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ABSTRACT

VRCO1 is being evaluated in the AMP efficacy trials, the first assessment of a passively administered
broadly neutralizing monoclonal antibody (bnAb) for HIV-1 prevention. A key analysis will assess serum
VRCO1-mediated neutralization as a potential correlate of protection. To prepare for this analysis, we
conducted a pilot study where we measured longitudinal VRCO1 serum concentrations and serum VRCO1-
mediated neutralization in 47 and 31 HIV-1 uninfected AMP participants, respectively. We applied four
different statistical approaches to predict serum VRCO1-mediated neutralization titer against Env-
pseudotyped viruses, including breakthrough viruses isolated from AMP placebo recipients who became
HIV-1 infected during the trial, using VRCO1 serum concentration and neutralization potency (IC50 or IC80)
of the VRCO1 clinical lot against the same virus. Approaches 3 and 4, which utilized pharmacokinetics/
pharmacodynamics joint modeling of concentration and neutralization titer, generally performed the best
or comparably to Approaches 1 and 2, which, respectively, utilized only measured and model-predicted
concentration. For prediction of ID80 titers against breakthrough viruses, Approaches 1 and 2 rendered
comparable performance to Approaches 3 and 4, and could be reasonable approaches to adopt in
practice as they entail reduced assay cost and less complicated statistical analysis. Our results may be
applied to future studies of other bnAbs and bnAb combinations to maximize resource efficiency in serum
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neutralization titer measurement.

The ongoing phase 2b Antibody Mediated Prevention (AMP)
trials (HVTN 704/HPTN 085 and HVTN 703/HPTN 081;
ClinicalTrials.gov NCT02716675 and NCT02568215) are the
first proof-of-concept studies assessing whether a broadly neu-
tralizing monoclonal antibody (bnAb) - VRCO01, which targets
the CD4 binding site of the HIV-1 envelope (Env)
glycoprotein” - can prevent HIV-1 acquisition in humans.
The trials are being conducted in two at-risk cohorts: 1924
women in sub-Saharan Africa (HVTN 703/HPTN 081) and
2699 men and transgender persons who have sex with men
(MSM/TG) in the Americas and Switzerland (HVTN 704/
HPTN 085). Participants were randomized to receive ten
8-weekly intravenous infusions of 10 mg/kg VRCO1, 30 mg/
kg VRCO1, or placebo; further details of the study design and
statistical considerations are given in Gilbert et al.” The results
of the primary efficacy analysis have recently been published.”

Attaining high serum neutralization titers against circu-
lating HIV-1 strains is hypothesized to be important for
achieving high prevention efficacy. In support of this
hypothesis, day-of-challenge serum neutralization titer of
passively immunized bnAbs has been shown to associate
strongly with protection of nonhuman primates from
simian-human immunodeficiency virus infection.” A key
secondary objective of the AMP trials is to conduct corre-
lates analyses to assess VRCO1 markers, including serum
neutralization titers at the estimated time of infection
against a representative panel of HIV-1 viruses, as predictors
of protection against HIV-1 infection via a case—control
study. If validated, such a marker could provide an impor-
tant benchmark that bnAb-inducing vaccines would need to
meet in phase 1/2 trials in order to be further considered for
advancement into efficacy trials.
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In preparation for the AMP correlates analysis, we conducted
a pilot study in a subset of VRCOI recipients in the AMP trials
who remained HIV-uninfected until the end of the study and
were not taking pre-exposure prophylaxis (PrEP) during the
study. We measured a total of 1003 VRCO1 serum concentrations
from n = 47 participants at up to 22 time-points, and a total of 246
50% or 80% inhibitory dose (ID50 or ID80) serum neutralization
titers from n = 31 of the 47 participants at up to 8 of the 22 time-
points. As it is resource-intensive to longitudinally measure serum
neutralization titer, especially against multiple viruses of interest,
an important question is whether serum neutralization titer can be
predicted using less resource-intensive measurements, e.g.
observed serum concentration, or pharmacokinetics model-
estimated serum concentration. The latter would allow prediction
of serum neutralization titer at the estimated time of infection,
with important implications for the correlates analysis. We pre-
viously showed® that, given longitudinally measured serum
VRCO1 concentrations and the 50% or 80% inhibitory concentra-
tion (IC50 or IC80) of the VRCO1 clinical lot against a given Env-
pseudotyped virus (hereafter, “virus”), we could apply statistical
methods to accurately predict serum neutralization titers in
HVTN 104, a phase 1 trial of VRCO1 in healthy HIV-1 unin-
fected adults. Here we refine the three approaches used in Huang
et al.’ and also propose a new approach incorporating instanta-
neous inhibitory potential (IIP), a measure of antiviral drug
activity at a given concentration of the drug that takes into
account the slope of the dose-response neutralization curve.® In
addition, we predict VRCO1 serum neutralization titer in AMP
participant serum samples against breakthrough viruses recovered
from AMP participants. This characterization of neutralization
titers against contemporaneously transmitted viruses provides
valuable data for the interpretation of the primary trial efficacy
results.

All AMP participants provided written informed consent.
VRCO1 recipients who remained HIV-1 negative through at
least the week 88 study visit, did not permanently discontinue
infusions during follow-up, and were inferred to not have used
PrEP as described in Huang et al.” were eligible for sampling
into the pilot study, irrespective of the number of infusions
received and the timing of infusions. For each sampled parti-
cipant, serum concentrations measured at five days post-
second infusion (Day 61), every four weeks from Week 4
until Week 80, and at Week 88, along with serum neutraliza-
tion titer measured at Day 61, Weeks 24 (infusion #4 visit), 28,
48 (infusion #8 visit), 52, 72 (infusion #10 visit), 76, and 88
were included in the analyses. In HVTN 704/HPTN 085, n = 12
participants fitting the criteria for non-PrEP users from each
VRCO1 dose group were randomly sampled. Within each of
those non-PrEP user groups of 12 participants, n = 8 were
randomly sampled for serum VRCO1 neutralization measure-
ments. In HVTN 703/HPTN 081, n = 12 participants from
each VRCO1 dose group were sampled. One participant in the
high-dose group did not fit the criteria for non-PrEP users;
serum VRCO1 neutralization data were collected from n = 8
and n = 7 participants randomly chosen from the 12 partici-
pants in each of the low and high-dose groups, respectively.

VRCO1 concentrations in serum samples of study partici-
pants were quantified by an anti-idiotype enzyme-linked

immunosorbent assay (ELISA).'"” Neutralization activity
against HIV-1 viruses by VRCO1 (using both the clinical lot
of VRCO1 in vitro and post-administration VRCO01 in serum
samples) was measured by the TZM-bl target cell neutraliza-
tion assay.'"'? IC50 and IC80 concentrations of the clinical lot
of VRCO1, as well as ID50 and ID80 titers in VRCO01 serum
samples, were assessed against: one negative control virus,
SVA-MLV (for QC purposes); one virus highly sensitive to
VRCO1-mediated neutralization, CH0505TF.gly4; one tier 2
reference virus, PVO.4;"* and four breakthrough viruses, two
from each of the two AMP studies, derived from placebo
recipients who became infected during the study. The break-
through  viruses (H703_1471_190s, H703_1750_140Es,
H704_1535_030sN, and H704_2544 140eN01) were randomly
sampled among all placebo breakthrough viruses to be at least
moderately sensitive (IC50 < approximately 1 pg/ml) to
VRCO1-mediated neutralization. Further characterization of
these viruses’ sensitivity to bnAb and non-bnAb neutralization
is provided in Table S1.

Four approaches (summarized in Table 1) were investi-
gated for predicting serum ID50 titers against each virus, as
well as the geometric mean serum ID50 titer against the four
breakthrough viruses. Approaches 1 and 2 do not require
observed serum neutralization titers, whereas Approaches 3
and 4 do. Specifically, Approach 1 predicted serum ID50 titers
as the measured VRCO1 serum concentration divided by the
IC50 of the VRCOI clinical lot against each virus, where
concentrations below the lower limit of quantification
(LLoQ) were replaced by half of the LLoQ. Approaches 2
and 3 are similar to what was described before,’ except that
serum concentration (for both approaches) and neutralization
titers (for Approach 3 only) below the respective assay LLoQs
were not excluded, but contributed to the estimation of para-
meters in the population pharmacokinetics (popPK) model
for Approach 2 and in the joint pharmacokinetics/pharmaco-
dynamics (PK/PD) model for Approach 3 via computing the
maximum likelihood estimate of the population parameters
based on all the information provided by data both above and
below the LLoQ. For the calculation of the likelihood, this
method for imputation of data below the LLoQ is equivalent
to the M3 method in NONMEM.'* For Approach 2, the
popPK model-predicted”'> VRCO1 serum concentration was
divided by the IC50 of the VRCO1 clinical lot against each
virus as the predicted neutralization titer, where unlike
Approach 1 predicted concentrations below the LLoQ were
taken as is without any truncation. For Approach 3, the
relationship between the popPK model-predicted concentra-
tion and the observed neutralization titers (i.e. PD outcome)
over multiple time-points was modeled using a linear mixed
effects PD model with a random intercept and a random slope
to account for variabilities across individuals. Approach 4
expanded upon Approach 3 by using longitudinal IIP values
instead of serum concentration as the predictor in the PD
modeling; IIP was calculated as IIP = -log;o(1- ¢™/(k™+ ¢™),
where ¢ = popPK model-predicted VRC01 serum concentra-
tion, k = IC50 and m = log;((4)/[log;o(IC80) - log;,(IC50)].
For both Approach 3 and Approach 4, serum concentration
data from all 47 participants were used in the construction of
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Figure 1. Plots of observed vs. predicted serum neutralization titer for each approach among double positives [category (4) samples]. (a) ID50, (b) ID80. Values in the
lower right-hand corner of each plot correspond to CCCrm agreement values, with 95% confidence intervals shown in parentheses. Double positive = participant with
detectable (>LLoQ) serum concentration of VRCO1 and detectable (>LLoQ) serum VRCO1-mediated neutralization. Breakthrough virus geometric mean: predict the
geometric mean titer based on the geometric mean of the observed titers across the 4 breakthrough viruses, and the geometric mean of the IC50 values (Panel A) or of
the 1C80 values (Panel B) of the 4 breakthrough viruses (as if the geometric mean corresponded to a single virus).

the popPK model, whereas a leave-one-out cross-validation
procedure on the PD portion of the joint modeling was
employed for an unbiased assessment of the prediction per-
formance based on “left-out” test data not used to train and
optimize the PD model. Specifically, within each iteration data
from one participant were “left out” as test data and data from
the remaining 30 participants were used as training data to
construct the PD model; prediction of neutralization titers
were obtained from the model for the “left-
out” participant. This procedure was repeated 31 times until
every participant was “left out” once and the performance of
approaches was evaluated based on the prediction from all 31
iterations. The same four approaches were used for predicting
serum ID8O0 titers, except that IC80 and ID80 values were

used in the analysis. All PK/PD modeling was performed in
Monolix'® and other analyses in R version 3.5.1."7

These four approaches were applied to the analyses of all
available serum concentration (Figure S1) and serum neutrali-
zation titers (Figures S2-S5) in the pilot study. Of note, not all
samples had detectable serum VRCO1 concentration (defined
as serum concentration > 1.0 ug/mL, the LLoQ of the ELISA
assay) and not all samples had detectable VRCO1 serum neu-
tralization titers (defined as serum neutralization titer >10, the
LLoQ of the TZM-bl target cell neutralization assay). Because
the precision of the measurements is expected to impact the
performance of the prediction approaches, we evaluated the
four approaches separately in the following four sample
categories:
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Figure 2. Plots of fold difference (Fold diff.), relative fold difference (Rel. fold diff.), and relative mean squared error (Rel. MSE) for each approach predicting (a) serum
ID50 neutralization titers and (b) serum ID80 neutralization titers. Serum neutralization titers were predicted among double positives [category (4) samples] for each of
the six tested viruses and for the breakthrough virus geometric mean. Double positive = participant with detectable (>LLoQ) serum concentration of VRCO1 and
detectable (>LLoQ) neutralization of VRCO1. Breakthrough virus geometric mean: predict the geometric mean titer based on the geometric mean of the observed titers
across the 4 breakthrough viruses, and the geometric mean of the IC50 values (Panel A) or of the IC80 values (Panel B) of the 4 breakthrough viruses (as if the geometric

mean corresponded to a single virus).

(1) No detectable concentration AND no detectable neu-
tralization titer (-, -; “double-negative”);

(2) Detectable concentration BUT no detectable neutraliza-
tion titer (+, -);

(3) No detectable concentration BUT detectable neutraliza-
tion titer (-, +); and

(4) Detectable concentration AND detectable neutraliza-
tion titer (+, +; “double-positive”).

The prediction performance of each of the four approaches was
evaluated as follows. As none of the samples in category (1) or
category (2) had their observed neutralization titer above the
LLoQ of the assay, we reported the classification accuracy in
terms of the percent of samples out of total in each category
with titers that were correctly predicted to be <LLoQ. As all of

the samples in category (3) had their observed neutralization
titer >LLoQ, we report the classification accuracy in terms of
the percent of samples out of the total in this category with
titers that were correctly predicted to be >LLoQ. For samples in
category (4) because both the concentration and titers were
above the LLoQs of the respective assays, we report how well
the predicted neutralization titer agrees with the observed
neutralization titer, where the extent of agreement is quantified
according to the same metrics as in Huang et al.® [fold differ-
ence (FD): the ratio of the observed titer over the predicted
titer; relative fold difference (RFD): the difference of the log.-
transformed observed and predicted titers divided by the log.-
transformed observed titer; relative mean squared error
(RMSE): the average of the squared difference between the
observed and predicted log.-transformed titers of each
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approach relative to Approach 1; and concordance correlation
coeflicients for assessing agreement of repeated measurements
(CCCym)*®" of the longitudinal observed vs. predicted log.-
transformed titers]. Using these metrics, a given prediction is
more accurate the closer its FD is to 1, the closer its RFD is to 0,
the smaller its RMSE value is, and the closer its CCC,y, is to 1.

We first discuss the results for predicting ID50 titer. Approach
3 generally showed the best accuracy in predicting the detectability
of neutralization titer against all viruses for samples in categories
(1)-(3), and the best performance in predicting the magnitude of
neutralization titer for samples in category (4), though with over-
lapping 95% confidence intervals (Cls) across all four approaches
in most cases (Table 2a); Approaches 1-4 had a similar perfor-
mance in terms of the binary classification accuracy when all four
sample categories were combined (Table S2A). Specifically, for
samples in category (1), perfect (100%) classification accuracy was
achieved in nearly all of the predictions, with the lowest accuracy
still excellent at 86% (Approach 2, H704_1535_030sN) (Table 2a).
For samples that were deemed negative or positive by only one of
the two assays [i.e., categories (2) and (3)], the prediction perfor-
mance of all approaches was generally dampened. Approach 3
was nearly always the best-performing method, with classification
accuracies ranging from 69% to 74% across viruses, with the
exception of CH0505TF.gly4 where Approach 3 showed lower,
albeit still highly accurate, prediction (96% vs 100% by the other
three approaches) (Table 2a). For samples in category (4), the
agreement between predicted vs. observed ID50 titers was high
(CCC,y ranging from 0.74 to 0.89 across viruses) by Approaches 3
and 4, and intermediate (CCC,,, ranging from 0.57 to 0.80 across
viruses) by Approaches 1 and 2, with generally slightly improved
results for Approach 3 compared to Approach 4 across viruses
(Figure 1a). Approaches 3 and 4 also tended to render more
consistent prediction performance, exhibited by smaller FD and
RED ranges, and smaller RMSEs compared to those obtained by
Approaches 1 and 2, with perhaps slightly better performance by
Approach 3 compared to Approach 4 (Figure 2a). These findings
suggest that the popPK modeling - and especially the joint PK/PD
modeling — best accommodates the entire data range of concen-
tration and neutralization titers, smoothing out the few extreme
predictions by Approach 1.

We next discuss the results for predicting ID80 titer, which
showed a few differences from the ID50 results. For samples in
category (1), perfect (100%) classification accuracy was achieved
in all predictions (Table 2b). Samples in category (3) only existed
for one virus, CH0505TF.gly4, and classification accuracy was
again comparable across the four approaches (100% accuracy
for all approaches except for Approach 3 at 96%). However, for
samples in category (2) or (4), the performance of Approaches 1
and 2 tended to be more comparable to that of Approaches 3 and
4, and the relative prediction performance of the four approaches
appeared to depend somewhat on the neutralization sensitivity of
the viruses: for viruses that are less resistant to VRCOL
(IC80 < ~1.0 pg/mL), Approach 3 generally showed the best
accuracy in predicting the detectability of serum neutralization
and the magnitude of serum neutralization titer, followed by
nearly indistinguishable differences in performance among
Approaches 1, 2 and 4; for viruses that are more resistant against
VRCO01 (IC80 > ~1.0 pg/mL), Approach 4 generally showed
comparable or better performance than the other approaches,

with Approaches 1 and 2 being slightly better or comparable to
Approach 3 except for PVO.4 in category (4) (Table 2b). For
example, for samples in category (4), similar results were seen:
CCC,y, for Approaches 1, 2, 3 and 4 against the three viruses with
IC80 < ~1 pg/mL was 85%, 82%, 89% and 87%, 81%, 78%, 87%
and 84%, and 84%, 87%, 89% and 86%; against the three viruses
with IC80 > ~1.0 ug/mL, CCC,,, for Approaches 1, 2, 3 and 4 was
80%, 83%, 73% and 81%, 83%, 86%, 78% and 86%, and, 68%, 71%,
88% and 90%. For the breakthrough virus geometric mean,
CCC,,, was again comparable between Approaches 3 and 4
(83% vs 85%, respectively), followed by Approaches 1 and 2
(70% and 63%, respectively) (Figure 1b). Lastly, compared to the
prediction of ID50 titers, the relative merit of Approaches 3 and 4
to Approaches 1 and 2 in terms of smaller FD and RFD ranges,
and smaller RMSEs was less obvious for the prediction of ID80
titers except for the breakthrough virus geometric mean (Figure
2b). Similarly, approaches 1-4 had comparable performance in
classification accuracy when all four sample categories were com-
bined (Table S2B).

In summary, our results show that incorporating longitu-
dinal measurements of serum concentration and neutralization
titers of VRCO1 considerably improves post-administration
prediction of both the detectability of serum neutralization,
and the magnitude of serum neutralization titer. This finding
holds true for predicting neutralization against not only refer-
ence viruses but also contemporaneously circulating strains of
HIV-1. We also found that for samples with detectable con-
centration and neutralization titer, joint PK/PD modeling
using neutralization titers and IIP (i.e., Approach 4) did not
show improvement in predicting ID50 titers compared to joint
modeling using neutralization titers and serum concentration
(i.e., Approach 3), and only incremental improvement in pre-
dicting ID8O titers against more resistant viruses. Even though
ITIP has been proposed to more accurately quantify antiviral
activity (compared to IC50 or IC80 alone), our findings suggest
that the additional information in IIP is likely only more
valuable for viruses that are harder to be neutralized by
VRCO1 or that serum neutralization titers and IIP may exhibit
arelationship that is not best modeled linearly with the number
of paired data available in our pilot study. As it is resource-
intensive to longitudinally measure serum neutralization titers,
it is likely that the latter implication applies to most clinical
bnAb studies. In addition, because Approaches 1 and 2 gen-
erally also rendered reasonable prediction accuracy, and the
merit of Approaches 3 and 4 relative to Approaches 1 and 2
was less obvious for the prediction of ID80 titers against both
reference viruses and circulating strains of HIV-1, our analyses
suggest that Approaches 1 and 2 could be reasonable
approaches in practice as they do not require running neutra-
lization titer assays on serum samples and the statistical ana-
lyses are simpler. Lastly, although neither Approach 1 nor
Approach 2 obviously outperformed the other (likely due to
the relatively small sample size) and both approaches are
empirical-based, Approach 2 (which utilizes model-predicted
concentration) is generally preferred over Approach 1 when
there are sufficient serum concentration data to build a robust
PK model. These observations provide valuable support in the
choice of approaches for the prediction of serum neutralization
titers at the estimated time of infection in case-control studies.



One constraint of our previous study® was that the comparison
of Approach 3 vs. Approaches 1 and 2 was based on a single tier 2
virus. To increase the scope of the study, here we also predicted
serum neutralization titer against four contemporaneously circu-
lating HIV-1 viruses, strengthening the relevance of our conclu-
sion regarding the advantage of Approach 3. Additionally,
building on our previous work where we predicted post-
administration serum neutralization titer in adults in the US at
low risk for HIV infection,’ here we used data from the first
efficacy trials of an HIV bnAb (VRCO1), which are being con-
ducted in at-risk cohorts in sub-Saharan Africa and the Americas
and Switzerland, with important demographic differences from
the US cohort. Lastly, our previous study was unable to predict
neutralization titers for samples that were not detectable by both
the concentration and neutralization titer assays due to its
restricted way in handling readouts below the LLoQ of the assays.
Here we accommodated the modeling of all samples regardless of
whether their readouts were above or below the LLoQs, and the
proposed approaches all achieved satisfactory prediction accuracy
in classifying the detectability of VRCO1 via neutralization activity.

We next discuss some limitations of our study. First, it is
unknown whether our prediction methods will be applicable to
other bnAbs besides VRCO1, or perhaps more importantly,
combinations of bnAbs. The latter question is particularly
important to address, given the possibilities of synergistic or
antagonistic neutralization interactions among multiple bnAbs
infused in combination. These possibilities should be thoroughly
investigated, for each considered bnAb combination, in both
in vitro and animal models prior to clinical consideration. In
vitro studies have already identified a number of double®® - and
triple”’ -bnAb combinations with synergistic neutralization
potency; these findings await validation in vivo in passive immu-
nization/SHIV challenge studies. When data become available
from ongoing and future trials of other single bnAb or combina-
tion bnAb infusions,”* similar approaches can be adapted to
analyze data from such studies. Another potential consideration
is that resource barriers associated with testing both serum
concentrations and serum neutralization titers of multiple
bnAbs infused simultaneously may arise, which could lead to
a more resource-sparing approach (Approach 1 or 2) outweigh-
ing the demonstrated advantages (in terms of prediction accu-
racy) of the resource-intensive approach (Approach 3 or 4).
Second, it is unknown how well our approaches would predict
serum neutralization titers in people living with HIV. Given that
our approaches are developed using data collected prior to HIV
infection, further research is needed to understand the relation-
ship between serum concentration and serum neutralization
post acquisition of HIV infection. Lastly, our proposed
approaches could be readily applicable to the prediction of
neutralization titers in mucosal samples; however, further
research is needed to understand whether comparable predictive
accuracy is achieved across different biological samples and
whether the incorporation of serum data could be used to
improve prediction when such data become available.

In conclusion, it is encouraging to confirm that neutraliza-
tion titers in serum against both reference viruses and break-
through viruses could be reasonably well predicted. The
performance of the proposed approaches achieved satisfactory
levels based on serum concentration data from 47 participants,
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but neutralization titer data from only 31 participants in two
different dose groups and two different study cohorts. These
findings further solidified assay planning for the AMP marker
studies, which will include measurements of serum concentra-
tion at all available time-point and neutralization titers at
a subset of time-points to enable Approaches 3 and 4 to be
used. These results also provide important guidance for the
planning of other marker studies in future bnAb and combina-
tion bnAb trials.
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