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Abstract
Immunotherapy is a promising approach to prevent or control HIV re-
bound following cessation of antiretroviral therapy (ART). We conducted
an in-depth characterization of viral load kinetics following ART interrup-
tion across multiple studies of TLR7-agonist treatment, in combination
with therapeutic vaccination or broadly neutralizing antibodies, in SIV-
or SHIV-infected macaques. To quantify rebound kinetics and the effects
of immunotherapy, we developed a viral dynamics model that includes
stochastic reactivation from latency and adaptive immune responses.

Study Design & Data
Three recent studies administered TLR7-based immunotherapy to rhesus
macaques suppressed on ART, followed by treatment interruption. In total
these studies included 100 animals receiving 10 different treatment combina-
tions. We performed a unified, model-driven analysis of these data kinetics in
order to assess how each treatment impacted viral rebound. (Fig. 1).
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Fig. 1: Study Designs Overview.
– Study 1: Control, TLR7 Agonist GS-9620 or GS-986. ART at 9 weeks. 8 control and 13

treated macaques
– Study 2: Control, TLR7 Agonist GS-9620, Vaccine Ad26/MVA, or Combination. ART at 1

week. 9 macaques in each group (34 total)
– Study 3: Control, TLR7 Agonist GS-9620, Antibody PGT121, or Combination. ART at 1

week. 11 macaques in each group (44 total)
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Viral Dynamics Model
Mechanistic mathematical models are a well-established tool for charac-
terizing and quantifying the dynamics of HIV/SIV infection within individual
hosts. However, standard models of viral rebound fail to capture the range of
dynamic behaviors observed in these studies. We developed an expanded
model of viral dynamics to include an adaptive immune response and latency
reactivation (Fig. 2, 3).

Instead of directly estimating a, the effective rate at which cells reactivate from
the latent reservoir, we estimated ta, the average waiting time between reac-
tivation events and used a formula to transform it into a to go into the model
equations. The transformation was designed so that it worked in both the
regime of frequent, deterministic reactivation associated with larger reservoir
sizes and rare, stochastic reactivation from smaller reservoir sizes
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Fig. 2: Expanded model of vi-
ral dynamics. Virus v infects
target cells T which become in-
fected cells I and in turn produce
virus. Immune precursor cells
P interact with I and proliferate,
giving rise to effector cells E,
which inhibit infection. Finally,
latently infected cells can restart
infection by exiting from latency
with rate a (or equivalently, ev-
ery ta days on average).

Ṫ = λ− βTV − dTT

İ = a +
βTV

1 + (E/NE)
− dII

V̇ = k I − cV

Ṗ = m + p(1 − f)P
V

V + Np
− dpP

Ė = pfP
V

V + Np
− dEE

Fig. 3: System of differen-
tial equations describing in-
fection dynamics.

T, target cells.
I, infected cells.
V, free virus.
P, immune precursors.
E, immune effectors.
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Fig. 4: Impact of kinetic parameters on viral rebound A,C) Viral load trajectories pro-
duced by the model when varying a single parameter. Top row: weak immune response.
Bottom row: stronge immune response. The availability of target cells (λ) and the baseline
viral infectivity (β) control the early viral growth rate, while the timing of rebound depends
on the rate at which latent cells reactivate (a). A strong adaptive immune response can
curtail rebound. The size and timing of peak viremia is determined by the expansion rate
of immune effectors (p) and the memory pool at ART stop (m). The degree of control of
the setpoint viral load is determined mainly by NP, the viral load level at which antigen-
stimulation is half-maximal. B,D) Relative ensitivity of viral load to parameter values over
time ( ∂V

∂θ
θ
V ).

Results
To fit the model to viral rebound kinetics in each animal and evaluate potential
treatment differences between groups in a statistically rigorous way, we used
a mixed-effects modeling framework implemented in Monolix. We fit param-
eters β, λ,a,m,p,Np, allowing each to have group-level effects and random
(individual-level) effects. Other parameters were fixed at values from the liter-
ature. We tested for treatment effects of immunotherapy (TLR7, Vac, Ab) and
timing of ART initiation (early vs late) on each parameter, using a combined
forward-backward selection approach, to choose the model with best Bayesian
Information Criterion. SIV- and SHIV-infected animals were fit separately.

0 60 120
101

103

105

107

0 60 120
101

103

105

107

0 60 120
101

103

105

107

0 60 120
101

103

105

107

0 60 120
101

103

105

10

0 60 120
101

103

105

1077

0 60 120 180
101

103

105

107
5902

0 60 120 180
101

103

105

107
5904

0 60 120 180
101

103

105

107
5905

0 60 120 180
101

103

105

107
5893

0 60 120 180
101

103

105

107
5895

0 60 120 180
101

103

105

107
5897

0 60 120 180
101

103

105

107
5873

0 60 120 180
101

103

105

107
5879

0 60 120 180
101

103

105

107
5881

0 60 120 180
101

103

105

107
5882

0 60 120 180
101

103

105

107
5883

0 60 120 180
101

103

105

107
5886

267-08 162-09 305-10

310-09 295-10156-08

Controls

TLR7

VAC

TLR7+Vac

ART at 9 weeks ART at 1 week ART at 1 week
SIV SHIV

Time after ART stop (days)

Vi
ra

l l
oa

d 
(c

op
ie

s/
m

L)

Ab

TLR7+Ab

0 60 120180
101
103
105
107

6371

0 60 120180
101
103
105
107

6373

0 60 120180
101
103
105
107

6377

0 60 120 180
101
103
105
10

10

10

10

10

7 6366

0 60 120180
101
103
105
107

6378

0 60 120180
101
103
105
107

6385

0 60 120180
1

3

5

7 6388

0 60 120180
101
103
105
107

6391

0 60 120180
101
103
105
107

6396

0 60 120 180
101
103
105
107

6399

0 60 120180
101
103
105
107

6405

0 60 120180
101
103
105
107

6407

Fig. 5: Example model fits. The model can describe the wide range of rebound kinetics
observed in the studies, including delayed rebound and post-treatment control.
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Fig. 6: Treatment effects estimated from model fitting. A,D): Individual and group mean
parameter estimates. B-E): Simulated viral load trajectories with group mean parameters.

Summary of infered treatment effects
– Late ART initiation: 10-fold increase in immune response avidity (↓ NP)
– TLR7-agonist

– 8-fold reduction in LR activation (↑ ta) (late ART only)
– 1.5-fold increase in target cell density (↑ λ) (late ART only)
– 175-fold increase in immune avidity (↓ NP) (when w/vaccine)
– 100-fold increase in memory pool (↑ m) (in SHIV only)

– Vaccine
– 4-fold reduction in LR reactivation (↑ ta)
– 18-fold boost in immune avidity (↓ NP)

– Antibody
– 7-fold boost in immune avidity (↓ NP)
– 2-fold reduction in viral infectivity (↓ β)

Predicting Effects in Humans
Non-human primate studies are conducted with the hope that outcomes in this
animal model are a good predictor of outcomes in human clinical trials. We
developed a method to predict how viral rebound kinetics under immunother-
apy will translate from macaques to HIV-infected humans, taking into account
baseline differences in rebound. First we calibrated our model to HIV rebound,
using data from 70 patiens undergoing ART interruption (ACTG5024, 5068,
5197) (Fig. 7). Then we simulated the effect of adding TLR7-agonist, vaccine,
or Ab based on effects identified in the SIV and SHIV studies (Fig. 8). The
highly context-dependent impact of TLR7 on rebound kinetics in macaques
suggests these results should be interpreted with caution.

0 50 100 150 200
10

1

10
3

10
5

10
7 91040

0 50 100 150 200
10

1

10
3

10
5

10
7 91102

0 50 100 150 200
10

1

10
3

10
5

10
7 101846

0 50 100 150 200
10

1

10
3

10
5

10
7 111677

0 50 100 150 200
10

1

10
3

10
5

10
7 111728

0 50 100 150 200
10

1

10
3

10
5

10
7 111860

0 50 100 150 200
10

1

10
3

10
5

10
7 151477

0 50 100 150 200
10

1

10
3

10
5

10
7 213258

0 50 100 150 200
10

1

10
3

10
5

10
7 220977

0 50 100 150 200
10

1

10
3

10
5

10
7 230431

0 50 100 150 200
10

1

10
3

10
5

10
7 231751

0 50 100 150 200
10

1

10
3

10
5

10
7 250002

0 50 100 150 200
10

1

10
3

10
5

10
7 44702

0 50 100 150 200
10

1

10
3

10
5

10
7 61532

0 50 100 150 200
10

1

10
3

10
5

10
7 83102

0 50 100 150 200
10

1

10
3

10
5

10
7 111709

0 50 100 150 200
10

1

10
3

10
5

10
7 141193

0 50 100 150 200
10

1

10
3

10
5

10
7 210521

0 50 100 150 200
10

1

10
3

10
5

10
7 541421

0 50 100 150 200
10

1

10
3

10
5

10
7 580971

0 50 100 150 200
10

1

10
3

10
5

10
7 621243

0 50 100 150 200
10

1

10
3

10
5

10
7 621262

0 50 100 150 200
10

1

10
3

10
5

10
7 621312

0 50 100 150 200
10

1

10
3

10
5

10
7 621388

Time after ART stop (days)

Vi
ra

l lo
ad

  (
co

pie
s/

m
l)

Fig 7: Example models
fits to HIV rebound. Indi-
viduals in red were treated
with non-NNRTI based an-
tiretroviral therapy, while
individuals in blue were
treated with NNRTI-based
regimes (infered to lead to
3 day delay in drug wash-
out time at group level).
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Fig 8: Simulated HIV rebound after immunotherapeutic treatment in humans. Top
row: 20 example rebound trajectories colored by viral load. Bottom row: 200 simulated
individuals plotted by their peak and final rebound viral loads, colored by time of rebound.

Conclusions
We developed a mathematical modeling framework for viral rebound which can
capture a wide range of kinetics observed in SIV, SHIV, and HIV infection. This
model includes stimulation of an adaptive immune response and stochastic
delays to reactivation of latently infected cells. Our analysis suggested that
the success of TLR7-based immunotherapies was mainly due to their ability to
boost antiviral immune responses, with a smaller role played by reduction in
the latent reservoir. We found that TLR7-agonists had a multi-faceted impact
on rebound which was highly dependent on the context (specific virus, timing
of ART initiation, and combination with other therapies), limiting the ability to
translate results to HIV.
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