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Abstract
Background and Purpose: The major obstacle to a functional cure for HIV infection is the persistence of a latent HIV reservoir. In addition, it is well recognized that the unbound concentration of a drug is considered the active moiety, which is available to cross cell membranes. Thus, this study aimed to characterize in vitro dolutegravir (DTG) and bictegravir (BIC) binding to either total human plasma proteins, human serum albumin (HSA) or human alpha-1-acid glycoprotein (HAAG).
Experimental Approach: DTG and BIC protein binding was measured in vitro at a very wide range of concentrations, in either blank plasma or solutions containing HSA or HAAG. The pH effect was also studied on HSA binding at different pH. Bound and unbound drugs (DTG or BIC) were separated by ultrafiltration.
Key Results: In human plasma, at therapeutic concentrations, the average DTG and BIC binding was ~99.0%. DTG and BIC had a preferential binding to HSA. DTG and BIC bound to two classes of albumin sites, one saturable with high affinity and one non-saturable with low affinity. A 0.2-U decrease in pH led to a 2% decrease in DTG and BIC HSA binding. DTG bound to a non-saturable and low affinity HAAG. HAAG binding of BIC showed an atypical nonlinear binding.
Conclusion and Implications: The two low affinity sites (on HSA and on HAAG) suggest that the high protein binding rate is not a limiting factor of the diffusion of DTG and BIC.
Keywords: dolutegravir; bictegravir; protein binding; pharmacokinetics; human serum albumin; human alpha-1-acid glycoprotein
1. Introduction

Dolutegravir (DTG) and bictegravir (BIC) are the two last-marketed human immunodeficiency virus (HIV) integrase strand transfer inhibitor (INSTI). They are increasingly being used in combination with nucleoside/nucleotide reverse transcriptase inhibitors (NRTI). Both DTG and BIC are now part of the preferred first-line treatment option either in USA guidelines (Department of Health and Human Services, 2019), in European guidelines (European AIDS Clinical Society, 2019) or in the International Antiviral (formerly AIDS) Society–USA (IAS-USA) guidelines (Saag et al., 2018). Recently, the World Health Organization (WHO) has even issued new antiretroviral treatment guidelines recommending dolutegravir-based treatment as the preferred first-line treatment option for all adults, adolescents and children, including women and adolescent girls who have access to consistent and reliable contraception (World Health Organization, 2019). These two INSTI are well tolerated and rapidly inhibits viral replication (Molina et al., 2015, 2018).
The major obstacle to a functional cure for HIV infection is the persistence of a latent HIV reservoir. This residual viral replication results partly from the existence of pharmacological sanctuaries largely impenetrable to drugs (Lorenzo-Redondo et al., 2016). It is well recognized that the unbound concentration of a drug is considered the active moiety, which is available to cross cell membranes. Thus, any alteration of protein binding may impair the penetration of the drug into HIV reservoirs. The penetration of DTG or BIC into tissues and targeted cells, such as peripheral blood mononuclear cells (PBMCs), has not been fully characterised (C. V. Fletcher et al., 2014; Courtney V. Fletcher et al., 2018; Gelé et al., 2019; Tiraboschi et al., 2019). Furthermore, little is known about the determinants of DTG and BIC binding on albumin and alpha-1-acid glycoprotein, the two main plasma proteins known to bind drugs (Hinderling & Hartmann, 2005).

Determination of the characteristics of DTG and BIC protein bindings in human plasma would allow a better understanding of its tissue, plasma and intracellular disposition.

2. Methods

2.1 In vitro human plasma protein binding. DTG and BIC protein binding was measured in vitro in blank human plasma from the French Blood Bank (Etablissement français du sang) which was spiked with either DTG or BIC. Concentrations ranged from 2.38 to 59.61 µM (1,000 to 25,000 ng/mL) for DTG and from 2.23 to 166.89 µM (1,000 to 75,000 ng/mL) for BIC. Those concentrations include therapeutic concentrations (trough to maximum concentration), from 830 to 3340 ng/mL (Min et al., 2011) and from 2053 to 6080 ng/mL (Gallant et al., 2017a) for DTG and BIC, respectively. Concentrations were converted into micromolar units by using a DTG molecular mass of 419.38 g/mol and a BIC molecular mass of 449,39 g/mol. Each experiment was run in triplicate.

2.2 In vitro human serum albumin binding. Human serum albumin (HSA) solutions were prepared in pH 7.4 phosphate-buffered saline, at 40 g/L, the concentration usually observed in healthy volunteers. Protein solutions were spiked with known amounts of either DTG or BIC to yield final concentrations from 0.07 to 59.61 µM (30 to 25,000 ng/mL) for DTG and from 0.67 to 166.89 µM (300 to 75,000 ng/mL) for BIC. The influence of pH on HSA binding was studied in a 40-g/L HSA solution spiked with DTG (800 and 1,600 ng/mL) or with BIC (2,500 and 5,000 ng/mL) at pHs ranging from 7.0 to 7.8, including the normal pH range of arterial blood of 7.38 to 7.44 (Hinderling & Hartmann, 2005). These solutions were adjusted with 1M hydrochloric acid or 1M sodium hydroxide to create the required pH. Each experiment was run in triplicate.
2.3 In vitro human alpha-1-acid glycoprotein (HAAG) binding. HAAG solutions were prepared in pH 7.4 phosphate-buffered saline at 0.7 g/L, the concentration usually observed in healthy volunteers. Protein solutions were spiked with known amounts of either DTG or BIC to yield final concentrations from 0.48 to 17.88 µM (200 to 7,500 ng/mL) for DTG and from 0.22 to 166.89 µM (100 to 75,000 ng/mL) for BIC.

2.4 Antiretroviral assays. Bound and unbound drugs (DTG or BIC) were separated by ultrafiltration (Centrifree® devices, cutoff, 30 kDa; Millipore, Molsheim, France). Total plasma and unbound plasma concentrations were determined with a quality control-validated method based on liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Acquity® TQD-UPLC system, Waters Corp., Milford, MA, USA for DTG and Transcend TLX1 system coupled with TSQ ALTIS mass spectrometer, Thermo Fisher Scientific, Villebon sur Yvette, France for BIC) as previously described (Gouget et al., 2020). The lower limits of quantification (LLOQ) for total plasma and unbound plasma DTG concentration were 2 ng/mL and 0.5 ng/mL, respectively and for BIC, 10 ng/mL and 5 ng/mL, respectively. The coefficient of variation for the quality control samples included in each analytical run was below 14%. As drug adsorption to the filter can affect the measurement of unbound drug concentrations, we performed three ultrafiltrations of aqueous solutions spiked with known amounts of DTG or BIC to ensure that nonspecific binding was minimal.
2.5 Pharmacokinetic and statistical analysis. The bound fraction (fb) was the ratio of bound concentration (Cb) to total concentration. The unbound fraction (fu) was the ratio of unbound concentration (Cu) to total concentration. The graph of the bound drug concentration (Cb) as a function of the total drug concentration (Ctot) depicts the protein binding system (Wright et al., 1996). The slope of the equation Cb = f(Ctot) (where f is a function) is the product of the association constant (Ka), the number of binding sites (n), and the protein concentration (P). We used a graphical Scatchard plot method to estimate the protein binding parameters. Ka and n were estimated by linear regression analysis with the following equation: (Cb/P)/Cu = n·Ka - (Cb/P) × Ka.
We used a two-way ANOVA to determine if HSA bindings were affected either by total concentrations or by pH values or even both.
All numerical variables were expressed as means and ranges unless otherwise indicated. The data were analysed with GraphPad Prism (version 5.01 for Windows, GraphPad Software, San Diego, CA, USA). Differences were considered significant if p<0.05.
3. Results

3.1 Plasma protein binding. In the range of the studied concentrations, the human plasma unbound fraction ranged from 0.8% to 2.1% and from 0.6% to 6.7% for DTG and BIC, respectively. They both showed a nonlinear, concentration-dependent relationship to the total drug concentration (Figures 1A and 1B). 

In the range of therapeutic DTG concentrations (up to 5,000 ng/mL), the unbound fraction (fu) of DTG increased significantly from 0.8 to 1.7% (slope=2.2×10-6, p<0.0001). In contrast, in the range of therapeutic BIC concentrations (up to 10,000 ng/mL), the mean fu of BIC remained stable at 0.9% (CV, 0.3%) (slope=-4.1×10-7, p=0.0611).
3.2 Human serum albumin binding. DTG HSA binding decreased from 94.7% to 83.2% when DTG concentration increased. Two-way ANOVA of DTG HSA binding revealed a significant pH effect (p<0.0001) and an overall DTG total concentration effect (p=0.0081) but no pH×DTG total concentration interaction (p=0.4919). In the pH range from 7.0 to 7.8, a 0.2-U decrease in pH led to a 1.7% decrease in DTG HSA binding. DTG was found to bind to two classes of albumin sites: one with high affinity (Ka=3.5×106 M-1; n=3.2×10-3) and one nonsaturable with low affinity (Ka=4.3×104 M-1; n=3.1×10-1) (Figure 2A).
BIC HSA binding decreased from 98.2% to 60.9% when BIC concentration increased. Two-way ANOVA of BIC HSA binding revealed a significant pH effect (p<0.0001), an overall BIC total concentration effect (p<0.0001) and also a pH×BIC total concentration interaction (p<0.0001). Thus, pH had not the same effect at all values of BIC total concentration. In the pH range from 7.0 to 7.8, a 0.2-U decrease in pH led to a 1.8% decrease in BIC HSA binding at 2,500 ng/mL and to a 2.6% decrease at 5,000 ng/mL. BIC was found to bind to two classes of albumin sites: one with high affinity (Ka=4.4×106 M-1; n=2.1×10-2) and one nonsaturable with low affinity (Ka=1.3×105 M-1; n=2.1×10-1) (Figure 2B).

3.3 Human alpha-1-acid glycoprotein (HAAG) binding. The mean binding of DTG to HAAG was 48.8% (range, 36.4%-53.0%). DTG bound to nonsaturable, low-affinity HAAG sites with an n×Ka product of 6.2×104 M-1 (Figure 3A).
The BIC HAAG binding ranged from 6.6% to 64.7%. Interestingly, HAAG binding of BIC showed an atypical nonlinear binding with a U-shaped curve (unbound fraction plotted as a function of BIC concentration, Figure 3B). Namely, the fu decreased with the increase in total concentration up to 2,000 ng/mL then it increased like a typical nonlinear binding. Due to this atypical nonlinear binding behaviour, the BIC HAAG binding parameters could not be estimate.
4. Discussion
Although raltegravir protein binding has been described (Barau et al., 2013), to our knowledge, no previous study has aimed to describe the characteristics of DTG neither BIC plasma protein binding.
We found that DTG and BIC plasma protein bindings are about 99% at therapeutic concentrations as previously described (Gallant et al., 2017a; Moss et al., 2015) and that DTG and BIC bind to both albumin and HAAG which are known to be the main drug-binding proteins in plasma (Hinderling & Hartmann, 2005). Even though acidic (anionic) drugs bind predominantly to albumin in plasma, interactions with HAAG have also been reported (Urien et al., 1982, 1993). 

DTG and BIC binding characteristics differ slightly from the first available integrase strand transfer inhibitor, raltegravir, which was shown to be 76 to 83% bound to plasma protein, with only binding to albumin (Barau et al., 2013). However, it is similar to other INSTI as elvitegravir (99.4%) (Podany et al., 2017) with a preferential fixation to albumin or cabotegravir (99.8%) (Shaik et al., 2019) but their binding parameters have not been described.

Our important finding is that DTG and BIC had a preferential binding to HSA. Both DTG and BIC were found to bind to two classes of albumin sites: one with high affinity and one nonsaturable with low affinity. The significant DTG HAAG binding to nonsaturable and low affinity sites could partly explain the remainder of DTG binding rate. BIC has also a significant HAAG binding rate and seemed to have an atypical nonlinear binding with a U-shaped curve. This atypical behaviour is not often described (Deitchman et al., 2018; Dorn et al., 2018; Mukker et al., 2014; Singh et al., 2016; Thabit et al., 2016; Zhou et al., 2017) but a recent review listed the main drugs which appears to have this plasma protein binding behaviour (Deitchman et al., 2018). Currently the only class of drugs that appears to have atypical nonlinear plasma protein binding is the tetracyclines. It is important to note that this behaviour has not been observed or characterized for all tetracyclines. The mechanism of action of both tetracyclines and integrase strand transfer inhibitors involves chelation of divalent metal ions. Such HAAG binding behaviour could probably be explained by the metal ion-assisted positive cooperativity in bictegravir's binding with HAAG (Singh et al., 2016). Nevertheless, this atypical HAAG binding behaviour did not influence BIC total protein binding in total plasma, certainly due to the strong preferential HSA binding.

Changes in the concentrations or in the structure of protein or in pH are likely to influence drug binding and consequently pharmacokinetics (Roberts et al., 2013). The observed pH sensitivity of DTG and BIC HSA binding could be explained by pH-induced conformational changes in albumin (Hinderling & Hartmann, 2005). Therefore, it may favour diffusion within the cell as quiescent human peripheral blood mononuclear cells are pH homeostatic, maintaining an intracellular pH of 7.1 over an extracellular physiological pH of 7.4 (Deutsch et al., 1984). Furthermore, regarding to the physiological pH of cerebrospinal fluid (7.27-7.37) (Wagemans et al., 1995), this pH sensitivity may also favour diffusion through the blood-brain barrier. Besides, we demonstrated in a previous study that the cerebrospinal fluid-to-plasma DTG concentration ratio is sufficient to obtain therapeutic concentrations and highly consistent with the size of the unbound fraction in plasma (Gelé et al., 2019). Tiraboschi J. and colleagues reported total cerebrospinal fluid BIC concentrations above the half maximal effective concentration (EC50) suggesting that BIC exposure in the central nervous system seems to be enough to contribute to the inhibition of viral replication in this compartment (Tiraboschi et al., 2019).

Plasma protein binding has been demonstrated to be an important factor of the disposition of a drug and has a wide variation from drug to drug. It has already been shown, for example, that drugs with low plasma protein binding penetrate better into mucosal tissues (Thompson et al., 2014). However, despite the high protein binding rate of DTG and BIC, the two low affinity observed sites (on HSA and on HAAG) suggest that this high rate is not a limiting factor of the diffusion of both INSTI in tissues. Indeed, Greener BN. and colleagues reported a low DTG seminal fluid and rectal tissue exposure (7% and 17 % of blood plasma respectively) but higher than the unbound fraction in plasma (Greener et al., 2013).

In conclusion, our study demonstrates that despite high protein binding of both DTG and BIC, mainly to HSA, the binding to low affinity sites with a pH effect, will not impair passive diffusion and binding to tissue proteins. Toward an HIV cure, these results remain to be confirmed by determining DTG and BIC concentrations in virological reservoirs, their impact on virological efficacy in HIV reservoirs and the exact clinical significance in HIV-infected patients.
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Figure 1. In vitro mean unbound fractions (± standard deviations) in blank human plasma. A Dolutegravir (DTG). B Bictegravir (BIC).
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Figure 2. In vitro mean unbound fractions (± standard deviations) in a 40-g/L human serum albumin solution at various pHs spiked with two concentrations of dolutegravir (DTG, panel A) or bictegravir (BIC, panel B).
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Figure 3. In vitro mean unbound fractions (± standard deviations) in a 0.7-g/L human alpha-1-acid glycoprotein. A Dolutegravir (DTG). B Bictegravir (BIC). 
Bullet point summary

What is already known

The unbound concentration of a drug is considered the active moiety, which could diffuse.
In human plasma, at therapeutic concentrations, the average dolutegravir and bictegravir binding was ~99.0%.
What this study adds

Dolutegravir and bictegravir had a preferential binding to albumin with two classes of sites.
Diffusion of both antiretrovirals may be favour by low affinity and pH sensitivity albumin binding.
Clinical significance
The high protein binding rate will probably not impair dolutegravir and bictegravir diffusion.
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