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Abstract

Treating macaques with an anti-α4β7 antibody under the umbrella of combination antiretro-

viral therapy (cART) during early SIV infection can lead to viral remission, with viral loads

maintained at < 50 SIV RNA copies/ml after removal of all treatment in a subset of animals.

Depletion of CD8+ lymphocytes in controllers resulted in transient recrudescence of viremia,

suggesting that the combination of cART and anti-α4β7 antibody treatment led to a state

where ongoing immune responses kept the virus undetectable in the absence of treatment.

A previous mathematical model of HIV infection and cART incorporates immune effector

cell responses and exhibits the property of two different viral load set-points. While the lower

set-point could correspond to the attainment of long-term viral remission, attaining the

higher set-point may be the result of viral rebound. Here we expand that model to include

possible mechanisms of action of an anti-α4β7 antibody operating in these treated animals.

We show that the model can fit the longitudinal viral load data from both IgG control and

anti-α4β7 antibody treated macaques, suggesting explanations for the viral control associ-

ated with cART and an anti-α4β7 antibody treatment. This effective perturbation to the

virus-host interaction can also explain observations in other nonhuman primate experiments

in which cART and immunotherapy have led to post-treatment control or resetting of the

viral load set-point. Interestingly, because the viral kinetics in the various treated animals dif-

fered—some animals exhibited large fluctuations in viral load after cART cessation—the

model suggests that anti-α4β7 treatment could act by different primary mechanisms in dif-

ferent animals and still lead to post-treatment viral control. This outcome is nonetheless in

accordance with a model with two stable viral load set-points, in which therapy can perturb

the system from one set-point to a lower one through different biological mechanisms.
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Author summary

Some macaques treated with an anti-α4β7 monoclonal antibody along with antiretroviral

therapy during the early stages of simian immunodeficiency virus infection had their viral

load become undetectable (below 50 SIV RNA copies/ml) after all treatment was stopped,

whereas animals not given the antibody all had their viral loads rebound to high levels.

Using a mathematical model, we examined four potential ways in which the antibody

could have altered the balance between viral growth and immune control to maintain an

undetectable viral load. We show that a shift to controlled infection can occur through

multiple biologically reasonable mechanisms of action of the anti-α4β7 antibody.

Introduction

Combination antiretroviral therapy (cART) can effectively suppress the viremia in people living

with HIV. However, successful viral suppression requires life-long treatment, and no cure for

HIV infection is currently available. The integrin α4β7 antibody has become a target for the devel-

opment of a novel HIV therapy [1–4], as its expression at the cell surface increases the susceptibil-

ity of CD4+ T cells to HIV infection [5,6]. Intravenous infusion of an anti-α4β7 antibody can

decrease the viral load both in plasma and in the gastrointestinal tract during primary simian

immunodeficiency virus (SIV) infection [3,4], while prophylactic administration can substantially

reduce the risk of SIV infection [3]. Treating SIV nef-stop infected macaques with a 90-day course

of cART initiated at five weeks post-infection (p.i.) supplemented by the intravenous administra-

tion of a primatized monoclonal anti-α4β7 antibody started at nine weeks p.i. has been shown to

result in plasma viral loads ultimately being maintained below 50 RNA copies/ml for more than

nine months following the cessation of all treatment [2]. This sustained effect has raised the pros-

pect of using anti-α4β7 antibodies as an adjunct to HIV preventive therapy and treatment.

Here, we provide a potential explanation for how the addition of a monoclonal anti-α4β7

antibody to cART could lead to long-term viral control after treatment cessation. A follow-up

study on a subset of the eight controller macaques from Byrareddy et al. [2] showed that SIV

was still present in those animals as their virus transiently rebounded when CD8+ lymphocytes

were depleted (S2 Text). This transient rebound in viremia suggests that long-term control

was immune-mediated. Conway and Perelson [7] developed a viral kinetic model containing

an effector cell response to explain the observation of post-treatment control in the VISCONTI

study, where 14 HIV-infected individuals who started cART during primary infection were

able to control virus levels to low or undetectable levels for years following cessation of treat-

ment [8]. Here, we expand this model by including potential mechanisms by which anti-α4β7

antibodies may act. The mechanisms that we consider are described below and in Fig 1.

The α4β7 integrin is incorporated into the membrane of viruses produced by SIV-infected

α4β7+ T cells and is functionally active [9]. It has been hypothesized that the anti-α4β7anti-

body can bind the α4β7 integrin and lead to increased viral opsonization and increased viral
clearance [9] (Fig 1B) and possibly virus neutralization (Fig 1C).

Blocking of SIV infection might occur when the anti-α4β7 antibody binds to α4β7+ CD4+

T cells [4,10] (Fig 1D). We define this mechanism as protection, to differentiate it from neutral-

ization in which the anti-α4β7 antibody binds to the virus to prevent infection. The anti-α4β7

antibody is known to restrict the trafficking of lymphocytes to the gut [2,4], as it inhibits the

interaction of the α4β7 integrin expressed on the lymphocyte with MAdCAM-1 expressed on

gut endothelial cells [11]. The gut is a region of high viral replication and cellular activation
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during HIV infection. Thus, limiting the number of α4β7+ CD4+ T cells that traffic to that

region will offer some level of protection from infection—a reduction that is implicitly cap-

tured by the protection mechanism.

Giving an anti-α4β7 antibody could improve immune responses due to increased antigen
presentation, as there would be a greater uptake of opsonized virus by antigen presenting cells

[9] (Fig 1E).

Because obtaining virological control using anti-α4β7 monoclonal antibody adjunctive ther-

apy carries a level of importance to the field of HIV treatment and cure, the original experiment

was repeated by two different groups using the same viral stock. Neither experiment led to long-

term viral control [12,13]. Byrareddy et al. [2] used a SIV nef-stop virus to better replicate chronic

HIV infection [14]. After an animal is infected, mutation can remove the stop codon and subse-

quent selection can change the dominant viral species, leading to stochastic effects. We highlight

the effects of a nef-stop in our results, as well as elaborate on several other possible explanations

for the discrepancy between the original and repeat experiments [12,13,15], in the Discussion.

Distinguishing among the four mechanisms—each of which could plausibly lead to viral

suppression—is challenging because it is an outcome of complex viral-immune system interac-

tions. The interaction between the virus, infected cells and the immune system is critical in

determining whether the virus rebounds to a high viral set-point or remains below the limit of

detection (< 50 SIV RNA copies/ml) after the removal of all treatment. If the viral suppression

induced by the anti-α4β7 antibody were too strong, the resulting levels of viral replication

might not be sufficient to stimulate an effective antiviral response, enabling the virus to escape

the immune system after the anti-α4β7 antibody dissipates. Conversely, if the effects of the

antibody were too weak, then the virus-host interaction might not be perturbed enough to

suppress viral replication after the removal of all therapy. A systematic understanding of how

cART and anti-α4β7 antibody affects the viral immune system interactions to achieve viral

suppression in the absence of treatment is critical to the design and implementation of new

therapeutic strategies and to understand the mechanisms operating in different repeat studies.

Methods

Ethics statement

The experimental protocols were reviewed and approved by the Emory University Institu-

tional Animal Care and Use Committee. The animals were bred and maintained at Yerkes

Fig 1. A visualization of the four different mechanisms of action of the anti-α4β7 antibody and corresponding

model diagram. A) Model schematic in the absence of the anti-α4β7 antibody. Target cells (T) proliferate logistically

at rate rT, die at rate dT and become infected at rate (1- ε)V, where β is the transmission rate, ε is the efficacy of cART,

and V is the viral concentration. Once target cells are infected, a fraction f become latent cells (L) and the remaining

become productively infected cells (I). Latent cells proliferate at rate rL, die at rate dL, and activate at rate α. Infected

cells produce virus at rate p, die due to viral cytopathic effects at rate δ, and are killed at rate mE by effector cells (E).

Effector cells are produced at rate λE, proliferate at a maximum rate bE, become exhausted at a maximum rate dE, and

die at rate μ. Virus is cleared in the absence of the anti-α4β7 antibody at rate c. B) Increased viral clearance. The anti-

α4β7 monoclonal antibody (purple) (AB) binds to α4β7 integrin (red and blue) expressed on the viral membrane and

opsonizes the virus, increasing the clearance rate γ-fold or less depending on the AB concentration. C) Viral

neutralization. The anti-α4β7 monoclonal antibody (purple) binds to the α4β7 integrin (red and blue) expressed on

the viral membrane, causing increased viral clearance and viral neutralization, i.e. inhibition of infection, while also

contributing to increased viral clearance. D) Protection from infection. The anti-α4β7 monoclonal antibody binds to

α4β7 integrin expressed on the surface of uninfected CD4+ T cells and protects them from infection. Target cells enter

a protected state (P) at a maximum rate ρ, with protection waning at a maximum rate ω. E) Increased antigen

presentation. Antibody-virus complexes are picked up by antigen presenting cells resulting in increased antigen

presentation. We assume that this increased antigen presentation increases the effector cell source rate dependent on

the AB concentration and the parameter O. The formation of antibody-virus complexes may also contribute to

increased viral clearance.

https://doi.org/10.1371/journal.pcbi.1009031.g001
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National Primate Research Center (Emory University, Atlanta, Georgia) in their nonhuman

primate facilities. The diets of the macaques consisted of a monkey diet (Purina, Gray Summit,

Missouri), along with daily fresh fruit and/or vegetables and water ad libitum. To ensure to

social enhancement and their well-being, macaques were housed in a temperature controlled

indoor facility with a 12-hour light/dark cycle and caged with socially compatible same sex

pairs. The Yerkes enrichment staff oversaw and provided appropriate safe toys for further

social enrichment. Animal health was closely monitored, with veterinary staff directing treat-

ment for any signs of distress or disease. If symptoms could not be alleviated by the directed

treatment, the macaque was humanely euthanized according to the directed guidelines of the

American Veterinary Medical Association.

Mathematical model

To reproduce both the post-treatment high viral load set-point observed in the control IgG

treated macaques and the maintained low viral load seen in the anti-α4β7 antibody treated

macaques (S1 Fig), we adapted a previously developed mathematical model by Conway and

Perelson that allows for multiple viral load set-points [7]. We incorporated the various anti-

α4β7 antibody mechanisms of action into this model (Eqs (1)–(8)), which includes uninfected

CD4+ T cells, productively infected cells, latently infected cells, cytotoxic effector cells, and

virus.

First, we describe the base model that applies to the IgG control macaques, who did not

receive the anti-α4β7 antibody, AB. We then describe the additional model terms involving the

proposed anti-α4β7 antibody mechanisms of action. Lastly, we introduce a pharmacokinetic

model to describe the time-dependent changes in the anti-α4β7 antibody concentration,

which for ease of notation we denote AB rather than AB(t).

dT
dt
¼ rTT 1 �
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k

� �

� dTT � ð1 � εÞbTV 1 � IN
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� �

� dTP � o
EC50
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P: ð6Þ

We define target cells, T, to be uninfected activated/proliferating CD4+ T cells [16–18]. Tar-

get cells proliferate logistically at maximum rate rT [16,17,19], have a carrying capacity k and

die at per capita rate dT.
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Target cells become infected through cell-free virus infection at rate βVT, where β is the

infection rate constant and V is the virus concentration, i.e., plasma SIV RNA/ml. A fraction

1-f of infected target cells become productively infected cells, I, while the remaining proportion

f become latently infected cells, L. In the Byrareddy et al. [2] study, all macaques received an

integrase inhibitor and two reverse transcriptase inhibitors between five and 19-weeks p.i.

These antiretroviral drugs interfere with the infection process. More complex models have

been used to describe the action of integrase inhibitors [20] but this level of detail is not needed

here due to the infrequent viral sampling. Thus, we assume cART reduces the SIV infection

rate by the factor ε, where ε 2 [0,1] is the efficacy of cART.

Productively infected cells, I, produce virions at rate p per cell, which are naturally cleared

at rate c per virion. Productively infected cells die due to viral cytopathic effects at per capita

rate δ and are killed at rate mE by cytotoxic effector cells, E. Thus, the overall death rate of a

productively infected cell is δ + mE. We consider only cytotoxic effector cells that contribute to

infected cell death, which can consist of both natural killer (NK) and SIV-specific cytotoxic T

cells.

The generation of a cell that is productively infected can also occur by activation of a latently

infected cell, which occurs at rate α. There is no evidence indicating that latently infected cells

have a carrying capacity to allow for homeostatic control, as seen in the total CD4 memory pop-

ulation. Thus, we assume latently infected cells proliferate at per capita rate rL and die at per

capita rate dL. The half-life of the latent cell population is then ln (2)/(α+dL-rL).

As described previously by Conway and Perelson [7], cytotoxic effector cells are produced

at rate λE and die at per capita rate μ. The presence of infected cells leads to their proliferation

at rate bEEI/(I+KB), with bE denoting the maximum proliferation rate and KB being a half-satu-

ration constant for proliferation. During viral infection, effector cells can become exhausted

[21–23] causing the cells to lose effector function [24]. Exhaustion of cytotoxic effector cells

occurs at rate dEEI/(I+KD), where dE represents the maximum rate of exhaustion, and KD is

the half-saturation constant for cytotoxic effector cell exhaustion.

Conway and Perelson used a constant source of effector cells [7]. As effector CD8+ T cell

differentiate from naïve CD8+ T cells, we also examined two alternative models for the source

of effector cells (S1 and S2 Texts).

Mechanism 1: Anti-α4β7 antibody increases viral clearance

The anti-α4β7 antibody can increase the clearance of the virus through opsonization of the

α4β7-coated viruses [9]. We assume that the kinetics of anti-α4β7 antibody binding to α4β7+

virus is much faster than the changes in viral load so that equilibrium binding relations apply.

We further assume antibody binding enhances the viral clearance rate a maximum of γ-fold

compared to the viral clearance rate of antibody-free virus and that the clearance rate depends

on the amount of antibody bound. Thus, the overall viral clearance rate in the presence of

anti-α4β7 is c(1 + (γ−1)ψCAB / (1 + ψCAB)) (S1 Text), where 1/ψC is the half-maximal effective

antibody concentration (Fig 1B). As the antibody is infused multiple times, the antibody con-

centration changes during the experiment and thus an antibody concentration dependent

clearance rate needs to be used in the model.

Mechanism 2: Anti -α4β7antibody reduces the infection rate by

neutralizing the virus

With the anti-α4β7antibody having the potential to bind to α4β7+ virus, neutralization could

be an additional mechanism of antibody action. We test this by setting the indicator variable

IN = 1 if we assume viral neutralization is present and IN = 0 if we assume neutralization is
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absent in Eqs (1)–(3). The maximum neutralizing efficacy of the anti-α4β7 antibody is

assumed to be 100%. As we assume anti-α4β7 antibody binding rapidly reaches equilibrium,

we use (1- IN ψN AB/ (1 + ψN AB)) (S1 Text) as the factor by which antibody reduces the infec-

tion rate, where 1/ψN is the antibody concentration for 50% neutralization. Since neutraliza-

tion requires the anti-α4β7 antibody to bind to the virus, we account for increased viral

clearance in addition to the inhibition of infection when we model this mechanism of action

(Fig 1C). To limit the number of free parameters, we assumed that ψN = ψC.

Mechanism 3: Anti-α4β7 antibody can bind to α4β7+ CD4+ T cells and

protect them from infection

The anti-α4β7 antibody can block infection of α4β7+ CD4+ T cells [4,10]. Also, the anti-α4β7

antibody decreases trafficking of CD4+ T cells to the gut [2,4]. As the gut is a site of high viral

replication, reducing the trafficking of α4β7+ CD4+ T cells to this site could also contribute to

the inhibition of infection. Not all CD4+ T cells express α4β7. During acute SIV infection, the

maximum percentage of peripheral blood CD4+ T cells that express α4β7 is approximately

73% [1]. Thus, we restrict the fraction of target cells protected from infection by an anti-α4β7

antibody to be less than the fraction of α4β7+ CD4+ T cells—denoted by kα4β7. To limit the

number of target cells in the protected state (P) to those that are α4β7+, we used a logistic func-

tion, rTðka4b7 �
P

PþTþIþLÞAB=ðEC50 þ ABÞin Eqs (1) and (6), where ρ is the maximum rate target

cells enter the protected state and EC50 is the antibody concentration needed for half-maximal

effect. After anti-α4β7 treatment the antibody concentration wanes and protected cells can

become target cells, as the antibody reversibly binds to cell-associated α4β7 and will dissociate.

We assume the rate that protected cells become target cells again is dependent on the plasma

concentration of the anti-α4β7 antibody according to o
EC50

ABþEC50
,with protection waning at max-

imum rate ω (Eqs (1) and (6)) (Fig 1D).

Mechanism 4: Anti- α4β7 antibody increases antigen presentation

The anti-α4β7 antibody could increase antigen presentation due to greater uptake of α4β7+

virus by antigen presenting cells and lead to a more robust adaptive immune response [9]. We

test this by setting the indicator variable IA = 1 if we assume an increase in antigen presenta-

tion and IA = 0 if we assume this mechanism is absent in Eq (5). We account for this improve-

ment in the presence of the anti-α4β7 antibody by increasing the source rate λE by a factor of 1

+ IA
AB

ABþΩ
, where O is the half-saturation constant for the antibody effect that enhances antigen

presentation to generate more cytotoxic effector cells (Fig 1E). To limit the number of free

parameters, we assume that the source rate is at most double based on in vitro experiments

[25]. Also, this approach assumes that in the presence of the anti-α4β7 antibody, antigen pre-

senting cells increase the rate effector cell precursors become activated, consistent with the

observation that blocking the β7 integrin with a monoclonal antibody enhances MHC-I pre-

sentation [25].

In the supplementary material (S2 Text), we consider a version of this mechanism that

requires the antibody to bind to the virus. We include the effects of increased viral clearance

when studying mechanism 4 in this alternative scenario (Fig 1E and S2 Text). For the effector

cell source model that includes antigen presenting cells, we explicitly model the interaction

between virus in complex with the antibody and antigen-presenting cells within mechanism 4

(S1 Text).
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Pharmacokinetics of the anti-α4β7 antibody

To describe the pharmacokinetics of the anti-α4β7 antibody, we used a two-compartment

pharmacokinetic (PK) model [26] in which the anti-α4β7 antibody is infused into the blood-

stream at rate Aα4β7(t), and disseminates to the tissue at rate k12. Once in the tissue, the anti-

body either re-enters the bloodstream at rate k21 or is eliminated at rate k0 (S1 Text). The

equations describing the PK dynamics are

dXB=dt ¼ Aa4b7ðtÞvB � k12XB þ k21XT; and ð7Þ

dXT=dt ¼ k12XB � ðk21 þ k0ÞXT; ð8Þ

where XB and XT are the total amounts of antibody in the blood and tissues, respectively, vB is

the volume of blood, and thus the concentration of the antibody in the blood is AB = XB/vB.

Model parameters

We fixed many parameters with estimates from the literature (Table 1) and others were deter-

mined by fitting to the viral load data in Byrareddy et al. [2] and to macaque pharmacokinetic

data [3] using maximum likelihood methods (S14–S19 Tables) (S1 Text).

According to Sachsenberg et al [19], 1.1% of the total CD4+ T cell population (106 cells/ml)

in an HIV individual is Ki67+ and likely in cell cycle. Thus, we assume the initial number of

target cells, T(0) = 1.1 x 104 cells/ml. We specify βT(0) = 5 × 10−3 cells/day, as estimates of the

HIV infection rate β tend to vary between 10−7 and 10−8 ml/day [18,27,28]. To obtain an effec-

tor cell concentration in the absence of all therapy that was relatively comparable in scale to

empirical estimates of HIV-specific CD8+ T -cell concentrations [29], we set the effector cell

source rate λE = 103 cells/ml/day. We set the maximum expansion rate of the effector cells bE =

1.62/day based on past SIV studies [30,31] and the effector cell death rate μ = 0.32/day [30].

We specified the fraction of infections resulting in latency f = 10-5, so that the predicted viral

load while on cART during chronic infection was that observed in chronic HIV infected

patients on cART, where we assumed that the efficacy of cART is 90%. These values were later

varied in a sensitivity study. Starting five weeks after infection, macaques were given cART for

up to 14 weeks. As cART was given during acute SIV infection and for a short time, we used

the prior estimate of a 38-day half-life of the SIV latent cell reservoir [32] based on a study in

which reservoir decay was measured in pigtail macaques given four antiretroviral drugs start-

ing at 12 days post infection for approximately 23 weeks [33].

Parameter estimation

To determine the maximum effector cell exhaustion rate, dE, and the infected cell death rate

due to viral cytopathic effects, δ, we conducted a primary grid search on these two parameters

across the seven control macaques. The values of these two parameters that maximized the

combined likelihood across the seven control macaques were used in the model fitting of the

treated macaques and model simulations of the control and treated macaques (S1–S3 Tables).

According to the mathematical model, each of the eight anti-α4β7 treated macaques

(henceforth referred to as treated macaques) has one viral load set-point above 50 SIV RNA

copies/ml and another other below 50 SIV RNA copies/ml (Fig 2 and S1–S3 Figs). The

achievement of post-treatment control after the removal of cART was not observed in the

seven IgG control macaques, and there is only moderate variability in viral dynamics among

these animals after stopping cART (S6–S8 Figs). The viral dynamics among the treated

macaques after the removal of cART is highly variable. Our fitting approach for integrating the
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Table 1. Parameter definitions and values.

Parameter Description Value Units Reference

dT Uninfected CD4+ T-cell death rate 0.01 per day [18,53]

rT CD4+ T-cell proliferation rate per day Estimated for individual macaques

κ Carrying capacity for the CD4+ T cell population a cells/ml Calculated

α Latent cell activation rate 0.001 per day [7]

dL Latent cell death rate b per day Calculated

rL Latent cell proliferation rate b per day Calculated

dL+ α -rL Decay rate of the latent cell reservoir 0.0182b per day [32]

f Fraction of infections resulting in latency 10−5 Calibratedc

m Rate cytotoxic effector cells kill infected cell ml/cell per day Estimated for individual macaques

δ Infected cell death rate due to viral cytopathic effects in baseline model 0.60 per day Calibrated

p Viral production rate RNA copies per

cell per day

Estimated for individual macaques

c Viral clearance rate 23 per day [54–56]

λE Effector cell source rate 103 cells / ml per day Calibratedd

μ Death rate of cytotoxic effector cells 0.32 per day [30]

bE Maximum proliferation rate for cytotoxic effector cells 1.62 per day [30,31]

dE Maximum exhaustion rate for cytotoxic effector cells in baseline model 1.35 per day Calibrated

KB Saturation constant for cytotoxic effector cell expansion cells/ml Estimated for individual macaques

KD Saturation constant for cytotoxic effector cell exhaustion 55 KB cells/ml [32]

ε Efficacy of cART 0.90 Assumed

T(0)β Free virus infection rate 5 × 10−3 cells/SIV RNA per

day

Assumed

Aα4β7 Total amount of anti-α4β7 antibody infused 805 μg/ml 50 mg/kg for a 5.3 kg [57] macaque

with 329 ml of blood

V(0) Initial virus concentration 413 SIV RNA copies/

ml

Estimated

k0 Elimination rate of anti-α4β7 antibody 0.048 per day Estimated

k12 Distribution rate of anti-α4β7 antibody to tissue 0.165 per day Estimated

k21 Distribution rate of anti-α4β7 antibody to blood from tissue 0.008 per day Calibratede

κα4β7 Fraction of CD4+ T cells that are α4β7+ 0.73 [1]

EC50 Half-maximal concentration for anti-α4β7 antibody binding to CD4 T

cells

2.76 × 10-2 μg/ml [58]

KP Saturation constant for the source of effector cells in the saturated source

model

cell/ml Estimated for individual macaques

γ Fold increase in viral clearance rate Estimated for individual treated

macaques

1/ψC Antibody concentration of half-maximal effect for increased viral

clearance

μg/ml Estimated for individual treated

macaques

1/ψN Antibody concentration of half-maximal effect for neutralization 1/ψN = 1/ψC μg/ml Estimated for individual treated

macaques

IN Indicator variable for the presence of the effect of viral neutralization

from the anti-α4β7 antibody

1 when present; 0

otherwise

IA Indicator variable for the presence of the effect of an increase in the

effector cell source rate from the anti-α4β7 antibody

1 when present; 0

otherwise

ω Maximum rate protection wanes per day Estimated for individual treated

macaques

ρ Maximum rate target cells become protected per day Estimated for individual treated

macaques

(Continued)
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IgG control viral load data and accounting for the individual heterogeneity in the treated

macaques, is motivated by methods used in population sciences to identify heterogeneous

treatment effects [34]. We paired each treated macaque with a control macaque that received

normal IgG, simultaneously fitting the model to the viral load data of the two macaques, pro-

vided the opportunity to disentangle the effects of the effector cell response and the mecha-

nism of action of the antibody. This fitting process using the one-to-one pairing was repeated

for each IgG control macaque, such that all the treated macaque were paired with every IgG

control macaque (S1 Text). We assumed that the IgG control macaques are a well-representa-

tive population of macaques who did not receive the anti-α4β7 antibody. Thus, we assume the

viral dynamics of each of the eight treated macaques would approach the viral steady state

above 50 SIV RNA copies/ml and resemble that of an IgG control macaque after cART was

stopped and if the anti-α4β7 antibody were not given.

We computed the 95% confidence intervals using the profile likelihoods of the estimated

parameters and a threshold for the log-likelihood based on half the value of the 95% percentile

of a χ2distribution with k degrees of freedom [35], where k is the number of estimated parame-

ters (S1 Text).

Model selection

For model selection, we calculated the Akaike information criterion (AIC) weight [36]. The

small sample size corrected AIC score for model i and macaque j is

AICi;j ¼ � 2 ln ðLi;jÞ þ 2ki þ 2kiðki þ 1Þ=ðnj � ki � 1Þ;

where Li,j is the likelihood for model i and macaque j, nj is the number of observations, and ki
is the number of parameters for model i [37]. The AIC weight for model i and macaque j is

wi;j ¼
expf� DAICi;j=2g

Xn

i¼1
expf� DAICi;j=2g

;

where ΔAICi,j = AICi,j−mink{AICk,j} [36]. As the AIC weight of a model (i.e., mechanism) can

be viewed as the probability that the model is the best one, we averaged the weights across all

the macaques for each model to evaluate the relative importance of the model (i.e., mecha-

nism) in explaining the observed dynamics.

Table 1. (Continued)

Parameter Description Value Units Reference

O Half-saturation constant for the effect the anti-α4β7 antibody has on

increasing antigen presentation

μg/ml Estimated for individual treated

macaques

a The carrying capacity was calculated such that in the absence of productively infected and latently infected cells the CD4+ T cell population would be in steady state at

the initial target cell concentration.

b Specifying the latent cell activation rate, the difference between the latent cell death rate and the latent cell proliferation rate is such that the half-life of the latent cell

reservoir is 38 days.

c The fraction of infections resulting in latency was calibrated during the initial stages of fitting such that the viral load under cART was greater than 1 SIV RNA copies/

ml during chronic HIV infection.

d The source rate of effector cells was chosen such that the effector cell concentration in the baseline model was relatively comparable to the concentration of HIV

specific CD8+ T cells during HIV infection.

e The distribution rate of the antibody to the blood from the tissue was calibrated at 0.001 intervals to maximize the likelihood of the antibody dynamics from the

pharmacokinetic model.

https://doi.org/10.1371/journal.pcbi.1009031.t001
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Fig 2. Fit of the model to the data. The measured (�50 SIV RNA copies/ml solid circles and<50 SIV RNA copies/ml open circles) and model predicted viral loads

(solid line) using the best-fit parameter estimates and model variation with the greatest AIC weight for each of the treated macaques and predicted viral dynamics in the

absence of the anti-α4β7antibody (dotted black line), panels A)–H). The limit of detection is 50 SIV RNA copies/ml (thin horizontal dashed black line). Treatment with

cART occurred between five weeks and 18/19 weeks post-infection (gray area), while eight infusions of the anti-α4β7antibody occurred between nine weeks post-

infection and 32 weeks post-infection (purple area). The mechanisms considered include increased viral clearance (red line), virus neutralization (orange line), target

cell protection (green line), and increased antigen presentation (blue line). Parameters for these simulations are in Tables 1 and S14–S18, for the AIC selected model

(Table 2).

https://doi.org/10.1371/journal.pcbi.1009031.g002
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Sensitivity

As in other viral dynamic models, many of the estimated parameters are correlated [38,39].

The estimated value of the effector cell killing rate, m, scales with the assumed values of the

effector cell source rate, λE, and the rate antigen presenting cells encounter antigen, bD, for the

model presented in S1 Text. The free-virus infection rate, βT(0), is correlated with the esti-

mated value of the viral production rate, p. We performed a sensitivity analysis for the efficacy

of cART, ε, the fraction of new infections that are latent, f, and the rate latent cells are activated

(with the latent cell reservoir half-life fixed at 38 days), a, and the impact these parameters

have on the average viral load dynamics in the IgG control and treated macaques.

We also conducted an extensive sensitivity analysis, on the fraction of new infections that

are latent, f, the rate latent cells are activated, a (which influences the half-life of the latent cell

reservoir because we keep the latent cell proliferation rate, rL, fixed), the efficacy of cART, ε,

the maximum rate of effector cell expansion, bE, the ratio of KD to KB, the effector cell death

rate, μ, the percentage of CD4+ T cells that are targets, T(0) (which influences β as βT(0) =

5 × 10−3 cells/day), the initial viral inoculum, V(0), and the effector source rate, λE, based on

changes in the log-likelihood value (S3 Text).

Simulating nef-competent SIV

In Byrareddy et al. [2], SIVmac239 nef-stop was used to infect the macaques. Major histocom-

patibility complex (MHC) class I molecules on the surface of SIV and HIV-infected cells are

downregulated by nef [40,41], allowing infected cells to evade CD8+ T effector cell responses to

some degree. Since peptide-MHC class I molecules are recognized by the T cell receptor on

CD8+ T cells, we speculate that cells infected with a nef-competent virus will not stimulate

effector cell expansion as well as the nef-defective virus used by Byrareddy et al. [2]. Therefore,

to model a nef-competent virus, such as in the repeat experiment by Abbink et al. [15], we

reduced the effector cell killing rate m and increased the half-saturation constant for effector

cell proliferation KB, while fixing the remaining best-fit parameters for each treated macaque

(i.e., the half-saturation constant for effector cell proliferation KD remains fixed and is not

increased with KB) (S1 Text). We implemented a grid search for the perturbation of these two

parameters within fixed ranges that would give rise to viral rebound (S1 Text).

Results

The achievement of post-treatment virologic control after the removal of treatment is depen-

dent upon obtaining a balance between viral growth and the immune control. Models that dif-

fered by the mechanism of action of the anti-α4β7 antibody were able to attain post-treatment

control with the administration of the anti-α4β7 antibody, with most reproducing the

observed viral dynamics (Figs 2 and 3 and S2–S5). In addition, the model could portray the

viral dynamics in the IgG control macaques (S6–S8 Figs). With multiple models fitting the

viral load after the removal of cART in both the IgG control and anti-α4β7 antibody treated

macaques, we next determined which models gave the best fit for each individual animal.

Viral load dynamics best reproduced with baseline source of effector cells

As described in the Supplemental Information (S1 Text), we tested three different models for

the source of effector cells in the absence of anti-α4β7 antibody therapy: a baseline model

where the source rate is independent of infected cells, virus, or antigen presenting cells; a satu-

rated source dependent on the infected cell concentration or equivalently the virus concentra-

tion as the virus and infected cell levels rapidly establish a quasi-steady state in which they are
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Fig 3. Viral dynamics after the removal of cART for the four anti-α4β7 antibody mechanisms of action. The measured (�50 SIV RNA copies/ml solid circles

and<50 SIV RNA copies/ml open circles) and model predicted viral loads for the AIC selected model (indicated after macaque) and three remaining models using

the best-fit parameter estimates for the mechanisms of increased viral clearance (red line), viral neutralization (orange line), target cell protection (green line), and

increased antigen presentation (blue line), panels A)–H). For each macaque, a scatter plot of the ΔAIC and the log-likelihood for each mechanism, panels A)–H).

The limit of detection is 50 SIV RNA copies/ml (thin horizontal dashed black line). Treatment with cART occurred between five weeks and 18/19 weeks post-

infection (gray area), while eight infusions of the anti-α4β7antibody occurred between nine weeks post-infection and 32 weeks post-infection (purple area). The

mechanisms considered include parameters for these simulations are in Tables 1 and S14–S18.

https://doi.org/10.1371/journal.pcbi.1009031.g003
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proportional to each other; and a more mechanistic model where the source is dependent on

the concentration of antigen presenting cells. We examined which model best fit the viral load

dynamics of the IgG control and treated macaques using AIC weight, where models with the

larger weights (lower AIC score) are selected [36]. Given an effector source model, the best

mechanism of action of the anti-α4β7antibody based on AIC was used for each treated

macaque in the model comparison (S5–S12 Tables). Overall, we found that the baseline model

was the best option to generate the viral load dynamics seen in both the treated and IgG con-

trol macaques (S4 Table), showing that adding more biological complexity does not improve

the fits enough to justify the inclusion of additional parameters. Given this finding, we only

discuss the results obtained with the baseline model below. We note that this AIC selected

model is not universally favored across the different mechanisms for the individual macaques

(S5–S13 Tables).

Viral dynamics in the treated group is best explained by the protection

mechanism

We considered four mechanisms by which the anti-α4β7 antibody perturbs the balance

between viral replication and immune control (Fig 1). To determine which mechanism best

explains the viral load dynamics for the treated macaques, we fit the model to the viral load

data from each monkey and compared the mechanisms using the AIC weight (Table 2 and

Figs 2 and 3). We found that the protection mechanism provides the overall largest AIC weight

on average for the treated macaques (Table 2), while some individual macaques have different

optimal mechanisms (Table 2). Increased viral clearance and viral neutralization follow second

and third, respectively, for explaining the observed viral load dynamics in the eight treated

macaques.

The protection mechanism still had the largest average AIC weight when including

increased viral clearance into the increased antigen presentation mechanism (Table A in S2

Text). The average AIC weight of increased antigen presentation improved slightly with the

addition of increased viral clearance to this mechanism (Table A in S2 Text).

We examined the viral load dynamics predicted by each mechanism post-cART and com-

pared them to the AIC selected mechanism for the individual macaque (Fig 3). For most

macaques, the rebound dynamics are qualitatively similar for the different mechanisms. For

the two macaques that had no detectable viremia post-cART (RFa15 and RLn12), the protec-

tion mechanism was more able to suppress the initial rebound immediately after cART was

removed compared to the other four mechanisms which produced peaks slightly above detec-

tion. For macaque RId14, which had highly oscillatory viral load dynamics after cART was

stopped, the four mechanisms produced qualitatively different oscillatory patterns. For

macaque ROo13, the difference in the mechanisms were more apparent in capturing the initial

viral load peak after cART was stopped, with relatively similar dynamics afterwards. Although

Table 2. The AIC weight� for increased viral clearance, viral neutralization, protection, and improved antigen presentation mechanisms for the baseline source

model.

Mechanism ROq14 RDa15 RFa15 RLn12 RId14 ROo13 RSd14 ROv14 Average

Viral clearance 0.147 0.452 0.000 0.004 0.282 0.002 0.609 0.637 0.267

Virus neutralization 0.838 0.548 0.000 0.002 0.484 0.000 0.005 0.000 0.235

Protection 0.007 0.000 1.000 0.993 0.230 0.000 0.271 0.360 0.358

Antigen presentation 0.008 0.000 0.000 0.000 0.004 0.997 0.115 0.003 0.141

� AIC weights are rounded and as a result some columns may not sum to one.

https://doi.org/10.1371/journal.pcbi.1009031.t002
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some mechanisms may qualitatively be similar during the phase once cART is removed, the

reduced log-likelihood can be attributed to i) poor representation of the viral load dynamics

prior to the initiation of cART or ii) a substandard portrayal of the viral load dynamics in the

absence of the anti-α4β7 antibody.

Area under viral load curve post-treatment correlated with the level at

which effector cells proliferate

We calculated the area under the predicted log10 viral load curve (AUC) for the 30 weeks after

cART was removed. The time period of 30 weeks after cART was removed was used instead of

a specified time post-infection because cART was stopped at either week 18 or 19 p.i., which

would result in different durations in which the AUC is calculated. The estimated half-satura-

tion constant for effector cell proliferation, KB, was a strong predictor of the predicted AUC

for the treated macaques (r = 0.77, p = 0.025) (S9 Fig), suggesting that treated macaques with a

faster responding effector cell response were better able to control the virus than those with a

delayed effector cell response. A strong correlation was also found between the estimated KB

and the model predicted AUC for the 30 weeks following the last infusion of the antibody (r =
0.63, p = 0.096), although it was not statistically significant (S9 Fig).

Sensitivity analysis

Conducting one-way sensitivity analysis on the efficacy of cART, the fraction of infections

resulting in latency and the activation rate of latent cells, the viral load dynamics and the

infected cell death rate for the treated macaques are only moderately affected (Fig 4). Increasing

the half-maximal concentration (EC50) associated with the protection mechanism increases

both the breadth and magnitude of the viral peak after the removal of cART (S10 Fig).

Through analysis of the profile likelihood, we found that the value of log-likelihood was

sensitive to small changes in the value of our best estimates of the viral production rate, p, and

the effector cell killing rate, m (S3 Text). Moderate changes in parameters associated with the

anti-α4β7 antibody mechanism can also produce rapid changes in the log-likelihood (S3 Text).

In addition, small changes in fixed parameters pertaining to the effector cell response (ratio of

KD to KB, maximum rate of proliferation bE, and effector cell death rate μ) can also produce

rapid changes in the log-likelihood (S3 Text). These results are somewhat expected, given the

delicate balance between viral growth and immune control for the system to attain post-treat-

ment control after the anti-α4β7 antibody is removed. We conducted similar sensitivity analy-

sis for the IgG control macaques (S11 Fig and S3 Text).

We found that for most of the scenarios that were considered with different effector source

models (Table C–H in S2 Text), the protection mechanism was found to be the dominant

mechanism when explaining the population level viral dynamics (i.e., greatest average of AIC

model weights). We found that increased antigen presentation was the other dominant mecha-

nism in the instances that it performed equally well or outperformed the protection mecha-

nism (Table F in S2 Text).

Model simulation of nef-competent SIV

Abbink et al. [15] tried to replicate the Byrareddy et al. [2] experiment using a nef-competent

virus rather than a nef-deficient virus, but found that when all treatment was stopped virus

rebounded in their experimental animals. Since the presence of nef can affect the parameters

governing the effector cell response in our model, particularly the effector killing rate constant

m and the effector cell 50% maximum proliferation constant KB (see Methods), we systemati-

cally varied these parameters for each of the eight treated macaques in the Byrareddy
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experiment. By changing these parameters, we converted the post-treatment control dynamics

to viral rebound dynamics in all eight macaques (S12 and S13 Figs), as observed in the Abbink

et al. experiment [15]. We also found that viral rebound occurs across a broader range of pertur-

bations to the effector cell killing rate and the 50% maximum proliferation constant (S13 Fig).

Discussion

We expanded a viral kinetic model previously used to explain the phenomenon of post-treat-

ment control observed in the VISCONTI study [7,8]. Our generalization incorporated four

possible mechanisms of action of the anti-α4β7 antibody: increased viral clearance, virus

Fig 4. Sensitivity of the viral load dynamics and effector cell killing rate in the treated macaques predicted by the model. The geometric mean of the model

predicted viral load (left panels) and the per day effector cell killing rate (right panels) using the best-fit parameter estimates under the baseline source model with the

greatest AIC weight for each of the treated macaques. The sensitivity of the viral load and per day effector cell killing rate with respect to changing the A)-B) effectiveness

of cART from 90% (black) to 99%(red) and 75% (blue), C)-D) the fraction of infections resulting in latency from 10−5 (black) to 10−6 (red) and 10−4 (blue), and E)-F) the

activation rate of latent cells from 10−3 (black) to 2 ×10−3 (red) and 5×10−3 (blue). The limit of detection is 50 SIV RNA copies/ml (thin dashed black line, left panels).

Treatment with cART occurred between 5 weeks and 18/19 weeks p.i. (gray area), while eight infusions of the anti-α4β7antibody occurred between nine weeks p.i. and

32 weeks p.i. (purple area). Parameters for these simulations are in Table 1 and S14–S18 Tables, for the AIC selected mechanism (Table 2).

https://doi.org/10.1371/journal.pcbi.1009031.g004
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neutralization, protection of CD4+ T cells from infection, and increased antigen presentation.

To examine the role of these mechanisms in explaining the viral dynamics seen in eight rhesus

macaques treated with cART plus an anti-α4β7 antibody, we fit our mathematical model to the

viral load data from these eight macaques as well as the viral load data from seven control

macaques treated with normal IgG and cART [2]. Our mathematical model with best-fit

parameters was largely able to reproduce the observed viral dynamics as well as the viral sup-

pression observed in the treated macaques after cessation of all therapy.

Through our analysis, we determined the protection mechanism best explained the popula-

tion level viral dynamics in all eight macaques treated with the anti-α4β7 antibody. However,

there was substantial heterogeneity in the dominant mechanisms across individual animals, as

at least one of the four mechanisms were suggested to be the dominant in at least one of the

animals. In retrospect, this heterogeneity of mechanism may not be surprising if we view anti-

α4β7 antibody treatment as a perturbation of the interactions between the virus and its host

that leads to viral suppression and the strengthening of the host immune response so that in

the absence of all therapy viral suppression can be maintained. In addition, the macaques were

not genetically identical which would lead to differences in the immune responses they devel-

oped. Our results reflect these differences, as the model predicted log10 viral load AUC after

cART and the last anti-α4β7 antibody infusion was strongly correlated with the half-saturation

constant in the effector cell proliferation rate function. The individual heterogeneity also sug-

gests that the anti-α4β7 antibody likely has multiple mechanisms of action by which it ulti-

mately suppressed viral rebound. Also, our analysis showed that in some macaques there are

secondary mechanisms of anti-α4β7 antibody action that should not be ignored, as they have

some explanatory power for the observed viral dynamics (Tables 2 and S5–S12). The individ-

ual heterogeneity of the selected mechanism among the treated macaques suggests that less

dominant mechanisms could also be present.

These multiple mechanisms likely affect viral replication in overlapping ways. For example,

the increased viral clearance mechanism reduces the viral concentration, which subsequently

produces fewer infected cells, which in turn could increase effector cell concentrations due to

the lack of immune exhaustion. Therefore, the antibody will likely have both direct and indi-

rect effects on viral replication that may not be appropriately quantified.

The characteristics of the viral dynamics post-cART were highly heterogeneous across the

eight treated macaques. After removal of cART, two macaques experienced no viremia above

the limit of detection, two exhibited viral peaks only while the antibody was administered, two

had a broad viral peak after the last infusion of the anti-α4β7 antibody, and the remaining two

exhibited large oscillations in the viral load. Some of the variability of these dynamics may be

due to stochastic reactivation of cells in the latent reservoir, which was not accounted for in

our deterministic model. Rather, our model produces the observed dynamics through the per-

turbation of the system and the complex interaction between target cells, the virus, and the

effector cell response. The objective of the model was not to provide precise estimates of mech-

anistic parameters of the anti-α4β7 antibody, as we were limited by the frequency of viral sam-

pling, but rather to show that post-treatment control can be achieved through multiple

mechanisms of action.

The four mechanisms considered perturb the balance between viral growth and immune

control in different ways. The protection mechanism allows for the accumulation of protected

CD4+ T cells during cART, which can produce a lower viral peak that may be below the limit

of detection when cART is removed. This buildup of protected CD4+ T cells slows viral expan-

sion after cART is removed, allowing the effector response to quickly suppress viral replica-

tion. The effects of the increased viral clearance and the virus neutralization mechanisms

during cART can further suppress the viral load and the level of infected cells. During the
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continued presence of the anti-α4β7 antibody after the removal of cART, these two mecha-

nisms will reduce the rate of de novo infections which will aid the immune response in control-

ling infection but also indirectly influence effector cell dynamics. The increased antigen

presentation mechanism perturbs the source of effector cells, which depending on the model

is either constant or dependent on the infected cell concentration in the absence of the anti-

body. The temporal change in the effector cell source rate in the presence of the antibody has

the potential to induce oscillations in the effector cell population as the antibody concentration

fluctuates due to its periodic infusion, contributing to the variable viral concentrations

observed after the removal of cART.

Within the model, post-treatment control is achieved through the combined effect of

cART, the anti-α4β7 antibody, and the effector cell response. HIV treatment interruption

studies revealed that lower viral load set-points after stopping cART could be attributed to an

increased response from HIV-specific CD8+ T cells [42]. The effector-cell response is a critical

component in maintaining viral suppression, as there was a large transient rebound of viremia

when CD8α expressing NK cells, NK T cells, and classic CD8 T cells were depleted in the

treated macaques (Fig A in S2 Text). After the effector cell population was restored in the

macaques, control of viremia was regained (Fig A in S2 Text). Additionally, Cartwright et al.

showed that the responses of CD8+ T cells are critical to the suppression of viremia in SIV-

infected animals treated with short-term cART [43]. CD8 depletion of SIV-infected animals

while still on cART lead to viral rebound and subsequent control of viremia when the CD8+ T

cells repopulated the animals. Interestingly, the viral dynamics observed in that experiment

could be reproduced by a generalization of the Conway-Perelson model [32]. A limitation of

our model is that we only considered the cytolytic response of effector cells, even though CD8

T cells can also use non-cytolytic mechanisms to limit infection. This was done to avoid adding

extra unknown parameters and over-fitting the data. Cao et al [32] modeled the Cartwright et.

al. [43] experiment using a variant of the Conway and Perelson model and found that non-

cytolytic mechanisms were unlikely to be the sole mechanism of CD8 control [32].

The anti-α4β7 antibody has been hypothesized to enhance antigen presentation, resulting in

a better immune response [9]. Broadly neutralizing antibodies may also induce a potent effector

cell response by a mechanism in which immune complexes activate antigen presenting cells

[44]. Prior studies in mice have shown that passive administration of monoclonal anti-CD20

antibodies to treat melanoma can induce a vaccinal effect, whereby the antibody aids in the

development of long-term durable anti-tumor T cell responses [45]. It is hypothesized that this

vaccinal effect is a result of the antibody generating immune complexes that activate antigen

presenting dendritic cells which then stimulate a cell-mediated immune response [45]. The crit-

ical component of the vaccinal effect is the presence of a long-term effective memory response

after the antibody has been eliminated from the body. One can speculate that the anti-α4β7

antibody induces a vaccinal effect, as macaques not only maintain long-term suppression of

viremia but also viremia rebounds after the depletion of CD8+ T cells (Fig A in S2 Text).

One action of an anti-α4β7 antibody is to reduce the trafficking of lymphocytes to the gut

[2,4], a site where much viral replication occurs during primary infection [46]. Our results are

consistent with this hypothesis, as the protection mechanism best explained population level

viral dynamics. To keep our model tractable, we did not explicitly consider trafficking. How-

ever, the protection mechanism that we did study can capture the effect of reduced CD4+ T-

cell trafficking to the gut. Thus, part of the protection mechanism could be viewed as being a

consequence of changes in lymphocyte trafficking due to anti-α4β7 antibody administration.

Second to the protection mechanism, both increased viral clearance and virus neutraliza-

tion were the next set of mechanisms to best explain the data. The Iwamoto et al. study [13]

shows that an anti-α4β7 antibody may have little to no neutralizing capabilities. However,
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cell cultures not treated with retinoic acid (which induces expression of α4β7) can result in

cultures producing substantially lower amounts of α4β7 integrated into virions than cell

cultures treated with retinoic acid [9]. Girard et al [47] observed limited viral replication in

retinoic acid treated α4β7+ CD4+ T cells when preincubated with an anti-α4β7 antibody,

suggesting neutralization may be feasible mechanism. From a model mechanistic stand-

point, the virus neutralization mechanism could be representative of both the increased

viral clearance mechanism and the protection mechanism. Increased viral clearance is

encompassed within the virus neutralization mechanism, which limits infection of target

cells, albeit in a different manner than the protection mechanism. We further see a role of

increased viral clearance when considering a combined role with the increased antigen pre-

sentation mechanism, as the average AIC weight increased for the latter mechanism (S2

Text). This evidence strengthens the suggestion that multiple mechanisms of action from

the anti-α4β7 antibody could be perturbing the balance between viral growth and immune

control to obtain post-treatment control.

Although there is substantial supportive evidence targeting the α4β7 integrin to alter the

course of HIV infection [14], there has been concern about the robustness of the Byrareddy

et al. [2] study as other groups were unable to replicate the outcome of the original experiment

[12,13,15,48]. The virus used in the original experiment contained a stop codon in nef, which

upon in vivo inoculation in rhesus macaques is stochastically repaired to generate wildtype

virus. The stochastic nature of the nef-stop repair over the course of infection has been sug-

gested as one potential reason the experiment might not have been replicated [14].

We can only speculate about the reasons underlying the failure to replicate the Byrareddy

et al. [2] results. The repeat study by Abbink et al. used a different SIV strain, SIVmac251, and

a different route of virus infection that was not optimized to determine the effect of anti-α4β7

on SIV infection and control [15]. Further, this virus is not nef-deficient and is more patho-

genic than the virus used by Byrareddy et al. [2]. To understand whether nef-competence may

have played a role in the inability to repeat the original experiment, we asked whether the abil-

ity of the model to achieve post-treatment control is sensitive to changes in parameters that nef
is most likely to influence. Since the presence of nef leads to down-regulation of MHC class I,

we expect that the effector cell killing rate constant, m, would be decreased and that the prolif-

eration of CD8 T cells driven by interaction with infected cells through their T cell receptor

would be decreased, i.e., the parameter KB controlling the amount of stimulation by infected

cells needed to induce 50% maximal proliferation would be increased. We showed using our

model and best-fit parameters for each macaque that if we decreased m and increased KB that

instead of post-treatment control we would get viral rebound when all treatment was stopped

as found in the experiment by Abbink et al. [15].

The Iwamoto et al. study [13] also failed to achieve virologic control observed in the Byrar-

eddy et. al. [2] experiment. This failure could be attributed to the use of a different integrase

inhibitor. When cART was applied in this system, the decline in the viral load was significantly

slower than in the original study. As a result, cART was administered for an extra six weeks to

obtain viral suppression before starting anti-α4β7 antibody administration. The authors specu-

lated that more rapid repair of nef in this virus could explain the slower virologic control after

cART was initiated. As we argued above for the Abbink et al. [15] experiment, having nef-com-

petent virus could easily lead to viral rebound instead of post-treatment control.

This study also examined the effect of antibodies against the V2-loop of the SIV envelope

protein on viral replication after the removal of cART. They observed that the broadly neutral-

izing antibody ITS103.01 delayed the rebound of viremia longer than the anti-α4β7 antibody

and the non-neutralizing antibody ITS12.01. Unlike the original Byrareddy et al. [2] experi-

ment, all animals rebounded [13]. These antibodies targeting the V2 loop likely would not

PLOS COMPUTATIONAL BIOLOGY Mechanistic basis of post-treatment control of SIV after anti-α4β7 antibody therapy

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009031 June 9, 2021 19 / 29

https://doi.org/10.1371/journal.pcbi.1009031


influence the trafficking of CD4+ T cells to the gut and not interact with non-infected cells

that express α4β7 [2]. As a result, the effects of these V2 antibodies might not induce the pro-

tection mechanism included in our model of anti-α4β7 antibody action. Further, not all viri-

ons express α4β7 and their concentration is likely reduced in later stages of the experiment

due to preferential infection and subsequent loss of α4β7 expressing cells. Thus, even if anti-

α4β7 antibody has neutralizing ability it would not be as broad as that of ITS103.01. Moreover,

ITS103.01 is directed against the CD4 binding site on Env and shows complete neutralization

against tier 1, 2 and 3 SIV, including the highly neutralization-resistant SIVmac239 [49].

These factors may explain why the ITS103.01 antibody led to a greater delay in viral rebound

than the anti-α4β7 antibody.

The third study by Di Mascio et al. [12] also had issues in attaining post-treatment control.

In addition to the stochastic nature of reversion of the nef-stop mutation, discussed by Di Mas-

cio et al [12], this experiment was performed using monkeys housed at the NIH Animal Care

Center that were fed either 5038-Monkey Diet Jumbo or 5045-High Protein Monkey Diet

[12], while the Byrareddy et al. [2] animals were housed at the Yerkes National Primate

Research Center and were fed a monkey diet supplemented by fresh fruits and vegetables [2].

This leads us to speculate that the microbiomes of the animals at the two facilities were differ-

ent. As the composition of the microbiome can affect immune responses and the reliability of

an animal model to mimic human immune responses [50] this could be another factor in the

differing outcomes. Also, the genetics of the animals might have played a role. The animals

used by Di Mascio et al. [12] were obtained from Morgan Island and were genetically typed for

a limited number of MHC alleles whereas the animals utilized by Byrareddy et al. [2] were

bred in the facilities at the Yerkes Primate Center, Emory University. These macaques were

typed for detailed MHC alleles, KIR alleles, FcR polymorphisms and TRIM5alpha genes and

the animals assigned to the experimental and control groups to preclude any of these genetic

biases. It is also possible that there are other genetic polymorphisms that contribute to the con-

trol of viremia, a subject under current study.

In summary, treating acute SIV infection with cART and an anti-α4β7 antibody has led

to post-treatment control with viremia levels maintained below 50 SIV RNA copies/ml in

an experiment by Byrareddy et al. [2]. No matter what the detailed mechanisms of action of

the antibody are, the critical feature of this experiment was that after all treatment was

removed, in a majority of animals the virus was controlled to below the level of detection of

the assay after an initial high burst of viral replication. A model that yields two stable viral

set-points, one where the viral load is below the limit of detection, explains how the anti-

body can perturb the viral-host system in such a way that it moves the system from the

basin of attraction of the high-viral-load set-point to that of the low-viral-load set-point.

Based on our analysis, which involved fitting the observed viral load data to models incor-

porating different mechanisms of antibody action, it appears that multiple mechanisms of

antibody action can generate this type of perturbation. Alternatively, one can say that the

antibody is generating a vaccinal effect, as the long-term control of the virus in the absence

of all therapy ultimately depends on having an effector-cell response in the model. The

involvement of effector cells in maintaining virologic control was also shown experimen-

tally using CD8 depletion experiments.

The work presented here introduced new models for four different possible mechanisms by

which a monoclonal antibody against the α4β7 integrin could modulate immune responses.

These models, although needing further validation, may prove useful in exploring the mecha-

nism of action of other antibodies, such as broadly neutralizing antibodies [51,52], in generat-

ing long-term virologic control of SIV/HIV.
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open circles) and model predicted viral loads (solid line) using the best-fit parameter estimates

and model variation with the greatest AIC weight for each of the treated macaques and pre-

dicted viral dynamics in the absence of the anti-α4β7antibody (dotted black line), panels A)–

H). The limit of detection is 50 SIV RNA copies/ml (thin horizontal dashed black line). Treat-

ment with cART occurred between five weeks and 18/19 weeks post-infection (gray area),

while eight infusions of the anti-α4β7antibody occurred between nine weeks post-infection

and 32 weeks post-infection (purple area). The mechanisms considered include increased viral

clearance (red line), viral neutralization (orange line), target cell protection (green line), and

increased antigen presentation (without increased viral clearance) (blue line). Parameters for
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copies/ml open circles) and model predicted viral loads (solid line) using the best-fit parameter

estimates and model variation with the greatest AIC weight for each of the treated macaques
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els A)–H). The limit of detection is 50 SIV RNA copies/ml (thin horizontal dashed black line).

Treatment with cART occurred between five weeks and 18/19 weeks post-infection (gray

area), while eight infusions of the anti-α4β7antibody occurred between nine weeks post-infec-

tion and 32 weeks post-infection (purple area). The mechanisms considered include increased

viral clearance (red line), viral neutralization (orange line), target cell protection (green line),

and increased antigen presentation (without increased viral clearance) (blue line). Parameters

for these simulations are in Tables 1and S14–S18 and S2 Text, for the AIC selected mechanism
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S4 Fig. Viral dynamics after the removal of cART for the saturated source model. The mea-

sured (�50 SIV RNA copies/ml solid circles and <50 SIV RNA copies/ml open circles) and

model predicted viral loads for the AIC selected model (indicated after macaque) and three

remaining models using the best-fit parameter estimates for the mechanisms of increased viral

clearance (red line), viral neutralization (orange line), target cell protection (green line), and

increased antigen presentation (without increased viral clearance) (blue line), panels A)–H).

For each macaque, a scatter plot of the ΔAIC and the log-likelihood for each mechanism, pan-

els A)–H). The limit of detection is 50 SIV RNA copies/ml (thin horizontal dashed black line).

Treatment with cART occurred between five weeks and 18/19 weeks post-infection (gray

area), while eight infusions of the anti-α4β7antibody occurred between nine weeks post-infec-

tion and 32 weeks post-infection (purple area). The mechanisms considered include parame-

ters for these simulations are in Tables 1 and S14–S18 and S2 Text.
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S5 Fig. Viral dynamics after the removal of cART for the antigen presenting cell source

model. The measured (�50 SIV RNA copies/ml solid circles and<50 SIV RNA copies/ml

open circles) and model predicted viral loads for the AIC selected model (indicated after

macaque) and three remaining models using the best-fit parameter estimates for the mecha-

nisms of increased viral clearance (red line), viral neutralization (orange line), target cell pro-

tection (green line), and increased antigen presentation (without increased viral clearance)

(blue line), panels A)–H). For each macaque, a scatter plot of the ΔAIC and the log-likelihood

for each mechanism, panels A)–H). The limit of detection is 50 SIV RNA copies/ml (thin hori-

zontal dashed black line). Treatment with cART occurred between five weeks and 18/19 weeks

post-infection (gray area), while eight infusions of the anti-α4β7antibody occurred between

nine weeks post-infection and 32 weeks post-infection (purple area). The mechanisms consid-

ered include Parameters for these simulations are in Tables 1and S14–S18 and S2 Text.
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S6 Fig. Fit of model to the viral loads of the IgG control macaques using the baseline source

model. The observed (black dots) and model predicted viral load dynamics (solid line) using

the best-fit parameter estimates for A)–G) each of the macaques. Parameters for these simula-

tions are in Tables 1 and S19.
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source model. The observed (black dots) and model predicted viral load dynamics (solid line)

using the best-fit parameter estimates for A)–G) each of the macaques. Parameters for these

simulations are in Tables 1and S19 and S2 Text.
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S8 Fig. Fit of model to the viral loads of the IgG control macaques using the antigen pre-

senting cell source model. The observed (black dots) and model predicted viral load dynamics

(solid line) using the best-fit estimates for A)–G) each of the macaques. Parameters for these

simulations are in Tables 1 and S19.
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S9 Fig. The correlation between the half-saturation constant for effector cell proliferation

and area under the predicted log10 viral load curve. The correlation between the best param-

eter estimates for the half-saturation constant for effector cell proliferation for the AIC selected
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log10 viral load curve for the 30 weeks following A) the removal of cART and B) the last infu-

sion of the anti-α4β7antibody.
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S10 Fig. Sensitivity of the viral load dynamics and area under the curve for the protection

mechanism. The model predicted viral load (solid line) using the best-fit parameter estimates

and the baseline source model for the treated macaques A) RSd14, B) ROv14, C) RLn12, and

D) RFa15 using the baseline half-maximal concentration, EC50, (black), 100-fold higher EC50

(red), and 1000-fold higher EC50 (blue). The limit of detection is 50 SIV RNA copies/ml (thin

dashed black line, left panels). E) The area under the log10 predicted viral load curve for the 30

weeks after cART was stopped for the treated macaques RSd14 (black), ROv14 (red), RLn12

(blue), and RFa15 (purple). Treatment with cART occurred between five weeks and 18/19

weeks post-infection (gray area). Parameters for these simulations are in Tables 1 and S16.

(PDF)

S11 Fig. Sensitivity of the viral load dynamics and effector cell killing rate of the IgG con-

trol macaques predicted by the model. The average model predicted viral load (left panels)

and the per day effector cell killing rate (right panels) using the best-fit parameter estimates

under the baseline source model with the greatest AIC weight for each of the treated macaques

(solid line). The sensitivity of the viral load and per day effector cell killing rate with respect to

changing A)−B) the effectiveness of cART from 90% (black) to 99%(red) and 75% (blue); C)

−D) the fraction of infections resulting in latency from 10−5 (black) to 10−6 (red) and 10−4

(blue); E)−F) the activation rate of latent cells from 10−3 (black) to 2 ×10−3 (red) and 5×10−3

(blue). The limit of detection is 50 SIV RNA copies/ml (thin dashed black line, left panels) and

the minimum infected cell death rate is the death rate due to viral cytopathic effects (thin

dashed line, right panels). Treatment with cART occurred between five weeks and 18/19 weeks

post-infection (gray area). The average was calculated using the geometric mean for the seven

IgG control macaques. Parameters for these simulations are in Tables 1 and S19.

(PDF)

S12 Fig. Viral dynamics for nef-competent virus among the eight treated macaques. The

model predicted viral loads for SIV nef-competent virus with anti-α4β7antibody therapy (black)

and without anti-α4β7antibody therapy (red) using the best-fit parameter estimates and model

variation with the greatest AIC weight for each of the treated macaques, panels A)–H). The limit

of detection is 50 SIV RNA copies/ml (thin dashed black line). Treatment with cART occurred

between five weeks and 18/19 weeks post-infection (gray area), while eight infusions of the anti-

α4β7antibody occurred between nine weeks post-infection and 32 weeks post-infection (purple

area). Parameters for these simulations are in Tables 1 and S14–S18, for the AIC selected model

(Table 2). The effector cell killing rate (m) and the saturation constant for effector cell prolifera-

tion was adjusted for each treated macaque for the nef-competent virus (S13 Fig).

(PDF)

S13 Fig. Viral rebound among the eight treated macaques for a nef-competent virus. The

proportion of macaques whose viral load rebounded after the removal of cART (color gradi-

ent) for various reductions in the effector cell killing rate (m) and increases in the half-satura-

tion constant for effector cell proliferation (KB). Parameters for these simulations are in Tables

1 and S14–S18, for the AIC selected model (Table 2). Viral rebound was characterized by the

model viral load not dropping below 50 RNA copies/ml any time after week 40 post-infection

and had a viral load that exceeded 10,000 RNA copies/ml at week 81-post infection.

(PDF)
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