RRID:AB_261204

Cat# MA5-31815; RRID:AB_2787438
Cat# PA1-46150; RRID:AB_2156124
Cat# APR-011; RRID:AB_2040082
Cat# APR-015; RRID:AB_2040072
Cat# HPAO17676; RRID:AB_1848179
Cat# PA524209; RRID:AB_2541709
Cat# PA5-25085; RRID:AB_2542585
Cat# 2118;

RRID:AB_561053

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Anti-Rabbit-HRP Cell Signaling Cat# 7074;
RRID:AB_2099233
Anti-Mouse-HRP Cell Signaling Cat# 7076;

Live/Dead Aqua
Anti-Rabbit AlexaFluor 594
Anti-Mouse AlexaFluor 647
Anti-Goat AlexaFluor 488
Anti-Rabbit AlexaFluor 568
Anti-Rabbit AlexaFluor 800
Anti-Mouse AlexaFluor 800

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

ThermoFisher Scientific

RRID:AB_330924

Cat# 134966

Cat# A11012; RRID:AB_2534079
Cat# A21235; RRID:AB_2535804
Cat# A21206; RRID:AB_2535792
Cat# A11057; RRID:AB_2534104
Cat# A32735; RRID:AB_2633284
Cat# A32730; RRID:AB_2633279

Phalloidin AlexaFluor 680 ThermoFisher Scientific Cat# A22286
Streptavidin Alexa Fluor 647 ThermoFisher Scientific Cat# S32357
Mouse IgG, protein MP Biomedicals (formerly Cappel) Cat# MOP21
Goat serum Sigma Cat# G9023
Normal Rabbit IgG Cell Signaling Cat# 2729
Biological samples

BMVEC Primary cells isolated from the frontal and occipital cortex N/A

PBMCs, derived from Leukopacks Gulf Coast Regional Blood Center, Houston, TX N/A

HIVapa viral isolate

pPNL(ADg) molecular clone

NIH AIDS Reagent Program, Germantown, MD
NIH AIDS Reagent Program, Germantown, MD

Cat# ARP-416
Cat# ARP-11346

Chemicals/Materials

RPMI

Fetal bovine serum
PenStrep

0.05% Trypsin EDTA
Tryp-LE Select

ATP Na*

ATPYS Li*
Phytohemagglutinin (PHA)
Recombinant Human TNFa
Paraformaldehyde

Gelatin (from cold water fish)
BSA (Bovine serum albumin)
10X RIPA Buffer

Horse serum

Glycine

EDTA

M199

Fetal calf serum
Tris-buffered saline

Triton x-100

Immedge pen

Glutamax

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
Sigma

Sigma

Sigma

R&D Systems
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Cell Signaling
Sigma-Aldrich
ThermoFisher Scientific
Invitrogen
ThermoFisher Scientific
ThermoFisher Scientific
Fisher-Bioreagents
Sigma

Vector Laboratories

ThermoFisher Scientific

Cat# 11995-065
Cat# 16000044
Cat#15140-122
Cat# 25300-054
Cat# A1217701
Cat# A1852
Cat# 119120
Cat# AC356150050
Cat# 210-TA
Cat# P6148
Cat# G7041
Cat# 05470
Cat# 9806

Cat# HO146
Cat# BP381
Cat# 15575-020
Cat# 31100-035
Cat# 16140071
Cat# BP2471-1
Cat# X100

Cat# H-4000
Cat# 35050-061

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

ProLong™ Gold Antifade Mounting
with DAPI

Human serum

HEPES

Type A Gelatin

ACK Lysis Buffer
Ficoll-Paque

ECL Substrate
B-mercaptoethanol
Glycerol

Sodium dodecyl sulfate
SYBR Green PCR master mix
TRIzol Reagent

ThermoFisher Scientific

BiolVT

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
Cytivia

Perkin Elmer

Sigma

Sigma

Sigma

ThermoFisher Scientific

ThermoFisher Scientific

Cat# P36931

CAT# HUMANSRMP-HI-1
Cat# 15630-080
Cat# 68-500

Cat# A10492-01
Cat# 17144003
Cat# NEL104001EA
Cat# M3148

Cat# G33-4

Cat# L6026

Cat# 4309155

Cat# 15596026

0.45 pum nitrocellulose membrane Cytiva Cat# 10600002

ELISA

HIV-1 p24 XpressBio Cat# XB-1000

CCL2 R&D Systems Cat# DCP0OO

Peptides

cLABL (Cyc 1-12, LFA-1 peptide) Genscript Cati# Cyclo (1-12)

Scr (scrambled LFA-1 peptide) Genscript Cat# Cyclo (1-12) Scrambled

Software

NIS-Elements-AR Nikon https://www.microscope.healthcare.nikon.com
FlowJo BD https://www.flowjo.com/solutions/flowjo
Prism GraphPad https://www.graphpad.com/

ImageJ NIH https://imagej.nih.gov/ij/download.html
Image Studio Licor https://www.licor.com/bio/image-studio/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and fulfilled upon reasonable request by the Lead contact
Eliseo Eugenin (eleugeni@utmb.edu). This study did not generate databases or unique reagents.

Materials availability

We will share any materials upon reasonable request.

Data and code availability

All data reported will be shared by the lead contact upon request. This manuscript does not report an original code. Any additional informa-
tion or data required to reanalyze the data reported is available upon reasonable request to the lead contact.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

No cell lines were used in this study. Primary human brain microvascular endothelial cells (BMVEC) were obtained from frontal/occipital un-
infected brains. Peripheral blood mononuclear cells (PBMCs) were obtained from the Gulf Coast Blood Center, Houston, TX. All cultures are
grown in separate incubators to prevent any cross-contamination. All cultures were tested for mycoplasma contamination using PCR. For IRB
approval, all human cells in this study were exempted. The tissue collection protocols were approved by the Albert Einstein College of Med-

icine, Rutgers University, and the University of Texas Medical Branch Institutional Review Board (Protocol Numbers, Pro201400007%4,
Pro2012001303, 18-0136, 18-0135, 18-0134 to E.A.E).
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METHOD DETAILS

BMVEC cell culture

Low passage (<15) primary human brain microvascular endothelial cells (BMVEC) were cultured on gelatin-coated cell culture dishes using
complete M199 media (M199C) as previously described.”” BMVECs were isolated from a human brain, from either the frontal or occipital cor-
tex, as previously described.®® BMVECs were grown to 90-95% confluency before conducting downstream assays, such as flow cytometry,
immunocytochemistry, and Western blotting.

PBMC culture

Peripheral blood mononuclear cells (PBMCs) were collected from leukopacks obtained from healthy patients using a Ficoll gradient method.
All donors analyzed were negative for CMV, HIV, hepatitis B and C, West Nile virus, and syphilis (Gulf Coast Blood Center, Houston, TX). With
each Leukopack, PBMCs were cultured in RPMI-based media (containing 5% human serum, 10% fetal bovine serum, 10 mM HEPES, and peni-
cillin/streptomycin) in the presence of 5 pug/mL phytohemagglutinin (PHA) and 10 U/mL IL-2 in siliconized tubes at a density of 2x10° cells/mL.
After two days in PHA and IL-2, cells were spun at 300xg for 10 min, resuspended in fresh media with 10 U/mL IL-2, and infected with HIV-1
(10 ng/mL HIVapa or pNL(ADg)) for two hours at 37°C. PBMCs were spun as before, the supernatant was aspirated, and the cell pellet was
resuspended in fresh media at the same cell density as above in siliconized tubes. At the terminal time point of the experiments, the media
was subjected to HIV-p24 quantification by ELISA.

Establishment of acute ATP-treated cultures

To mimic the conditions within people living with HIV (PWH), high ATP exposure within the circulation, PBMCs, or BMVECs were exposed to
ATPYS (a non-hydrolyzable ATP analog). As extracellular ATP (eATP) is quickly degraded, ATPyS was chosen as the sulfur atom within the
gamma phosphate position; it is resistant to ecto-nucleotidases.”” We selected ATPyS due to the profile of ATP receptors expressed by
BMVEC as obtained for qRT-PCR and Western blotting analyses (Figure S1). The concentration of ATPyS was chosen to replicate the con-
centration of ATP within the serum of healthy patients (1-3 uM), and the high concentration was chosen to mimic the most severe HAND
form, HAD (15 uM).” BMVEC cultures were either exposed to ATPyS for at least seven passages. PBMCs infected in vitro with 10 ng/mL of
either HIVapa®' > or pNL(ADg) (@ CCR5-tropic molecular clone of NL4-3)* and after a single round of replication, about 18-24 hours after
infection, ATPyS was added to the cultures for acute treatment of 4-5 days (5-6 days post-infection). For the co-culture assay, PBMCs
were maintained in ATPYS for only 4 days before addition to the BMVEC culture.

HIV-p24 and CCL2 ELISA

At the endpoint of ATPyS treatment, supernatants were taken and stored at -80°C until utilized for further analysis. HIV p24 ELISA (Perkin
Elmer) was used per the manufacturer’s protocol for viral titer. A sandwich ELISA (R&D Systems) was used per the manufacturer’s protocol
for CCL2.

BMVEC and PBMC coculture

BMVECs were cultured to confluency in the presence of ATPyS on gelatin-coated glass coverslips. TNFa (10 ng/mL) was added to the
BMVECs and the PBMCs at least eight hours before the co-culture as positive control. Once the coverslips of BMVECs were confluent, the
co-culture experiment was started by first spinning down the PBMCs, aspirating the supernatant, counting them, and then diluting them
to 10% cells/mL so identical numbers of PBMCs could be added to the BMVECs (5x10* PBMCs per well). The PBMCs were added to each
of the wells or an equivalent volume of PBMC media only. They were co-cultured for 30 min or 2 h, as previously calibrated for leukocytes’
early transendothelial transmigration (TEM) across the human BBB.” At the endpoint, the media was aspirated from each well, and each
coverslip was quickly washed with 1X HBSS and then aspirated. 4% PFA was added to each of the wells and was incubated at 4°C in the
dark. Before staining, the coverslips were washed twice with 1X PBS. They were then permeabilized for one minute at room temperature
with 0.1% triton in 1X PBS. After permeabilization, the coverslips were washed twice in 1X PBS, then were blocked using super blocking so-
lution (SBS - 50 mM EDTA, 1% BSA, 1% horse serum, 5% human serum, 1% gelatin from cold water fish) at 4°C overnight, as previously pub-
lished.”! The coverslips were then placed into the primary antibody, using «CD4 (Abcam, Cat. ab133616, 1:100) and «VE-Cadherin (Santa
Cruz, Cat. sc-6458, 1:200), or equivalent concentrations of corresponding IgG, suspended in SBS. After overnight incubation at 4°C, the cov-
erslips were washed five times in 1X PBS before the coverslips were placed into a secondary antibody. The coverslips were incubated at room
temperature for two hours using aGoat AlexaFluor 488 (Cat. A21206, 1:200) and aRabbit AlexaFluor 594 (Cat. A11057, 1:100). Coverslips were
washed twice with 1X PBS, then incubated in phalloidin 680 (Cat. A22286, 1:2000) for 30 minutes at room temperature. After the phalloidin
stain, the coverslips were washed five times and then mounted onto glass slides using Prolong Gold with DAPI (Cat. P36931). Images were
taken on a Nikon A1 confocal microscope using spectral detection. Due to the resolution required to resolve the differing morphologies and
Z-localization, high-resolution confocal microscopy was needed to effectively assess and quantify the leukocytes above and within the endo-
thelial cell monolayer as well as their polarity and “cup” formation around them (see example in Figure S2).
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Criteria and quantification of adhesion and transmigratory phenotypes

Attachment: The leukocyte was apically associated with the primary brain microvascular endothelial cells (BMVECs), vascular endothelial cad-
herin (VE-cadherin) was not clustered to the leukocyte (eliminating transcellular transmigration), and leukocyte morphology was round per the
actin staining, indicating the cell was not in a transmigratory state. Transcellular transmigration: The leukocyte nucleus was at the same plane
as the BMVEC nucleus, the leukocyte was not localized to BMVEC-to-BMVEC cell junctions, VE-cadherin was clustered around the leukocyte,
and the leukocyte was in an elongated or non-round morphology, indicating it was undergoing transmigration. Paracellular transmigration:
similar criteria to transcellular transmigration, but the leukocyte localization was at BMVEC-to-BMVEC cell junctions. Ten (five for TNFa)
distinct regions of interest (ROIs) of confluent BMVECs were examined to count and quantitate attachment, paracellular, and transcellular
transmigration of leukocytes. TNFa treatment was used as a positive control for endothelial cell activation, attachment, and paracellular trans-
migration of leukocytes. Due to high donor-to-donor variability, representative results are shown.

Co-culture blocking assay

Thirty minutes before the co-culture, 20 pg/mL aJAM-A (Santa Cruz, Cat. sc-53623), 20 pg/mL aCD99 (Cat. MA5-12287), or an equivalent con-
centration of mouse IgG was added to the BMVEC wells for the neutralization conditions of the co-culture, similar to previously published
experiments.'? Additionally, an ICAM-1-blocking peptide, LFA-1-peptide (referred Cyc 1-12 or LFA-pep), derived from the | domain of
LFA, was also employed.”* LFA-pep, or its scrambled peptide (Genscript), was added to the BMVEC at a concentration of 100 uM, 30 minutes
before the co-culture. After the incubation, the PBMCs were added in identical numbers to the BMVECs, as described above.

Western blotting

At 90-95% confluency, BMVECs were washed with 1X PBS and then scraped using a cell scraper using 1X RIPA buffer. PBMCs were treated
similarly with 1X PBS before resuspending in 1X RIPA buffer. Whole-cell lysates were sonicated and quantitated using Bradford assay, and
similar amounts of protein were run on SDS-PAGE after resuspending in 5X loading buffer (5% B-mercaptoethanol, 0.02% bromophenol
blue, 30% glycerol, 10% SDS, 250 mM/pH 6.8 Tris-Cl) to a 1X concentration and boiling at 100°C for three minutes. The samples were run
on precast 7.5% or 4-20% polyacrylamide gels (TGX gels, Bio-Rad) at 100 volts until the dye front was at the bottom of the gel. The gels
were then transferred to nitrocellulose membranes at 300 mA for 40 min at 4°C. Membranes were blocked using 3% milk powder and 1%
bovine serum albumin (BSA, fraction V) in 1X TBS plus 0.1% tween (1X TBST) for two hours at room temperature. After blocking, the mem-
branes were incubated at 4°C overnight in primary antibody, prepared in 1X TBST and 1% BSA. Membranes were washed in 1X TBST five
times for at least five minutes before incubation in secondary antibody. The membranes were incubated in a secondary antibody (either using
an Alexa Fluor 800 or a horse radish peroxidase-conjugated antibody) for two hours at room temperature. Before developing, membranes
were washed once again, as before, then were incubated for one minute in ECL substrate (Cat. NEL104001EA) for horseradish peroxidase
secondaries, then were imaged on a Licor (Odyssey XF) imager. After imaging, membranes were subject to mild stripping buffer before block-
ing once again, as before, and then were subsequently probed for the loading control, using the same protocol as above. Densitometric anal-
ysis was conducted on Image Studio or ImageJ. Target band intensity was normalized to the loading control, and then the normalized inten-
sity was calculated relative to the untreated for fold change (FC) in expression relative to the untreated.

Immunofluorescence

BMVECs were grown on glass coverslips to 90-95% confluency, and the media was aspirated, washed with 1X HBSS, then fixed in 4% para-
formaldehyde in 1X PBS. Coverslips were permeabilized in 0.1% triton in 1X PBS for one minute, then washed twice in 1X PBS. Coverslips were
blocked overnight at 4°C in SBS before the primary antibody. The coverslips were then placed into the primary antibody, or an equivalent
concentration of corresponding 1gG, suspended in SBS. After overnight incubation at 4°C, the coverslips were washed five times in 1X
PBS before the coverslips were placed into a secondary antibody solution. The coverslips were incubated at room temperature for two hours
using corresponding secondary antibodies in SBS. Coverslips were washed twice with 1X PBS, then incubated in phalloidin 680 (Cat. A22286,
1:2000) for 30 min at room temperature. After the phalloidin stain, the coverslips were washed five times and then mounted onto glass slides
using Prolong Gold with DAPI (Cat. P36935). Images were taken on a Nikon A1 confocal microscope. All immunofluorescence image analysis
was conducted using Nikon NIS-Elements software.

Immunofluorescence quantitation and analysis

A maximal intensity projection was first cast for each image for a representative 2D image. Using the 2D projection, a full field ROl for PECAM-
1/JAM-A intensity was determined using 3-5 images per independent experiment. The mean fluorescent intensity (MFI) at EC junctions was
determined by using the profile function of the NIS software that was drawn along the length of an EC junction, with the same 16-pixel thick-
ness for an average across the junction. To determine the threshold for intracellular PECAM-1/JAM-A or HIV-p24, a profile was drawn across
the length of a cell - this was used as a cutoff for whether the intensity was lower than the average intracellular signal (see main text and
Figures S3 and S4). The profile length was approximately the same at each junction. Still, to account for the differences in length, the discon-
tinuity index was made, which took the number of pixels along the junction below the threshold, divided by the number of pixels observed.
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Flow cytometry

Flow cytometry analysis was performed on fixed single cells in suspension. After staining with fluorophore-conjugated primary antibodies as
described above, cells were washed and resuspended in flow buffer (1 mM EDTA, 1% BSA in PBS). All centrifugation steps were performed at
300g x 5 min. Samples were collected in 5 mL Falcon Round Bottom Polystyrene test tubes (352058; Fisher Scientific). Flow cytometry analyses
were conducted using a BD FACS Celesta Cell Analyzer. Studies were carried out using FlowJo™ 10 software (Ashland, OR). Cells were gated
from debris and doublets based on forward and side scatter. If pertinent, live/dead cell exclusion was conducted using Live/Dead™ Fixable
Aqua (L34966, Thermo Fisher), following the manufacturer’'s recommendations. At least 10,000 events were collected for downstream

analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

The figure legends can find information on the statistical tests and the exact values of n (number of experiments). All statistical analyses were
performed using GraphPad Prism 10.0 (GraphPad Software Inc.). The statistical tests were chosen according to the following: Wilcoxon
matched-paired signed-rank tests and linear regression was used to determine differences in the rate of proliferation of BMVEC. p< 0.05
was considered as the level of statistical significance.
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