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Abstract 
SLC2A1 mediates glucose cellular uptake; key to appropriate immune function. Our previous work has shown efavirenz and lopinavir exposure inhibits T cell and macrophage responses, to known agonists, likely via interactions with glucose transporters. Using human cell lines as a model, we assessed glucose uptake and subsequent bioenergetic profiles, linked to immunological responses.

Glucose uptake was measured using 2-deoxyglucose as a surrogate for endogenous glucose, using commercially available reagents. mRNA expression of SLC transporters was investigated using qPCR TaqMan™ gene expression assay. Bioenergetic assessment, on THP-1 cells, utilised the Agilent Seahorse XF Mito Stress test. In silico analysis of potential interactions between SLC2A1 and antiretrovirals was investigated using bioinformatic techniques. 

Efavirenz and lopinavir exposure was associated with significantly lower glucose accumulation , most notably in THP-1 cells (up to 90% lower and 70% lower with efavirenz and lopinavir, respectively). Bioenergetic assessment showed differences in the rate of ATP production (JATP); efavirenz (4 μg/mL), was shown to reduce JATP by 87% whereas lopinavir (10 μg/mL), was shown to increase the overall JATP by 77%. Putative in silico analysis indicated the antiretrovirals, apart from efavirenz, associated with the binding site of highest binding affinity to SLC2A1, similar to that of glucose.

[bookmark: _Hlk94802928]Our data suggest a role for efavirenz and lopinavir in the alteration of glucose accumulation with subsequent alteration of bioenergetic profiles, supporting our hypothesis for their inhibitory effect on immune cell activation. Clarification of the implications of this data, for in vivo immunological responses, is now warranted to define possible consequences for these, and similar, therapeutics.
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 [1: 2-DG, 2-deoxyglucose; ARVs, antiretrovirals; BCA, Pierce™ BCA protein assay; Ct, cycle threshold; ECAR, extracellular acidification rate; EFV, efavirenz; FCCP, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone; GLUT1, glucose uptake transporter 1; GLUTs, glucose uptake transporters; JATP, rate of ATP production; JATP, glyc glycolytic rate; JATPox, oxidative reaction rate; LCISol, live cell imaging solution; LPS, lipopolysaccharide; LPV, lopinavir; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; NNRTI, non-nucleoside reverse transcriptase inhibitor; OCR, oxygen consumption rate; PDB, protein data bank; PI, protease inhibitor; Rot/AA, rotenone and Antimycin A; SLC, solute carrier] 

Introduction
The human immune system has a number of mechanisms that allow for rapid activation following infection or damage [1, 2]. The rapid response requires a “metabolic boost” in the form of energy and biomass provision [3-6] particularly resulting in a high demand for rapid synthesis of ATP [5]. Activated immune cells support this bioenergetic demand by shifting from oxidative phosphorylation to glycolysis [7-10]. To support their increased need for glucose, immune cells rely on glucose uptake transporters (GLUTs) or solute carrier (SLC) transporters which are membrane-associated carrier proteins [11, 12]. These transporters facilitate the glucose transfer across the lipid bilayer in mammalian cells. Up to 14 human SLC2 transporters have, so far, been described with respect to functional involvement in immune responses [13].

The activity of GLUTs in immune cells has drawn considerable attention, due to their role in supporting immunological responses. Expression of SLC2A1, or GLUT1, provides cells with the basal levels of glucose required to function normally, however, when physiological and pathological conditions change, the need for glucose increases and GLUT1 is translocated to the surface [14-17]. When a T-cell receptor interacts with a cognate antigen, proteins responsible for the uptake of glucose, like SLC2A1, are upregulated via increased activation of the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/ mammalian target of rapamycin (mTOR) signalling axis [18, 19], inducing transcription factors such as hypoxia inducible factor 1-alpha (HIF1-α) [20], c-Myc [21] and NFκB [22]. It has been shown that GLUT1-deficient lymphocytes are impaired when it comes to the ability to undergo glycolysis, replication or differentiation [14]. Consequently, the availability of glucose is linked with the progression of immune disorders, such as human immunodeficiency virus (HIV). HIV infection is well characterised by an increase in glycolytic metabolism in CD4+ T cells [23], and is linked to a higher expression of GLUT1 transporters on monocytes and T cells [24-26]. During HIV infection, studies have shown the number of monocytes expressing SLC2A1 transporters increases, irrespective of treatment profiles [27] and T cells responding to viral infection often show dysregulated bioenergetic profiles [28]. 

In addition to their role in the uptake of endogenous substrates, SLC transporters are also implicated in the intracellular accumulation of a number of small-molecule drugs such as antiretrovirals (ARVs) [29-32] and selective serotonin reuptake inhibitors [33, 34] to name a few. In addition to their possible transport, there is also evidence that interactions between concomitantly administered drugs may result in lower intracellular accumulation within target immune cells; studies demonstrated that the ARVs tenofovir and nevirapine have intracellular drug interactions with the efflux transporter P-gp [35]. This could be suggested as a possible implication for the transport of endogenous molecules, in the presence of additional substrates, impacting on immune cell responses. We have previously observed a lower activation profile of primary human immune cells, in response to well-described mitogens, in the presence of the HIV non-nucleoside reverse transcriptase inhibitor (NNRTI), efavirenz (EFV) and protease inhibitor (PI), lopinavir (LPV) [36, 37]. The lower immune activation profiles, in the presence of ARVs, may be due to inhibition of glucose uptake transporters. We set out to examine the impact of ARVs on the uptake of glucose in several human immune cell lines. 

[bookmark: _Hlk100849686][bookmark: _Hlk100849511]The aim of the current study was to determine if glucose uptake was lower in the presence of efavirenz and lopinavir, in a number of human immune cell lines, as well as assess potentially altered expression profiles of GLUTs and alterations to the cells bioenergetic profiles following exposure to these antiretrovirals. The objective of this study was to attempt to elucidate the reasons for the lowered immune activation profiles observed previously. We decided to emphasise GLUT1 and GLUT4 (SLC2A4) due to their, previously reported, involvement in HIV infection and associated ARV treatments [17, 18, 24, 38]. Additionally, in silico analysis was undertaken to identify putative interactions of efavirenz and lopinavir with GLUTs, to support in vitro findings.
Materials and methods
Materials
CEM (T-cell line, ATCC number: CCL-119™), THP-1 (monocyte cell line, ATCC number: TIB-202™) and KU812 (basophilic cell line, ATCC number: CRL-2099) cells were purchased from ATCC (Manassas, Virginia, United States). Dimethyl sulfoxide (DMSO), Thiazolyl Blue Tetrazolium Bromide (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (MTT), Hanks Balanced Salt solution (HBSS), Roswell Park Memorial Institute 1640 (RPMI-1640), nuclease-free water, BAY-876, oligomycin, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), rotenone and antimycin A (Rot/AA) were obtained from Sigma-Aldrich (St. Louis, Missouri, United States). Phosphate-buffered saline (PBS), fetal bovine serum (FBS), TaqMan™ master mix, TaqMan™ primer FAM-MGB Probe for genes ACTB, SLC2A1, SLC2A4, live cell imaging solution (LCISol), Pierce™ BCA protein assay kit (BCA) and Corning® Cell-Tak™ cell and tissue adhesive were purchased from Thermo Fisher Scientific (Waltham, Massachusetts, United States). The ab136955 glucose uptake assay (colorimetric) kit was purchased from Abcam (Cambridge, UK) – version 16 of the protocol was followed for the ab136955 kit. The RNeasy® mini kit was purchased from Qiagen (Hilden Germany) and the GoScript™ reverse transcription system was obtained from Promega (Madison, WI, United States). The Seahorse XF base medium, without phenol red and the Seahorse XFe96 FluxPak plates were obtained from Agilent (Santa Clara, CA, United States). LPS-EK ultrapure (LPS) was purchased from Invivogen (Toulouse France). EFV and LPV, were obtained from LGM Pharma (Erlanger, Kentucky, United States). All drugs were in solution at a stock concentration of 10 mg/mL. EFV and LPV were dissolved originally in DMSO at 10 mg/mL then diluted into complete medium (RPMI-1640 supplemented with 10% FBS) to 1 μg/mL. For BAY-876, the IC50 value of 2nM, taken from literature [39-41] was used in subsequent experiments.

Routine maintenance of cell lines 
CEM, KU812 and THP-1 were maintained in complete growth medium (RPMI-1640 supplemented with 10% FBS) and maintained at 37°C, 5% CO2. Cells were subcultured at cell densities of 8x105 cells/mL. Briefly, cultures were transferred to 50 mL universal tubes and centrifuged in a Heraeus Multifuge 3SR+ (Thermo Fisher Scientific, Waltham, Massachusetts, United States) for 5 minutes at 2000 RPM. The supernatant was discarded in Virkon and cells were re-suspended in, fresh, complete medium. Culture volumes were adjusted to 2x105 viable cells/mL following a cell count performed using NucleoCounter NC-200 (Chemometec, Allerod, Denmark). All experiments were carried out at passage 18 or lower.
[bookmark: _Hlk29314213]
Determining cytotoxicity of efavirenz and lopinavir in cell lines via MTT assay
CEM, KU812 and THP-1 were seeded at 5x105 cells/mL in 96-well microplates. The cells were treated with EFV and LPV at 250 μg/mL and nine subsequent 1:2 dilutions and BAY-876 at 1.25 μM and nine subsequent 1:5 dilutions for 0- and 24-hours. Following incubation, the microplates were centrifuged, and the supernatant discarded. 50 μL of MTT (5 mg/mL in PBS) was added to each well and incubated for a further four hours before centrifugation and supernatant aspiration. 50 μL of DMSO was added to each well to lyse the cells and solubilise the formazan product. Absorbance values of each well were measured at 570nm using a CLARIOstar microplate reader (BMG Labtech, Offenburg, Germany). GraphPad Prism software (version 8) was used to calculate CC20 values for drugs showing cytotoxicity. 

Measurement of glucose uptake by chromogenic assay
[bookmark: _Hlk92813413]CEM, THP-1 and KU812 cells were treated with EFV, LPV and BAY-876 for 0- and 24-hours. Cells were washed three times with HBSS. Cells were suspended at 5x105 cells/mL in serum-free RPMI-1640 and plated at 100 μL per well. The glucose uptake assay was carried out following the protocol provided with the glucose uptake assay kit version 16: the plate was incubated for the appropriate set-up and washed 3× with PBS. 100 μL of PBS and 10 μL of 10 mM 2-deoxgyglucose (2-DG) was added to each well and incubated for 20 minutes. The plate was then again washed 3× with PBS and 80 μL of extraction buffer was added to each well to lyse samples. The plate was freeze/thawed and placed on a thermocycler (ElectraMed, Dublin, Ireland) at 85°C for 40 minutes. The standard curve was set up at 2-DG6P concentrations of 0, 20, 40, 60, 80 and 100 pmol/well. 10 μL of neutralising buffer was added, and the plate was spun at 500 rpm for 2 minutes. The supernatant was transferred to a new plate and 45 μL of assay buffer was added to each well. Reaction mix A was added at 10 μL and the plate was incubated for one hour at 37°C. 90 μL of extraction buffer was then added and placed on the thermocycler for 40 minutes at 90°C. 12 μL of neutralising buffer was added, along with 38 μL of reaction mix B before the absorbance values at 412 nm were recorded on the CLARIOstar microplate reader.

Measuring SLC transporter expression, in immune cell lines, using real-time PCR
1x106 cells/well CEM, KU812 and THP-1 were seeded to a 48-well tissue culture plate and dosed with two concentrations of each drug in triplicate; the Cmax and a uniform maximum concentration (informed by CC20 data). Untreated and positive controls were included in parallel for each cell line. The positive controls consisted of known stimulants; C3a protein (50 ng/mL), LPS (20 ng/mL) and PHA (100 ng/mL) for KU812, THP-1 and CEM cell lines, respectively. All cells were incubated at 37°C and 5% CO2 for 24 hours. After incubation, the cells were washed three times, in PBS, prior to RNA extraction. 

RNA isolation was completed using spin columns supplied in the Qiagen RNeasy® mini kit, according to the manufacturer’s instructions. Briefly, cells were lysed, using kit reagents, and RNA eluted from the column into microcentrifuge tubes using nuclease-free water. The amount, and purity, of the eluent was determined using a NanoDrop 1000 spectrophotometer (Thermo Scientific) by measuring the 260:280 ratio. Each RNA sample was reverse transcribed using the GoScript™ RT system following the manufacturer’s protocol. Briefly, random primers, oligonucleotides, and reaction mix were added to each sample and incubated on a 42°C heat block for 60 minutes and stored at 4°C until analysis. 20 ng of cDNA was used per PCR run using the qPCR TaqMan™ gene expression assay. Each sample was combined with master mix, the specific gene primer-probe (either ACTB (Assay ID HS999999-3_m1), the housekeeping gene, or one of the genes of interest, SLC2A1 (Assay ID HS00197884_m1), or 2A4 (Assay ID HS00168966_m1)) and nuclease-free water to a total of 20μL. Each sample was then amplified on a DNAEngine® peltier thermal cycler (Bio-Rad) with the following programme settings: 50°C for 2 minutes, 95°C for 10 minutes and then 40 cycles of 95°C for 15 seconds followed by 60°C for 60 seconds. The fluorescence was recorded after each cycle by the Opticom Monitor 3 software and the cycle threshold (Ct) for each concentration was determined and exported into Prism 8 where it was normalised to the untreated housekeeping gene and transformed into average percentage difference using a comparative Ct calculation.

Measuring bioenergetic profiles in THP-1 cells using the Seahorse XFe96 analyser.
Before the assay, the sensor cartridge was hydrated and the XFe96 cell culture microplate was coated in Cell-Tak using the following method: Prepare Cell-Tak solution by adding 92.8 μL of Cell-Tak to 1.3 mL of 0.1 M NaHCO3 (pH 8.0) (60 wells). 20 μL of the diluted Cell-Tak was added per well and incubated for 1 hour at 37°C without supplemental CO2. The plate was then washed twice using 200 µL sterile 37°C distilled water, allowed to air dry, and stored at 4°C until needed. 

THP-1 cells at 2x106 cells/mL were treated with EFV, LPV and BAY-876 (± LPS) for 24-hours or used as an acute injection on the Seahorse (0 hour). Following incubation, the suspensions were transferred to the Cell-Tak prepared plate and centrifuged at 200×g for 1 minute to facilitate cell attachment. The plate was then incubated at 37°C for at least 1 hour to allow cell attachment. The plate was washed twice with 100 μL of Seahorse XF basal, phenol free medium and a final volume of 175 μL was added to each well and incubated for at least one hour. Concentrations of the Mito Stress Test compounds (oligomycin, FCCP, Rot/AA) were prepared in Seahorse XF medium at optimised concentrations for the THP-1 cells (data available on request): Oligomycin 1.5 μM, FCCP 0.5 µM, Rot/AA 1 µM. The cartridge and the utility plate was then loaded into the instrument and the calibration started. Once complete, the cell plate was added, and the results were collected once finished. 

A BCA was performed to measure the total protein content from each well, which was then used to normalise the Seahorse data. Standards were prepared of the diluted albumin according to the Pierce™ BCA Protein Assay Kit protocol. A BCA working reagent was made by mixing fifty parts of BCA reagent A with one part of BCA reagent B. The microplate procedure was then followed to produce a standard curve to determine the protein concentration of each sample within the plate: 25 μL of each standard or sample was added into a microplate, in duplicate, and 200 μL of the BCA working reagent was added to each well. The plate was then mixed on a shaker for 30 seconds, then covered and incubated at 37°C for 30 minutes. The plate was then cooled to room temperature and the absorbance was read at 562nm. 

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8.3 software. Statistical significance was evaluated using a one-way ANOVA test. A P value <0.05 was considered statistically significant.
Molecular modelling of SLC2A1 with docking of ARVs and BAY-876
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Results
Efavirenz and lopinavir exposure leads to cytotoxicity in CEM, THP-1 and KU812 cells.
The compounds used throughout the experiment could potentially cause cytotoxicity within the cell lines used. Therefore, prior to use in the functional assays, suitable concentrations were determined that did not result in marked cytotoxicity, in the cell lines being used. Using MTT assays, it was determined that EFV (Figure 1B) and LPV (Figure 1C) displayed toxicity with increasing concentration, generating the CC20 concentrations displayed in Figure 1A.  BAY-876 did not show any overt toxicity in the MTT assay for the three cell lines investigated. As such, valid CC20 values could not be generated as there was no evident toxicity (Figure 1D).
	Cell Line
	ARV
	CC20 (μg/mL)

	CEM
	EFV
	11.73

	
	LPV
	6.13

	THP-1
	EFV
	14.04

	
	LPV
	17.78

	KU812
	EFV
	11.92

	
	LPV
	6.22


Figure 1. Dose response curves of ARV drug effects on CEM, THP-1, KU812.
[bookmark: _Hlk29312329]Cell-based and cell-free MTT assay concentration-response curves (absorbance at 570 nm) generated by CEM cell line treated with (A) efavirenz (EFV), (B) lopinavir (LPV), (C) emtricitabine (FTC), (D) lamivudine (3TC), THP1 cell line treated with (E) EFV, (F) LPV, (G) FTC, (H) 3TC, and KU812 cell line treated with (I) EFV, (J) LPV, (K) FTC, (L) 3TC. Data displayed as average of n=3 ± standard deviation. 

Figure 1. Determination of CC20 values, for EFV, LPV and BAY-876,in cell lines used within the study. 
Table (A) of CC20 concentrations generated from CC50 values produced from the MTT assay concentration-response curves. The CC20 concentrations were calculated using Prism ECAnything calculator, based on CC50 values and slope factor. These concentrations informed the exposures in subsequent experimentation. Cell-based and cell-free MTT assay concentration-response curves (absorbance at 570 nm) generated by CEM cell line treated with (B) efavirenz, (C) lopinavir and (D) BAY-876 for 24 hours. Data displayed as average of n=3 ± standard deviation.

Glucose uptake is lower in cells exposed to efavirenz and lopinavir, compared to untreated control cells
As the ARVs are known to affect the activation of immune cells, we speculated that these compounds may have an inhibitory effect on glucose uptake.  We addressed this question by using, commercially available, assays employing 2-DG as a surrogate for endogenous glucose, thereby determined the impact of ARVs on 2-DG accumulation.

CEM cells treated with EFV at 11.73 μg/mL, over a period of 24 hours, had significantly lower 2-DG accumulation than that of untreated cells (26% lower) (Figure 2B). 

[bookmark: _Hlk92968861]Within the THP-1 cell line, at 0 hours, EFV resulted in lower glucose uptake at both 4 μg/mL (50% lower) and 14.04 μg/mL (90% lower) when compared with the untreated, control, cells (Figure 2C). LPV at 10 μg/mL resulted in 33% lower glucose accumulation when compared with the untreated cells. In addition, LPV at 17.78 μg/mL significantly lowered the 2-DG accumulation (40% lower) (Figure 2C). Similarly, at 24 hours, treatment with EFV at 14.04 μg/mL resulted in lower intracellular glucose accumulation than the untreated control cells at 24-hours (76% lower) (Figure 2D). LPV at 10 μg/mL resulted in a significant difference of glucose accumulation in 24 hours (30% lower) and LPV at 17.78 μg/mL resulted in 71% lower glucose uptake when compared to the untreated control cells (Figure 2D).

At 0 hours, KU812 cells when treated with 11.92 μg/mL EFV resulted in a decrease of glucose uptake when compared with the untreated control (35% lower) (Figure 2E). LPV at 10 μg/mL (27% lower) and 6.22 μg/mL (41% lower) showed lower cellular glucose uptake when compared with the untreated control (Figure 2F). At 24 hours, EFV at 4 μg/mL and at 11.92 μg/mL resulted in a 48% and 82% decrease of glucose uptake, respectively, compared to the untreated control cells (Figure 2F).

	Cell Line
	ARV
	Concentration (μg/mL)

	CEM
	EFV Low
	4

	
	EFV High
	11.73

	
	LPV Low 
	10

	
	LPV High 
	6.13

	THP-1
	EFV Low
	4

	
	EFV High
	14.04

	
	LPV Low 
	10

	
	LPV High 
	17.78

	KU812
	EFV Low
	4

	
	EFV High
	11.92

	
	LPV Low 
	10

	
	LPV High 
	6.22


The ARVs investigated were shown to result in lower 2-DG uptake in the three immune cell lines, suggesting possible inhibition of SLC2 transporters. EFV had an instant effect in all cell lines tested, although this was not marked in CEM cells, and LPV effect over 24 hours could suggest that EFV is a competitive inhibitor of the SLC2 transporters, with LPV altering the phenotype of the cells, which was explored below. 

Table 1. Concentrations generated from CC20 concentrations (high) and Cmax (low) using Graphpad Compute ECanything from EC50.

 
Figure 2. Glucose uptake in CEM, THP-1 and KU812 treated with ARV drugs. 
Glucose uptake displayed in the form of a bar chart plotted as a percentage of untreated control cells when cell lines were treated with EFV and LPV at varied concentrations displayed in µg/mL. 
Chromogenic (ab136995) assay on (A) CEM cells for 0 hours, (B) CEM cells for 24 hours, (C) THP-1 cells for 0 hours, (D) THP-1 cells for 24 hours, (E) KU812 cells for 0 hours, (F) KU812 cells for 24 hours. Data displayed as average of n=4 ± standard deviation. Statistical significance when compared to untreated control displayed as * p<0.05. 
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Figure 2. Glucose uptake in CEM, THP-1 and KU812 treated with ARV drugs. 
Glucose uptake displayed in the form of a bar chart plotted as a percentage of untreated control cells when cell lines were treated with EFV and LPV at varied concentrations displayed in µg/mL. Chromogenic (ab136995) assay on (A) CEM cells for 0 hours, (B) CEM cells for 24 hours, (C) THP-1 cells for 0 hours, (D) THP-1 cells for 24 hours, (E) KU812 cells for 0 hours, (F) KU812 cells for 24 hours. Data displayed as average of n=4 ± standard deviation. Statistical significance when compared to untreated control displayed as * p<0.05.

SLC2A1 inhibitor, BAY-876, displayed cell-type dependent effects on glucose uptake
As there was evidence of the ARVs affecting glucose transport, whether via interactions with a specific transporter or multiple, we introduced the known SLC2A1 inhibitor, BAY-876. We then tested the effect on cellular glucose uptake in the three immune cell lines when the SLC2A1 transporter was inhibited to determine the effects of glucose uptake within the immune cells.

The results displayed were unexpected as in both CEM (Figure 3B) and KU812 (Figure 3F) cells treated with 2 nM of BAY-876, the glucose accumulation within the cells was higher on average when compared with the untreated control cells at 24 hours. At 24 hours, glucose accumulation within CEM cells was higher by 29% and in KU812 cells by 16% when compared to the untreated cells. 


Figure 3. Glucose uptake in CEM, THP-1 and KU812 treated with BAY-876 at 2nM. 
Glucose uptake displayed in the form of a bar chart plotted as a percentage of untreated control cells over two incubation points. Chromogenic (ab136995) assay displayed when immune cells are treated with BAY-876 at 2nM on (A) CEM cells for 0 hours, (B) CEM cells for 24 hours, (C) THP-1 cells for 0 hours, (D) THP-1 cells for 24 hours, (E) KU812 cells for 0 hours, (F) KU812 cells for 24 hours. Data displayed as average of n=4 ± standard deviation. Statistical significance when compared to untreated control displayed as * p<0.05.

SLC2A1 and SLC2A4 expression was higher at the transcriptional level in the CEM and THP-1 cell lines
[bookmark: _Hlk96065242]An additional line of investigation looked into whether ARVs had an effect on expression of SLC transporters. We addressed this by carrying out qPCR in all three cell lines to determine the influence of the ARVs on SLC2A1 and SLC2A4 mRNA expression. 

In the CEM cell line, SLC2A1 expression was significantly higher (2728% greater) when treated with 10 μg/mL LPV (Figure 4A). No significant changes in SLC2A4 expression were observed in this cell line (Figure 4B). 4 μg/mL EFV and 20 μg/mL LPV all increase the expression of SLC2A4 by a non-significant margin. 10 μg/mL LPV and the PHA positive control caused suppressed expression by 50% and 70%, respectively. 

EFV and LPV had no marked effects on the expression of SLC2A1 in THP-1 (Figure 4C). The 10 μg/mL dose of LPV had a significant increase effect on SLC2A4 (232% higher), an effect that was compounded by the higher 20 μg/mL dose which increased by 2725% compared to the untreated control (Figure 4D). 

Treatments added to the KU812 cell line produced non-statistically significant changes in transporter gene expression (Figure 4E, F). These four antiretroviral treatments and C3a positive control all decreased the expression of SLC2A4 by as much as 99% (Figure 4F). 

In THP-1 cells, LPV seemed to induce expression of SLC2A4. Therefore, in theory, this should lead to a higher level of 2-DG accumulation, rather than less at 24 hours like previously shown within the glucose uptake experiments. However, it is also possible that the ARV may be causing a concomitant increase in efflux transporters, to balance out the effect. Overall clarity on the phenotypic effects of LPV on GLUTs in these cells is required. For the most part, we can conclude that EFV and LPV caused no significant reduction in metabolite transporters expression, thus do not cause anergy through the modulation of SLC transporters at a transcriptional level. 


Figure 4. SLC2A1 and SLC2A4 transporter expression, and changes in response to ARV exposure, in CEM, THP-1 and KU812 cells
SLC transporter expression displayed in the form of a bar chart as a percentage expression compared to untreated control in CEM cells showing (A) SLC2A1 expression, (B) SLC2A4 expression, in THP-1 cells showing (C) SLC2A1 expression, (D) SLC2A4 expression, in KU812 cells showing (E) SLC2A1 expression, (F) SLC2A4 expression, in response to Cmax and CC20 doses of antiretroviral aqueous drug formulations. Data displayed as average of n=3 + standard deviation, except where stated. Positive controls consisted of PHA (100 ng/mL) for CEM cells, LPS (20 ng/mL) for THP-1 cells and C3a protein (50 ng/mL) for KU812 cells. Significant results displayed as * p<0.05. Technical replicates missing (~), no amplification of cDNA during qPCR, data missing (#).

Efavirenz and lopinavir alter energy production within THP-1 cells
[bookmark: _Hlk92980475][bookmark: _Hlk94802875]Due to the potential negative impact on normal cell function within the glucose uptake assays in the presence of the drugs, which may be attributed to restriction of SLC transporters or inactivation of the cells, we ran a series of Seahorse FX Mito Stress Tests on THP-1 cells. The test was to identify the differences, if any, within the energy profiles of the cells in the presence of the drugs. Calculation of glycolytic rates (JATPglyc) and oxidative reaction rates (JATPox) from extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were calculated following Mookerjee S, A. et al., this, in turn, was used to calculate the rates of ATP production (JATP) displayed in Figure 5 [42]. 

At 0 hours (acute injection), under basal conditions (Figure 5C), there were no significant differences in the rate of production of ATP with any of the treatments compared to the untreated. 

After the oligomycin injection (Figure 5D), EFV at 4 μg/mL resulted in a 58% increase in the rate of ATP production from 125.5 pmol ATP/min/μg protein to 198.6 pmol ATP/min/μg protein.  EFV at 4 μg/mL with LPS resulted in a 57% increase in the rate of ATP production from 125.5 pmol ATP/min/μg protein to 196.8 pmol ATP/min/μg protein. EFV at 14.04 μg/mL resulted in a 71% higher rate of ATP production from 125.5 pmol ATP/min/μg protein to 214.2 pmol ATP/min/μg protein, which increased to 79% after stimulation with LPS from 125.5 pmol ATP/min/μg protein to 225.3 pmol ATP/min/μg protein.  

LPV at 10 µg/mL resulted in an increase in the rate of ATP production by 36% (170.9 pmol ATP/min/μg protein) when stimulated with LPS. BAY-876 plus LPS treatment also significantly increased the rate of ATP production by 54% (194 pmol ATP/min/μg protein).                                                                                                                                  

At 24 hours, under basal conditions (Figure 5E), the primary source of ATP production was oxidative phosphorylation due to high OCR and low ECAR rates. 

Overall, there was a significant reduction in JATP when treated with EFV at 4 μg/mL from 185.5 pmol ATP/min/μg protein to 23.5 pmol ATP/min/μg protein (87% lower) and 4 μg/mL with LPS down to 24 pmol ATP/min/μg protein (87% lower). In addition, when stimulated with LPS, 14.04 μg/mL of EFV significantly reduced the JATP by 88% (22.8 pmol ATP/min/μg protein). However, LPV at 10 μg/mL significantly increased JATP to 329 pmol ATP/min/μg protein (77% higher) the rate of ATP production when stimulated with LPS. After the addition of oligomycin (Figure 5F), the majority of the ATP produced was via glycolysis due to the increase in ECAR and decrease in OCR.  EFV significantly reduced JATP at 4 μg/mL from 91.7 pmol ATP/min/μg protein to 11.2 pmol ATP/min/μg protein (88% lower), at 4 μg/mL after stimulation with LPS, to 25.7 pmol ATP/min/μg protein (72% lower) and at 14.04 μg/mL after stimulation with LPS (82% lower) from 91.7 pmol ATP/min/μg protein to 16.4 pmol ATP/min/μg protein.

[bookmark: OLE_LINK1]We can conclude that the drugs have significant effects on the energy profiles of the THP-1 cells. EFV significantly reduces the rate of ATP production after 24 hours, despite the initial increase under stressed conditions. This is supported by the lower accumulation of 2-DG seen in the glucose uptake assays. In contrast, LPV over the 24 hours continues to increase the rate of ATP production. This, with the previous findings of increased expression of SLC2A4, could suggest the increase in energy production is to power ATP-powered efflux transporters. 



Figure 5. ATP production (JATP) in THP-1 cells treated with ARVs and BAY-876
Displayed are rates of ATP production (JATP) converted from raw flux data provided by the Seahorse Mito Stress Test. Raw traces of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) produced by Seahorse Wave Desktop Software (v2.6) from Agilent Technologies by (A) THP-1 cells when treated with the ARVs and BAY-876 by acute injection, (B) THP-1 cells when treated with the ARVs and BAY-876 for 24 hours. JATP production when (C) THP-1 cells treated with ARVs and BAY-876 (± LPS) by acute injection, (D) THP-1 cells treated with ARVs and BAY-876 (± LPS) by acute injection and oligomycin, (E) THP-1 cells treated with ARVs and BAY-876 (± LPS) for 24 hours, (F) THP-1 cells treated with ARVs and BAY-876 (± LPS) for 24 hours and oligomycin. Data displayed as a mean of 3 + standard deviation, of n=2 experiments. Statistical significance when compared to untreated control displayed as * p<0.05.

Efavirenz bound to SLC2A1 at an alternate site to the binding site with the highest affinity
Due to there being changes to the accumulation of glucose within the cell lines but very few significant results in alterations of transporter expression, we concluded that the ARVs may have inhibitory effects of the SLC transporters rather than suppression of the transcription of the SLC transporters. From this we carried out a in silico analysis to determine where the ARVs may dock to SLC2A1.

The visual dockings of the ARVs, BAY-876 and glucose to SLC2A1 (Figure 6) show the binding position of the molecules to SLC2A1 with the highest affinity for binding (Supplementary Figure 1). Of the tested interactions, all apart from EFV, bound to SLC2A1 in a site with the highest binding affinity, similar to that of glucose (Figure 6I, J), in the centre of the SLC2A1 transporter. EFV bound in an alternative position on the outside of the transporter (Figure 6C, D). Each of the ARVs displayed interactions with SLC2A1, however, BAY-876 (Figure 6G, H) displayed no interactions with SLC2A1.

This further supported the suggestion of EFV being an inhibitor of the glucose transporters, theoretically now non-competitively.
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[image: ]Figure 6. Putative interactions of  EFV, LPV, and BAY-876 with SLC2A1.
Crystal structure for SLC2A1 obtained from Protein Data Bank (PDB) with the PDB ID 4PYP, representing the “exit state” (e1) of SLC2A1. (A) View of transmembrane α-helices are shown to be parallel to the membrane. (B) View of cytoplasmic orientation of the transmembrane α-helices. Backbone is hidden for ease of viewing. Visual images of the docking of ligand (green) (C) EFV, (E) LPV, (G) BAY-876 to SLC2A1 molecule (red) (PBD 4PYP) with labels displaying the distance in ångström. Glucose (green) (I) was used as a point of comparison. Cytoplasmic orientation visual of the docking between ligands (orange) (D) EFV, (F) LPV, (H) BAY-876 and (J) glucose to SLC2A1 is displayed with dots shown for ligands. Visualised using PyMoL. Dashed box used to mark point of binding of ligand to SLC2A1.

Discussion
Antiretrovirals have transformed the standard of care and saved countless lives in those living with HIV by reducing morbidity and mortality associated with ongoing viral replication. Previously, we have shown that exposing T cells and macrophages to efavirenz and lopinavir results in lowered activation profiles, in response to immune stimulation [36, 37]. In the current study, we set out to ascertain if inhibition of glucose uptake, via the interactions of ARVs with GLUTs, was a putative mechanism for this inhibition.  

The chromogenic glucose uptake assay was performed on CEM, THP-1 and KU812 cells. At the chosen timepoints, EFV and LPV exposure resulted in significantly lower glucose uptake in all three cell lines, compared to untreated cells. EFV was effective at inhibiting glucose uptake only a few minutes after incubation whereas LPV altered glucose uptake after 24 hours. From this, EFV had the potential to be a direct competitive inhibitor to the glucose transporters, whereas LPV may be altering the phenotype of the immune cells. EFV has been shown to have damaging effects on mitochondrial function, with results displaying inhibition of complex I of the respiratory chain, affecting cellular glucose levels [43]. Previous studies [44, 45] have also demonstrated EFV treatment leading to lower ATP production like those demonstrated via the Seahorse stress test. This would indicate that the use of EFV and LPV at different concentrations could reduce the activation of immune cells, theoretically contributing to cellular pathogenesis. 

Upon activation, immune cells favour glycolysis, causing an influx of glucose into the cells [7, 8, 46]. Activation of monocytes has been shown to increase membrane expression of SLC2 transporters, in particular increase SLC2A4 expression [47]. This potentially explains why the experimental results of the glucose uptake assay in the presence of the ARV drugs displayed a lower glucose uptake in the CEM cell line than the THP-1 cells as there are potentially a greater number of SLC2 transporters on the membranes of THP-1, resulting in a greater uptake of glucose. PIs have been proven to act as reversible non-competitive inhibitors of SLC2A4 transport activity [48, 49] which would also suggest a reduction of glucose uptake in immune cells in the presence of LPV. This supports the significant reductions in glucose uptake of THP-1 and KU812 cells at varying LPV concentrations. In addition, significantly lower cellular glucose levels in THP-1 and KU812 cells when treated with EFV was observed, suggesting possible inhibition of SLC2A1/SLC2A4 transporters. This would result in glucose metabolism in immune cells being reduced, suppressing immune cell activation. 

Compounds, such as BAY-876, were designed to inhibit the binding/release of glucose to SLC2A1 for potential modulation of glucose uptake. BAY-876 is a novel inhibitor of the SLC2A1 transporter by more than 100-fold of the other SLC transporters (SLC2A2 by 4700-fold, SLC2A3 by 800-fold, SLC2A4 by 135-fold) [50]. Previous work on the binding/inhibition mechanism of BAY-876 suggests that it is a competitive substrate of the SLC2A1 transporter with glucose, binding at the intracellular site of the protein [50, 51]. The glucose uptake measured in the presence of BAY-876 across the three cell lines resulted in a greater accumulation of glucose across 24 hours. The result from the chromogenic glucose assay was unexpected. It was assumed that SLC2A1 inhibition with BAY-876 would decrease 2-DG uptake in all three cell lines. The observation was a greater accumulation of 2-DG, especially in CEM and KU812 cell lines. 

A possible explanation for this observation could be that the inhibition of the SLC2A1 transporter by BAY-876 could lead to an increase in expression of the other GLUT transporters, thus the amount of 2-DG taken up by the cells is increased. Alternatively, there may be greater translocation of GLUTs to the surface of protein membranes when the existing SLC2A1 transporters on the surface become inhibited, so theoretically, BAY-876 at the half-maximal inhibitory concentration of 2nM causes an increase of SLC2A1 transporters leading to an increase in glucose uptake. These hypotheses are supported by work within the literature. Previous studies show the SLC2A1/3 inhibitors, Glupin and Glutor, shown to upregulate the SLC2A1 and SLC2A3 isoforms under hypoglycaemic conditions [52, 53]. Research into resting CD4+ T-cells shows expression of SLC2A1 and SLC2A3 at an equal level. Upon activation, expression of intracellular SLC2A1 was increased within two hours and surface expression was increased within four hours [14]. Activation of T-cells has been shown to stimulate the mTOR pathway, increasing glycolysis by promoting an increase in SLC2A1 activity [15]. In addition, the 2-DG molecule used in these experiments has also been shown to induce the AKT pathway through PI3K [54, 55]. 

The bioenergetics of the THP-1 cells was assessed using Agilent Seahorse XF Cell Mito Stress Test. The ATP production rates of the cells are able to be split between glycolytic and oxidative reaction rates which can then indicate the cells status of activation/proliferation potential. The basal response is linked to the background level of ATP production of the cells, with the oligomycin response being linked to stimulated ATP production within the cells, through various stress processes. Oligomycin results in a reduction of OCR, linked to cellular ATP production. Full background of the kit can be found in the Agilent Seahorse XF Cell Mito Stress Test Kit User Guide (Kit 103015-100, Second edition, May 2019). The bioenergetic profile of the THP-1 cells, in response to EFV over 24 hours, showed a decrease in the JATP. This has been shown in previous studies where incubation with efavirenz provoked a significant, concentration-dependent, decrease in ATP production-coupled O2 consumption in multiple different cell lines [56-58]. Whereas in contrast, LPV over the 24 hours continued to increase the rate of ATP production. This could suggest the increase in energy production seen with LPV treatment is to power ATP-powered efflux transporters. Previous studies [59, 60] have identified a new class of glucose uniporters (SLC50) transporters, SWEETs, as a potential mediator of glucose transport. Human HEK293T cells were used to co-express candidate efflux proteins and the human homologue HsSWEET1 mediated weak efflux activity in oocytes [59]. One member of the group, SWEET1 (or SLC50A1), in the human genome [61] has been identified, however, most research on these efflux transporters is present in plants.  It is suggested that these animal homologs of the SLC50s found in plants are probably involved in sugar efflux from gluconeogenic cells [59, 61], however, further investigation is needed to explain the clarity on the phenotypic effects of LPV on SLCs in these cells. 

qPCR was used to investigate differences in mRNA expression of SLC metabolite transporters in immune cell lines when treated with the ARVs. Naïve immune cells generally express basal levels of both the transporters, such that they can adequately fuel their ordinary metabolic function. However, when activated, the expression levels rise to cope with increased metabolic demands and proliferative needs [62, 63]. All three cell lines exhibited basal levels of expression of each transporter in untreated conditions. CEM expression of SLC2A1 increased significantly in response to 10 μg/mL LPV, all other treatments only elicited minor, non-significant effects on expression. SLC2A4 transporter expression in THP-1 cells was markedly higher after treatment with 10 and 20 μg/mL doses of LPV, all other treatments had little impact. The lack of response to EFV suggests that the suppression in immune activation observed previously resulting from nanoformulations of these two drugs [36, 37] may not be due to modulation of GLUT transporters at a transcriptional level. LPV, however, was shown to impact gene expression, especially in the THP-1 cell line by increasing expression of SLC2A4. 

Elicitation of higher expression of SLC2 transporters is expected in conjunction with an immune response. The ARVs, particularly LPV, alter SLC2 expression at the transcriptional level, however, overall there is still a reduction in glucose uptake such that EFV and LPV can possibly inhibit the SLC2 transporters at the cellular level rather than at a transcriptional level. The evidence seems to suggest that, due to the reduction of cellular glucose levels alongside the increase in SLC2 transporter expression at the transcriptional level, the ARVs impact a metabolic pathway, limiting immune response in some way. It must be noted that all studies were undertaken in immortalised cell lines and as such cannot precisely represent real-life conditions, adding a level of caution in dismissing the drugs’ transcriptional intervention.   

The visual dockings of the substrates showed that all but EFV when bound to SLC2A1 displayed expected results, as they bound to the pre-determined binding site of SLC2A1. However, EFV seemed to bind to an allosteric site on the side of the SLC2A1 transporter. From the computerised model, it could be suggested that EFV acts as a non-competitive inhibitor of SLC2A1 or possibly has an inhibition mechanism effecting the other GLUT transporters. It is already known that EFV is a non-competitive inhibitor of the reverse transcriptase enzyme, binding to a site different from the active site [64], so for the computerised model to bind an allosteric site of the SLC transporter, it follows the trend. Each ligand, apart from BAY-876, displayed interactions with SLC2A1. This could potentially be an issue with the computerised ligand as only the 2D structure was available, making this a limitation of the research models. The AutoDock Vina output folder predicted high binding affinities for all tested substrates in relation to SLC2A1, demonstrated in the visual images which show low binding energies in kcal/mol. All ligands, apart from EFV, bound to a binding site with highest affinity to SLC2A1 and all but BAY-876 interacted with SLC2A1 directly in a theoretical computerised environment, however this should be backed up with in vitro experimentation.

Overall, our data demonstrates that the ARVs EFV and LPV can impact upon the glucose uptake and bioenergetic profiles of cells, which appears to influence the activation of immune cells exposed to them. Clarification of the implications of this data, for in vivo immunological responses, is now warranted, with investigations moving forward to primary cells potentially providing a clearer image. These results may provide insight into drug impact on immune cell function, beyond simple cytotoxicity. 
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Sup Figure 1. Binding affinities of EFV, LPV, BAY-876 and glucose to SLC2A1.
Binding affinities in kcal/mol of (A) EFV, (B) LPV, (C) BAY-876 and (D) glucose to the SLC2A1 transporter. The mode refers to the formation of drug-transporter complex from the most probable (1) to least probable (9) outcome. The more probable the complex, the lower the energy required to form the complex, shown via the affinity column. 
image2.png
CEM, THP-1, KU812 treatment with ARVs and
BAY-876
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Obtained “GLUT1” PDB file

Searched for GLUT1 on RCSB - 4PYP.pdb

Isolated structure using Maestro by using FILE, GET PDB...

Ligand was then selected and subsequently deleted to achieve a PDB file of
just the transporter structure

Obtained ligands

PubChem was used to search EFV, LPV, BAY-876 and glucose
3D structures were downloaded in the .SDF format
SDF files were opened in Maestro and exported as PDB files

Converting ligand PDB to .pdbat

PDB file is imported into AutoDock Vina using “Ligand” tab
Ligand tab: root was detected once torsion tree was identified
Ligand could then be exported as .pdbat

Converting protein PDB to .pdbat

In AutoDock Vina: “File” and “Read molecule” was selected to import the
protein.pdb

Prime protein: water molecules were deleted, polar hydrogens were added
To export as .pdbat file: “grid” menu was used to select “Macromolecule”,
“Choose” and “protein.pdb”

Identifying and defining binding site

CASTp database was used

4PYP into search function brought up residues and functions

Residues involved in GLUT1 binding listed as ASN (seq ID: 317) and TRP (seq
1D: 338)

AutoDock Vina was used to select and highlight residues

Defined grid box: “Grid” function used, adjusting x,y and z coordinates so
highlighted residues were included in the box parameters

Formation was exported as a “Grid Dimension” file in txt format

Performing docking and obtaining results

Configuration file was manually written using NotePad: included was the
name of the receptor (protein pdbqt file), the ligand, the coordinates of the
grid box centre, size of the molecule and names of the output files

Windows PowerShell window was opened within each folder. The AutoDock
Vina command was inputted and allowed to run for the duration

Successful docking results contained binding affinity information pertaining to
the different ligand orientations

Visualising the results

AutoDock Vina was used to open vinaoutligand.pdbqt file

From the .txt file, the orientation with the highest binding affinity was
selected and exported as a PDB

In Maestro, the prepared protein PDB was opened in the same workspace as
the completed ligand, and the interactions were viewed

Exported to PyMOL.
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