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Abstract

One approach to ‘functional cure’ of HIV infection is to induce durable control of HIV replica-
tion after the interruption of antiretroviral therapy (ART). However, the major factors that
determine the viral ‘setpoint’ level after treatment interruption are not well understood. Here
we combine data on ART interruption following SIV infection for 124 total animals from 10
independent studies across 3 institutional cohorts to understand the dynamics and predic-
tors of post-treatment viral control. We find that the timing of treatment initiation is an impor-
tant determinant of both the peak and early setpoint viral levels after treatment interruption.
During the first 3 weeks of infection, every day of delay in treatment initiation is associated
with a 0.22 log4o copies/ml decrease in post-rebound peak and setpoint viral levels. How-
ever, delay in initiation of ART beyond 3 weeks of infection is associated with higher post-
rebound setpoint viral levels. For animals treated beyond 3 weeks post-infection, viral load
at ART initiation was the primary predictor of post-rebound setpoint viral levels. Potential
alternative predictors of post-rebound setpoint viral loads including cell-associated DNA or
RNA, time from treatment interruption to rebound, and pre-interruption CD8+ T cell
responses were also examined in the studies where these data were available. This analysis
suggests that optimal timing of treatment initiation may be an important determinant of post-
treatment control of HIV.

Author summary

HIV infection can be effectively treated with antiretroviral therapy. However, the virus
persists in a latent form despite treatment, and ‘rebounds’ to high levels if treatment is
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stopped. A number of approaches are now being investigated that might reduce the level
of viral rebound following treatment interruption. However, little is known about how
variation in infection history (e.g., timing of treatment initiation) influences rebound and
may bias observed effects of trial treatments. Here, we aggregated data across multiple
studies of SIV infection (a non-human primate model of HIV) to investigate what factors
determined the level of viral rebound after treatment interruption. We found that the
time from infection to when antiretroviral therapy was initiated was a major factor influ-
encing average viral levels in the first months post treatment. Over the first three weeks of
SIV infection, delaying treatment reduced levels of viral rebound when treatment was
stopped. This is assumed to occur because increased exposure to the virus induces a more
potent immune response. However, after three weeks, later initiation of antiretroviral
therapy was associated with higher SIV levels after stopping treatment. Future work is
needed to investigate whether the same patterns of viral rebound are seen in HIV
infection.

Introduction

Antiretroviral therapy (ART) can suppress HIV replication for prolonged periods, but cessa-
tion of treatment usually results in a rapid rebound of plasma viral loads in most individuals.
However, a small proportion of individuals have been shown to experience good control of
HIV plasma viremia following treatment interruption, and this proportion is thought to be
greater in patients treated in early infection [1-3]. If persisting low levels of plasma viremia in
the absence of therapy could be induced in a high proportion of individuals, this might provide
a ‘functional cure’ of HIV. The frequency of spontaneous post-treatment control varies signifi-
cantly across different studies and depends in part on the definition of control [1,4-6]. A
recent study suggested that around 4% of individuals treated in chronic infection exhibit post-
rebound control of HIV in the first 6 months after treatment interruption (defined as 2/3 of
viral levels being below 400 copies/ml), and that this proportion rises to 13% in patients treated
in early infection [7]. However, studies of subjects treated extremely early in Fiebig 1 [8] failed
to show a high rate of post-rebound control [9]. Thus, the relationship between ART treatment
timing and post-rebound controls remains poorly understood.

A significant limitation in understanding post-treatment control is identifying a sufficient
number of well characterized individuals for comparison. In addition, many treatment inter-
ruption studies currently require retreatment of individuals as soon as viral loads reach
between 1000 and 100,000 HIV copies/ml, so a true ‘setpoint’ HIV viral load is rarely docu-
mented [10]. Therefore, identifying the determinants of post-treatment control, which may
occur only after reaching a rebound viremia peak, and whether such control can be predicted
by events during initial infection or early after treatment interruption is a priority.

Non-human primates have been increasingly used to study the dynamics of SIV latency
and treatment interruption [11-15]. However, even in this well controlled animal model, the
determinants and dynamics of post-rebound control of SIV replication are incompletely
understood. Here, we analyse data from 124 macaques in 10 different studies from three differ-
ent institutions to investigate the determinants of post-rebound control of viral replication
(Fig 1). We find that the timing of ART is a major predictor of both the level and duration of
post-rebound SIV control.
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Fig 1. Dynamics of viral load by cohorts. Thick coloured lines are the group median viral loads, thin lines of the matched colour are the
individual viral loads of monkeys from the same group. Vertical dashed lines indicate the timing of antiretroviral treatment initiation of
monkeys in the group with respectively coloured lines.

https://doi.org/10.1371/journal.ppat.1011660.g001

Results

Timing of ART initiation predicts early viral control after treatment
interruption

To understand viral dynamics after treatment interruption in SIV infection, we compared set-
point viral load in untreated primary infection with the setpoint viral load observed after treat-
ment interruption (Fig 2). We focused on the early setpoint viral level, which we defined as the
time-weighted log;, viral load between days 30 and 60 after the first detection of the virus in
plasma (Fig 2A) after infection or after rebound (shorter periods were used in some animals
due to data availability, detailed in Table A in SI Text). In our analysis, we used animals from
cohorts that were treated with ART between days 4 and 377 post-infection. These animals dif-
fered in the initial infection regime, timing and nature of antiretroviral therapy, as well as
duration of therapy and frequency of sampling. A brief outline of these studies is presented in
Table 1 and full details in Table A in S1 Text.

We first visualised how the timing of initiation of antiretroviral therapy affected the setpoint
viral load after treatment interruption (Fig 2B). This analysis shows a clear trend of later initia-
tion of ART being associated with a decline in setpoint viral load, until some timepoint
between day 14 and 27. At later timepoints beyond day 27, this trend was reversed, and a delay
in treatment was associated with higher mean post-rebound setpoint viral load. We fitted a
piecewise regression model to the log10 viral setpoints, assuming a constant decrease in set-
point with later treatment until a nadir timepoint, followed by a later rise in setpoint viral levels

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011660 October 6, 2023 3/21


https://doi.org/10.1371/journal.ppat.1011660.g001
https://doi.org/10.1371/journal.ppat.1011660

PLOS PATHOGENS

Prediction of post-treatment control of SIV replication

A
[} ]
84 '
== | :
S % 61 4 Day of treatment
- O 4 1 : intitation
So ' - )
S 0o " day 4 e
o day27 =
0 10 20 30 O 10 20 30 40 50 60 70
Day post infection or rebound
_ B
l—
#
f 81 #
Q=
£ E 6 = Cohort 1
S = O_g) day 4 O
2 c‘:_ 4 A = day 6 O
£8,] = day 270
- = day 223-3770
S 0+ — - . . . . - ——
Primary 10 20 30 40 50 60 300 400 Cohort2
day 6 O
C day70O
B g day 8,9 O
<= day 1200
2 E 6 day 420
© o
g 5 4] Cohort 3
x 2 ,) day 14 A
i day 41,43 A
“ 0 | — . . . . |} ~ day 60 A

Primary 10 20 30 40 50 60 300 400

Day of treatment

Fig 2. Timing of treatment affects early post-rebound viral levels. A. Example of viral load trajectories for animals treated on
days 4 (blue), 6 (green), 27 (red) from Cohort 1. Vertical dashed lines indicate the timing of antiretroviral treatment initiation.
Shaded area indicates time of early post-treatment setpoint viral load (days 30-60 post-rebound). B, C. The relationship between
day of anti-retroviral treatment initiation and setpoint viral load (n = 122) (B) or peak viral load (n = 124) (C) after treatment
interruption. Black lines show the best fit of the nonlinear regression (see methods and Formula (2)) that estimates the early
decrease, inflection point, and later increase in viral levels. When fitting model (2), we incorporate the data for set point and peak
viral load at primary infection (Primary) by defining the timing of treatment to be 0 days for these data points. The best-fit
parameters are in the Table B in S1 Text. The SIV inoculum, duration of treatment, and other interventions are shown in

Table A in S1 Text. # Time-weighted setpoint viral loads were averaged over shorter time intervals for some animals (see Table A
in S1 Text).

https://doi.org/10.1371/journal.ppat.1011660.9002

with later treatment (described by Formula (2)). We estimated that during early infection, the
post-rebound set point viral level is decreased by 0.22 log;, copies/ml (95% CI = 0.18-0.27) for
every day for which treatment initiation is delayed. The greatest control is estimated to occur
around 18.5 days post-infection (95% CI = 13.6-23.5), after which this control begins to be lost
with further delay in treatment. However, although the setpoint viral level is predicted to
increase with later treatment to a maximum of 5.4 log;, copies / ml (95% CI = 4.6-6.2), this is
below the mean setpoint viral levels seen in an untreated primary infection (6.3 log;o copies/
ml, 95% CI = 6.1-6.6) (see Table B in S1 Text for the best-fit parameters). This finding is

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011660 October 6, 2023 4/21


https://doi.org/10.1371/journal.ppat.1011660.g002
https://doi.org/10.1371/journal.ppat.1011660

PLOS PATHOGENS

Prediction of post-treatment control of SIV replication

Table 1. A short summary of the experimental studies used in the current analysis. The first column is the identifier as it appears in the text. The more detailed param-
eters of the studies are presented in the Table A in S1 Text.

Study identifier Treatment schedule N Reference
Initiation (days post-infection) Duration
(days)
National Cancer Institute (Cohort 1)
la 4 301-478 6 [16]
1b 6 81 3 [16]
lc 27 322-476 5 [17]
1d 223-377 218-410 5
Oregon Regional Primate Center (Cohort 2)
2a 6-9 602-605 27 [11]
2b 12 356 12 [11]
2.c 42 928 18 [11]
Emory National Primate Research Center (Cohort 3)
3a 14 205/206 7 [18]
3b 41,43 357 6 [18]
3.c 60 265-438 41 [15]

https://doi.org/10.1371/journal.ppat.1011660.t001

consistent with increased exposure to the virus early in the first few weeks of primary infection
leading to increased immunity and reduced early setpoint viral levels post-ATI. However, if
treatment is delayed beyond a certain point (around day 18 post-infection), ongoing exposure
to infection is associated with an increase in setpoint viral level after treatment interruption,
suggesting a role for factors such as immunosuppression, immune exhaustion or viral escape.
The descriptive statistics and the comparisons of the setpoint viral load by institutional cohorts
are in Fig A in S1 Text.

Timing of ART initiation also affects post-rebound viral peak

The observed changes in post-rebound viral setpoint with treatment timing suggest effects of
immune control on viral replication. To investigate this further, we also analysed whether
treatment timing affected peak viral levels after treatment interruption (Fig 2C). Visual inspec-
tion suggested that later treatment was associated with reduced post-rebound peak viral levels
out to a nadir timepoint, followed by a gradual increase in peak post-rebound viral levels with
later treatment. We fitted the same model (see Formula (2)) to determine the relationship
between treatment timing and the post-rebound peak of virus. We estimated that post-
rebound peak viral levels decrease by 0.22 log; copies/ml for every day for which treatment
initiation is delayed in early infection. The nadir of the post-rebound peak viral levels occurs
when treatment was initiated at around 20.9 days post infection (95%CI = 17.1-24.7) (see
Table B in S1 Text for the best-fit parameters). To test whether the trajectories of peak and set-
point viral levels followed similar patterns, we also fitted both datasets simultaneously, allow-
ing only the initial setpoint and peak viral levels to be different. This provided a good fit to the
data, suggesting that overall shape of the drop (and subsequent rise) of viral levels with later
treatment initiation is very similar between setpoint and peak post-rebound viral levels

(p = 0.91, F-test; See Table B in S1 Text for the best fit parameters and Table C in S1 Text for
goodness of fit of models with various parameters differing between datasets). However, peak
viral level after treatment interruption was consistently a mean of 0.98 log;, copies/ml higher
than rebound setpoint viral levels, regardless of the timing of treatment initiation (Fig B in

S1 Text). This suggests that similar factors may determine both the post-rebound peak and
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setpoint viral levels, but with the setpoint being consistently around 1 log;, copies/ml lower
than the peak (Fig D.A-C in S1 Text). Interestingly, the drivers of rebound peak and early set-
point are not the same as those of viral growth rate, as the viral growth rate during early
rebound was not strongly predictive of the later setpoint viral load (Fig D.D-F in SI Text). Our
combined analysis of post-rebound peak and setpoint viral levels suggest that the optimal con-
trol of both post-rebound peak and setpoint viral levels is achieved after treatment initiation
around days 18-21 days post-infection. For clarity in later discussion we refer to the ‘optimal
time of treatment initiation’ as being around day 20 post-infection.

Factors in primary infection predicting post-rebound viral control

The analysis above suggests that delays in initiation of ART may contribute to the induction and
subsequent loss of immunity in primary infection, which later contributes to post-ATI viral con-
trol. A likely explanation is simply that treatment timing may lead to differences in exposure to
virus pre-treatment, which affects subsequent induction and loss of immunity. However, there
was also significant variation in the plasma virus levels for animals in the same cohort treated on
the same day post-infection, suggesting differences in viral replication capacity between animals.
For example, macaques treated on day 12 post-infection (Cohort 2.b) had viral loads at treatment
ranging from 5.8-7.7 log,, copies ml ™. Therefore, if differences in viral level alone predict post-
treatment viral control, then we should be able to see correlations with pre-treatment viral level
independent of treatment timing. To understand whether the kinetics of virus replication and lev-
els of plasma virus in primary infection are predictive of post-treatment control, we analyzed
whether either viral load at treatment initiation or at peak viral load predicted the later post-
rebound setpoint viral levels (Fig 3A and 3B). We found that, when we considered all cohorts
together, viral load at treatment initiation and peak viral load in primary infection both correlated
poorly with post-rebound setpoint viral load (linear regression adjusted R* = 0.040, p = 0.016 and
adjusted R* = -0.008, p = 0.79 respectively. These correlation analyses, as well as those of other
parameters of interest from the Results section, are summarised in the Table H in S1 Text).

However, since early and late treatment had different effects on post-rebound setpoint viral
levels (Fig 2), we also split the cohorts depending on time-of-treatment and separately analyzed
animals treated before or after day 20 (the inflection point predicted by the modeling). For ani-
mals treated prior to day 20, viral load at treatment remained a poor predictor of post-rebound
setpoint viral levels (Fig 3C. R* = 0.0016, p = 0.31). However, consistent with the results in Fig 2,
timing of treatment was significantly associated with post-rebound setpoint viral levels in the ani-
mals treated before day 20 (Fig 3D, p = 0.0077). However, because of the large variation in indi-
vidual rebound viral loads amongst animals treated on a given day, timing of treatment only
explained a small amount of the observed individual viral load variation (adjusted R* = 0.13). We
also analyzed whether, for animals treated on the same day, having an increased viral level at
treatment was associated with increased post-rebound setpoint viral levels (i.e., a nested model
where we tested whether a model of time-of-treatment was improved by adding data on viral
load at treatment. Fig C.A in S1 Text). However, adding information on viral load at treatment to
the model did not significantly improve the fit (adjusted R* = 0.15, p = 0.16, F-test, comparing
day of treatment only vs. day of treatment plus viral level model, Fig C.A in S1 Text). Given that
animals treated on the same day could vary >10-fold in the plasma viremia, it is perhaps surpris-
ing that plasma viral loads were not more predictive of post-rebound viral kinetics. Nonetheless,
this analysis demonstrates that timing of treatment initiation is the major predictor of post-
rebound setpoint viral levels for animals treated prior to optimal time of treatment initiation.

We also analysed the predictors of post-rebound setpoint viral load for animals treated later
in primary infection (treatment initiated > 20 days post-infection). In these animals, viral load
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Fig 3. Determinants of post-treatment rebound setpoint viral load. We analysed animals from the three cohorts to understand factors
associated with the post-rebound setpoint viral level. Viral load at treatment (A) and peak viral load before treatment (B) where poorly
predictive of post-rebound setpoint viral load when data from all treatment times was combined. However, when we divided the animals into
those treated before day 20 and after day 20, clear patterns emerged. (C,D) For animals treated before day 20, the viral load at treatment (C)
does not predict setpoint viral load at rebound. Instead, the day of treatment (D) is a significant predictor of the setpoint viral load. (E,F). In
animals treated after 20 days post-infection, viral load at treatment is a good predictor of the rebound setpoint viral load (E), while the
rebound peak viral load is only weakly associated with rebound setpoint (F).

https://doi.org/10.1371/journal.ppat.1011660.9003

at treatment was a predictor of setpoint viral load during rebound (adjusted R* = 0.40, p
<0.0001, see Table H in S1 Text) (Fig 3E). Interestingly, the slope of linear regression between
log;o (viral load at treatment) and log;o (post rebound setpoint viral load) was very close to 1
(slope = 0.96, (95% CI 0.69-1.22)). This suggests that a doubling in viral load at treatment initi-
ation was associated with a doubling of post rebound setpoint viral load. However, the fit also
suggests that the post-rebound setpoint tends to be around 1.6 logs lower than the viral load at
the time of treatment (Y-intercept of regression is -1.6 log; copies/ml, CI (-3.34, 0.14)). We
separately analyzed whether peak viral load in primary infection was predictive of post-
rebound setpoint viral load and found that this was weakly, but significantly, associated
(adjusted R* = 0.11, p = 0.0024, see Table H in S1 Text) (Fig 3F). Treatment after day 20 occurs
at a time where immune responses to virus have been induced and contribute to controlling
viral replication. Therefore, it seems likely that viral load at treatment (for animals initiating
treatment after day 20) is indicative of overall immune competence in controlling virus, which
is also contributes to the level of post-treatment control.

Although viral load at the time of ART treatment was a good predictor of post-rebound set-
point for animals treated after day 20 (Fig 3F), the timing of treatment also played a role.
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Using both viral load at treatment and data on timing of treatment to the model significantly
improved the fit (adjusted R* for combined model = 0.51, F-test comparing models with and
without timing, p<0.0001), with increasing delay in treatment after day 20 being associated
with higher post-rebound setpoint viral levels (Fig C.B in S1 Text).

Duration of treatment is associated with increased setpoint viral levels

In addition to variation in the timing of treatment initiation, several cohorts included animals
that initiated ART treatment on the same day post-infection but were treated for different
lengths of time before interruption (Table A in S1 Text). This provides an opportunity to
explore the effects of duration of treatment independent of the timing of treatment initiation.
We used a linear mixed effects model (described by Formula (4) to investigate whether post-
rebound setpoint viral load was significantly associated with the duration of treatment. We
found that post-rebound setpoint viral levels increased with increasing time on therapy (fixed
effect slope = 0.011, p<0.0001). The rate at which post-rebound set point viral load increased
with longer time on treatment did not depend on when treatment was initiated (comparing
groups treated on day 4, day 27, and days 60 (p = 0.68), see Table D in S1 Text) (Fig 4). A major
caveat here is that in the Cohort 3 study, all animals were maintained with viral suppression for
the same time, so there was a tendency for a longer duration of treatment to be associated with
alonger ‘time-to-viral suppression’ on treatment. Thus, animals with a higher level of viral rep-
lication may have tended to be treated for longer, potentially confounding the analysis. Remov-
ing Cohort 3 animals from the regression analysis we obtained much weaker association of
duration on treatment with setpoint viral load (fixed effect regression slope = 0.006, p = 0.1).

Cell-associated SIV DNA, RNA, and rebound timing are poorly predictive
of post-ATI setpoint viral levels

Previous studies have suggested that high levels of HIV DNA measured during ART treatment
may predict subsequent poor control of viral rebound after treatment interruption [19-23].
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Fig 4. Longer treatment is associated with increased post-rebound setpoint viral level. Setpoint viral load from
different cohorts treated for different amounts of time significantly correlates with time on treatment (linear mixed
effect model slope = 0.011 log; copies/ml per day, p<0.0001).

https://doi.org/10.1371/journal.ppat.1011660.9004
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However, it is not clear whether a larger reservoir itself might lead to poor post-treatment con-
trol, or simply that individuals with poor control of viral replication pre-treatment tend to
have higher levels of HIV DNA on treatment, and also have poor post-treatment control. To
investigate this, we explored whether the level of SIV DNA in PBMC during ART just prior to
treatment interruption was a predictor of the setpoint viral level after rebound. Data on pre-
interruption cell-associated DNA and RNA were only available for a subset of the studies (see
legend to Fig 5), all of which were treated on or before day 27. Fitting a linear mixed effect
model described by Formula (4) (assuming each cohort as a random effect) to this subset of
studies, we find a weak but non-significant negative correlation between the level of STV DNA,
SIV RNA just prior to ATT and post-rebound setpoint viral load (Fig 5A and 5B and Table E in
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Fig 5. Reservoir size, reactivation frequency, and early post-rebound viral setpoint: (A, B) Weak or no association
of SIV DNA (A) and SIV RNA (B) with the set point viral load at rebound. Linear mixed effect modeling (considering
each cohort as a random effect for the slope and intercept of the line) finds no relationship between SIV DNA and
RNA with the setpoint viral load we used. Fixed effect slopes are -0.066 and -0.202, p-values for slopes are 0.56 and
0.117 for SIV DNA and SIV RNA respectively (see Table E in S1 Text for the best-fit parameters). The frequency of
rebound was directly measured in a subset of animals infected with a barcoded virus (C). Higher frequency of rebound
was significantly associated with lower post-rebound setpoint viral load (r = -0.58, p = 0.016). D, E, F To investigate the
relationship between time-to-rebound and post-rebound setpoint viral loads, we divided the groups into two,
separating those higher or lower than the median post-rebound setpoint viral levels. Time to detection of virus after
treatment interruption in monkeys with setpoint viral load less than or equal to median setpoint viral load (blue line)
and greater than median (red line) is not different in any of the groups (log-rank test).

https://doi.org/10.1371/journal.ppat.1011660.9005
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S1 Text; we also analysed cohorts separately, see Fig E in S1 Text for the results). Thus, it is
clear in our meta-analysis of these studies that larger reservoir size does not directly influence
high rebound viral levels.

Modelling studies have suggested that a high rate of reactivation from latency during treat-
ment interruption may lead to poor immune control of viral rebound [19]. Since reactivation
frequency affects time-to-viral rebound, we investigated whether the ‘time-to-detection’ of
viral rebound was predictive of setpoint viral levels after treatment interruption. To do this we
divided animals from each study site into those with higher than median and lower than
median post-rebound SIV setpoint viral levels, and then analyzed time-to-rebound. We
observed no significant difference between time-to-detection of plasma SIV in animals with
higher or lower than median post-treatment setpoint viral levels, suggesting that time-to-
rebound is not associated with post-rebound setpoint viral levels (Fig 5D-5F).

The frequency of individual SIV lineages rebounding from latency was also directly mea-
sured in a subset of animals infected with the barcoded SIVmac239M virus (Fig 5C). Analyzing
animals treated on days 4, 14 and 27 days, we found that a higher frequency of reactivation
was associated with a lower setpoint viral level (Spearman r = -0.58, p = 0.016). Again, this
seems likely due to later initiation of treatment driving both higher frequencies of reactivation
and higher reservoir size but also increased induction of immunity.

CD8+ T cell responses and post-rebound viral control

The data presented above are consistent with a dynamic where delaying treatment in early
infection leads to increased exposure to virus inducing higher levels of immune responsive-
ness, which may in turn contribute to better post-rebound control of viral replication
(although as stated above, this only applies to treatment before approximately day 20 post
infection). To investigate if pre-treatment immune response predicts rebound control directly,
we assessed the relationship between pre-ATI SIV-specific CD8+ T cell responses and post-
rebound setpoint viral loads in a subset of studies where this was available (Cohort 1 and in the
Cohort 2 animals that had previously been vaccinated with a CMV-vectored vaccine (Fig 6)).
The correlation between CD8 T cell responses and VL was significant in the Cohort 1 data
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Fig 6. Association between CD8+ T cell responses on ART and post-rebound setpoint viral load in a subset of animals in which CD8 T
cell responses were measured. A. In Cohort 1, higher CD8+ T cell responses before ATI were associated with lower post-rebound setpoint
viral loads (r = -0.82, p = 0.0031). B, C. However, in Cohort 2 the frequency of SIV-specific CD8+ T cells (measured between days 511 and
609) was not significantly associated with post-rebound setpoint viral levels.

https://doi.org/10.1371/journal.ppat.1011660.9006
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(Spearman r = -0.82, p = 0.0031). However, this seems heavily influenced by the early day
4-treated animals (low immune response and therefore poor control), and a similar trend is
not obvious within the groups of animals treated slightly later. The relationship between CD8
+ T cell response and viral setpoint was not significant in either the vaccinated or control ani-
mals from Cohort 2.

Long-term control of SIV rebound

Studies in HIV have used different definitions of both the level of viral load as well as the dura-
tion of viral control to identify post-rebound ‘controllers’ after ATI. However, longitudinal
analysis suggests that post-rebound control of viral replication in HIV is often temporary, and
that the majority of ‘early controllers’ experience rising viral levels over time [7]. To investigate
the duration of post-rebound control in our SIV model we analyzed the proportion of animals
maintaining a setpoint viral level <10,000 copies/ml over time (ie: ignoring the peak of virus
during the first 30 days after rebound). To account for the different lengths of follow up, we
used a ‘survival analysis’ approach to estimate the duration of viral control (with loss of control
defined as 2 consecutive viral load measurements >10,000 copies/ml) and applied censoring
for animals or studies that were followed for shorter periods. We grouped animals initiating
treatment around the optimal treatment time (days 14-43 post-infection) and compared these
to animals treated either earlier or later in infection. Analyzing the survival curve of time until
setpoint VL was >10,000 copies, the duration of control was not significantly different in ani-
mals treated day 14-43 compared to animals treated earlier (day 4-12) or later (day 60-377)

(p =0.11, log-rank test). However, analysis of the combined group as well as the individual
cohorts suggested improved early viral control for animals treated between days 14 and 43 (Fig
F.A-Cin S1 Text). Importantly, although animals initiating treatment at days 14-43 show
some evidence of early control of setpoint viral levels, this control seemed to wane with time
so that by day 100 most cohorts had around 20% controllers remaining. It appears that regard-
less of treatment timing, around 20% of monkeys maintained long term viral control

to < 10,000 copies/ml after ART interruption. Such control is rarely observed in untreated pri-
mary SIVmac239 infection.

A major challenge in treatment interruption studies in HIV is the possible pathology or
transmission associated with prolonged treatment interruption. Therefore, early predictors of
long-term post-rebound control might be useful to avoid the need for prolonged treatment
interruption to establish setpoint viral levels. We investigated whether early viral dynamics
during SIV rebound were predictive of prolonged viral control by analyzing peak viral growth
rates as well as peak viral loads during rebound. Both peak viral levels and viral growth rate
during rebound are good predictors of the level and duration of viral control (Fig 7B and 7C).
Animals that controlled their peak viral loads during early rebound to <10,000 copies/ml also
maintained good viral control over time (with over 50% maintaining <10,000 copies at 200
days). Animals with progressively higher peak viral loads showed a reduced ability to control
long-term viral replication.

Animals with very low growth rates of virus (<1 day ') early in ATI also exhibited
improved post-rebound viral control. However, for growth rates >1 day', there appeared little
difference between groups (with around 10-15% of animals showing long term control). This
may relate to difficulties in accurately assessing growth rates in animals sampled at different
times. Applying more stringent definition of control of 1000 copies/ml we observe the smaller
fraction of monkeys that maintain viral load below 1000 copies/ml, however the relationship
between groups remains similar to that seen with the threshold of 10,000 copies/ml (Fig F.D-F
in S1 Text).
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Fig 7. Duration of post-rebound viral control to <10,000 copies/ml. In order to compare the duration of post-rebound control, we compared the proportion
of each cohort that maintained post-rebound viral loads below 10,000 copies per ml at different times after ATI. The first 30 days after detection of viral
rebound are ignored to avoid the initial post-rebound peak of viral load in the analysis of the duration of viral control (shaded grey). A. The proportion of
animals maintaining viral control over time post-rebound is higher in groups treated around the optimal time, however the difference is not significant when
comparing three groups together (p-values for the log-rank test are shown in the figures). Coloured stars indicate groups where all animals had viral loads
greater than 10,000 copies per ml at day 30 post detection. B. Animals that have a low peak of the virus during early rebound are more likely to maintain low
viral control over time. C. Having a low viral growth rate during post-treatment rebound is also associated with longer-term control of post-rebound viral

loads.

https://doi.org/10.1371/journal.ppat.1011660.9007

Opverall, this suggests that timing of treatment had a strong effect on the level of early post-
rebound control. Regardless of ART treatment timing, there appeared a ‘background’ level of
long-term post-rebound controllers of around 20%, which occurred almost independent of
the level of exposure to virus before treatment. In cohorts with ‘optimal’ levels of exposure, the
proportion of controllers was slightly increased. However, the initial viral growth rate and viral
peak during early post-treatment rebound appeared good predictors of the frequency and
duration of subsequent post-rebound viral control.

Effects of protective MHC on post-rebound viral dynamics

A number of MHC alleles including Mamu-A*01, B*08, and B*17 have been associated with
lower plasma viral levels in SIV infection [24]. Animals with these alleles were scattered
throughout our study (See Table A in S1 Text). To investigate the potential effects of MHC
alleles on our results, we separated animals with and without these protective alleles and
repeated our analysis of the relationship between time of treatment initiation and post-
rebound peak and setpoint viral levels. We again compared models where we allowed different
parameters to vary between the groups (model goodness of fits by AICc is summarised in
Table G in S1 Text). We found that these protective alleles are associated with lower post-
rebound setpoint viral levels (the setpoint viral load difference is 0.65 log;, copies/ml, F-test

p = 0.0002) (Fig 8 and Table F in S1 Text). However, there was no significant difference in
post-rebound peak viral levels (the difference is 0.067 log;o copies/ml, F-test p = 0.61, the best-
fit parameters are in the Table F in S1 Text).

Discussion

In this study, we investigated the dynamics of post-treatment control of viral replication in
SIV infection. We observed that the setpoint viral level soon after viral rebound was strongly
predicted by the timing of ART initiation during primary infection. Over the first three weeks
of infection, increasing the duration of infection prior to treatment led to lower setpoint viral
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Fig 8. Impact of protective MHC Mamu-A*01, B*08, and B*17 on the setpoint and peak viral load. A. Fitting the
model defined by Formula (2) to data from macaques with any protective MHC-1 alleles A*01, B*08, B*17 (purple
points and curves) and macaques without these known protective alleles (blues points and curves). The curves are
allowed to differ by only one parameter (the viral load at day 0 post infection-by), with the rest of the parameters fitted
simultaneously to both datasets. For the data on post-rebound setpoint viral levels, the model allowing different viral
levels for animals with protective alleles fits better than the model with all parameters the same. The setpoint viral load
is lower in macaques with protective alleles by 0.65 log;, copies/ml (F-test’s p-value = 0.0002, best-fit parameters are in
Table F in S1 Text. The best-fit parameters for the model with single b, are in Table B in S1 Text). B. For data on post-
rebound peak viral levels, the best fit model is one in which there is no difference between groups with and without
protective alleles (indicated as grey curve) (F-test p-value = 0.61. Best-fit parameters of the model with different b, are
presented in Table F in S1 Text. Best-fit parameters for the model with a single b, are in Table B in S1 Text). This
suggests that the post-rebound peak viral load is not affected by the presence of protective MHC-1 Mamu-A*01, B*08,
and B*17 alleles.

https://doi.org/10.1371/journal.ppat.1011660.9g008

levels after rebound, with mean viral levels post-rebound reduced around 1000-fold (com-
pared to primary infection) in animals treated at day 14 to day 27 post-infection. However, if
treatment is delayed beyond one month post-infection, post-rebound setpoint viral levels rise
back towards levels seen in primary infection. This suggests a narrow window in which opti-
mal immunity may be generated in primary infection and can lead to control of early setpoint
viral load, after which immune exhaustion or viral escape may reduce the capacity to control
post-rebound viral replication.

This analysis has important implications for studies of post-rebound control in SIV. Firstly,
it suggests that immune interventions to control post-rebound setpoint viral levels may need
to target very different mechanisms depending on whether ART was commenced early or late
after infection. That is, for animals treated early in infection, our analysis suggests that
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of treatment. One approach to long-term, ART-free control of HIV is to boost immune responsiveness to infection
during ART. However, different therapeutic interventions may be effective depending on the timing of ART initiation.
For example, for animals treated at an early stage of infection (red shaded area), increased priming of the response or
measures to boost immunity may be effective. However, for animals treated later in infection (green shaded area), it
may be necessary to reverse immune exhaustion to improve post-rebound setpoint viral levels. The mechanisms that
lead to increase of post-rebound setpoint after a prolonged treatment (blue shaded area) are unclear and can be
explained by either declining levels of immune memory or prolonged exposure to low levels of viral antigen that drives
immune exhaustion. Thus, the interventions for boosting immune control may differ, depending on the underlying

mechanisms. The surface depicted here is the best-fit of Eq (3) to the data used in this study. See Fig G in S1 Text for
overlay of data points on this best-fit curve.

https://doi.org/10.1371/journal.ppat.1011660.9009

increased exposure to virus (or viral antigen) would be expected to reduce post-rebound set-
point viral levels. Therefore, therapeutic vaccines or other interventions that can prime or
boost immune response should lead to improved control of viral rebound in early treated ani-
mals. However, for animals treated later in infection it seems likely that delayed treatment and
increased exposure to virus may contribute to immune exhaustion and high setpoint viral lev-
els. Thus, in these animals, reversal of exhaustion (using checkpoint inhibitors) rather than
additional exposure to viral antigens may be necessary (Fig 9). Prolonged treatment is also
associated with increases in post-rebound setpoint viral levels (Fig 4), although the mecha-
nisms of this are unclear. It may be that immune control wanes due to declining levels of
immune memory. Alternatively, prolonged exposure to low levels of viral antigen may drive
immune exhaustion. The ideal interventions for boosting immune control after prolonged
ART may differ, depending on these underlying mechanisms.

Identifying whether the same effects of treatment timing on the dynamics of post-rebound
viral levels are seen in HIV is an important future goal. Since the majority of people living with
HIV are treated after peak viremia (often significantly later in infection), treatment in HIV is
likely more similar to the right-hand side of the curve we observe in SIV. Thus, the major chal-
lenge for immunotherapies in HIV may be to reactivate an exhausted immune response rather
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than stimulating an immune response by providing antigen directly. This contrasts with inter-
ventions in early-treated HIV, where boosting of immunity by interventions such as vaccina-
tion may be more effective. Since macaque models are an important tool in developing
potential therapies, this work suggests that timing of treatment may be an important consider-
ation in extrapolating between SIV and HIV treatment effects.

The incidence of post-rebound control and its duration are major questions in HIV infec-
tion. A recent large study has suggested that around 4% of individuals commencing ART in
chronic infection show post-rebound control of HIV replication, and this may increase to as
high as 13% in patients treated early in infection [7]. However, the proportion of post-rebound
controllers also seems to decline over the first few years post-treatment. Our investigation of
post-rebound control in macaques suggested a similar pattern to that seen in HIV (albeit over
a shorter timeframe). That is, overall we observed around 30% of all macaques in our 3 cohorts
showed post-rebound control of plasma viral load to below 10,000 copies ml™" between days
30-60 post-rebound. The proportion of animals showing control at this time was higher in
animals treated in a window around the optimal treatment time (54% of animals treated
between day 14-43 post-rebound showed control to <10,000 copies /ml out to day 60
(Fig 7A)). However, this higher level of early control is only temporary. By 150 days after
rebound the proportion of animals with viral levels <10,000 copies / ml was similar between
animals initiating treatment at different times (Fig 7A). This frequency of post-rebound con-
trollers is higher than observed in primary SIV infection, where we did not observe viral con-
trol to <10,000 copies after day 30. Thus, the macaque model appears to recapitulate several
key features of post-rebound HIV control (i) a higher proportion of controllers during
rebound than primary infection, (ii) a higher proportion of early post-rebound controllers fol-
lowing early treatment, (iii) peak viral levels during rebound are predictive of both level and
duration of viral control, and (iv) there is a general loss of control of viral replication over
time.

Measurement of viral growth rates during rebound was also associated with post-rebound
control, with 28% of animals with growth rates <1 day ' showing sustained post-rebound con-
trol, compared to 17% of animals with higher growth rates. However, accurate measurement
of HIV growth rates during rebound requires frequent measurement, and there is as yet not
enough data to determine whether rebound growth rate predicts setpoint viral loads in HIV.
Importantly, it is also not clear whether lower viral growth rates directly contribute to post-
rebound control (i.e., slow viral growth facilitates immune control), or are simply reflective of
better existing immune control. This is important in considering interventions such as bNAb
therapy, that may act to slow viral growth during rebound. If reducing viral growth per se
improves the development of immunity and subsequent viral control, then there may be a ben-
efit to slowing rebound growth rate. However, if this is not causative, then slowing early
rebound viral growth may have little long-term effect.

Our study aggregates data from 10 previous studies from three independent research insti-
tutions. This allows us to consider patterns of latency and rebound across a larger cohort than
would be possible in a single study. However, it also requires combining data from studies that
differ in known factors such as challenge dose, drug treatment schedule, as well as potential
unknown factors such as macaque microbiome. However, the combined dataset also allows us
to confirm that patterns are seen consistently across three independent sites. It is important to
consider potential confounding factors in the study. For example, one factor potentially affect-
ing SIV rebound viral levels is the macaque MHC, and we show that the protective MHC are
associated with a lower post-rebound setpoint viral level. Importantly, the same relationship
between time of treatment initiation and post rebound peak and setpoint viral levels is
observed independently in animals grouped by MHC type, reinforcing that the result is
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independent of this effect. Another factor is that some monkeys were infected intrarectally,
and mucosal infection may affect early viral kinetics compared with IV infection. However,
the only group with mucosal infection initiated treatment on days 223-377 (Table A in S1
Text), and it seems unlikely that this minor differences in early viral kinetics would affect our
conclusion. Despite the limitations of this study, it also provides a framework for investigating
the mechanisms of immune control of viral rebound. For example, identifying the differences
in the magnitude, phenotype, and anatomical location of immune responses for animals
treated at different times post-infection may identify the primary mechanisms of post-treat-
ment control. Further studies should aim to confirm these findings and investigate the mecha-
nisms of post-treatment control of SIV replication in a large and homogeneous cohort of
animals.

Macaque models of HIV infection, treatment, latency, and reactivation provide a powerful
tool to investigate both the natural history and pathogenesis of infection, as well as to investi-
gate the effects of interventions. In our previous studies we have investigated how timing of
treatment can affect the frequency of rebound from latency [17]. Here we extend that work to
understand how factors such as timing and duration of treatment can affect post rebound con-
trol of viral replication. If a similar association between timing of treatment initiation and
post-treatment control of viral replication can be established for HIV, this may have major
implications for future treatment strategies.

Material and methods
Ethics statement

This study includes previously published and unpublished data from studies of SIV infection
of 124 rhesus macaques. Data was aggregated from 10 independent studies across 3 institu-
tions. Protocols were approved by the relevant institutional committees: the Institutional Ani-
mal Care and Use Committee of the National Cancer Institute, National Institutes of Health
(NIH) in NIH-Bethesda facilities, the Oregon National Primate Research Center’s Animal
Care and Use Committee, or Emory University’s Institutional Animal Care and Use Commit-
tee (as detailed below and in Table A in S1 Text).

Animal models of SIV infection

The details of all cohorts can be found in the Table A in S1 Text.

Cohort 1. This cohort incorporated data from 19 macaques from a study conducted by
the Frederick National Laboratory. Fourteen animals were infected intravenously with 2.2x10°
IU of barcoded SIVmac239M and subsequently treated with combinations of tenofovir (TFV),
emtricitabine (FTC), raltegravir (RAL), indinavir (IDV), and ritonavir (RTV), or of TFV, FTC,
and RAL, starting between days 4 and 27 (studies 1.a-1.c) for 301 to 478 days. Details of the
studies that involved these animals were previously published [16]. The five remaining animals
(study 1.d) were part of a study that has not been previously reported. These animals were
infected intrarectally with 3.0x10’~1.0x10* of the genetically tagged SIVmac239X virus and
subsequently treated with a combination of tenofovir disoproxil fumarate (TDF), FTC, dolute-
gravir (DTG), and darunavir (DRV) following a period of DRV monotherapy. Suppressive
combination therapy started between days 223 to 377 and was maintained for 218 to 410 days
(see Table A in S1 Text for details [16,17]). For these studies, all work involving research ani-
mals was conducted under a protocol approved by the Institutional Animal Care and Use
Committee of the National Cancer Institute, National Institutes of Health (NIH) in NIH--
Bethesda facilities. NIH-Bethesda is accredited by AAALAC International and follows the
Public Health Service Policy for the Care and Use of Laboratory Animals (Animal Welfare
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Assurance Number D16-00602). Animal care adhered to the standards outlined in the “Guide
for the Care and Use of Laboratory Animals (National Research Council; 2011; National Acad-
emies Press; Washington, D.C.), in accordance with the Animal Welfare Act.

Cohort 2. This cohort incorporated data from 57 rhesus macaques from The Oregon
National Primate Research Center, as previously reported [11]. Studies were conducted with
approval from the Institutional Animal Care and Use Committee, under the standards of the
US National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animals
were infected with two TZM-bl assay focus-forming units of SIVmac239X and treated with
combinations of TDF, FTC, DTG or TDF, FTC, DTG, DRV, RTV, beginning between days 6
and 42 for 606-923 days (studies 2.a-2c). Animals in day 6-9 and 42 treated groups (study 2.a)
were also vaccinated with CMV/SIV (n = 27) or control RhCMYV vectors (n = 18). Both sub-
groups have no statistically significant difference in the parameters of interest (see Fig H in
S1 Text for comparison).

Cohort 3. This cohort incorporated data from 53 macaques from Emory National Primate
Research Center (EPC). All studies were reviewed and approved by Emory University’s Insti-
tutional Animal Care and Use Committee (IACUC) under permit numbers 201700655,
201700007 [18], 3000065, 2003297, 2003470, and 201700665 [15]. Animal care facilities at the
Emory National Primate Research Center (EPC) are accredited by the U.S. Department of
Agriculture (USDA) and the Association for Assessment and Accreditation of Laboratory Ani-
mal Care (AAALAC) International. Seven animals (study 3.a) were infected with 1x10* IU of
barcoded STVmac239M and treated on day 14 for 205 or 206 days with the combination of
FTC, TDF (tenofovir disoproxil fumarate), DTG. Six animals were infected with 300 TCID50
of SIVmac239 and treated on days 41 or 43 for duration of 357 days with combination of FTC,
TDF, DTG (study 3.b) [18]. Forty-one macaques were infected with 300 TCID50 of SIV-
mac239 and treated with the combination therapy of FTC, TDF, DTG on day 60 post-infection
for duration 265-438 days [15] (study 3.c). Thirty-five monkeys were also treated with
immune checkpoint blockade (ICB) which did not affect the parameters discussed in this
study (see Fig H in S1 Text for comparison of parameters in treated and control groups).

Mathematical analysis
Estimation of the setpoint

We defined primary infection and post-rebound log;, setpoint viral load as the time-weighted
area under the curve of log;, viral load between 30 and 60 days after the first detection of viral
rebound in the blood (in order to avoid the initial peak of rebound viral levels and allow com-
parison in an interval that is available in most animals in our study). Where animals with fol-
low up shorter than 60 days post rebound are included in the analysis, this is stated in the
relevant text of the manuscript and in the Table A in S1 Text. The average viral load at the set-
point (V) is calculated according to the Formula (1)

A

log,, V., = ( / log,, V(£)dt),/(t, — 1) 1)

ts

Where t is the time of the start of setpoint (30 days after detection of viral rebound) and ¢, the
time of the end of setpoint (60 days). V(#) is the viral load at time ¢. Since the viral load is not
continuously measured in the experiments, V(¢) is estimated by linear interpolation of log; -
transformed viral load data.
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Estimation of the duration of viral control

We defined the duration of control as a length of the time interval between the initial 30 days
post-detection and the first measurement where viral load exceeds the control threshold of 10*
copies/ml for at least two consecutive measurements. The details of estimation of the duration
of control are in the Supplementary method in S1 Text.

Linear regression

Liner regression and F-test of one and two-variable models were performed in Wolfram Math-
ematica 11.2 (Wolfram Research Inc, Champaign, IL, USA) using standard function
LinearModelFit.

Non-linear regression to determine how treatment timing affects viral
kinetics

In order to find the inflection point of the log;, setpoint and peak viral loads, we proposed a
nonlinear piece-wise function. Firstly, the value of function g() drops linearly with the param-
eter by and b; until some minimal level attained at the timepoint t,,;,, and then it grows with
the rate k; before plateauing at some maximal level by+6 as described by the Formula (2).

0 = {fl(t) =by+bt,t <t,.,
L A®) = (1 — exp(—k, (t = £,,))(By + 8 = £ (1)) +F () £ = L

We fitted Formula (2) to the log;o-transformed peak and set point viral loads assuming that
setpoint at primary infection corresponds to the point when the day of treatment is equal to 0.
The fitting and F-test was performed using GraphPad Prism v 9.4.

Peak and set point viral loads after rebound were also fitted with Formula (2) using different
maximal values (b,) for animals with or without a protective MHC-1 allele (A*01, B*08, and/
or B*17).

For the purposes of visualisation, we also fitted an extended model that included an increase
in post-rebound setpoint viral load with time-on-treatment. To do this, we modified function
(2) by adding the effect of duration of treatment (7) as shown by Formula (3)

h(t, 1) = (by + 0 — g(1))(1 — exp(=k,7)) +g(1), (3)

where k, is the rate of the decline of protection on treatment. Formula (3) was fitted to the data
using Wolfram Mathematica 12.3, Wolfram Research Inc, Champaign, IL, USA using standard
function NonlinearModelFit.

(2)

Linear mixed effects model

In order to determine the existence of linear relationships between variables of interest in dif-
ferent groups and whether these relationships are statistically significant significantly (slope##
0), we used a linear mixed effects model of the form.

Vi = a-+a; + (b+bi)x+8ij (4)

Where a and b are fixed effects of intercept and slope and g; and b; are random effects of
each group of monkeys (indexed by i), and &;; is the normally distributed variation. The regres-
sion was implemented in R using the standard function Ime() from library nlme. In order to
test if slopes are significantly different (i.e. b;7#0 vs. b; = 0) or whether the model with random
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effects fits better than the model with only fixed effects we implemented the standard R func-
tion—anoval().

Statistical tests

Coefficients of correlation as well as all statistical tests except goodness of fit test for regressions
mentioned above were performed in GraphPad Prism v 9.4.

Supporting information

S1 Text. Supplementary text. Summary of the experimental studies and additional analysis.
(PDF)
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