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ABSTRACT

Inhibition of CCR5 (R5) has gained significant attention as a potential strategy for preventing, treating, and even
curing diseases. R5, a transmembrane protein, plays a crucial role in HIV infection by interacting with the CD4
receptor and CXCR4 (X4) on T cells, facilitating HIV binding to lymphocytes. Given the success of drugs such
as maraviroc, which target R5, researchers have hypothesized that monoclonal antibodies (mAbs) targeting R5
could provide an effective treatment for HIV. However, there is a knowledge gap regarding the structural
interactions between monoclonal antibodies and R5. To address this, our study used a predictive model involving
a sample of n = 160, using non-linear regression analysis to examine the impact of different inhibitor types
(control, competitive inhibitor (ClI), non-competitive inhibitor (NI), and uncompetitive inhibitor (Ul)) on the R5-
gpl20 interaction, based on Michaelis-Menten enzyme kinetics. Our results, with a significant P-value < 0.05,
indicate that non-competitive anti-R5 mAbs are the most effective inhibitors, as the NI variant reduced the R5E
Vmax to 20 pM/min while reducing the gp120S Km to 5 nM. This suggests that non-competitive anti-R5 mAbs
could more efficiently block CCR5 activity, offering insights into the design of more potent allosteric inhibitors
for CCRS.
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Introduction

When a mutation known as a 32-base pair deletion (A32) occurs in the CCR5 (R5) gene, resistance to HIV-1
infection may develop, as the CCR5 protein is absent from the surface of the cells [1-3]. Individuals who are
heterozygous for this mutation experience a slower progression of HIV disease, with less rapid CD4 cell count
decline and lower viral loads [1-3]. As a result, CCR5 has become a promising target for therapeutic interventions
against HIV-1 [1]. Initial research centered on the CD4 receptor, as it was discovered that HIV entered cells by
binding to it [1-3]. However, it was soon recognized that the CD4 receptor alone was insufficient for HIV to enter
the host cell. A coreceptor, CCRS5, was also essential for the virus to gain access. This discovery, along with the
identification of another coreceptor, CXCR4, came shortly after the CD4 receptor was elucidated [1-3]. CCR5 is
a G protein-coupled receptor with seven transmembrane segments. The HIV gp120 envelope protein binds to the
N-terminus and extracellular loops of CCR5, facilitating the virus’s entry into T cells (Figure 1a).

CCR5’s natural ligands, such as Regulated upon Activation, Normal T-cell Expressed, and Secreted (RANTES),
macrophage inflammatory protein-1 alpha (MIP-1a), and macrophage inflammatory protein-1 beta (MIP-1p),
were found to effectively inhibit HIV entry into host cells [2, 3]. This led to the development of synthetic CCR5
inhibitors designed to block HIV entry [1]. CCR5 is present on various cell types, including T lymphocytes,
dendritic cells, and macrophages [4], and CCR5-tropic HIV-1 strains utilize this receptor for viral transmission
[5]. Several CCR5-targeted drugs have been developed, including maraviroc, aplaviroc, vicriviroc, INCB009471,
and TBR 652. These initial anti-HIV agents focus on disrupting host cell pathways rather than viral enzymes [1].
Additional CCR5 inhibitors currently in development include monoclonal antibodies such as PRO 140 and
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HGS004. PRO 140, a humanized monoclonal antibody, blocks CCR5 and prevents CCR5-tropic HIV-1 from
entering cells [6]. Similarly, HGS004, an 1gG4 monoclonal antibody, also functions as a CCR5 antagonist [1].
Monoclonal antibodies (mAbs) targeting CCR5 as antagonists have garnered increased attention in recent studies
[7], offering potential solutions for therapeutic interventions [3, 8-20]. However, the structural interaction between
these mAbs and CCR5 remains underexplored [21]. Consequently, the understanding of CCR5 blockade by mAbs
is still insufficient. Furthermore, there is a need for improvements in the molecular design of maraviroc [22]. A
noteworthy dichotomy exists between small chemical antagonists and protein-based CCR5 inhibitors, where
interactions between these two approaches may enhance the development of more effective drug designs for both
classes of CCRS5 antagonists [23]. Various anti-CCR5 mAb isotypes can target distinct CCR5 regions, including
the amino-terminal domain, the second extracellular loop (ECL2), and other extracellular domains, such as the
first extracellular loop (ECL1) (Figures 1b and 1d) [24]. mAbs binding to the N-terminus and extracellular loops
of CCR5 may block HIV binding as competitive inhibitors (Figures 1b and 1d). Although less understood, mAbs
that bind to CCR5’s transmembrane regions are believed to function as non-competitive allosteric inhibitors
(Figure 1c). These non-competitive mAbs do not interact with the binding sites for HIV-1 envelope proteins,
which are essential for the virus’s entry into host cells (Figure 1c). Another possible mode of CCR5 inhibition
involves uncompetitive inhibition, where an anti-CCR5 mAb binds to both an extracellular loop and the gp120
envelope protein, mimicking the CD4 receptor (Figure 1d).

In light of these considerations, the current study aims to determine the most effective structural and molecular
isotype of an anti-CCR5 mAb in preventing HIV envelope protein binding to lymphocytes. To achieve this, a
predictive model was developed using Michaelis-Menten enzyme kinetics to evaluate the efficacy of different
anti-CCR5 mAb inhibition types—competitive, non-competitive, or uncompetitive. The study used non-linear
regression analysis of enzyme kinetics data, incorporating known concentrations of CCR5 (R5E) and HIV-1
gp120 envelope proteins (gp120S), along with anti-CCR5 mAb concentrations and established reaction rate
constants for R5-to-gp120 binding interactions.

d
Figure 1. Potential binding sites of anti-R5 mADbs; this figure illustrates the variou)s epitopes where anti-R5
monoclonal antibodies may attach; a) the interaction between HIV envelope gp120 proteins and CCRS5, b) the
anti-R5 mAb binds as a competitive inhibitor, c) the non-competitive mAb binding to the transmembrane
regions of CCR5, and d) the binding of uncompetitive inhibitors

Materials and Methods

Study design

In this study, 160 data points (n = 160) were used and split into two distinct datasets for processing. Four
experimental conditions were tested: a control group with no R5 inhibitors, and three conditions involving R5
inhibitors—competitive, non-competitive, and uncompetitive. One dataset included the molar concentrations of
the gp120 protein (gp120S), while the second dataset measured the enzymatic activity, expressed as velocities
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(uM/min), of the RS protein (R5E) that facilitated the reaction with gp120S. Michaelis-Menten enzyme kinetics
were applied to these datasets, and the parameters involved in each condition were analyzed, including the molar
concentrations of R5E, gp120S, as well as the constants for reaction rates, Km, Ki, and Vmax.

Data calculation and approximations

To determine the molar concentrations of R5 and gp120, the molecular weights of R5 (40.6 kDa) and gp120 (120
kDa) were taken into account. The R5 protein acted as the enzyme, with gp120 serving as the substrate in the
kinetic analysis. The estimated molar concentrations for R5E and gp120S were based on the fact that 10,000
molecules of R5 are needed for one HIV infection ina T cell. The concentration of R5E and gp120S was assumed
to fall within a range of 1 billion to 1 trillion molecules per T cell, simulating a high viral load condition. The
study tested four different conditions: the control group (no inhibitors), competitive inhibitors (CI), non-
competitive inhibitors (NI), and uncompetitive inhibitors (Ul). The initial concentrations for R5E and gp120S
were 30 nM and 20 nM, respectively.

Michaelis-Menten kinetics analysis

The molar concentrations of R5E, gp120S, and the inhibitors (CI, NI, UI) were utilized to calculate both Km and
Ki values for the reactions. The catalytic rate constant (kcat) for the enzymatic reactions was set at 60 minutes,
and this was combined with the molar concentrations to compute Vmax for each condition. The Michaelis-Menten
equations (1-4) were applied to compute the reaction velocities (uM/s) under the four conditions: no inhibitor,
competitive inhibitor, non-competitive inhibitor, and uncompetitive inhibitor. Graphs were constructed using
Excel for each condition. The concentrations of the inhibitors used in the calculations were 200, 500, 2000, and
10,000 uM. These concentrations were plotted against the molar concentrations of gp120S (nM), allowing the
reaction velocities (UM/min) to be predicted for each interaction of R5E, gp120S, and the inhibitors (CI, NI, Ul).

Statistical Analysis

To analyze the data from the Michaelis-Menten enzyme Kinetics, descriptive statistics and unpaired t-tests were
conducted using GraphPad Prism. Statistical significance was determined with a P-value of < 0.05. Additionally,
a non-linear regression model, developed in Excel, was employed to evaluate the enzyme kinetic data and forecast
which anti-R5 mAb inhibitor (ClI, NI, or UI) would most effectively impede the R5-gp120 interaction.

V = Vmax[S}/Km+[S} 1)
V = Vmax[S}/(Km(1+[1)/Ki) + [S]) (2
V = Vmax/(1+[1]/Ki) [S)/Km+[S} (3)
V = (Vmax/(1+[1/Ki)) [SI/Km(L+[11/Ki)+[S} @)

Results and Discussion

The molecular weights and concentrations of CCR5 and gp120 envelope protein were used to extract data, with
reaction rate constants calculated from the known binding rates of gp120 to CCR5. Michaelis-Menten enzyme
kinetics were applied using the molarities and distributions of R5 and gp120 on T cells to determine both initial
and subsequent velocities. In this study, CCR5 acted as the enzyme (R5E), while gp120 was the substrate
(gp120S). Anti-CCR5 monoclonal antibodies (mAbs) were classified as competitive (Cl), non-competitive (NI),
or uncompetitive inhibitors (Ul). The kinetic data were analyzed using nonlinear regression to create a predictive
model. For the control group, the Vmax was over 1 billion pMmin-1, while the competitive inhibitor reduced it
to 2E + 7 uMmin-1, and the uncompetitive inhibitor brought it down to 2 million pMmin-1. The most effective
inhibitor was the non-competitive mAb, which reduced the Vmax to 20 uMmin-1 (Figures 2a-5a). The Km values
for the control, CI, NI, and Ul were recorded as 9.5 nM, 5 nM, 7 nM, and 8 nM, respectively (Figures 2a-5a).

The P-values for enzyme kinetic data at 200 uM of inhibitors were 0.047 for CI, 0.046972 for NI, and 0.046978
for Ul, determined by a one-tailed T-test (Figure 2b). At 500 uM, the P-values were 0.049 for Cl, 0.04697 for
NI, and 0.04698 for Ul (Figure 3b). At 2000 uM, the P-values were 0.051 for CI, 0.046970 for NI, and 0.047 for
Ul (Figure 4b). At 10,000 uM, the P-values were 0.0786 for Cl, 0.04697 for NI, and 0.0471 for Ul (Figure 5b).
Based on these results, the non-competitive anti-CCR5 mAb inhibitor was identified as the most effective at
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reducing the R5 reaction rate, with a P-value < 0.05, and requiring a lower dose compared to competitive and
uncompetitive inhibitors (Table 1).

Table 1. Displayed the Vmax and Km for each inhibitor at 200, 500, 2000, and 10,000 uM; the P-values are
significant at P < 0.05

Inhibitor (uM) Vmax/Km P-values
200
Control 1E + 8/10
Cl 3E + %/6
NI 18/5.7 P <005
ul 5E + 3/6
500
Control 1E + 8/10
Cl 1E + 6/7 P <0.05
NI 20/5
ul 1E + 5/10
2000
Control 1E + 8/10
Cl 4E + 6/7 P <0.05
NI 19/5
Ul 4E + 4/6
10000
Control 1E + 8/10
Cl 2E +7/8
P <0.05
NI 19/5
ul 2E +5/9
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Predicted Reaction Rates of CCR5 Inhibitors
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Figure 2. Michaelis-Menten enzyme kinetics with non-linear regression for 200 uM inhibitors; a) this figure illustrates

the Michaelis-Menten curve plots for each inhibitor (control, Cl, Ul, and NI), showcasing the Vmax and Km values for

each condition, and b) statistical analysis of the enzyme kinetic data revealed P-values of 0.047 for CI, 0.046972 for NI,
and 0.046978 for Ul, calculated using a one-tailed T-test, with a significance threshold of P < 0.05

Michaelis Menten Plot
Control (No RS Inhibitor)

Michaelis Menten Plot
Competitive Inhibitor (CI)

100000000 j— [}
80000000 |— ; - 1.00E+8
650000000 |— e
40000000 — 5.00E+5 —
v pM/min s
20000000 (— v pM/min
.
10000000 f— | 1.00E+5 [—
BOO0D0O |—
6000000 (@ I i I | 1 i ‘} | i | EiEd : | | | |
5 10 5 20 4 8 8 10
[gpl1205] (nM) [upl205] (nk)
Michaelis-Meten Plot Michaelis Menten Plot
Uncompetitive Inhibitor (U1)
[ ]
20 |- 10000 {—
o 5000 — L 4
10
vpMimin g
' v iM/min L ]
6 —
4t 1000 I
[
L I | L L | I I | 1 I | | | |
500 L L 1 1
8 - 1 - 5 10 15
[gpl205] nM (gp1208]
a)

15



Hillman, A Predictive Approach for Determining the Optimal Anti-CCR5 Monoclonal Antibody

Predicted Reaction Rates of CCR5 Enzyme Inhibitors
Inhibitor Concentration of 500uM
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Figure 3. Michaelis-Menten enzyme kinetics with non-lineaa regression for 500 yuM inhibitors; a) the figure displays the
Michaelis-Menten curves for each inhibitor (control, CI, Ul, and NI), indicating the Vmax and Km for each condition, b)
statistical analysis of the enzyme kinetics revealed p-values of 0.049 for CI, 0.04697 for NI, and 0.04698 for Ul,
obtained using a one-tailed T-test, with statistical significance defined at P < 0.05.
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Predicted Reaction Rates of CCR5 Enzyme Inhibitors
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Figure 4. Michaelis-Menten enzyme kinetics with non-linear regression for 2000 uM inhibitors; a) the figure
illustrates the Michaelis-Menten plots for each inhibitor (control, Cl, Ul, and NI), showing the Vmax and Km
for each condition, and b) the enzyme kinetic analysis revealed P-values of 0.051 for Cl, 0.046970 for NI,
and 0.047 for Ul, determined through a one-tailed T-test, with statistical significance considered at P < 0.05
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Predicted Reaction Rates of CCR5 Enzyme Inhibitors
Inhibitor Concentration of 10000uM
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Figure 5. Michaelis-Menten enzyme kinetics with n())n-linear regression for 10,000 uM inhibitors; a) the
figure presents the Michaelis-Menten plots for each inhibitor (control, Cl, Ul, and NI), showing the Vmax
and Km for each condition; b) the enzyme kinetic analysis produced P-values of 0.0786 for CI, 0.04697 for
NI, and 0.0471 for Ul, calculated using a one-tailed T-test, with statistical significance set at P < 0.05

Monoclonal antibody (mAb) therapy targeting CCR5 has shown potential for improving treatment outcomes in
HIV patients. This study utilized Michaelis-Menten enzyme kinetic data to assess the interaction between the HIV
envelope protein gpl20 and CCRS5, predicting the effectiveness of competitive, non-competitive, and
uncompetitive mAb inhibitors against CCR5. With a statistically significant result (P < 0.05), the findings suggest
that non-competitive mAbs (NI) are the most potent, reducing the RSE Vmax to 20 ptM/min and maintaining a
gp120S Km of 5 nM. Additionally, antibodies targeting the first extracellular loop (ECL1) of CCR5 have not
shown adverse effects on immune function, as evidenced by healthy individuals producing natural anti-CCR5
antibodies [22], as well as animal models like mice and macaques, where CCR5 immunization triggered anti-
CCR5 antibody production [23-33]. On the other hand, mAbs directed at the ECL2 region of CCR5 can block
chemokine binding and signaling [34]. Unlike these, mAbs that bind the N-terminus, where HIV-1 enters the cell,
can prevent HIV-1 entry into CD4+ T cells, such as the 2D7 mAb targeting ECL2. However, 2D7 does not hinder
transcytosis by epithelial cells [35-37]. Antibody-based treatments, in contrast to chemokines or standard
antiretroviral drugs, may help reduce complications from drug resistance and unwanted interactions with other
CCR receptors [38].

Competitive inhibition

A monoclonal antibody (mAb) targeting CCRS5 as a competitive inhibitor could bind to the same site as the CCR5
antagonist, 5P12 CCL5, a key CCL5 5M derivative that interacts with the N-terminus of CCR5, converting CCL5
5M into an antagonist [39]. When the structure of CCL5 5P12 5M is examined, it is evident that its N-terminus
differs from that of 5P7 by an amino acid exchange—Ileucine at position 7 in 5P12 versus threonine in 5P7. Due
to the hydrophobic environment of CCRS5, the leucine residue in 5P12 better fits this location compared to
threonine in 5P7 [23]. Additionally, a mutation within the CCL5-CCR5 complex has been identified, where the
interaction between the tyrosine residue of CCR5 S272 and a water molecule leads to enhanced anti-HIV-1
activity [39]. However, utilizing CCL5 derivatives for developing competitive anti-R5 mAb inhibitors poses
challenges due to mutations in wild-type chemokines that can reduce receptor affinity and immune tolerance,
diminishing their therapeutic effectiveness in clinical settings [23]. This study’s modeling of enzyme kinetics for
competitive inhibitors predicted a decrease in efficacy, as evidenced by the CI inhibitors” Vmax exceeding 1E +
7 uM/min, a Km of 7 nM, and diminishing statistical significance as the inhibitor dose increased. PRO140 is an
example of a competitive anti-R5 mAb that prevents HIV from entering host cells, inhibiting viral replication
while leaving CCR5’s function intact in vitro [40-44]. PRO140 is considered a competitive inhibitor because it
targets extracellular sites rather than transmembrane regions of CCR5 [45].
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Non-competitive inhibition

An anti-R5 mAb functioning as a non-competitive allosteric antagonist binds to the intracellular and
transmembrane regions of CCR5 [23]. By binding to intracellular regions of CCR5, these mAbs block G protein
coupling, while binding to the transmembrane domains prevents conformational shifts necessary for G protein
activation, including those for CCR5 [46-62]. GPCRs, such as CCRS5, are susceptible to allosteric modulation,
where molecules binding outside the orthosteric site regulate receptor activity. These modulators are classified as
negative allosteric modulators (NAM) or positive allosteric modulators (PAM) [46]. Although fewer allosteric
antibody modulators have been developed, they present promising therapeutic potential [46].

Anti-R5 mAbs acting as NAMs for therapeutic purposes offer substantial benefits, as these modulators tend to be
more selective and can influence the activity of endogenous ligands, providing additional therapeutic advantages
[46]. This study’s predictive model demonstrates that non-competitive inhibition by anti-R5 mAbs is likely to be
highly effective, as the Vmax of R5E was reduced to 20 uM/min and the Km of gp120S to 5 nM. Endogenous
molecules like lipids and ions regulate GPCR activity; however, they lack the required properties for designing
synthetic allosteric modulators [46]. As endogenous molecules, anti-R5 mAbs may outperform synthetic allosteric
modulators in effectively inhibiting CCR5. The development of allosteric modulators can be accelerated by
integrating computational methods with available crystal structures to identify and refine potential allosteric sites
[2, 63, 64].

Uncompetitive inhibition

Monoclonal antibodies (mAbs) have been proposed as potential anti-CCR5 inhibitors, acting similarly to receptor-
to-co-receptor-mimetic peptides. Given that HIV entry requires the interaction between CCR5 and CD4 on the
host cell surface, the use of such mimetic peptides could offer a novel means of preventing viral entry. However,
their use in clinical trials has been limited [41]. In the current study, uncompetitive inhibitors showed some
efficacy, with the R5E VVmax predicted to be 200,000 uM/min and a gp120S Km of 8 nM. That said, the use of
antibodies in this capacity does come with challenges. mAb production remains a complicated process involving
cell lines from bacteria, yeast, or mammals, using hybridoma technology [7]. This method often results in low
yields, extensive purification difficulties, and contamination risks. Alternative production systems, such as plant-
based systems, have been considered [7]. Additionally, the study’s predictions may have been constrained by not
fully accounting for variations in the structures, affinities, and sizes of anti-R5 monoclonal antibodies, all of which
influence the pharmacokinetics of these antibodies. On the plus side, mAbs tend to be more tolerable in humans
compared to smaller synthetic molecules, with fewer associated risks [7].

Conclusion

While antiretroviral (ARV) medications effectively treat and prevent HIV, they are associated with various side
effects, particularly at higher doses [7]. CCR5-targeting antibodies offer a promising alternative for HIV
treatment. By binding to the CCRS5 receptor, mAbs can block HIV entry without fostering the resistance typically
seen with small molecule drugs [7]. However, the development of resistance to mAbs remains a topic that warrants
further study. Additionally, due to their long elimination half-lives, mAbs would require infrequent dosing, which
could be beneficial for patients who must undergo long-term therapy. Future research will be crucial for patients
who exhibit resistance to conventional ARVs [7]. The key finding of this study is the identification of non-
competitive mADbs as the most effective inhibitors of CCR5, making them more promising than competitive and
uncompetitive alternatives. These findings could significantly contribute to the design of more efficient
monoclonal antibodies for CCR5 inhibition.
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