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ABSTRACT

While the benefits of early antiretroviral therapy (ART) initiation in perinatally infected infants are

well documented, early ART initiation is not always possible in postnatal pediatric HIV infections,

which account for the majority of pediatric HIV cases worldwide. The timing of onset of ART

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 14, 2023. ; https://doi.org/10.1101/2023.07.22.550159doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.22.550159
http://creativecommons.org/licenses/by-nc/4.0/


A PREPRINT - SEPTEMBER 13, 2023

initiation is likely to affect the size of the latent viral reservoir established, as well as the development

of adaptive immune responses, such as the generation of neutralizing antibody responses against the

virus. How these parameters impact the ability of infants to control viremia and the time to viral

rebound after ART interruption is unclear. To gain insight into the dynamics, we utilized mathematical

models to investigate the effect of time of ART initiation via latent reservoir size and autologous virus

neutralizing antibody responses in delaying viral rebound when treatment is interrupted. We used

an infant nonhuman primate Simian/Human Immunodeficiency Virus (SHIV) infection model that

mimics breast milk HIV transmission in human infants. Infant Rhesus macaques (RMs) were orally

challenged with SHIV.C.CH505 375H dCT and either given ART at 4-7 days post-infection (early

ART condition), at 2 weeks post-infection (intermediate ART condition), or at 8 weeks post-infection

(late ART condition). These infants were then monitored for up to 60 months post-infection with serial

viral load and immune measurements. We develop a stochastic mathematical model to investigate the

joint effect of latent reservoir size, the autologous neutralizing antibody potency, and CD4+ T cell

levels on the time to viral rebound and control of post-rebound viral loads. We find that the latent

reservoir size is an important determinant in explaining time to viral rebound by affecting the growth

rate of the virus. The presence of neutralizing antibodies also can delay rebound, but we find this

effect for high potency antibody responses only.

1 Introduction

In 2020, an estimated 1.7 million children were living with HIV-1 infection worldwide [1]. Infants who acquire HIV

must start ART as soon as possible after diagnosis and remain on lifelong ART to prevent HIV-associated disease [2].

The benefits of initiating ART soon after infection are well-documented [3–5]: early ART reduces mortality and

improves clinical outcomes in infants living with HIV-1 [3, 5]. Studies have demonstrated that early ART initiation

suppresses HIV viral replication and can result in preservation of CD4+ T cell counts both in infants and adults [3,4,6,7].

However, ART is not a cure, and treatment interruption leads to rebound of viremia to levels typical of chronic infection,

with remarkable heterogeneity in rebound times [8]. Yet early ART may delay viral rebound after treatment interruption

also in infants. For instance, the "Mississippi baby" was treated 30 hours after birth and discontinued at 18 months of

age, and no detectable viremia was observed for 28 months after treatment discontinuation [9, 10]. This case study

sparked hopes for functional cure of pediatric HIV, i.e. sustained suppression of viremia without ART, through very early

administration of ART. Additional reports of potential pediatric HIV-1 remission, through early ART followed [11, 12],

but were not attributed to a specific mechanism (cellular or humoral immunity). Despite such promising cases, a

generalizable approach for a functional cure in infants and children has not been achieved [5, 13, 14].

In addition to infants, several studies demonstrated the effects of early ART in adults living with HIV. In a pooled

analysis of study participants in six AIDS Clinical Trial Groups (ACTG), Li et al. reported widely varying rebound times

after treatment interruption, ranging from a few days to months, with a significant number of participants (15 out of
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235) maintaining viral loads below the detectable limit for up to 3 or more months after ART interruption [8]. The most

comprehensive description of post-treatment control (PTC) was provided by the VISCONTI cohort, a group of 14 people

living with HIV and treated early who were able to control viremia for up to 10 years after treatment interruption [15].

However, unlike elite controllers, who have HLA alleles favorable to HIV control, participants in the VISCONTI

study did not show overrepresentation in those alleles [8, 15]. In fact, the VISCONTI cohort displayed less efficient

HIV-1-specific CD8+ T cells [15]. The development of humoral immune responses was not examined in this cohort [15].

However, in vitro studies point to the effect of humoral responses and the functions of antibodies. For example, in

vitro data suggests that an anti-CD2 monoclonal antibody can induce natural killer cell-driven antibody-dependent

cell-mediated cytotoxicity (ADCC). Specifically targeting CD45RA- CD4+ memory T cells, killing can be induced

and this can reduce HIV DNA levels in patient samples ex vivo [16, 17]. In addition, novel antibody-based therapies

against HIV are advancing into the clinic [18]. Therefore, it is crucial to further study immune mechanisms such as the

mechanisms of antibody development in postnatally HIV-infected children, and their capacity to control infection. This

understanding could potentially lead to more effective and generalized approaches for functional cure of pediatric HIV

and provide a better quality of life for these children.

The major hurdle to HIV cure is the establishment of the latent reservoir (LR), which consists of latently HIV-infected

cells, i.e. cells with integrated HIV provirus. These latently infected cells are primarily resting memory CD4+ T

cells [19]. It is a long-lived population of cells that is established early in infection, and escapes both ART and immune

responses. Latently infected cells can “activate” by transitioning to a productive phenotype, which is thought to cause

viral rebound if therapy is interrupted [20–26]. Early ART initiation is associated with lower latent reservoir sizes

both in adults and infants [27, 28]. However, characterization of the latent reservoir has been largely focused on adults.

In infant nonhuman primate models, naive CD4 T cells containing intact provirus— a small fraction of an adult’s

latent reservoir [29] — significantly contribute to the size of the viral reservoirs in both blood and lymphoid tissues.

This is noteworthy, as memory CD4+ T cells are typically considered the primary source of latent HIV and simian

immunodeficiency virus (SIV) infection in adult humans and rhesus macaques [30]. By characterizing the profile of the

latent viral reservoir, we can expand our knowledge of viral persistence and gain a clearer understanding of the targets

for interventions in the pediatric population. [30].

There have been a number of studies that use mathematical models to investigate control and time to viral rebound

after treatment interruption [31–37], but such studies are limited to adults. All these models make the well-accepted

assumption that latent cell activation drives HIV-1 viral rebound. Pinkevych et al. used data from treatment interruption

trials to derive the first estimates of recrudescence rates [33, 34]. Hill et al. considered inter-individual heterogeneity

when modeling within-host viral rebound dynamics and used a continuous time branching process to derive estimates

of viral rebound time distributions. Hill et al. assumed that viral growth after viral recrudescence is, on average,

exponential, but the validity of this assumption remains unclear [31, 32]. Conway et al. used a stochastic model that

incorporates study participant information on HIV reservoir size and pre-ATI drug regimen to refine previous estimates

of viral recrudescence after ART cessation [36]; by incorporating this information, they were able to make individual
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predictions instead of focusing on population averages. These models have been very important in examining the effect

of LR size on rebound times [33, 34, 36, 37] and the reduction of the latent reservoir needed to be derived by targeted

therapeutics to achieve cure [31, 32]. However, these models neglect the potential effectiveness of the adaptive immune

responses to control viremia, once latent cell activation occurs in the absence of ART. Considering the unique biological,

immunological, and physiological differences between children and adults with HIV, it is crucial to understand the

impact of these factors on viral rebound dynamics in pediatric populations in order to develop age-appropriate treatments

and interventions.

In this present study, we focus on viral rebound in an infant nonhuman primate Simian/Human Immunodeficiency

Virus (SHIV) infection model that mimics breast milk HIV transmission in human infants. Infant rhesus macaques

(RMs) were orally challenged with SHIV.C.CH505 375H dCT 4 weeks after birth and ART was initiated late at 8

weeks post-infection (wpi), intermediately at 2 wpi and early at 4-7 days post-infection (dpi). In addition to regular

viral load measurements, longitudinal neutralizing antibody responses as well as the latent reservoir size was assessed

after ART interruption [30, 38, 39]. We investigate how the timing of treatment initiation affects the establishment of

the latent reservoir and the development of neutralizing antibodies, and how these, in turn, affect viral rebound times.

We extend the continuous time branching process model developed by Conway et al. [36] to account for the effect of

neutralizing antibodies and latent reservoir sizes. The model output is a cumulative probability distribution that provides

the probability of an individual’s viral rebound time by time t. We show that the major determinant for rebound time

is the size of the latent reservoir, whereas neutralizing antibodies can delay rebound only when high neutralization

potency is observed.

2 Methods

2.1 The data

2.1.1 The experiments

Ten infant Rhesus macaques (RMs) were orally challenged with SHIV.C.CH505 four weeks after birth. Antiretroviral

treatment (ART) was initiated within 8 weeks post-infection (wpi) and subjects were followed for viral rebound, defined

as sustained detectable viremia. The experiment was replicated twice with different treatment initiation times: ten

animals started treatment at 2 wpi (intermediate treatment group) and another 10 started 4-7 days post-infection (dpi)

(early treatment group). The experiments are described in detail in [30, 38, 39].

We calibrate our model using the following experimental measurements: 1) viral load measurements, 2) potency of

antibodies neutralizing autologous virus measured by a TZM-bl assay [40] and 3) the latent reservoir size assessed with

Intact Proviral DNA assay (IPDA) [41].
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2.1.2 Estimation of CD4+ T cell population

While IPDA is measured as intact genomes per 106 CD4+ T cells, our branching process model requires the latent

reservoir size for the entire monkey, i.e. we need CD4+ T cell measurements for our subjects. Because CD4+ T cells

were only measured for the late group, we estimated the latent reservoir size for the intermediate and early treatment

groups by averaging the measure over all possible values of CD4 T+ cells. This requires knowledge of the distribution

of CD4 T+ cells in infant macaques. We fit lognormal, normal, and Weibull distributions to the late treatment group’s

CD4+ T cell measurements (Fig. 8A) and using Akaike Information Criterion (AIC) we determined that the lognormal

distribution, with logN(19.33, 0.53) best explains the CD4+ T cell counts across the test subjects (Table 4).

2.1.3 Estimation of antibody neutralization efficacy of the undiluted sample

Antibody neutralization against the challenge virus is measured in a serial dilution of plasma samples, starting at 1:20.

To inform our model of antibody efficacy, we need to estimate the antibody percent neutralization of the undiluted

sample. To estimate that, we fit a 4-parameter logistic model to the neutralization percent data at different dilutions.

The model takes the form of

y =
a− d

1 + (xc )
b

where x is the dilution, y is the percent neutralization and a, b, c, d are model parameters. From the fitted model

we extrapolate the percent antibody neutralization of the undiluted plasma (Figure 8B for an example fit, Figure 5

for all fitted curves in the late treatment group). We define a strong neutralizing response as one where the percent

neutralization of the undiluted plasma is ≥ 80%.

2.2 The model

Our baseline model is described in [36, 37]. In short, we assume that latent cell activation drives viral rebound [36], but

not all activations cause rebound. Instead, a latent cell activation is followed by rounds of viral replication that may

cause viral population sizes to grow past the detection threshold or to die out (Figure 1). We define q as the probability

that a latent cell activation fails to cause viral rebound, so 1− q is the probability that a latent cell activation will lead to

viral rebound. Finally, we assume that there is a time delay associated with latent cell activation dynamics, and viral

growth, between successful latent activation and detectable viremia. The detection threshold is defined as 60 HIV RNA

copies/ml. For simplicity, we assume a fixed, delta-distributed delay [36, 37].

We take the latent reservoir at the time of ATI to be L0 and the per capita latent cell activation rate a. Hence, the

recrudescence rate is r = (1− q)aL0. We use a branching process to compute the probability of viral rebound at time t.

The cumulative probability of successful activation at time t is 1− e−(1−q)aL0 . Assuming a fixed delay τ , the model

cumulative probability of viral rebound by time t is
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Table 1: List of expressions of the probability of unsuccessful activation q and the time delay, τ as functions of antibody
responses, ϕ and latent reservoir size L0, which were tested in our model.

q(ϕ, L0) τ(ϕ,L0)
Linear functions of ϕ Linear functions of ϕ

1. q(ϕ) = q0ϕ 1. τ(ϕ) = τ1 + (τ2 − τ1)ϕ

2. q(ϕ) = q0 + q1ϕ 2. τ(ϕ) = τ1 + τ2ϕ
Hill function of ϕ Hill function of ϕ

3. q(ϕ) = ϕn

kn+ϕn , n = 1, 2, 3 3. τ(ϕ) = τ1 + τ2
ϕn

kn+ϕn , n = 1, 2, 3
Nonlinear function of ϕ

4. τ(ϕ) = τ1 + (τ2 − τ1)ϕ
2

Linear function of L0

5. τ(L0) = τ1 − τ2L0

Noninear function of L0

6. τ(L0) = τ1 +
τ2
L0

7. τ(L0) =
τ2
L0

Hill function of L0

8. τ(L0) = τ1 + τ2(1− Ln
0

kn+Ln
0
), n = 1, 2, 3

Linear function of ϕ and L0

9. τ(ϕ,L0) = τ1 + τ2ϕ− τ3L0

Nonlinear functions of ϕ and L0

10. τ(ϕ,L0) = τ1 + τ2
ϕ
L0

11. τ(ϕ,L0) = τ1 + τ2ϕ+ τ3
1
L0

+ τ4
ϕ
L0

12. τ(ϕ,L0) = τ1 + τ2ϕ+ τ3
1
L0

+ τ4ϕL0

Figure 1: Model schematic. We assume that following ATI, latent cell activations are followed by chains of infection
that may die out, i.e., go extinct, with probability q, or successfully re-establish high viral loads associated with chronic
infection, with probability 1− q. In the latter case, we further assume a delay τ between activation and the time when
plasma viral load crosses the detection threshold.

PV R(t) =

 0 t ≤ τ

1− e−(1−q)aL0(t−τ) t > τ
(1)
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We extend our baseline model to account for the effect of neutralizing antibodies and the size of the latent reservoir as

estimated from IPDA. In particular, we assume that antibodies may affect the probability of unsuccessful activation q

and/or the delay τ . Additionally, we assume that the latent reservoir size may also affect the delay between ATI and

rebound. We construct and test several simple functions to express q and τ as functions of neutralizing antibodies and

latent reservoir size (Table 1). For example, we use the Hill function, q(ϕ) = ϕn

kn+ϕn with n = 1, 2, 3, to express the

effect of antibody neutralization ϕ on the probability of unsuccessful activation q, estimating k.

To estimate model parameters, we seek to maximize the likelihood function given by

lik(θ) =
N∏
i=1

(PV R(t
(i)
first; θ⃗)− PV R(t

(i)
last; θ⃗)) (2)

where PV R(t) is the cumulative probability of viral rebound by time t (eq. 3), multiplied over the N study subjects, θ⃗

are the parameters and tlast and tfirst are the last undetectable and first detectable viral load measurements for the

ith subject. Note that we do not estimate viral rebound times from the data, using times when viral loads were last

undetectable/first dectable directly instead. This allows us to avoid uncertainties due to the extrapolation of rebound

times from our dataset. For all models we estimate parameters using maximum likelihood methods, specifically the

Davidon-Fletcher-Powell optimization algorithm implemented b the Bhat package in R [42]. We compare model fits

using the Akaike Information Criterion (AIC) [43].

We focus on short-term viral rebound of up to 60 days post-ATI, because measurements of antibody neutralization are

sparse and only available up to 31 dpi, and therefore the data set might not reflect longer-term dynamics. We calibrate

the model using data on 1) viral load measurements of days 0− 60 post-ATI, 2) IPDA measurements at day 0 post-ATI,

3) antibody neutralization efficacy at day 0 post-ATI and 4) CD4+ T cell measurements at day 0 post-infection. We take

the latent reservoir size, L0 to be the log10 of the IPDA measurement. Our choice for L0 is motivated by a correlation

between rebound time and the log10 value of the IPDA measurements (Pearson correlation of -0.41, p-value= 0.03).

3 Results

We are interested in determining whether different treatment initiation times affect the establishment of the latent

reservoir and the development of potent antibody immune responses and how these, in turn, affect rebound times. To

investigate this question, we begin by computing our cumulative probability of viral rebound, PV R(t) for each treatment

group without incorporating any information on the latent reservoir size or the potency of antibodies. We refer to these

models as null models. We then incorporate the latent reservoir size and the strength of neutralizing antibody responses

against the challenge virus in PV R(t) according to the functions listed in Table 1. We compare these models to the null

model for each treatment group, as well as all treatment groups combined, to detect a net effect. We finally discuss how

our model can be used to examine the effects of potential therapies.
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Table 2: Summary of null model parameter estimates (mean and 95% CI) and AIC for each treatment group.

Group Parameter Estimates AIC
α(1− q) τ

Late 0.05 (0.02, 0.1) 4.99 (2.05, 10.52) 60.99
Intermediate 0.11 (0.05, 0.21) 6.07 (4.39, 8.19) 45.05

Early 0.012 (0.005, 0.03) 17 (16.3, 17.7) 35.2
All groups 0.03 (0.02, 0.04) 4.88 (2.52, 8.73) 157.8

Figure 2: Null model predictions on time to viral rebound for subjects (grey shaded area) and the average time to viral
rebound (thick, solid line), for a) the late treatment group, b) the intermediate treatment group, c) the early treatment
group and d) all treatment groups combined. For the null model, we do not incorporate information on the latent
reservoir size and the strength of neutralizing antibodies on the cumulative probability of rebound, PV R.

3.1 Null models

To facilitate the reader’s comparison with the best model in each treatment group, we provide the parameter estimations

for the null model in Table 2. It should be noted that α and 1− q appear as a product only in PV R(t) and therefore are

estimated as one composite parameter. Null model fitted curves to the last undetectable/first detectable viremia for each

treatment group are reported to Figure 2.

3.2 Models that best explain the data

LR size accelerates time to rebound and neutralizing antibodies delay it in the late treatment group. We fit PV R(t) (Eq.

3) to each treatment group separately, and then all treatment groups combined to discern a "net effect". We find that the

model that best explains data for the late treatment group is the one where the probability of unsuccessful activation

q is affected by the antibody response, according to the function q = q0ϕ, and the time delay τ is affected by both

neutralizing antibodies and the LR size, according to the function τ = τ1 + τ2ϕ− τ3L0 (∆AIC = −5.9) (Figure 3A,

Table 3). This finding suggests that viral rebound in the late treatment group is mediated by both the humoral immune

response and the latent reservoir size. Our results suggest that antibodies play a dual role, altering both the outcome of a
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latent cell activation, and the speed with which plasma viremia crosses the detection threshold. Interestingly, a larger

latent reservoir is associated with a shorter delay between activation and detectable viremia, suggesting that after the

successful activation occurs, there are subsequent activations that contribute to overall viremia during this stochastic

phase, consistent with model predictions for SIV in van Dorp et al. (2020) [44].

LR size explains rebound time in the intermediate treatment group. For the intermediate treatment group, we find that

it is the LR size that affects the delay, based on τ = τ1
L0

. Incorporating an antibody response does not improve fits

(Figure 3B, Table 3). However, we only claim that this model has equal statistical support relative to the null model

(∆AIC = −1.4, we claim statistical significance only for ∆AIC ≥ 4 [45]). In the intermediate treatment group

viral rebound can be explained by the latent reservoir size with at most negligible effects from neutralizing antibody

responses. Our observation that a large reservoir size is associated with shorter delays in the late treatment group is also

present with the intermediate group. We conclude that antibody responses are not strong enough to affect the dynamics

in this intermediate time to ART initiation group.

LR size and neutralizing antibodies do not help explain rebound times in the early treatment. The model that best

explains the data for the early treatment group is the one where the information on the latent reservoir size is incorporated

in the PV R(t), but neither the latent reservoir, nor antibody responses affect the probability of unsuccessful activation or

the time delay (Figure 3B, Table 3). However, again, this improvement over the null model is not statistically significant

(∆AIC = −0.2), nor is statistically worse. None of the subjects in the early treatment group shows reservoir sizes

detectable by the IPDA assays. Incorporating information on reservoir detection threshold for each subject, improves

model fits by AIC, compared to the null model. In addition, the prolonged rebound times observed in the early treatment

group can be attributed to the small reservoir size. As with the intermediate treatment group, antibody responses are

underdeveloped and do not seem to affect rebound times.

LR size is the most important determinant of rebound times across treatment groups. Finally, when we combine all

treatment groups, we find that a larger LR size affects the time delay, τ = τ1 − τ2L0. Incorporating antibody responses

does not improve model fits (Figure 3D, Table 3). This model provides a statistically significant improvement over

the null (∆AIC = −9.5), which suggests that overall, across all groups, rebound is driven by the latent reservoir size.

Even though there are 5 out of 30 subjects that develop a strong antibody response, their effect is diluted by the majority

of subjects who develop a weak or undetectable neutralizing response.

3.3 Effect of potential interventions

We then use our modeling framework to investigate the effect of potential interventions on viral rebound times. More

specifically, we examine by how many days rebound is extended if we increase antibody neutralization or if we decrease

latent reservoir size. To investigate this question, we use the best model for the late treatment group as well as the data

of the late treatment group on antibody neutralization and latent reservoir size to derive the cumulative probability of

rebound for each subject. We increase neutralization by 10% and 50% and we decrease the latent reservoir size by 1
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Table 3: Summary of best models for each treatment group.

Group Best Model Parameter Estimates ∆AIC

Late

α 0.29 (0.11, 0.71) −5.9
q = q0f q0 0.98 (0.94, 1)

τ = τ1 + τ2ϕ− τ3L0 τ1 23.5 (23.3, 23.7)
τ2 22.4 (22.1, 23.6)
τ3 9.28 (9.22, 9.34)

Intermediate
α(1− q) 0.04 (0.02, 0.08) −1.4

τ = τ1
L0

τ1 21.2 (16.7, 26.7)

Early
LR data incorporated in PV R(t) α(1− q) 0.005 (0.001, 0.01) −0.2

τ 17.2 (10.0, 25.3)

All
groups

α(1− q) 0.01 (0.009, 0.02) −9.5
τ = τ1 − τ2L0 τ1 28.5 (28.2, 28.9)

τ2 6.73 (6.62, 6.85)

Figure 3: Best model predictions on time to viral rebound for subjects (grey shaded area) and the average time to viral
rebound (thick, solid line), for a) the late treatment group, b) the intermediate treatment group, c) the early treatment
group and d) all treatment groups combined.

and 2 logs. We re-derive the cumulative probability of rebound for each subject, separately for each case and calculate

the median time to rebound for each subject. Again we focus on rebound for up to 60 days post-ATI. If we increase

neutralization by 10%, the median time to viral rebound increases by approximately 7 days (Figure 4A, Supplemental

Figure 5). If, however, neutralization efficacy is increased by 50%, the median rebound time for only 6 out of the 10

subjects falls beyond the 60-day time frame tested. For the remaining 4 subjects, the increase in median time to viral

rebound is 31 days (Figure 4A, Supplemental Figure 5). Similarly, when latent reservoir decreases by 1 log, median

time to rebound increases by an average of 12 days. When latent reservoir decreases by 2 logs, median time to rebound

increases by an average of 29 days with a median time to rebound of more than 60 days for only two subjects (Figure

4B, Supplemental Figure 6).
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Figure 4: Increase in median time to viral rebound through an intervention that elevates the antibody neutralization
strength by 10% and 50% (A) or decreases the latent reservoir size by 1 or 2 logs (B).

4 Discussion

In this study, a stochastic model incorporating subject-specific information on the potency of autologous virus neu-

tralizing antibody responses and latent reservoir size was developed. The purpose of this model was to determine the

contribution of these factors in explaining rebound times for SHIV-infected infant Rhesus macaques (RMs), a model

of HIV breast milk transmission of postnatally infected human pediatric population. We find that the latent reservoir

size accelerates time to viral rebound, whereas neutralizing antibodies can delay rebound. The effect of antibody

responses on rebound times occurs for the late treatment group only, and not for the intermediate or early groups nor for

the combination of all treatment groups. It should be noted that only subjects in the late treatment group developed

detectable autologous virus neutralization and half of them developed strong neutralizing responses against autologous

challenge virus. This suggests that antibodies against the autologous challenge virus affect viral dynamics post-ATI for

high neutralization potencies only. Our results corroborate what is already known in the field in perinatally HIV-infected

children and in HIV-infected adults [5, 8, 32, 46]. In In this study in a highly-relevant preclinical model that allows for

precise knowledge of the challenge virus and timing of interventions, we focused specifically on investigating the viral

rebound times following analytic treatment interruption (ATI). We focus on the first 60 days after ATI due to the sparse

data on antibody responses and reservoir sizes. While viral rebound can occur within the first 60 days post-ATI, it is

important to note that this does not necessarily signify a failure to control the infection. In some cases, control of the

infection can be re-established later on. This is observed particularly in subjects of the early treatment group.

Our modeling results and experimental observations suggest a trade-off between the size of the latent reservoir and

the strength of antibody responses. Half of the late-treated animals developed autologous virus neutralizing responses
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which were associated with prolonged viral control after ATI. Simultaneously, they have large reservoirs, which make it

more likely for a successful activation to occur. On the contrary, early treated animals had no neutralizing antibodies

to help with control post-ATI, but have small reservoirs, thus prolonging control. Subjects treated at the intermediate

time point faced the drawbacks of both groups: treatment initiated too early to develop a neutralizing response, yet not

early enough to prevent the seeding of a latent reservoir that could re-establish viremia post-treatment interruption,

leading to a median rebound time for the intermediate treatment group that was similar to the late treatment group. The

presence of antigen is necessary to stimulate a humoral immune response. Therefore, we believe that therapies that

enhance antibody neutralization may be more effective in intermediate-treated individuals. This is because a stronger

neutralizing response could potentially counteract the smaller number of latent cell activations that occur due to the

smaller reservoir size. However, further research is needed to confirm this hypothesis and to fully understand the

complex interplay between antibody responses and the size of the latent reservoir. To test, for example, the effect of

agents aiming to increase neutralization or decimate the latent reservoir, this model can be used to predict by how long

rebound can be prolonged and the variability in those estimates.

Our model predicts that larger latent reservoir sizes are associated with shorter delay times between successful activation

and detectable viremia, which suggests that the latent reservoir has some impact on the net growth rate of viral loads

during rebound. We conjecture that this effect may be associated with secondary activations contributing to viral load

as in Van Dorp et al. (2020) [44]. This is also supported by experimental observations: for example, experiments where

treatment interruptions were conducted on macaques that had been infected with a genetically barcoded SIV strain

indicated that a significant number of cells could reactivate successfully from the latent reservoir [35].

These results are in accordance with what previous modeling work suggests about the determinants of viral rebound.

Hill et al. [31]) used a stochastic mathematical model to calculate the percent reduction in the latent reservoir size that

latency reversing agents need to achieve for ART-free control. They find that a 2000-fold decrease in LR size is needed

to delay rebound for one year, suggesting that LR size is an important determinant for time to viral rebound. However,

this is not observed universally. Sharaf et al. [47] found only a 7-fold difference in the latent reservoir size (total and

intact proviral genomes) between post-treatment controllers and non-controllers, which suggests the size of the latent

reservoir cannot be a major factor determining the outcome post ATI for this group of participants. Similarly, Conway

et al. [46] explored the effect of the strength of the cellular immune response on viral rebound. Using a post-treatment

HIV viral dynamics model and a bifurcation analysis they estimate the strength of the cytotoxic T lymphocyte killing

needed to achieve post-treatment or elite control. A strong effector cell response is needed to achieve viral remission.

Here, instead of a cellular response, we explore the effects of the antibody response and find that a strong neutralization

potency against autologous challenge virus is needed to explain observed rebound times when treated late.

In making our model predictions, we took the latent reservoir to be proportional to the logarithm of the IPDA

measurement. We chose this expression because it appears that the order of magnitude is more important than specific

numbers. The latent reservoir is comprised primarily of memory cells [48], each one specific for a pathogen. There is

evidence that the latent reservoir consists of clonal populations [49–51], which indicates that there may be heterogeneous
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subsets of latent cells. Here, we neglect the inherent heterogeneity of the latent reservoir in favor of average dynamics,

but this assumption can be relaxed. Preliminary work tested non-constant latent cell activation rates [37], but these

models performed poorly (results not shown). In addition to potential heterogeneity in latent cell activation, there

is evidence for variability in the fraction of viruses in the latent reservoir to be neutralized by autologous IgG [52],

indicating that certain viral lineages are more susceptible to autologous neutralzation. Measurement of the frequency of

reservoir viruses capable of outgrowth in the presence of autologous IgG might refine predictions rebound times [52].

We also simplified our model by taking a constant latent reservoir size and neglecting long-term dynamics of cell

death and proliferation. Prior to viral rebound, we expect that the reservoir size would decay at on-therapy rates [48].

However, the latent reservoir is typically large, and decay is slow. For HIV, it is estimated that the half-life is on average

44 months [24, 53]. In absence of other data, we assume that the reservoir decay rate for SHIV in infant macaques is

equally slow, so that in the 60-day period investigated in this study, the effect of reservoir dynamics is minimal.

As pointed out by previous studies, the composition of the latent HIV reservoir in infants may differ from that of

adults due to differences in immune system development and the timing of infection. The limited data available on

the subject suggests that the majority of the latent reservoir in infants may be composed of naive cells, rather than

fully differentiated memory cells as seen in adults. These findings have important implications for the development of

strategies to target the latent reservoir in pediatric HIV infection [54, 55].

One potential limitation of this study is the use of an animal model of SHIV infection in infant macaques, rather than

HIV infection in human infants. While nonhuman primate models have been used extensively in HIV research and have

provided valuable insights into disease pathogenesis [30, 39, 56–60], the translation from macaques to humans and from

SHIV to HIV may not be fully accurate. In the case of SHIV, many of the currently available SHIVs have significant

limitations and cannot fully replicate the characteristics of primary SIV and HIV strains [61–64]. Even though the SHIV

strain used in these experiments, SHIV.C.CH505, can mimic the early viral replication dynamics and pathogenesis of

HIV infection in humans and thus can be used as an animal model for HIV pathogenesis [65], it does not necessarily

mean that the results from this animal model can be translated to infant humans. Another potential limitation of this

model when trying to translate these findings for HIV-infected human infants is the neglect of the effect of breast milk

in viral control. In cases when infants are breastfed, the mother’s breast milk may provide protection. Antibodies

specific to HIV were detected in the breast milk of lactating mothers with HIV infection [66, 67]. In addition, both

colostrum and mature breast milk of HIV-infected women contains secretory IgA, secretory IgM and IgF against HIV

antigens [68], as well as innate antiviral proteins that work against HIV [69] .

While we acknowledge limitations and simplifying assumptions of our model, this study provides estimates of rebound

times while incorporating subject-specific information on the latent reservoir size, as well as on the potency of the

neutralizing antibody response against the autologous challenge virus in the context of postnatal HIV infection where

ART treatment is usually delayed. Additionally, our results offer insight into the dynamics that shape viral rebound

times and this study could be used to inform the design of clinical trials. Such clinical trial include broadly neutralizing
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antibodies for HIV therapy, as well as passive immunization trials tailored to the pediatric HIV population and their

developing immune system.
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6 Supplementary Text and Figures

6.1 Unavailable or below the detection threshold measurements

Intermediate and early treatment groups had neutralization measurements below the detection threshold. Half of the

subjects and all of the subjects in the intermediate and early treatment groups respectively had IPDA measurements

below the detection threshold. IPDA is measured as intact genomes/ 106 CD4+ T cells. Finally, there are no available

CD4+ T cell measurements. In such cases, we take the average probability of viral rebound for values of up to the

detection threshold for the type of measurement that is missing. For example, if antibody efficacy is below the detection

threshold for a certain subject, the cumulative probability of viral rebound by time t becomes

PV R(t) =

 0 t ≤ τ∫ ϕdet

0
1− e−(1−q(ϕ))aL0(t−τ(ϕ)) · pϕdϕ t > τ

(3)

(Eq. 3 in the main text) where ϕdet = 0.44 is the detection threshold of the TZM-bl assay [40] and pϕ is the probability

density function of antibody neutralization. If we have two missing measurements for a given subject, for example

antibody neutralization and IPDA, then the cumulative probability of viral rebound by time t becomes

PV R(t) =

 0 t ≤ τ∫ Gdet

0

∫ ϕdet

0
1− e−(1−q(ϕ))aL0(G)(t−τ(ϕ)) · pϕ · pGdϕdG t > τ

(4)

where G is the IPDA measurement/ 106 CD4+ T cells, Gdet is the detection threshold of the IPDA assay for that subject

and pf and pG are the probability density functions of antibody neutralization and IPDA measurements respectively.

Considering the lack of data regarding the distribution of antibody neutralization efficacy and IPDA, we assume that

these follow a uniform distribution. Therefore, pdf(ϕ) = 1
ϕdet−0 = 1

0.44 [40], and pdf(G) = 1
Gdet−0 , where Gdet is

the subject-specific IPDA detection threshold.

14

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 14, 2023. ; https://doi.org/10.1101/2023.07.22.550159doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.22.550159
http://creativecommons.org/licenses/by-nc/4.0/


A PREPRINT - SEPTEMBER 13, 2023

Figure 5: Cumulative Probability of Rebound for each monkey in the late treatment group using the original, data-
derived percent neutralization value (black line), a percentage neutralization value increased by 10% (red line), by 50%
(green line) and by 90% (blue line). If the increase results in ϕ > 1, we do not compute that curve.

Figure 6: Cumulative Probability of Rebound for each monkey in the late treatment group using the original, data-
derived latent reservoir size (black line), a decrease in reservoir size by 1 log (red line), and by 2 logs (green line).

6.2 Effect of potential interventions
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Table 4: Fitted Distributions to Late Treatment Group’s CD4+ T cell measurements

Distribution Parameters AIC
Lognormal mean=19.33, standard deviation= 0.53 406
Normal mean=2.9× 108, standard deviation=1.7× 107 412
Weibull shape=1.81, scale=3.48× 108 484

Figure 7: Fitted 4-parameter logistic model (red line) on the percentage neutralization by dilution (black point) for the
late treatment group subjects.

Figure 8: A) Fitted distributions to total CD4+ T cell counts measured in the late treatment group. The distribution that
best explains CD4+ T cell data is logN(19.22, 0.53) (red line). B) Example of the 4-parameter logistic model fitted
curve to the antibody neutralization measurements for the subject RQc19.
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