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The Antibody Mediated Prevention (AMP) trials (NCT02716675 and
NCT02568215) demonstrated that passive administration of the broadly neu-
tralizing monoclonal antibody VRCO1 could prevent some HIV-1 acquisition
events. Here, we use mathematical modeling in a post hoc analysis to
demonstrate that VRCOLI influenced viral loads in AMP participants who
acquired HIV. Instantaneous inhibitory potential (IIP), which integrates VRCO1
serum concentration and VRCOLI sensitivity of acquired viruses in terms of
both IC50 and IC80, follows a dose-response relationship with first positive
viral load (p = 0.03), which is particularly strong above a threshold of [IP=1.6
(r=-0.6, p =2e-4). Mathematical modeling reveals that VRCO1 activity pre-
dicted from in vitro IC80s and serum VRCO1 concentrations overestimates
in vivo neutralization by 600-fold (95% Cl: 300-1200). The trained model
projects that even if future therapeutic HIV trials of combination monoclonal
antibodies do not always prevent acquisition, reductions in viremia and
reservoir size could be expected.

For those not living with HIV-1, pre-exposure prophylaxis with ART
(PrEP) is safe and highly effective in preventing HIV-1 acquisition,
though comprehensive implementation remains challenging due to
limited availability, uptake, and adherence in heavily affected
communities"®,

Ultimately, a safe and efficacious preventative HIV-1 vaccine may
be required to eradicate HIV/AIDS’. Unfortunately, of 9 preventative
HIV-1 vaccines tested in efficacy trials, none have achieved strong

success'*®, Passive immunization with broadly neutralizing antibodies
(bnAbs) is a promising strategy to expand the HIV-1 prevention
toolbox"”?°, has been extensively documented to prevent mucosal
transmission in non-human primates (NHP)***, and may inform future
vaccines that elicit bnAbs?.

The Antibody Mediated Prevention (AMP) trials were the first
human efficacy studies of infused bnAbs for HIV-1 prevention (HVTN
704/HPTN 085 and HVTN 703/HPTN 081)>. The efficacy of a CD4-
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binding site bnAb, VRCOI, was tested in men, women and transgender
individuals who were vulnerable to HIV-1 in the Americas, sub-Saharan
Africa and Europe®* . A total of 4623 participants were enrolled and
randomized L:1:1 into 3 arms, receiving 10 or 30 mg/kg of VRCOL or
saline placebo by intravenous infusion every 8 weeks (10 total infu-
sions). Across arms, 174 participants were diagnosed with HIV-1
infection®. In the pooled VRCO1 groups vs. placebo, prevention effi-
cacy in HVTN 704/HPTN 085 was 27% (P = 0.15; 95% confidence interval
[CI]: -12, 52%) and in HVTN 703/HPTN 081 was 9% (P=0.7; 95% CI: -45,
43%)*. The dose levels were designed based on data suggesting most
circulating HIV-1 viruses were relatively sensitive to VRCO1 (80% inhi-
bitory concentrations, or IC80 <10 pg/ml). However, 49% of observed
acquired isolates had 1C80 >10 pg/ml. Secondary pre-specified ana-
lyses showed that estimated prevention efficacy decreased for higher
IC80s (i.e., more VRCOl-resistant isolates), with prevention efficacy
estimates >80% for HIV-1 viruses with IC80 < 0.3 pg/ml and steadily
decreasing to near zero for HIV-1s with IC80 > 5 ug/mlI*.

The predicted serum neutralization 80% inhibitory dilution titer
(PT80) biomarker expresses the neutralizing ability of a certain con-
centration of bnAb against a given virus”*, It is calculated by dividing
the bnAb serum concentration at a given time by the IC80 of the bnAb
against that virus (also termed inhibitory quotient®). This unitless
quantity conveniently encapsulates the full heterogeneity of potency
from both trial concentrations (range 0-30 pug/mL) and IC80s (observed
range 0.1 to 100 ug/ml). Importantly, PTS8O was shown to associate with
VRCO1 prevention efficacy in the AMP trials”, adding evidence to this
biomarker as a surrogate endpoint for HIV-1 acquisition. 90% prevention
efficacy was projected for future trials achieving average PT80s > 200, or
concentrations 200-fold above the in vitro IC80s of exposing viruses for
the duration of follow-up. Here, we also considered an additional metric,
the instantaneous inhibitory potential (IIP) that was previously used to
quantify ART* and bnAb potency. It uses both IC50 and IC80 data to
encode how rapidly (and nonlinearly) neutralization rises with titer and
provides a scale that clearly distinguishes high e.g., 90% neutralization
(IIP =1) from extremely high neutralization e.g., 99.9% (IIP =3).

Viral load has long been associated with HIV-1 pathogenesis and
progression®. Early moments of HIV-1 infection can dictate reservoir
creation and immune response®>**, Therefore, reductions in viral load
during acquisition could improve HIV-1 prognosis®. Previously,
breakthrough infections among some PrEP users appear to admit
lower viral loads™.

Here, we investigate whether and how VRCO1 modulated HIV-1
kinetics in VRCOL1 recipients who acquired HIV-1 during the AMP trials.
We combined pharmacokinetics to predict serum levels of VRCO1 and
in vitro pharmacodynamics to estimate the time-varying titer of VRCO1
against each participant’s acquired isolate. Then, we integrated neu-
tralization — a mechanistic extension of the published protection titer
correlate” - into a mathematical model of viral load and estimated the
instantaneous effect of VRCO1 on HIV-1 viral load over time. Our ana-
lysis found that suppressing viral load in vivo requires much higher
levels of VRCO1 than would be predicted by in vitro experiments,
illuminates likely fitness effects for resistant HIV-1isolates, unveils how
suppressing viremia may be more difficult than preventing infection
with bnAbs, and informs dose-selection for future trials of multi-drug
combinations.

Results

Comparing viral loads by treatment and VRCO1 sensitivity of
acquired viruses

To assess post-acquisition viral loads, we analyzed 608 viral load
observations without ART from the 162 of 174 AMP participants who
acquired HIV whose acquired viruses were tested for VRCO1 neu-
tralization sensitivity by the TZM-bl assay*’>°. Approximately 70% of
participants had 3 or more viral loads preceding ART initiation, with
30% having more than 4 (Supplementary Table 1).

Across trials (HVTN 704/HPTN 085 and HVTN 703/HPTN 081),
there were no obvious differences in viral load trajectories by treat-
ment arm (Fig. 1a). Moreover, there was a wide range in VRCOL1 sensi-
tivity (IC80) of acquired viruses across participants in both placebo
and pooled treatment arms (Fig. 1b). Based on these observations, we
combined the 10 and 30 mg/kg VRCOL1 dose participants into a VRCO1
pooled group and used a pre-specified threshold” for acquired virus
sensitivity to VRCO1 -- sensitive: IC80 <1 ug/ml and resistant: IC80 >1
pg/ml -- to define four treatment/sensitivity groups for the proceeding
analyses: placebo sensitive (V=17), placebo resistant (N =45), VRCO1
pooled sensitive (N=9) and VRCO1 pooled resistant (N = 87).

Viral loads are transiently reduced in VRCO1 recipients who
acquired sensitive viruses

Previously, passive administration of VRCO1 transiently reduced viremia
in PWH not on ART*. Here, viral loads in the VRCOI1 pooled sensitive
group (lower left panel, Fig. 1c) appeared the most heterogeneous and
potentially lowest, particularly at early time points. To formally test
differences between groups, we compared first positive, early (all viral
loads within 3 weeks but after first positive), and later viral loads
(Fig. 1d); sampling sparsity made common virologic metrics like peak
and set point difficult to define for each participant. First positive and
early viral loads were lowest in the VRCO1 pooled sensitive group
(p<0.005 when compared to placebo sensitive, p<0.05 when com-
pared to other groups at first positive, and p < 0.004 when compared to
other groups at early time points). However, after 3 weeks post first
positive, viral loads were not significantly different in any group (Fig. 1d).

Trial geographic region, sex assigned at birth, and acquired
isolate HIV-1 subtype are less predictive of first positive viral
load than treatment/sensitivity group

Viral loads may naturally differ by sex, acquired HIV subtype (clade),
and/or geographic region**?. To rule out these potentially confounding
factors, we examined first positive viral loads by trial, geographic
region, and viral subtypes and found no differences (H-test p=0.3,
Fig. 1e). However, these variables were highly overlapping: viral sub-
types were sequestered by geographic region, and the two studies
enrolled female and male participants (sex assigned at birth). Specifi-
cally, in HVTN 703/HPTN 081, almost all the isolates were subtype C and
participants were female, whereas in HVTN 704/HPTN 085, the isolates
were a mix of A, B, D, F, and recombinants of these subtypes and
participants were male. As a result, we were unable to compare viral
loads across sex, subtypes, and/or geographic region independently.

Multiple viruses isolated from participants had similar

VRCOL1 sensitivity

As a proxy for within-host diversity, which could influence viral
dynamics, and potentially even relate to bnAb-mediated viral escape,
we compared IC50 and IC80 values across viruses that were isolated
from the same participants (N =64 participants had more than 1 iso-
late). Viral sensitivities to VRCO1 were highly correlated within indivi-
duals (Spearman rho = 0.7, Supplementary Fig. 1), suggesting that the
within host-quasispecies did not encounter strong post-acquisition
selection pressure by VRCOL. On a practical level, this finding supports
using a single 1C80 for each participant. Henceforth, we use the con-
servative option, the least sensitive isolate (i.e., with the largest IC80)
to define the IC80 for each participant.

First positive viral load reduction via direct (VRCO1) and indirect
(e.g., fitness cost) effects

Although we did not see statistically significant different first positive
viral loads across protocols/regions/clades, we sought to precisely
quantify differences between groups and adjust for any minor con-
founding. Therefore, we performed a regression model to predict first
positive viral load by group, adjusting for protocol and region
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(Methods). From this analysis, the placebo-sensitive group had the
highest mean first positive viral loads. The placebo and treated resis-
tant groups were both roughly 0.5 logs lower. We hypothesize this
could reflect an indirect effect relating to reduced fitness of highly
resistant variants. Finally, the VRCO1 pooled sensitive group was a
further 1.1 logs (95% CI: 0.1, 2.1, p=0.03) lower than those of the
VRCO1-pooled resistant group and 1.6 logs (95% CI: 0.4, 2.7, p= 0.007)

lower than the placebo sensitive group (Fig. 2). We term this latter
reduction the direct effect of VRCO1 on viral load.

No observable delays in ART initiation by trial, treatment arm,
or VRCOL1 sensitivity

To briefly assess clinical implications related to viral load differences,
we used cumulative incidence curves to make between-group
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Fig. 1| Outcomes and longitudinal viral loads from participants who acquired
HIV-1 during the AMP studies. a Pre-ART viral loads pooled across trials and
stratified by treatment arm -- placebo (gray; N = 62), 10 mg/kg VRCO1 (light blue;
N=52), and 30 mg/kg VRCOL1 (green; N=43). b VRCOLI sensitivity of the acquired
isolate for the placebo and VRCO1 pooled treatment arms. Dashed vertical line
indicates resistant and sensitive threshold for viruses, defined as IC80 > 1 ug/ml and
1C80 <1 pg/ml, respectively. Black diamonds indicate group median for each of four
treatment/sensitivity groups: placebo sensitive (navy; N =17), placebo resistant
(red; N=45), VRCO1 pooled sensitive (blue; N=9), and VRCO1 pooled resistant
(orange; N=87). ¢ Pre-ART viral loads by treatment/sensitivity groups. In a, d, time
values are presented relative to first positive viral loads such that negative days
indicate the last negative viral load visit. Thick lines are geometric means binned by
week. d Viral loads shown by treatment arm and VRCO1 sensitive/resistant status
grouped into first positive (placebo sensitive: navy, N =17 placebo resistant: red,
N=45; VRCO1 pooled sensitive: blue, N=9; VRCO1 pooled resistant: orange, N = 87),

values after first but before 3 weeks (placebo sensitive: navy, N=12; placebo
resistant: red, N=39; VRCO1 pooled sensitive: blue, N=5; VRCO1 pooled resistant:
orange, N=64), and values after 3 weeks (placebo sensitive: navy, N =23; placebo
resistant: red, N=53; VRCO1 pooled sensitive: blue, N=38; VRCO1 pooled resistant:
orange, N=108). Filled circles indicate the placebo arm, and squares indicate
VRCOL1 pooled. Dashed lines indicate non-significant comparisons, solid lines
indicate p < 0.05, and bold lines indicate statistical significance after correcting for
the 6 comparisons p < 0.008 (1-sided Mann-Whitney U test). e First positive viral
loads grouped by geographic region -- South Africa (N =41), Not South Africa

(N =31), US+Switzerland (N = 22), and South America (N = 68) -- and colored by HIV-
1 subtype. Population distributions are not significantly different, p=0.3 by
Kruskal-Wallis H-test indicates no differences between groups so individual com-
parisons were not made. In all plots, box plots indicate median, IQR (box) and 1.5x
IQR (fliers).
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Fig. 2 | Summary of direct (VRCO1) and indirect reductions to first positive
viralload. Mean (dot) and 95% confidence interval (line) first positive viral loads for
the following groups: placebo sensitive (navy; N=17), placebo resistant (red;
N=45), VRCO1 pooled sensitive (blue; N=9), and VRCO1 pooled resistant (orange;
N=287), calculated adjusting for protocol and study geographic location using a
regression model (Methods).

comparisons of the length of time between the last negative visit and
the first positive visit as well as the length of time between the first
positive visit and ART initiation. No significant differences were
detected between trials, treatment arms, and treatment/sensitivity
groups (all log-rank test two-sided p-values> 0.1, Supplementary
Fig. 2). These findings suggest that viral load detection was not
heavily delayed by VRCOL1 direct effects. Similar fractions of partici-
pants initiated ART across treatment/sensitivity groups (Supple-
mentary Table 2), and this analysis indicates ART was not initiated
earlier or later in any specific group despite observed differences in
viral loads.

Combined PKPD activity as dose-response relationships reveal
increasing VRCOL1 activity lowered first positive viral loads

We hypothesized that direct effects could follow a dose-response such
that higher VRCOI levels result in lower viral loads. To test this dose
response, we needed to project VRCO1 concentrations at commensal
times of viral load measurements. Therefore, we used a pharmacoki-
netic (PK) model built on the AMP data” in which VRCO1 infusions
follow participant visits and VRCOL1 is assumed to enter the serum
compartment, circulate peripherally, and clear without any influence
of HIV viral load (Fig. 3a, Methods). We then projected VRCO1 con-
centrations for each participant and, using their acquired virus IC80,
calculated the PT80 at the time of their first positive viral load

measurement using their acquired virus IC80 (example in Fig. 3b, see
all participants in Supplementary Data 1).

By predicting titers at first positive, we tested our hypothesized
continuous relationship between instantaneous VRCOI1 activity and
viremia. VRCO1 concentration at first positive did not significantly
associate with first positive viral loads (Fig. 3c, p = 0.7). A weak positive
correlation was observed between acquired virus sensitivity and first
positive viral load in the VRCO1 pooled group (Fig. 3d, r=0.2, p = 0.07).

However, we also tested more generalized combined PKPD
activity-responses, whereby concentration and IC80 were simulta-
neously used to define relationships between titer (PT80) and viral
load. Higher loglO PT80 weakly associated with lower first positive
viral loads (Fig. 3e, r=-0.18, p = 0.08).

Finally, using the metric IIP like PT80 as a combined PKPD activity
variable, we observed a significant, but nonetheless relatively weak,
relationship between VRCO1 activity and viral load (Fig. 3f, r=-0.23,
p=0.03). This metric appears particularly useful for VRCO1 because it
uses both IC50 and IC80 and we observed nonlinear increases in
neutralization between IC50 and IC80 (Hill coefficient, which encodes
nonlinearity of neutralization vs titer, had a mean h=1.24, Supple-
mentary Fig. 3).

Association between combined PKPD activity and first positive
viral load is stronger above a VRCOI1 activity threshold

The results of PKPD dose-response analysis led us to question whether
VRCOI'’s impact on viral load was effectively negligible below a certain
activity level. To examine this latter hypothesis, we applied a segmented
linear regression to test whether associations were subject to a threshold
effect (Methods). The segmented model outperformed the linear model
for both predicted titer (PT80) and IIP (Fig. 3e, ). The segmented model
identified change points for certain variables, providing useful thresh-
olds to understand VRCO1 effects. Above PT80 =3 (95% CI: 0.8, 16) the
dose response appeared stronger, though significance was limited by
data sparsity. For IIPs above 1IP=1.6 (95% CI: 1, 2.2) we documented a
robust relationship (r=-0.6, p=2e-4) where more VRCOl activity
(higher concentration and/or lower IC80) reduced viral loads, subse-
quently highlighting the utility of this metric.

Continuous indirect reduction in first positive viral load for
resistant infections in placebo participants

We next questioned if the indirect effect observed for first positives
(Fig. 2) between sensitive and resistant acquisitions in placebo parti-
cipants would exist on a continuum. Indeed, a linear relationship
between logl0 IC80 of the acquired isolate and first positive viral load
was observed in placebo participants (Fig. 3g r=-0.28, p=0.03).
Importantly, if generalizable, this effect would confound and weaken
the observed association between VRCOI and first positive in VRCO1
recipients (Fig. 3d-f).
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Virus replication rate indirectly depends on acquired sensitivity

to VRCO1

To fully describe our longitudinal data and simultaneously estimate
indirect and direct effects, we adapted a viral dynamics model ori-
ginally trained on highly sampled acute HIV-1 viral loads in East African
and Thai adults****, The model encodes virus and cell interactions
using a system of differential equations: when virus is introduced into

this system, susceptible cells are infected and depleted. Infected cells

produce virus and die due to viral cytopathic killing and a mathema-

Our goal was to

tical approximation of immune responses [Eq. 4a, Eq. (1)]. We used
population nonlinear mixed effects modeling to estimate optimal
model parameters* for biological rates (Supplementary Table 4).

determine any additional model mechanisms

needed to achieve agreement with three observed data types for
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Fig. 3 | Viral load is reduced directly by higher VRCO1 activity and/or indirectly,
e.g., via VRCOI resistant fitness costs. a A two-compartment pharmacokinetic
(PK) model trained on the present data—-model structure was previously designed
for VRCO1 PK using an AMP case-control cohort (Supplementary Table 4)%,

b Observed (dots) and modeled (line) VRCO1 concentrations over time in a
representative participant. The horizontal lines illustrate VRCO1 concentrations
corresponding to PT8O titers of 10, 1, 1/10 and 1/100 against the participant’s
acquired isolate. c-g PK and combined PKPD activity visualized as “dose-response
relationships” for variables against first positive viral load. ¢ Projected VRCO1
concentration at first positive viral load. d Acquired virus sensitivity to VRCO1 in

VRCOL1 pooled group. e Predicted 80% titer (PT80) at first positive. f Instantaneous
inhibitory potential (IIP). g Acquired virus sensitivity to VRCOL in placebo group.
Squares and blue/orange colors indicate sensitive/resistant VRCO1 pooled partici-
pant data, whereas dots and navy/red colors indicate sensitive/resistant placebo
participant data. Black dashed line is a linear regression line (Pearson correlation
coefficient r and p-value noted in panel title). In e, f two-segment dose-response
models described data better than the linear model. In those cases, the segmented
model is shown as a solid gray line with a blue shaded 95% confidence interval
around the change point of the segments.

each participant simultaneously: in vitro IC80 of acquired virus,
longitudinal VRCO1 concentrations, and longitudinal viral loads.
Therefore, we sequentially added mechanisms to the model and
tested them against AMP data, selecting the optimal model that
minimized the corrected Bayesian Information Criterion (BICc)*®,
a metric that balances accuracy of model fit against model
complexity.

First, model agreement to placebo participant data was optimized
by including indirect effects expressed as a viral production rate
m(/C80) that depended on IC80 (Supplementary Table 5; note fit was
statistically similar but slightly worse using IC80-adjusted virus infec-
tivity rate, 8). We then fit the model to VRCOI-recipient data including
the indirect effects and estimated the direct effect at the same time.
Importantly, agreement to these data could not be achieved by directly
imputing VRCO1 concentration and IC80 (model BICc was over 3000
points worse than the optimal model that we eventually selected,
Supplementary Table 6).

VRCO1 activity in vivo is significantly overestimated by serum
VRCO1 concentrations and in vitro IC80s

Based on published data?**?%"*% we hypothesized that in vitro values
of IC80 overestimate in vivo neutralization potential. Therefore, for
the direct effect we defined a potency reduction factor p, which scales
between in vitro and in vivo titer. As an example, at PT80 =1, the serum
concentration equals the IC80 and 80% of viruses would be expected
to be neutralized in the TZM-bl assay. With p=100, the same titer
achieves less than 10% neutralization, and we require PT80 =100 to
achieve 80% in vivo neutralization. Although we could not estimate a
person-by-person value, the model’s ability to recapitulate data was
substantially improved by including a potency reduction factor with a
population average of p=628 (95% Cl: 313, 1262) (trajectories in Fig. 4b
& model fitting score vs values of p in Supplementary Fig. 4). This
suggests in vitro titers overestimate effective in vivo titers by
approximately 600-fold.

In comparison, the mean VRCO1 PT8O0 titer required to achieve
80% prevention efficacy was roughly 50 and 120 for non-human pri-
mates and humans, respectively”. This suggests a ~100-fold over-
estimate between in vitro titer and in vivo activity for prevention
efficacy, lower than our potency reduction factor by roughly 6-fold.
The difference could indicate that prevention requires lower VRCO1
titers than those needed to suppress viremia during early systemic
infection.

Optimal model of VRCO1 viral kinetics

Once the potency reduction factor was included, our model projected
smoothed VRCO1 and viral load trajectories that quantitatively match
all observed data (8 example fits are shown in Fig. 4b and all participant
fits are provided in Supplementary Data 1 & 2). For individuals with
high VRCOL titers (concentrations several logs above I1C80), including
some who received infusions after first positive, viral loads are
instantaneously modified - see model fits in rightmost 3 panels of
Fig. 4b. Note, VRCOL1 infusions were not knowingly given after an
individual had acquired HIV. However, 93 participants, approximately
evenly distributed across trial arms, were retroactively determined to

have had viral loads when they received an infusion (Supplementary
Table 3).

To further illustrate why potency reduction was required, we
show estimated model projections in the absence of potency reduc-
tion (dashed lines in Fig. 4b). Unsurprisingly, viral load trajectories are
unrealistic as the model imposes nearly complete neutralization when
concentrations are several logs above IC80s, in those cases, it is diffi-
cult to reconcile the observed viral loads. Additionally, without
potency reduction, model parameter estimates are unstable, in parti-
cular, viral infectivity is estimated to be unrealistically high to account
for the observed viral loads despite high titers of VRCO1 (Supple-
mentary Fig. 5).

Viral dynamics model-based acquisition timing agrees with
other approaches

A key parameter estimated by the mechanistic model is acquisition
time*’. We used this value and the PK model to estimate PT80 at the
estimated date of acquisition. PT80 estimates at the time of acquisition
from our PKPD-V model resembled those of a published model that
relies on clinical and sequence diversification data®® (Fig. 5a). Addi-
tionally, both models predicted no observed acquisitions with
PT80 >100, levels that are theoretically possible given observed con-
centrations and IC80s. This finding is consistent with the prevention
efficacy previously reported®, reflecting that some acquisition events
may have been averted due to therapeutic VRCOL levels.

Model-interpolated viral load metrics indicate some differences
between study groups

Based on the sparse sampling, raw data estimates of common metrics
such as peak, area under curve (AUC), and/or setpoint viral load were
not well defined. Therefore, we projected these metrics using the
model (Fig. 5b). We observed a trend that model-estimated peak viral
loads were the lowest among VRCO1 recipients who acquired VRCOI1-
resistant isolates compared to other groups, suggesting indirect
effects had a greater impact on peak than some other metrics. Then,
using the regression model (Methods), AUC during 3 months after first
positive was found to be 0.5 logs lower in the VRCO1-pooled sensitive
group compared to both the placebo sensitive and the VRCO1-pooled
resistant groups (p = 0.04 for both comparisons, Fig. 5b). Regression
models found set points were not different across groups, consistent
with waning VRCO1 concentrations and therefore waning direct effects
by the time of set point.

In simulation, higher titer therapies could block acquisition and/
or substantially blunt viral loads and reduce reservoir creation
An important rationale for developing and training the mechanistic
model was the ability to plausibly simulate future scenarios with
increased PKPD activity -- i.e., higher titer through better PK and/or
more potent single bnAbs and combination bnAbs. Recently, Mdluli
et al. also showed that viral load area under the curve (AUC) during
primary infection is predictive of time to viral rebound after ART
suppression and analytical treatment interruption®. Therefore, we
performed a simulation study projecting longitudinal viral loads and
AUC (as a surrogate for “reservoir size”) under different bnAb activity.
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Fig. 4 | The optimal model for AMP viral loads incorporates VRCO1 con-
centration and acquired isolate sensitivity to VRCO1, as well as fitness costs
and in vivo potency reduction. a The viral dynamics and PKPD (PKPD-V) mathe-
matical model used to impute viral load curves®. Susceptible cells S are born and
die in the absence of virus (rates og and 8, respectively) and are infected upon
exposure to virus V with infectivity rate B, infected cells I die nonlinearly with rate
6,(1)=kI", virions are produced with rate 1 and cleared with rate y. VRCO1 con-
centration is predicted by the same PK model as in Fig. 2a and is connected into the
viral dynamics through the PD model where VRCO1 concentration reduces cell
infection events, B(C,,IC80,p) based on IC80 of acquired virus and in vivo potency
reduction. The indirect effect implies viral production is lowered for more resistant
isolates 1(IC80). b Eight examples of participants with simultaneous PK and viral

load fits relative to first positive viral load (see all in Supplementary Data1& 2). Dots
represent observed concentrations and viral loads, solid lines represent model
output, and dashed lines represent counterfactual model simulations with no
potency reduction. PK curve colors indicate treatment arm (light blue: 10 mg/kg;
green: 30 mg/kg). Viral load curve colors indicate acquired virus sensitivity to
VRCOL1 (blue: VRCOL1 sensitive; orange: VRCOLI resistant). Annotations provide
definitions for model-based metrics. Horizontal gray lines in PK plots contextualize
serum concentrations relative to in vitro IC80s. ¢ Predicted % of cellular infections
blocked at a given titer estimated from in vivo viral load data (solid red) compared
to in vitro predicted neutralization (dashed black). The pink shading around the
solid red curve denotes 95% confidence intervals. The difference between the
curves illustrates the 600-fold potency reduction in vivo.

In simulations with higher titer antibodies, we project kinetics
would be noticeably different in the sensitive group for a theoretical
regimen with 10x (or more) the VRCOlL titer compared to AMP
(Fig. 5¢). If a combination bnAb regimen achieved at least 100x higher
titer than AMP, we project viral loads in both sensitive and resistant
groups would look markedly different from natural infection (no
VRCO1) (Fig. 5c). As aresult, viral load AUC is modulated and therefore
we predict reservoir sizes would be substantially lower (Fig. 5d). In
this >100x titer range, our model also begins to predict post exposure
prophylaxis in some cases (see flat lines at limit of detection 50
copies/mL in both sensitive and resistant groups). Quantitatively, we
predict peak viral loads and reservoir sizes would be a median of
3-logs lower for sensitive acquisitions with 10x titer, whereas this
same drop would require between 100-1000x titer for resistant
acquisitions (Fig. 5e). Together, if future antibody regimens can reach
PT80 >100 against all viruses in an individual’s quasispecies, both
overall protective efficacy and post-acquisition modulations of viral
loads that reduce HIV reservoirs should be expected.

Discussion
The AMP studies provided proof-of-concept that HIV-1 acquisition can
be prevented by a broadly neutralizing antibody in humans. Here, we

studied participants who acquired HIV-1 in the AMP studies and care-
fully characterized the viral loads of placebo and VRCOL1 recipients
using mathematical models.

We identified a direct effect of VRCO1 on post-acquisition viral
loads which followed a “dose-response” relationship between com-
bined VRCO1 PKPD activity and first positive viral load. The effect was
particularly noticeable using instantaneous inhibitory potential (IIP),
which incorporates VRCO1 concentration and the IC50 and IC80 of an
acquired virus into a single metric that accounts for nonlinearity in
neutralization. Moreover, a threshold was found (IIP = 1.6) above which
the relationship between IIP and viral load was much stron-
ger (r=-0.6).

However, the direct effect was transient, likely because of waning
VRCO1 concentrations, and potentially even an effect whereby viral
binding saturates antibodies and further reduces VRCOL1 levels. Never-
theless, modeled viral load area under the curve was lower in the treated
sensitive group. Blunting or delaying HIV-1 viremia might be relevant for
pathogenesis*™, reservoir creation®, viral evolution®®, and/or onward
transmission during acute infection. Furthermore, small but exciting
studies®**, showed other bnAbs can achieve prolonged (up to 2 years)
HIV-1suppression after stopping ART potentially due to a vaccinal effect
in which infused bnAbs interact with virus, e.g., forming immune
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Fig. 5 | Modeled acquisition time, viral load metrics, and simulations of viral
load and reservoir size during future high-titer trials. a Predicted titer (PT80) at
estimated date of infection using our model compared to a published infection
timing approach®’; orange and blue dots indicate resistant (N =84) and sensitive
(N=11) isolates, respectively, from VRCOLI recipients with available timing esti-
mates. The maximum measured concentration divided by the minimum observed
1C80 is shown as a dashed horizontal line to contextualize a theoretical upper
bound on PT80s. b Model estimated metrics for the following treatment and
resistance groupings: placebo sensitive (navy; N=17), placebo resistant (red;
N=45), VRCO1 pooled sensitive (blue; N=9), and VRCO1 pooled resistant (orange;
N=87). Each dot represents a participant model value and box plots indicate
median, IQR (box) and 1.5x IQR (fliers) across participants. The p-values are two-
sided and unadjusted for multiple comparisons, and were obtained from a linear
regression model adjusting for protocol and study geographic location. Model
peaks were not statistically compared. ¢ Modeled longitudinal viral loads from all
VRCOL recipients split by sensitive (blue lines) and resistant (orange lines) viruses.
d Modeled longitudinal HIV “reservoir size” (assumed proportional to viral load

area under the curve) from all VRCOL1 recipients split by sensitive (blue lines) and
resistant (orange lines) viruses. In ¢, d from left to right panels indicate counter-
factual of participants without VRCO1, AMP participants as in the actual trial, and 3
different levels (10x, 100x, and 1000x) of higher-potency trials. There are fewer
lines in some plots because the modeled higher potency scenarios sometimes
completely suppress viremia below limit of detection. e Differences between AMP
study and other modeled scenarios. Viral load difference is calculated by sub-
tracting off (on loglO scale) the peak AMP study viral load from each theoretical
scenario in ¢ where viral load is calculated at the original time of peak relative to
acquisition. Reservoir size difference is calculated by subtracting off the week 4
AMP study viral load from each theoretical scenario in ¢ where viral load is also
calculated at week 4 relative to acquisition. Each dot indicates a participant’s dif-
ference (on loglO scale) from each new scenario relative to their baseline (AMP
study) value. Box plots indicate median, IQR (box) and 1.5x IQR (whiskers), calcu-
lated from VRCO1 pooled sensitive (blue; N=9), and VRCO1 pooled resistant
(orange; N=87). In all panels, box plots indicate median, IQR (box) and 1.5x

IQR (fliers).

complexes, to enhance immune control’*. We did not see signs of a
vaccinal effect for VRCO1 here, which may be related to the short
duration of the study, properties of VRCO]1, or the overwhelmingly high
viral loads and/or unprimed immune system during primary infection.
Indeed, in certain instances vaccinal effects only manifested after longer
times”, and because of the absence of any signals we did not apply the
more complicated models that could predict when control might
emerge™®.

We also observed indirect effects where VRCOI1 resistance
predicted lower first positive viral loads in the placebo group. This
effect could indicate fitness costs related to resistance to VRCOI --
in our optimized mathematical model, data fit was improved when
virus production decreased with IC80. As VRCOL1 binds to the CD4
binding site, which is necessary for viral entry®, resistant viruses
might also lose some ability to enter cells. Indeed, viruses that are
highly resistant to VRCO1 have been shown to have compensatory
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fitness costs**®", Future studies are warranted to assess fitness
directly.

The mathematical model was capable of fitting to longitudinal
VRCO1 serum concentrations and viral loads simultaneously by adding
a VRCOl-direct neutralization effect, while integrating the sensitivity of
each participant’s acquired virus against VRCO1. The model fit the data
best when both direct and indirect effects were included. Importantly,
modeling allowed simultaneous estimation of these two effects.
Finally, we demonstrated simulations of counterfactual and future
scenarios using the model, paving the way for usage in trial design.

A key observation was that the model could not fit to all data
without including a factor that accounts for in vivo potency reduction.
For VRCOI1, this phenomenon has qualitatively been observed in
human studies outside of primary infection: HIV-1 could be suppressed
by VRCO1 without ART but viral loads often restabilized before VRCO1
levels decayed below the IC80*°, sometimes (but not always) because
of the emergence of resistant variants®>. During ART interruption with
VRCO1 supplementation, viral rebound occurred despite high serum
concentrations of VRCO1, and the sampled emerging variants were
often not obviously resistant’. Modeling by Saha et al. required very
high estimates of IC80s for rebound variants to reconcile with the
VRCO1 concentration in an ATI study®. Here, we estimated that the
in vivo VRCO1 PT8O0 titer required to suppress viremia was 600-fold
higher than would be expected from serum concentrations and in vitro
IC80 titers, suggestive of in vivo potency reduction.

There are several possible explanations for in vivo potency
reduction. The TZM-bl target cell assay used to quantify in vitro neu-
tralization uses cells that are highly permissive to infection®, poten-
tially allowing for larger reductions by VRCOl. Moreover, the
pseudoviruses used in the assay may be more VRCO1 sensitive than
wild-type viruses®’. It is also possible that VRCOL1 is not as effective
in vivo — affinity and/or potency could be reduced, clumping might
occur, and/or anti-idiotype antibodies could reduce some bnAb effi-
cacy. Yet, functional anti-idiotype antibodies were not identified in
AMP® and serum VRCO1 has been shown to maintain neutralization
(and some other functions) when re-harvested from participants after
infusion/injection®®. Another explanation may be that cell-to-cell
transmission of HIV-1 effectively lowers the ability of VRCO1 to find
virus to neutralize®*’. Perhaps the simplest explanation of all impli-
cates VRCOL1 biodistribution. Although we sample and model VRCO1
concentrations and viral loads in the serum, most viral production
occurs elsewhere (e.g., lymph nodes)® and viremia is generally
assumed to be spillover from these locales. Thus, the potency reduc-
tion factor could indicate differences in concentration between serum
and those sites. Post-infused levels of VRCO1 have been shown to
correlate between rectal tissue/secretions and serum”, but levels were
also sometimes 10-100x lower outside of serum. Therefore, additional
studies investigating bnAb levels and function in other compartments
could be helpful for next-generation regimens.

Viral load blunting and delay was also observed in breakthrough
acquisition during ART-mediated prevention trials®*. Our model illu-
minates why blunted viral loads and relatively sparse sampling makes
the first positive viral load a transient indicator of VRCO1 efficacy
despite acquisition. Our simulations also demonstrate that blunted
viremia meaningfully lowers viral load AUC, which has been linked to
HIV reservoir generation®’2 Therefore, even if future therapies do not
always block acquisition completely, they might potently reduce
reservoirs. In contrast to ART monotherapy, which rapidly and deter-
ministically leads to viral escape’””, we show some evidence that
bnAb monotherapy is relatively robust. Sensitive viruses were
observed in participants across all trials and dose arms. More than one
isolate was found in ~1/3 of participants and within-host viruses were
highly correlated in their sensitivity to VRCO1. Thus, we suspect in the
time scale of this specific study, no obvious evolution occurred within-
hosts such that VRCOL1 resistant variants did not develop anew. Our

work corroborates other modeling of VRCO1 infusion during chronic
infection and ATI in which returning and rebounding variants are
inferred to have existed at low frequencies vs. emerging de novo®>*>7°,

There are limitations to this analysis. The number of VRCO1
recipients who acquired a VRCO1-sensitive virus is limited. Viral
isolate subtypes were also stratified by geographical location,
limiting comparisons by either factor. Comparisons by sex
assigned at birth were generally not distinguishable from com-
parisons across trials due to design and we could not analyze
results based on route of transmission, which may alter acquisi-
tion probability’”’”%. Our viral load model does not notably con-
sider cell-to-cell transmission, any enhancement of CD8 T cell
killing via VRCOI1, or any active mechanism whereby VRCO1 kills
infected cells (such as antibody-dependent cellular cytotoxicity
or ADCC) and/or mediates phagocytosis®®’’. This would be par-
ticularly important to know given the hypothesized bnAb vaccinal
effect mentioned above®® though it may be less critical here as
VRCO1 has demonstrated little effector functionality in prior
studies®. Although we generally expect in vitro inhibitory con-
centrations to overestimate in vivo efficacy, other bnAbs (and in
particular those that do not target the CD4 binding site) may not
obey the same potency reduction factor found here®®. Recent
data have now quantified sensitivities of different bnAbs to these
viruses®®, paving the way for future analyses. Since VRCO1 appears
to work predominantly via neutralization, this factor may be an
upper limit on this first generation of anti-HIV bnAbs; current
bnAbs with enhanced biodistribution or whose activity reflects
neutralization plus other functions might have better in vivo
potency. If different, it will be important for models of combi-
nation bnAbs to include multiple scaling factors to properly
predict neutralization in vivo.

The PK model also assumes VRCO1 concentration is not
modified by viral load levels. Although not studied for VRCO1
other bnAbs have had PK assessed in PWH. For PGDM1400, the
same 2-compartment model structure was supported, but term-
inal half-lives may have been 1.7x faster in PWH vs HIV-negative
individuals®. Given the AMP dosing, this would mean 3-fold lower
after 20 days and 10-fold lower after 8 weeks (i.e., an AMP dosing
interval, Supplementary Fig. 7). If VRCOL1 is cleared more rapidly
in participants who newly acquire HIV, our present modeling
would overestimate VRCO1 concentrations, and thus accounting
for this difference would admit a lower potency reduction. But,
without precise PK data, for now we note that a 3-10 fold
reduction in VRCOL concentrations would still be within the
confidence intervals we estimate for the potency reduction factor
in Fig. 4.

Our model suggests titers above 600 (95% CI roughly 300-1200)
are required to reduce viremia by 90%. Yet, prior meta-analysis of non-
human primate challenge studies and statistical analyses of AMP found
PT8O0 titers of 90 and 200 (i.e., serum VRCO1 concentrations 200 times
the in vitro IC80), respectively, would provide approximately 90%
protective efficacy””*% It is intriguing that titers required for preven-
tion appear lower than the titers required to reduce viremia. The dif-
ferences in titer thresholds could be explained by the ability of
antibodies to prevent vs control viremia (control might be mediated
by T-cell immunity)*’. Additional variables such as the inoculum size
and/or anatomic location, mucosal immunology, and/or viral latency
might differ between the early moments of HIV-1 exposure vs systemic
infection.

In conclusion, we used data from the most relevant human bnAb
prevention studies to train a complete framework and extract
mechanistic insight from trial viral load data. We show viral loads are a
powerful clinical endpoint in HIV prevention efficacy trials, define
neutralization titer and IIP benchmarks for future trials, highlight dis-
crepancies between in vitro and in vivo activity, and release a holistic
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system that could be used with reasonable assumptions for the design
and optimization of future clinical trials of broadly neutralizing anti-
bodies for HIV-1 prophylaxis and treatment.

Methods

Antibody Mediated Prevention (AMP) trials

The present analysis is a post hoc analysis of the HYTN 704/HPTN 085
(NCT02716675) and HVTN 703/HPTN 081 (NCT02568215) randomized
controlled trials, for which data on primary and secondary outcome
measures were published previously?. These trials were designed to
test whether passive infusion of the broadly neutralizing antibody
VRCOL (vs. placebo) can prevent HIV-1 acquisition. Written informed
consent was obtained from all participants. Details on trial design and
implementation, characteristics of the enrolled participants, overall
efficacy of VRCO], safety and tolerability of VRCO1 infusions, and PrEP
use have been published elsewhere?>****%, All users of PrEP were
excluded in the present analysis.

AMP study participants
As the majority of HIV-1 transmissions occur via the vaginal or rectal
mucosa, and bnAb distribution may vary at these sites (with potential
implications on prevention efficacy), sex/gender identity was con-
sidered in trial design. Therefore, two trials were conducted in two
distinct study populations:

HVTN 704/HPTN 085 enrolled 2701 participants who had been
assigned male sex at birth or who self-reported as being transgender
and who had sex with cisgender men or transgender persons. The
numbers of participants by sex at birth were 2675 male, 26 female; by
self-reported gender identity: 2443 male, 44 female, 19 transgender
male, 136 transgender female, 31 gender queer, 25 gender variant or
gender non-conforming, 12 “other”, and 13 preferred not to answer®.
Participants may have reported more than one gender identity. Parti-
cipants ranged from 18 to 50 years of age and were enrolled at sites in
the US, Brazil, Peru, and Switzerland between April 2016 and October
2018%.

HVTN 703/HPTN 081 enrolled 1924 participants who had been
assigned female sex at birth, 18 to 50 years of age, in 7 countries in sub-
Saharan Africa between May 2016 and September 2018. Gender iden-
tity was not assessed in participants in HYTN 703/HPTN 081 outside of
South Africa.

Post-acquisition viral load analysis

Here, we analyzed the kinetics of previously unpublished longitudinal
viral load measurements from participants with confirmed acquisition
of HIV-1 infection after enrollment and by the week 80 visit. Only viral
load measurements prior to ART initiation were used for modeling/
analysis, but the percentages of participants in each treatment arm
initiating ART are provided (Supplementary Table 2). Additional
information on viral load measurement counts is provided by post-
diagnosis study day, infusion timing relative to diagnosis and first
positive detection, pre-ART post-acquisition measurement counts by
study group relative to diagnosis time, and treatment assignment and
IC80 category by days relative to diagnosis (Supplementary
Tables 7, 8).

Inclusion and ethics

All work described here complied with all relevant ethical regulations.
The TZM-bl target cell neutralization assay work was approved by the
Duke University Health System Institutional Review Board (Duke Uni-
versity) through protocol ID Pro00093087. For the NICD, the TZM-bl
target cell neutralization assay work was approved by the University of
the Witwatersrand Human Research Ethics Committee through pro-

TZM-bl target cell neutralization assay

In vitro sensitivity of HIV-1 envelope (Env) pseudotyped viruses to
VRCO1 was quantified via the TZM-bl target cell assay, performed at
Duke University and at the National Institute for Communicable Dis-
eases in Johannesburg, with assay equivalency established between the
two labs”*°. In brief, Env-pseudotyped viruses were produced by
cotransfection of 293T/17 cells (American Type Culture Collection, no.
CRL-11268) with env plasmids and an env-defective backbone vector
(pSG3delEnv). Eight three-fold serial dilutions (starting dilution: 1:10)
of each autologous serum sample were assayed against each HIV-1 Env-
pseudotyped virus using TZM-bl target cells (National Institutes of
Health AIDS Research and Reference Reagent Program no. ARP-8129).
Neutralization titers are the reciprocal serum dilution at which relative
luminescence units (RLU) were reduced by either 50% (ID50) or 80%
(ID80) relative to virus control wells after subtraction of background
RLU in cell control wells. The VRCO1 drug product (Leidos Biomedical
Research, Inc./VRC-HIVMABO60-00-AB, lot no. 16-524; stock con-
centrations prepared at Duke and sent to the The National Institute For
Communicable Diseases) served as a positive control. Data was col-
lected with the VictorxLight luminometer (PerkinElmer 2030 software,
instrument program v.4.00.5) at Duke up to 11 November 2020. After
this date, the Glomax Navigator System luminometer was used for data
collection using Glomax Navigator software (v.3.2.3, firmware
v.4.92.0). At NICD, the PerkinElmer Victorx luminometer was used for
data collection with PerkinElmer 2030 software (v.4). See also
refs. 23,27.

Pharmacokinetic modeling to project VRCO1 concentration
We used a 2-compartment pharmacokinetic (PK) model (Fig. 3a) to
project VRCO1 concentrations over time. Parameterization used typical
PK notation defining the volumes of the central (V) and peripheral
compartments (V;,), as well as the clearance rate (CL) and distribution
rate (Q), respectively. To connect with the classical chemical reaction
type parameterization, we can use CL=KouVc, Q=KcpVe, and Vy=Ke,pVo/Kp:c,
where the rate constants (k) indicate transition from compartments and/
or the final clearance rate Koy

PK model fitting was accomplished using population nonlinear
mixed effects modeling in Monolix* with a model structure and
parameterization determined in previous study of this cohort? .
Using that optimized model (parameters and fitting quality in Sup-
plementary Table 4), individual parameters for each participant were
selected as the mode of the individual-level posterior conditional
distribution constructed by the MCMC algorithm in the Monolix
software. Individual values are also provided in Supplementary Data 3.
Using the individual-level parameters, the PK model was used to pre-
dict concentrations at the first positive and estimated time of acqui-
sition for each participant. PK trajectories were simulated
incorporating repeated VRCOI infusions based on each participant’s
observed dosing schedule.

Dose-response curve analysis

Using the SciPy package, we calculated Pearson correlation coefficients
between modeled pharmacokinetic (PK) and pharmacodynamic (PD)
variables and observed first positive viral loads (Fig. 3). We used the
estimated concentration of the VRCOL1 at the time of first positive C, , the
IC80 of the acquired isolate to calculate the PT8O0 titer at first positive,

PT80, =C, /IC80 Q)

which gives the concentration relative to the 1C80. Finally, we used
instantaneous inhibitory potential,

tocol M201105. All participants provided written informed consent. 1P = log,, [1 +(C, /lCSO)h] 2
Participants were compensated to cover relevant trial participation

costs for each completed study visit.
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where h is the Hill exponent from the in vitro neutralization curve. The
Hill coefficient was calculated using the IC50 and IC80 as described in
ref. 28

—In(4)

" In(IC50/IC80) &)
The Hill slope calculation is undefined in participants whose
acquired isolate was experimentally saturated (IC50=1C80).
Because there was no relationship between Hill slope and IC50
(Supplementary Fig. 3), we calculated neutralization (and IIP) for
these individuals using the value of 1C50=100pg/mL and the
population mean Hill slope.

Segmented linear regression for dose response analysis

We noted visually that certain regions of dose-response curves were
much more heterogeneous (noisier) than others, therefore, to assess
regions of dose response, we applied a segmented linear regression
model with a single change point (implemented in the Python package
piecewise_regression®). A segmented model (vs. a linear model) was
preferred when a Davies test was significant -- this tests for a non-
constant regression parameter in a linear model and was deemed
significant when p < 0.05.

Population nonlinear mixed-effects model fitting

We also used a population nonlinear mixed-effects (pNLME)
approach to model plasma viral loads. Here, observed plasma viral
loads are modeled as log;oV; =f(t;,8;) + €, for participant i at time
J- The function f, calculates the viral load over time based on the
numerical solution to a set of ordinary differential equations [(4)
and (5)] parameterized by individual-specific parameter vector ;.
The residual measurement error was assumed to be log-normal
(linear on loglO viral load scale) and parameterized by
€y ~N(0,0,?). In the pNLME framework, population-level para-
meters are represented as fixed effects, ', with individual-level
variation described by random effects, n;. The distribution of the
random effects was assumed to follow n; ~ N(0,02) with 02 the cov-
ariance matrix and the standard deviation of each random effect
(diagonals of Q) was denoted by w,, for each parameter, k. Specified
correlations between parameters k and [ (off-diagonals of Q) were
denoted r,,. Parameters with log-normal distributions were mod-
eled as 0, =0,"" exp(ny). LoglO-transformed parameters with
normal distributions were modeled as log;,0; =10g;06,"” + ny.
Parameters without random effects have no variation between
individuals (w; =n;, =0).

Mechanistic models for viral load and indirect effects

We mechanistically modeled viral load using extensions of a system of
ordinary differential equations successfully used previously to model
HIV-1 primary infection viral loads in a natural history study** (over-dot
denotes derivative in time):

$=0(5 — 655 —ﬁSV
1=BSV — kI"l “)

V=nl—yV,

Model optimization was performed via maximum-likelihood estimate
(MLE) of the fixed effects, random effects, and measurement error
using the SAEM algorithm implemented by Monolix software (www.
lixoft.eu). For each optimization, the log-likelihood was calculated (log
L) and then the corrected Bayesian information criteria (BICc) was
computed by Monolix. When models were compared, a model was

considered superior if the BICc increased by more than 4. For all
models, time of HIV-1 acquisition was estimated as a key parameter
(to)- This initiates the viral dynamics model at a certain time and also
allows us to estimate the time of acquisition. The initial conditions
were: V(ty)= 0.01 copies/ul, S(tg)=as/6s cells ul”, and
1(ty) =V (tie) xy/m cells pI™. The dynamical system treats viral load
in units of copies/ul, so fitting requires scaling V(t) x 1000 to recover
the typical viral load per ml. All initial model selection was performed
in the placebo population to avoid the effects of VRCO1 on model
parameters.

We first sought to apply the fully optimized model to the AMP
participants. While there is heterogeneity between the study popula-
tions, estimating the full model was challenging due to sparse sam-
pling in the AMP study. To address this, we used the fixed effects from
our prior modeling of a richer data set** (the RV217 trial) model but re-
estimated the infection time with random effects and the Q matrix
parameters comparing three approaches: 1) refitting the random
effects standard deviations (diagonals); 2) refitting the correlations
(off-diagonals); and 3) refitting the full covariance matrix. Based on
comparing BICc, the model refitting the correlations was chosen as the
final model for this work with parameters fixed for future PKPD
investigation (Supplementary Table 6).

We next investigated the indirect effects of VRCOL1 viral sensitivity
(i.e., viral fitness) on model parameters in the placebo population.
Sensitivity was assessed using the threshold (a dichotomous variable)
and as a continuous variable on viral parameters: x,5,m and n. As a
continuous covariate, IC80 was loglO-transformed and centered on
the median value /C80 with following function form on a given para-
meter: log,8,”"*Y =log,,6,"” +bg, log;o %. For the covariate-
adjusted model optimization, the by and w, terms were fit. All
adjusted models showed improved BICc over the unadjusted model
with the continuous IC80-adjustment on viral burst size selected as the
final adjusted model having the best BICc (Supplementary Table 6).
Sensitivity adjustments on more than 1 parameter at once was not
tested for parsimony.

Viral load modeling with PKPD-V
We next augmented the viral load model trained on the placebo reci-
pients to include VRCO1 PKPD as follows:

S=ag—6S—B1—v,)SV
1=B(1—v,)SV —kI"l 5)

V=ml-yV,

where the infection term (1 — v,)SV is modified by the time-varying
VRCOL1 neutralization v,. Additionally, based on the placebo model, the
modified viral production rate m is also explicitly a function of IC80
where higher logl0 IC80 (more resistance) linearly reduces lower burst
rate, and follows

1C80
log,om =log;,m”°P + b, log;y —— 6
10 10 710810 7C80 (6)

Where the relationship is centered on the median value (denoted
1C80). Neutralization, ranging from O to 1, is expressed using the same
function originally used to analyze in vitro titration experiments - i.e.,
to determine a given virus in vitro IC50 and Hill exponent A (calculated
as in Eq. (3) using IC50 and IC80). Here, we assume neutralization
instantaneously follows from the sensitivity of the acquired virus
against the serum concentration C, of VRCO1 at a given time ¢. How-
ever, neutralization is modified by dividing the 50% titer
(PT50=C,/IC50) by the in vivo potency reduction factor p to account
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for overestimation, leaving
-1
ve=[1+ (PT50/p) "] )

We compared four models fit to the VRCO1 treatment arms optimizing
the p parameter: models with and without random effects w,, and
models with and without the indirect IC80 adjustment on burst size.
Other parameters were fixed based on the previous modeling.
Individual-level PK parameters and acquisition times were determined
prior to optimization and fixed as regressors in the model. The best
performing model via BICc was the indirect adjusted model without a
random effect on p (Supplementary Table 6). All viral dynamics model
parameters for each individual from the final model can be found in
Supplementary Data 3.

The confidence interval for p was estimated using standard errors
on logl0 scale from the model Fisher Information Matrix. The Fisher
Information Matrix was estimated using a Markov chain Monte Carlo
stochastic approximation algorithm as implemented in Monolix using
the Rsmlix package in R.

Simulations from mathematical model

For each participant, individual-level viral load parameters were
selected using the mode of the posterior conditional distribution from
the final PKPD viral load model. AMP viral load simulations were then
performed using PKPD model incorporating VRCO1 PK as determined
by the participant’s dosing schedule. The AMP viral load trajectories
were used to compute viral load summaries as described in the fol-
lowing section. Additionally, participant’s viral loads were re-simulated
by adjusting the VRCO1 dosing, either by removing VRCOI or increas-
ing the doses by several order of magnitudes as a proxy for increasing
potency with similar resistance coverage. First positives from the
simulations were determined at the matched visit time of the first
positive observation from the longitudinal data.

Viral load summary statistics/metrics

The following viral load outcomes were assessed across treatment
arms: first positive, average (mean) viral load, observed set point,
model peak, model area under the curve (AUC) of viral load, model set
point, viral load upslope, and effective reproductive number (Re). Viral
load summaries were always calculated on the loglO-transformed
scale. Correlations between observed viral load metrics, as well as
comparisons of observed viral load metrics across trials and across
VRCO1 sensitivity groups, are shown in Supplementary Fig. 6.

Model-based summaries were calculated from simulations of viral
load trajectories for each participant at the individual-level using the
final PKPD model. First positive viral loads corresponded to the first
observed HIV-1 RNA PCR above the lower limit of quantification.
Average viral load was calculated for each participant as the mean of all
observed viral loads prior to ART initiation. The observed set point was
calculated as the geometric mean viral load after the observed max-
imum viral load. If participants had no measurements following peak,
they were excluded from the observed set point calculation. Model
peak was the maximum viral load from a simulation. Model-predicted
AUC for each participant was calculated as the AUC through day 90
after estimated date of acquisition of viral load calculated on one day
intervals and normalized by total time. Model-predicted set point was
the simulated viral load at day 90 calculated as the mean of values from
day 80 to day 90 to smooth any oscillations.

Viral load upslope was determined through regressing simulated
viral load on time by fitting a series of models starting at modeled
acquisition time with a different end time, ranging from day 3 to day 21.
The maximum slope value across the models was used as the viral
upslope summary measure.

Regression model for viral load metrics

Statistical comparisons were performed for first positive, model-
estimated set point, and model-estimated viral load AUC using linear
regression. For each model, the outcome was regressed on treatment
arm, viral sensitivity (dichotomous variable), an interaction between
treatment arm and viral sensitivity, and a categorical variable com-
bining protocol and region into 4 total groups (Supplementary
Table 1). This implies that covariates were tested for trial, trial arm,
geographical region, clade of acquired virus, and viral sensitivity.
VRCO1 treatment arms were pooled across doses for the analysis. For
each model, pairwise comparisons were performed between each
combination of treatment arm and viral sensitivity. P-values were not
adjusted for multiple comparisons unless otherwise stated.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study are provided in Supplementary Data
files 1-3, as well as the public-facing HVTN website (https://atlas.scharp.
org/cpas/project/HVTN%20Public%20Data/begin.view?). All individual
participant data have been deidentified. The HIV-1 Env clones used in
the TZM-bl target cell neutralization assay are available at the GenBank
database (https://www.ncbi.nlm.nih.gov/genbank/) under the follow-
ing accession codes: HVTN  704/HPTNO85  sequences,
ON980814-0ON980967; HVTN 703/HPTNOS81 sequences,
ON890939-0ON891092.

Code availability

All code for data analysis and figure generation is freely available from
the authors (https://github.com/FredHutch/AMPVLAnalysis). Python
(v 3.10), R (v 4.2), ggplot2 (v 3.4.4)%, and the Seaborn (v 0.7.1)¥
package were used to streamline the modeling pipeline and make
figures.
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