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Abstract 
Rationale: People living with human immunodeficiency virus (PLHIV) on effective antiretroviral therapy are at increased risk of cardiovascular complications, possibly due to off-target drug effects. Some studies have associated antiretroviral therapy with increased risk of myocardial infarction and endothelial dysfunction, but a link between endothelial function and antiretrovirals has not been established. Objective: To determine the effects of antiretrovirals in common clinical use upon in vitro endothelial function in order to better understand cardiovascular risk in PLHIV. Methods and Results: Human umbilical cord vein endothelial cells (HUVEC) or human coronary artery endothelial cells (HCAEC) were pre-treated with the antiretrovirals abacavir sulphate (ABC), tenofovir disoproxil fumarate (TDF) or tenofovir alafenamide (TAF). Expression of adhesion molecules, ectonucleotidases (CD39 and CD73), tissue factor (TF), endothelial-derived microparticle (EMP) numbers and phenotype, and platelet activation were evaluated by flow cytometry. TF and ectonucleotidase activities were measured using colourimetric plate-based assays. ABC-treated endothelial cells had higher levels of ICAM-1 and TF expression following TNF-α stimulation. In contrast, TDF and TAF treatment gave rise to greater populations of CD39+CD73+ cells. These cell surface differences were also observed within EMP repertoires. ABC-treated cells and EMP had greater TF activity, whilst TDF- and TAF-treated cells and EMP displayed higher ectonucleotidase activity. Finally, EMP isolated from ABC-treated cells enhanced collagen-evoked platelet integrin activation and α-granule release. Conclusions: We report differential effects of antiretrovirals used in the treatment of HIV upon endothelial function. ABC treatment led to an inflammatory, pro-thrombotic endothelial phenotype that promoted platelet activation. In contrast, TDF and TAF conferred potentially cardioprotective properties associated with ectonucleotidase activity. These observations establish a link between antiretrovirals and specific functional effects that provide insight into cardiovascular disease in PLHIV.
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Introduction
Improvements in diagnosis and treatment have transformed human immunodeficiency virus (HIV) infection from a fatal disease to a manageable chronic infection, resulting in an ageing population of people living with HIV (PLHIV)1. HIV can be effectively managed with combination antiretroviral therapy (cART), consisting of a nucleotide reverse-transcriptase inhibitor (NRTI), typically abacavir sulphate (ABC) or tenofovir disoproxil fumarate (TDF), which is given in combination with an additional NRTI and a third antiretroviral agent from a different drug class. 
A recent meta-analysis suggested that PLHIV are twice as likely to develop cardiovascular disease (CVD)2, with clinical studies reporting increased risks of an array of cardiovascular complications3-7. The Data Collection of Adverse Events of Anti-HIV Drugs (D:A:D) collaborative cohort study demonstrated a 90% increase in the relative risk of myocardial infarction (MI) in patients with recent use of ABC4, 8. Whilst further studies confirmed an ABC-associated cardiovascular risk profile9, 10, others did not11. This discord within the literature may stem from confounding factors associated with clinical cohort studies, such as systemic HIV-associated inflammation and lifestyle factors. A causal link between cART and cardiovascular risk has therefore not been established.
In an attempt to establish a link between cART and MI, several groups have performed platelet studies in patient cohorts, however their results are conflicting12-16. Various studies using HIV-negative subjects have demonstrated that ABC, but neither TDF nor the alternative tenofovir formulation tenofovir alafenamide (TAF), increases platelet activation and thrombosis and postulate that these effects are mediated via the vascular endothelium17-20. In support of this concept, ABC was shown to enhance platelet aggregation in an in vivo animal model that is critically regulated by endothelial nitric oxide, but had no effect on isolated platelets in vitro18, 20, 21. Furthermore, patient cohort studies found ABC to associate independently with endothelial dysfunction22.
Endothelial dysfunction has an established role in atheroprogression and CVD23, 24. The vascular endothelium regulates vascular tone, platelet aggregation, leukocyte recruitment and migration (e.g. via ATP phosphohydrolysis by endothelial ectonucleotidases CD39 and CD73)25-28, and control of the coagulation pathway (e.g. via tissue factor (TF) expression). Disruption of these regulatory networks by antiretrovirals could potentially drive endothelial dysfunction and cardiovascular risk in PLHIV29, with increased TF expression in monocytes30, 31 and platelets32 being evident in PLHIV. 
Cellular microparticles are increasingly implicated in disease pathology, including cellular crosstalk and activation. In particular, endothelial-derived microparticles (EMP) have been shown to contribute to cardiovascular immunopathology33-35, although their role in driving HIV-associated cardiovascular risk has been largely overlooked.
We hypothesised that ABC, which has been associated with an increased cardiovascular risk signal in some clinical cohort studies, enhances endothelial activation whereas alternative tenofovir-based drugs have a lesser effect. We therefore evaluated the pharmacological effects of the antiretrovirals ABC, TDF and TAF in cultured endothelial cells to determine their specific effects independently of the confounding factors associated with clinical studies. We gave particular focus to thromboregulatory processes: adhesion molecule, ectonucleotidase and TF expression and activity. In addition, we immunophenotyped EMP to understand how antiretrovirals modulate EMP repertoires and investigated endothelial-platelet crosstalk. 

Materials and methods
The data that support the findings of this study are available from the corresponding authors upon reasonable request. Expanded methods and the Major Resources Table can be found in the Online Data Supplement.

Antiretroviral agents
ABC was purchased from Selleckchem (Texas, USA). TDF and TAF were supplied by Gilead Sciences (California, USA). All drugs were used at pharmacological plasma Cmax concentrations (3.0μg/ml ABC; 0.33μg/ml TDF; 0.22μg/ml TAF)21.

Endothelial cell culture
Human umbilical cord vein endothelial cells (HUVEC) (PromoCell GmbH, Germany) were cultured in endothelial cell growth media (EGM)-2 (PromoCell GmbH) supplemented with 10% foetal calf serum (FCS). Human coronary artery endothelial cells (HCAEC) (PromoCell GmbH) were cultured in EGM-MV2 (PromoCell GmbH) supplemented with 10% FCS. Endothelial cells were cultured in 80cm2 Nunclon™ Delta-treated tissue culture flasks (Thermo Scientific, UK) and seeded into 6-well Nunclon™ Delta-treated tissue culture plates (Thermo Scientific) (50,000 cells/ml). Experimental procedures were performed on HUVEC at passage 4 (P4) and on HCAEC at P6. Endothelial cells were pulsed with plasma Cmax concentrations of each antiretroviral or DMSO vehicle for 90min (corresponding to pharmacokinetic Tmax values) over two days to mimic physiological drug exposure. Endothelial cells were starved with either EGM-2 or EGM-MV2 supplemented with 1% FCS for 16h prior to experimentation.

Endothelial adhesion molecule, ectonucleotidase and tissue factor expression 
Antiretroviral-treated cells were cultured in the absence or presence of 10ng/ml TNF-α (R&D systems, UK). Expression of the cellular adhesion molecules E-selectin (CD62E), intercellular adhesion molecule (ICAM)-1 (CD54), ICAM-2 (CD102) and vascular cell adhesion molecule (VCAM)-1 (CD106) were measured at 4, 6 and 24h post-stimulation and analysed by flow cytometry (BD Fortessa, BD Biosciences, Belgium). Expression of the ectonucleotidases CD39 and CD73 was measured following 24h stimulation. Surface TF (CD142) was measured at 6h following stimulation. Stained cells were analysed by flow cytometry (Accuri C6 Plus, BD Biosciences). Clones, sources and catalogue numbers of all antibodies are listed in the supplementary methods. All data were analysed using FlowJo v10.4 (FlowJo LLC, USA).

Endothelial tissue factor activity
Endothelial TF activity was measured using a Human Tissue Factor Chromogenic Activity kit (Assaypro, USA). Antiretroviral-treated cells were cultured in the absence or presence of 10ng/ml TNF-α (R&D systems) for 6h. Cells were lysed and solubilised with 15mM octyl-β-D-glucopyranoside for 15min at 37oC and assessed for TF activity following manufacturer’s protocol. Briefly, lysates were incubated with human Factor VII (FVII) and Factor X (FX) for 30min at 37oC. A Factor Xa (FXa) substrate was added, incubated for a further 20min and absorbance measured at 405nm using a SpectraMax iD3 microplate reader (Molecular Devices Ltd., UK). TF activity was calculated and normalised to cell protein content, as determined by a bicinchoninic acid (BCA) protein assay (Thermo Scientific). 

Endothelial ectonucleotidase activity
Ectonucleotidase activity was measured using a Malachite Green Phosphate Assay kit (Sigma-Aldrich, UK). HUVEC or HCAEC were seeded into 96-well Nunclon™ Delta-treated tissue culture plates (50,000 cells/ml), pre-treated with antiretroviral drugs or vehicle and incubated for 4h in the absence or presence of 10ng/ml TNF-α (R&D systems). To determine the contribution of alkaline phosphatase-dependent phosphate generation, some cells were treated with IC50 and 10x IC50 concentrations of tetramisole hydrochloride (Sigma-Aldrich, UK) or Tissue-Nonspecific Alkaline Phosphatase (TNAP) inhibitor (Sigma-Aldrich) from 30min. Cell supernatants were taken and diluted in phosphate-free distilled water (1:100 dilution). Diluted supernatants, phosphate standards and controls (80µl/well) were incubated with the malachite green working reagent (20µl/well) for 30min at room temperature. Absorbance was measured at 620nm using a SpectraMax iD3 microplate reader (Molecular Devices Ltd.). Phosphate concentrations of the culture media (ectonucleotidase-independent phosphate generation) were quantified and subtracted from cell supernatant phosphate concentrations to determine the endothelial contribution to phosphate concentrations. 

Endothelial microparticle characterisation
Based on previous reports, EMP were generated in the absence or presence of 10ng/ml TNF-α (R&D systems) for 4h35. Cell supernatants were collected and subjected to centrifugation at 3,000g for 5min to remove dead cells and debris. EMP were pelleted by centrifugation at 17,000g for 1h at 4oC. EMP were re-suspended in an Annexin V (AnV) buffer (10mM HEPES, 140mM NaCl, 2.5mM CaCl2, pH7.4) and stained for 30min with fluorescently-conjugated AnV, platelet-endothelial cell adhesion molecule 1 (PECAM-1/CD31), endoglin (CD105), E-selectin, ICAM-1, VCAM-1, CD39, CD73 and TF antibodies or appropriate isotype controls (BioLegend UK Ltd., additional details in supplementary methods). Stained EMP were evaluated on a BD Fortessa (BD Biosciences), using a gating strategy based upon published literature (online figure I), and data analysed using FlowJo v10.4 (FlowJo LLC, USA). EMP were defined as AnV+CD31+CD105+ particles between 0.3-1.1µm in size. 2x105 3µm latex beads were added for enumeration. The total number of EMP in each sample was calculated using the following formula:

 

Further EMP immunophenotyping calculations used the same formula, however AnV positive events were substituted with the events of specific EMP subpopulations.

Endothelial microparticle tissue factor activity
EMP-TF activity was determined using the ZYMUPHEN MP-TF kit (Hyphen BioMed, France). Following enumeration, 100,000 EMP were added to anti-human TF monoclonal antibody-coated wells and incubated overnight at room temperature in an MP-TF assay enhancer solution. Wells were subsequently washed 5 times and incubated with FVII and FX for 2h at 37oC. A FXa-specific chromogenic substrate was added and incubated for a further 2h at 37oC. The chromogenic reaction was stopped by addition of a 2% citric acid solution, which was incubated for 10min before and the absorbance read at 405nm using a SpectraMax iD3 microplate reader (Molecular Devices Ltd.).

Endothelial microparticle ectonucleotidase activity
EMP ectonucleotidase activity was measured using a modified malachite green protocol. Following enumeration, 100,000 EMP were incubated in 80µl distilled water for 1h at 37oC in the presence of 100µM ADP (Sigma-Aldrich). The malachite green agent was added (20µl/well) and allowed to incubate for a further 30min at room temperature. Absorbance was measured at 620nm using a SpectraMax iD3 microplate reader (Molecular Devices Ltd.).

Platelet preparation
Blood was collected in sodium citrate (3.2%) VACUETTE® tubes (Greiner Bio-One Ltd., UK) by venepuncture from consented HIV-negative volunteers. Ethical approval was given by the Imperial College London Research Ethics Committee and all experimental procedures were performed in accordance with the Declaration of Helsinki. Platelet rich plasma (PRP) was prepared by centrifugation of whole blood at 175g for 15min. 

Real-time platelet activation
Kinetic flow cytometry was performed as previously described17. EMP were isolated and enumerated as described. EMP were diluted using a Tyrode’s-HEPES buffer (10mM HEPES, 140mM NaCl, 5mM KCl, 1mM MgCl2, 5mM glucose, 0.42mM NaH2PO4, 12mM NaHCO3, pH 7.4), added to PRP (50,000 EMP/ml) and incubated for 30min at room temperature. EMP-treated PRP was added into a Tyrode’s-HEPES buffer containing fluorescently-conjugated PAC-1, CD62P and CD63 antibodies (BD Biosciences, additional details in supplemental methods). Platelet αIIbβ3 integrin activation (PAC-1 binding), α-granule (CD62P binding) and dense granule (CD63 binding) release were evaluated under continuous flow (BD Accuri C6 Plus, BD Biosciences) in response to 10μM ADP (Sigma-Aldrich), 10μM thrombin receptor activator peptide (TRAP)-6 (Sigma-Aldrich) or 10μg/ml collagen (type I fibres form equine tendon; Takeda, Japan) added 30s into the acquisition and monitored over 5min. Data were analysed using FlowJo v10.4 (FlowJo LLC) and relative fluorescence increase over time calculated using baseline fluorescence (F0, average fluorescence values within the first 30s of acquisition) and the peak fluorescence (F).

Statistical analysis 
Data from 5 independent experiments were evaluated using GraphPad Prism. As each experimental dataset is an average of a large number of cultured cells, we assumed our data was normally distributed based on the central limit theorem. Data were tested by one-way or two-way ANOVA, as specified in figure legends, with a Tukey’s multiple comparisons test. No further correction was made for multiple testing since a maximum of 6 outcomes was measured in any individual cell model. A p value below 0.05 was considered significant. Experimental groups were compared to vehicle and one another throughout. 

Results
Antiretrovirals differentially affect thromboregulatory protein expression in human umbilical cord vein endothelial cells
ICAM-1, which has established roles in cellular interactions, leukocyte extravasation and cellular crosstalk, was expressed at lower levels in TDF- and TAF-treated cells compared to vehicle (-27.5%, p=0.0339 and -28.1%, p=0.0291 respectively) and ABC (-26.6%, p=0.0435 and 27.3%, p=0.0375 respectively) (figure 1A). ABC had no effect compared to control (figure 1A). Increased inflammatory markers, including TNF-α, contribute to immunopathology in virally suppressed PLHIV on effective ART36-40. TNF-α stimulation increased ICAM-1 expression under all conditions, however, ABC-treated HUVEC expressed greater levels of ICAM-1 than treatment with TDF (+46.1%, p=0.0469) or TAF (+46.2%, p=0.0465) (figure 1B). This effect was specific to ICAM-1, as no differences were seen in E-selectin, VCAM-1 or ICAM-2 expression (online figure II).
Next, we examined the endothelial ectonucleotidase/TF axis, which regulates platelet activation and thrombosis. We observed increased CD39+CD73+ populations in unstimulated HUVEC that had been treated with either TDF (+44.4%, p=0.0307) or TAF (+46.0%, p=0.0243) compared to vehicle, whilst ABC had no effect (figure 1C). The effects of TDF and TAF lost significance following inflammatory stimulation (figure 1D). We observed no differences in unstimulated endothelial TF expression between treatment groups (figure 1E). TNF-α stimulation increased TF expression in all treatment groups however, TF was higher in ABC-treated HUVEC compared to TDF (p=0.0040) and TAF (p=0.0089) (figure 1F).

Antiretrovirals confer contrasting effects upon endothelial microparticle repertoires
Unstimulated ABC-treated HUVEC generated 1.59-fold more EMP compared to vehicle (p=0.0029), whereas TDF and TAF had no effect (figure 2A). EMP production increased in all treatment groups following TNF-α stimulation, however ABC, but not TDF or TAF, treatment produced 1.61-fold more EMP compared to vehicle (p=0.0255) (figure 2B).
	Next, we evaluated EMP composition. We found significantly more ICAM-1+ EMP in unstimulated ABC-treated HUVEC compared to vehicle- (+1.65-fold, p=0.0154), TDF- (+1.49-fold, p=0.0474) and TAF-treated (+1.75-fold, p=0.0085) cells (figure 2C). Increased ICAM-1 positivity was also observed in TNF-α-induced ABC-EMP (figure 2D). TDF and TAF had no effect compared to vehicle in either unstimulated or TNF-α stimulated cells. Similar to cell data, we did not observe effects on E-selectin or VCAM-1 positivity within EMP repertoires (online figure III). In resting HUVEC, TDF and TAF had no effect on TF+ EMP compared to vehicle. ABC-treated cells however, generated more TF+ EMP compared to vehicle- (+2.12-fold, p=0.0157), TDF- (+2.34-fold, p=0.0088) and TAF-treated (+3.30-fold, p=0.0017) HUVEC (figure 2E). This ABC-specific increase was also seen in TNF-α-induced EMP, with ABC-treated cells producing more TF+ EMP compared to vehicle- (+2.90-fold, p=0.0351), TDF- (+3.34-fold, p=0.0229) and TAF-treated (+3.48-fold, p=0.0205) counterparts (figure 2F). In resting cells, we observed a trend to more CD39+CD73+ EMP in TDF-treated cells, whilst TAF-treated HUVEC produced significantly more than ABC-treated cells (+3.32-fold, p=0.0420) (figure 2G). The effect of TAF was lost following TNF-α stimulation (figure 2H). 

Antiretrovirals differentially affect thromboregulatory protein expression and microparticle production in human coronary artery endothelial cells
Key observations in HUVEC were validated in cells isolated from human coronary arteries. ICAM-1 expression in resting antiretroviral-treated HCAEC was not different between drug treatments (figure 3A). Similar to HUVEC, following TNF-α stimulation, ABC-treated HCAEC expressed greater levels of ICAM-1 compared to vehicle- (+310.1%, p=0.0078), TDF- (+154.5% p=0.0351) and TAF-treated (+168.1% p=0.0289) cells (figure 3B). Again, similar to HUVEC, ABC-treated HCAEC had increased TNF-α-induced TF expression (figure 3C). Finally, we found greater CD39+CD73+ endothelial populations in cells isolated from coronary arteries compared to those from umbilical cord veins. ABC-treated HCAEC had significantly reduced CD39+CD73+ populations (figure 3D) whereas TDF and TAF had no effect.
[bookmark: OLE_LINK5]	ABC treatment elevated total EMP production by HCAEC in the absence of additional stimulus (6.1±0.8x105 EMP/ml) compared to vehicle (+1.79-fold, p=0.0180), TDF (+1.92-fold, p=0.0098) and TAF (+1.93-fold, p=0.0093) (figure 4A). Moreover, there were greater numbers of ICAM-1+ and TF+ EMP in ABC-treated cells (figure 4B, C). We also noted more CD39+CD73+ EMP in TDF- and TAF-treated HCAEC (figure 4D). 
TNF-α stimulation increased total EMP production, however ABC-treated HCAEC again produced more EMP than vehicle- (+2.17-fold, p=0.0378), TDF- (+2.07-fold, p=0.0482) and TAF-treated (+2.44-fold, p=0.0215) counterparts (figure 4E). Similar to unstimulated EMP compositions, we noted increased ICAM-1+ and TF+ EMP in ABC-treated cells (figure 4F, G). Again, similar to our HUVEC data, the significant increase in CD39+CD73+ EMP seen in resting TDF- and TAF-treated HCAEC was lost following TNF-α stimulation (figure 4H).

Antiretrovirals have specific effects on endothelial thromboregulatory function
Having found differential effects of antiretrovirals on protein expression, we determined whether this translated into functional effects. Low TF expression on unstimulated HUVEC (figure 1E) corresponded with low activity, however, ABC-treated HUVEC showed a non-significant trend towards elevated TF activity (figure 5A). Interestingly, TF activity for unstimulated HCAEC was lower than HUVEC. ABC-treated HCAEC displayed higher activity compared to vehicle- (+6.39-fold, p=0.0132), TDF- (+5.86-fold, p=0.0148) and TAF-treated (+5.86-fold, p=0.0148) counterparts (figure 5B). TNF-α stimulation markedly increased TF activity. Again, similar to our expression data, ABC augmented TNF-α-induced TF activity compared to vehicle, TDF and TAF in both HUVEC (+1.49-fold, p=0.0065; +1.39-fold, p=0.0196; and +1.52-fold, p=0.0045 respectively) (figure 5C) and HCAEC (+1.40-fold, p=0.0302; +1.36-fold, p=0.0460; and +1.38-fold, p=0.0390 respectively) (figure 5D).
Next, we examined ectonucleotidase activity by measuring free phosphate concentrations (a by-product of CD39/CD73 activity) in cell supernatants. In HUVEC, ABC-treated cells had lower phosphate concentrations compared to both TDF (-3.02-fold, p=0.0250) and TAF (-3.19-fold, p=0.0151) (figure 5E). ABC-treated HCAEC also displayed reduced phosphate concentrations compared to vehicle (-2.26-fold, p=0.0429), TDF (-2.30-fold, p=0.0353) and TAF (-2.54-fold, p=0.0114) (figure 5F). Similar to expression data, significant differences in ectonucleotidase activity were lost following TNF-α stimulation (figure 5G, H). Since endothelial cells express non-specific alkaline phosphatases which phosphohydrolyse independently of ectonucleotidases, cells were treated with two TNAP inhibitors at IC50 concentrations or in excess. Whilst both inhibitors reduced phosphate concentrations, antiretroviral-induced differences were still observed in both HUVEC and HCAEC (online figure IV). 

Antiretrovirals modulate thromboregulatory function in endothelial microparticles
EMP were next assessed for their ability to convert FX to FXa. EMP isolated from unstimulated HUVEC and HCAEC displayed detectable but lower TF activity than in cells (figure 6A). ABC-EMP had greater TF activity compared to vehicle-, TDF- and TAF-EMP in both HUVEC (p=0.0130, p=0.0141 and p=0.0101 respectively) and HCAEC (p=0.0218, p=0.0069 and p=0.0073 respectively) (figure 6A, B). TNF-α stimulation increased EMP-TF activity (figure 6C, D) and again, ABC-EMP had enhanced TF activity compared to vehicle-, TDF- and TAF-EMP in both HUVEC (p=0.0065, p=0.0196 and p=0.0045 respectively) and HCAEC (p=0.0302, p=0.0460 and p=0.0390 respectively) (figure 6C, D).
We then evaluated ectonucleotidase activity by testing the ability of EMP to produce free phosphate when incubated with 100μM ADP. EMP ectonucleotidase activity data mirrored our cell expression data, ABC-EMP produced lower phosphate concentrations compared to TDF- and TAF-EMP in both unstimulated HUVEC-EMP (p=0.0065 and p=0.0025 respectively) and unstimulated HCAEC-EMP (p=0.0463 and p=0.0239 respectively) (figure 6E, F) Again, similar to cell data, differences in EMP ectonucleotidase activity cells lost significance following TNF-α stimulation (figure 6G, H).

Endothelial microparticles isolated from abacavir sulphate-treated cells enhance collagen-evoked platelet activation 
[bookmark: OLE_LINK1]Finally, we examined whether EMP conferred functional effects on platelet activation. Initial experiments found that EMP alone were not sufficient to induce platelet activation (data not shown). Kinetic analysis to determine the rate of platelet activation revealed no effect of EMP on collagen-, ADP- or TRAP-6-evoked platelet activation (online figure V). We next examined the peak of platelet activation. ABC-EMP induced a +1.9-fold increase in platelet αIIbβ3 integrin activation compared to no EMP (p=0.0227), TDF-EMP (p=0.0252) and TAF-EMP (p=0.0249) (figure 7A) and +1.6-fold increase in α-granule release compared to no EMP (p=0.0001), vehicle-EMP (p=0.0015) TDF-EMP (p=0.0007) and TAF-EMP (p=0.0018) (figure 7B) following collagen stimulation. There was no difference in dense granule release between EMP sources (figure 7C). We repeated these platelet activation assays using EMP generated in response to TNF-α, which also showed an ABC-EMP-specific enhancement of αIIbβ3 integrin activation (figure 7D) and α-granule release (figure 7E), but not dense granule release (figure 7F). The modulatory effect of ABC-EMP upon platelet activation was specific to collagen, as we did not observe any effect following stimulation with ADP (online figure VI) or TRAP-6 (online figure VII). 

Discussion
The immunopathology of CVD draws upon both genetic and environmental factors. Within the context of HIV, chronic systemic HIV-associated inflammation and daily cART are also thought to affect disease progression. PLHIV also have higher incidences of dyslipidaemia, chronic inflammation and vascular dysfunction, which contribute to CVD and have been associated with HIV infection and/or exposure to antiretrovirals41-43. To better treat PLHIV, it is therefore paramount that we understand the effects of cART upon the cardiovascular system. Due to the growing use of TDF and TAF as pre-exposure prophylaxis (PrEP), whereby at-risk HIV-negative individuals take antiretrovirals to prevent HIV transmission, our study is relevant to HIV prevention as well as treatment.  
In this report, we describe differential effects of the antiretrovirals ABC, TDF and TAF, one of which is frequently included in current HIV treatment regimens, upon endothelial function. We examined endothelial responses in the absence and presence of TNF-α, to model the low-grade chronic inflammation reported among PLHIV40. ABC-treated HUVEC and HCAEC displayed higher TNF-α-induced ICAM-1 and TF expression, compared to TDF- and TAF-treated counterparts. In contrast, TDF- and TAF-treated endothelium had greater ectonucleotidase-positive populations compared to ABC-treated cells, an effect that was more striking in coronary artery-derived cells. Endothelial adhesion molecules play a central role in orchestrating immune cell function and migration. Increased endothelial ICAM-1 expression following ABC exposure may indicate a greater propensity to engage with circulating cells and platelets. Published data support this hypothesis, with increased leukocyte rolling and adhesion reported following ABC treatment, which was mitigated by ICAM-1 blockade44. Therefore, ABC may contribute to cardiovascular risk by enhancing cellular interactions within the vasculature, an effect that would not be expected with TDF or TAF.
TF is central to the extrinsic pathway of the coagulation cascade, contributing to the induction of thrombosis45. Our observations suggest that ABC may potentiate inflammation-induced TF function in PLHIV leading to a pro-thrombotic environment. This is particularly relevant in the context of HIV where low-grade chronic inflammation persists even during effective viral suppression by cART36-39. The relatively low increases in TF expression and activity may explain why links between patients taking ABC and CVD complications have not been consistently observed in clinical studies. 
Endothelial ectonucleotidases (CD39/CD73) phosphohydrolyse ATP/ADP (both platelet agonists) to inert adenosine. The CD39/CD73 axis regulates leukocyte extravasation25-28 and disruption results in increased vascular inflammation and thrombus formation46, 47. In both cells types, ABC treatment resulted in lower CD39+CD73+ populations and reduced phosphohydrolytic activity, including in the presence of TNAP inhibitors, suggesting a specific effect on ectonucleotidase activity. These observations may indicate that ABC and TDF/TAF differentially impact ATP/ADP concentrations in the locality of the vascular endothelium and that the presence of ABC would increase platelet activation, relative to TDF/TAF exposure. 
Interestingly, we noted that higher ectonucleotidase expression and activity in TDF- and TAF-treated cells relative to ABC was lost following TNF-α stimulation. Early studies found that CD39 activity was reduced in human aortic endothelial cells following TNF-α stimulation48. Subsequent reports later demonstrated reduced CD73 expression and activity in TNF-α stimulated HUVEC49, 50. Our data indicates that the mechanisms and pathways driving enhanced ectonucleotidase expression and activity were mitigated during inflammation. The relevance of this to inflammation in the context of HIV remains unclear, in particular when considering reports of interferon-induced endothelial ectonucleotidase expression51, 52. Future studies should therefore explore synergistic effects of inflammatory cytokines implicated in cardiovascular and HIV pathology.
	The role of microparticles in cellular crosstalk and disease pathology has been gaining attention in recent years. We report that ABC increased EMP production, with ICAM-1+ and TF+ EMP subpopulations being elevated compared to TDF and TAF in both HUVEC and HCAEC. In contrast, levels of ectonucleotidase carrying EMP were lower within the ABC-EMP repertoire. Furthermore, functional analysis demonstrated ABC-EMP had higher TF activity and lower ectonucleotidase activity compared to TDF- and TAF-EMP. Interestingly, ABC-EMP isolated from unstimulated HUVEC and HCAEC displayed higher TF activity. This data somewhat contrasts to cell data, which showed no effect of antiretroviral treatment upon unstimulated TF expression or activity. Our work may therefore indicate that whilst TF on resting endothelial cells is inactive, when shed on EMP it becomes active. We did not elucidate the mechanisms of quiescent endothelial TF activation as it incorporates into EMP, however this may be of interest and could potentially highlight novel pathways that increase cardiovascular risk and which could be targeted by therapeutic intervention. Taken together, our data suggest that ABC influences the ectonucleotidase/TF axis and enhances coagulative function at both a cell and EMP level, which may provide one explanation to the increased MI signal seen with ABC in cohort studies8. 
Having shown that antiretrovirals affect EMP numbers and thromboregulatory characteristics, we then investigated the effects of EMP upon endothelial-platelet crosstalk. ABC-EMP uniquely enhanced collagen-evoked platelet integrin activation and α-granule release. Earlier work demonstrated that TF+ microparticles can induce thrombosis53, therefore, our observations of increased platelet reactivity may be mediated by the increased release of TF+ EMP by ABC-treated cells. Given that platelet α-granules contain various adhesive molecules and coagulation factors54, increased release of these substances could increase cardiovascular risk in PLHIV on ABC. The observed effects of antiretrovirals upon ectonucleotidase-driven phosphohydrolytic activity in EMP did not translate into an effect on ADP-evoked platelet activation. Although this does not rule out a thromboregulatory role of ectonucleotidases at a patient level, our data suggest collagen exposure as the priming event via integrin activation by which ABC increases cardiovascular risk. Interestingly, a similar collagen-specific effect has been reported in platelets isolated from PLHIV enrolled in a clinical trial comparing ABC- and TDF-based regimens and is thought to represent one mechanism ABC can enhance cardiovascular risk55. Whilst we have characterised the functional effects of EMP on platelets, further work could examine the underlying signalling pathways. Given that these are off-target effects of antiretrovirals, these studies are likely to be lengthy and complex and may not reveal a specific signalling mechanism.
In summary, HIV is no longer the life limiting disease it was during the AIDS pandemic. Instead, the ageing population of PLHIV are experiencing comorbidities associated with ageing, including CVD. Our data establishes a pharmacological link between ABC and increased endothelial activation following inflammatory stimulation. ABC-associated endothelial activation subsequently promotes endothelial-platelet crosstalk via an enhanced ‘inflammatory’ and ‘pro-coagulant’ EMP profile that augments platelet reactivity. These observations, along with earlier studies demonstrating an effect of ABC upon platelet activation, suggest specific antiretroviral-associated functional mechanisms that underpin the ABC-associated CVD risk reported within the literature. In contrast to ABC, TDF and TAF do not affect endothelial cells in a manner that would be expected to increase cardiovascular risk. Indeed, their effects on ectonucleotidases suggest potentially cardioprotective effects. Our data suggest that antiretroviral therapy in PLHIV may be optimised to reduce endothelial-associated cardiovascular risk.
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Figure and Figure Legends
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Figure 1. Contrasting effects of antiretrovirals on intercellular cell adhesion molecule (ICAM)-1, ectonucleotidase and tissue factor (TF) expression in human umbilical cord vein endothelial cells (HUVEC). A, Basal ICAM-1 expression was reduced in HUVEC treated with either TDF or TAF compared to vehicle (p=0.0339 and p=0.0291 respectively) and ABC (p=0.0435 and p=0.0375 respectively). B, TNF-α-induced (10ng/ml, 24h) ICAM-1 expression was increased in all treatment groups. ABC-treated cells displayed greater expression than cells treated with TDF (p=0.0469) or TAF (p=0.0465). C, TDF and TAF treatment enhanced the proportion of HUVEC expressing both CD39 and CD73 in the absence of additional stimulus compared to vehicle (p=0.0307 and p=0.0243 respectively). D, The effects of TDF and TAF treatment were mitigated following TNF-α stimulation (10ng/ml, 24h). E, Unstimulated HUVEC had low TF expression, which was unaffected by antiretroviral treatment. F, TNF-α stimulation (10ng/ml, 6h) induced TF expression. ABC-treated HUVEC displayed increased TF expression compared to TDF- and TAF-treated counterparts (p=0.0040 and p=0.0089 respectively). Data presented as mean ±SEM from 5 independent experiments. One-way ANOVA with a Tukey’s multiple comparison test was used for analysis. *p<0.05, **p<0.01.
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Figure 2. HIV antiretrovirals differentially impact the endothelial microparticle (EMP) repertoire. A, Abacavir sulphate (ABC) induced greater numbers of EMP in unstimulated human umbilical cord vein endothelial cells (HUVEC) compared to vehicle (p=0.0029), tenofovir disoproxil fumarate (TDF; p=0.0240) and tenofovir alafenamide (TAF; p=0.0102). B, Stimulation with TNF-α (10ng/ml, 4h) increased EMP production. ABC-treated cells produced more EMP compared to vehicle (p=0.0255), TDF (p=0.0388) and TAF (p=0.0318). C, In the absence of additional stimulus, ABC-treated HUVEC produced more ICAM-1+ EMP compared to vehicle (p=0.0154), TDF (p=0.0474) and TAF (p=0.0085). D, Following TNF-α stimulation, ABC significantly enhanced ICAM-1+ EMP numbers compared to both vehicle (p=0.0303) and TAF (p=0.0372). E, Low TF+ EMP numbers were seen in unstimulated HUVEC. ABC treatment increased TF+ EMP production compared to vehicle (p=0.0157), TDF (p=0.0088) and TAF (p=0.0017). F, TNF-α stimulation elevated TF+ EMP release by all cells. ABC increased TF+ EMP release compared to vehicle (p=0.0351), TDF (p=0.0229) or TAF (p=0.0205). G, TAF-treated HUVEC generated more CD39+CD73+ EMP compared to ABC (p=0.0420) in the absence of additional stimulus. H, Following TNF-α stimulation, the significant increase in CD39+CD73+ EMP release was lost. Data presented as mean ±SEM from 5 independent experiments. One-way ANOVA with a Tukey’s multiple comparison test was used for analysis. *p<0.05, **p<0.01.
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Figure 3. Abacavir sulphate (ABC) increases intercellular adhesion molecule (ICAM)-1 and tissue factor (TF) expression and reduces CD39+CD73+ cell populations in human coronary artery endothelial cells (HCAEC). A, Antiretroviral treatment had no effect on basal ICAM-1 expression in HCAEC. B, TNF-α stimulation (10ng/ml, 24h) upregulated ICAM-1 expression. ABC-treated HCAEC expressed higher levels of ICAM-1 than cells pre-treated with vehicle (p=0.0078), tenofovir disoproxil fumarate (TDF; p=0.0351) or tenofovir alafenamide (TAF; p=0.0289). C, ABC-treated HCAEC had greater TNF-α stimulated (10ng/ml, 6h) TF expression compared to vehicle- (p=0.0352), TDF- (p=0.0493) and TAF-treated (p=0.0393) cells. D, ABC treatment reduced the population of CD39+CD73+ HCAEC compared to vehicle- (p=0.0174), TDF- (p=0.0423) and TAF-treated (p=0.0276) cells. Data presented as mean ±SEM from 5 independent experiments. One-way ANOVA with a Tukey’s multiple comparison test was used for analysis. *p<0.05, **p<0.01.














[image: ]
Figure 4. Abacavir sulphate (ABC) augments endothelial microparticle (EMP) production by human coronary artery endothelial cells (HCAEC). A, ABC treatment increased the total number of unstimulated EMP produced compared to vehicle (p=0.0180), tenofovir disoproxil fumarate (TDF; p=0.0098) and tenofovir alafenamide (TAF; p=0.0093). B, ABC-treated HCAEC generated more intercellular adhesion molecule (ICAM)-1+ EMP compared to vehicle- (p=0.0019), TDF- (p=0.0056) and TAF-treated (p=0.0023) counterparts. C, Higher numbers of tissue factor (TF)+ EMP were seen in ABC-treated HCAEC compared to vehicle (p=0.0096), TDF (p=0.0202) and TAF (p=0.0499). D, TDF- and TAF-treated HCAEC produced more CD39+CD73+ EMP compared to ABC treatment (p=0.0435 and p=0.0355). E, Following TNF-α stimulation (10ng/ml, 4h) ABC-treated HCAEC released more EMP compared to vehicle (p=0.0378), TDF (p=0.0482) and TAF (p=0.0215). F, More ICAM-1+ EMP were generated by ABC-treated cells compared to vehicle- (p=0.0367), TDF- (p=0.0288) and TAF-treated (p=0.0191) HCAEC. G, More TF+ EMP were generated by ABC-treated HCAEC compared to vehicle (p=0.0272), TDF (p=0.0484) and TAF (p=0.0125). H, The significant increase in CD39+CD73+ EMP observed in unstimulated cells treated with TDF or TAF was lost following TNF-α stimulation (10ng/ml, 4h). Data presented as mean ±SEM from 5 independent experiments. One-way ANOVA with a Tukey’s multiple comparison test was used for analysis. *p<0.05, **p<0.01.
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Figure 5. Abacavir sulphate (ABC) enhances endothelial tissue factor (TF) activity whilst tenofovir disoproxil fumarate (TDF) and tenofovir alafenamide (TAF) increase ectonucleotidase activity. A, Unstimulated human umbilical cord vein endothelial cells (HUVEC) had low TF activity once normalised to 10µg protein lysate. ABC-treated HUVEC displayed a non-significant trend towards increased TF activity. B, Unstimulated ABC-treated human coronary artery endothelial cells (HCAEC) had higher TF activity compared to vehicle- (p=0.0132), TDF- (p=0.0148) and TAF-treated (p=0.0148) cells. C, ABC treatment prior to TNF-α stimulation (10ng/ml, 6h) significantly increased TF activity in HUVEC compared to vehicle (p=0.0065), TDF (p=0.0196) and TAF (p=0.0045). D, HCAEC treated with ABC displayed greater TNF-α stimulated (10ng/ml 6h) TF activity than HCAEC treated with vehicle (p=0.0302), TDF (p=0.0460) and TAF (p=0.0390). E, TDF- and TAF-treated unstimulated HUVEC had higher phosphate concentrations compared to ABC-treated cells (p=0.0250 and p=0.0151), indicating greater ectonucleotidase activity. F, Unstimulated HCAEC treated with ABC had lower phosphate concentrations, and therefore ectonucleotidase activity, compared to cells treated with vehicle (p=0.0429), TDF (p=0.0353) and TAF (p=0.0114). Both G, HUVEC and H, HCAEC lost significant differences in phosphate concentrations following TNF-α stimulation (10ng/ml, 24h). Data presented as mean ±SEM from 5 independent experiments. One-way ANOVA with a Tukey’s multiple comparison test was used for analysis. *p<0.05, **p<0.01.
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Figure 6. Abacavir sulphate (ABC) augments endothelial microparticle (EMP) tissue factor (TF) activity and reduces EMP ectonucleotidase activity. ABC-EMP in the unstimulated EMP repertoires of both A, human umbilical cord vein endothelial cells (HUVEC) and B, human coronary artery endothelial cells (HCAEC) had higher TF activity compared to vehicle (p=0.0130 and p=0.0218), tenofovir disoproxil fumarate (TDF)- (p=0.0141 and p=0.0069) and tenofovir alafenamide (TAF)-EMP (p=0.0101 and p=0.0073). ABC-EMP generated in the response to TNF-α (10ng/ml, 4h) also displayed greater TF activity compared to all other treatment groups in C, HUVEC-EMP (p=0.0065, p=0.0196 and p=0.0045 respectively) and D, HCAEC-EMP (p=0.0302, p=0.0460 and p=0.0390 respectively). E, TDF- and TAF-EMP from unstimulated HUVEC generated higher phosphate concentrations, indicative of greater ectonucleotidase activity, than ABC-EMP (p=0.0065 and p=0.0025). F, ABC-EMP isolated from unstimulated HCAEC produced lower phosphate concentrations compared with vehicle- (p=0.0475), TDF- (p=0.0463) and TAF-EMP (p=0.0239). Antiretroviral-induced differences in TNF-α induced (10ng/ml, 4h) EMP ectonucleotidase activity lost significance in both G, HUVEC-EMP and H, HCAEC-EMP. Data presented as mean ±SEM from 5 independent experiments. One-way ANOVA with a Tukey’s multiple comparison test was used for analysis. *p<0.05, **p<0.01.
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Figure 7. Endothelial microparticles (EMP) isolated from abacavir sulphate (ABC)-treated endothelial cells augment collagen-evoked platelet αIIbβ3 integrin activation and α-granule release. EMP isolated from unstimulated human umbilical cord vein endothelial cells (HUVEC) were assessed (50,000 EMP/ml). A, ABC-EMP enhanced collagen-evoked (10µg/ml) platelet αIIbβ3 integrin activation compared to no EMP (p=0.0227), tenofovir disoproxil fumarate (TDF)- (p=0.0252) and tenofovir alafenamide (TAF)-EMP (p=0.0249). B, Collagen-evoked (10µg/ml) platelet α-granule release was augmented by ABC-EMP compared to no EMP (p=0.0001), vehicle- (p=0.0015), TDF- (p=0.0007) and TAF-EMP (p=0.0018). C, Dense granule release was unaffected by any of the EMP sources. TNF-α induced (10ng/ml, 4h) HUVEC-EMP were then examined. D, ABC-EMP increased platelet αIIbβ3 integrin activation compared to all other EMP sources (p=0.0278, p=0.0390, p=0.0482 and p=0.0180 respectively). E, Platelet α-granule release was enhanced by ABC-EMP compared to no EMP (p=0.0054), vehicle- (p=0.0027), TDF- (p=0.0201) and TAF-EMP (p=0.0138). F, EMP pre-incubation did not affect dense granule release. Data presented as mean ±SEM from 5 independent experiments. One-way ANOVA with a Tukey’s multiple comparison test was used for analysis. *p<0.05, **p<0.01, ***p<0.001.





Novelty and Significance 

What is known?
· People living with HIV (PLHIV) have an increased risk of cardiovascular disease (CVD)
· Certain antiretrovirals have been linked to a further increased relative risk of CVD
· Endothelial dysfunction has been reported in PLHIV, but a link between (modifiable) antiretrovirals and endothelial function has not been established.

What new information does this article contribute?
· HIV antiretrovirals can have off-target effects impacting endothelial function 
· Abacavir sulphate (ABC), which has been linked to an increased cardiovascular risk, enhanced endothelial pro-inflammatory properties 
· Our data links a specific and avoidable antiviral drug with functional effects that underpin CVD in PLHIV  

PLHIV have an increased risk of CVD including myocardial infarction, potentially due to off-target effects of antiretroviral drugs. Studies have found that certain antiretrovirals, including ABC, impact leukocyte and platelet function however, the effects upon endothelial cells are not as well characterised. ABC enhanced endothelial cell adhesive properties and tissue factor activity, which is associated with coagulation. There were also increased numbers of endothelial-derived microparticles with a similarly enhanced activated phenotype and a greater ability to promote platelet activation. In contrast, other antiretrovirals, tenofovir disoproxil fumarate (TDF) and tenofovir alafenamide (TAF), enhanced the activity of endothelial ectonucleotidases which are associated with cardioprotective properties. Our data link particular antiretrovirals with specific effects that would be expected to both increase and decrease cardiovascular risk in PLHIV. Our findings suggest that antiretroviral therapy may be tailored to reduced cardiovascular morbidity in PLHIV by switching from drugs with a higher to lower cardiovascular risk profiles.
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