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ABSTRACT
The monoclonal antibody VRC01 targets the CD4 binding site of the human immunodeficiency virus (HIV)-
1 envelope. In the clinical study HVTN 104 (NCT02165267), 84 HIV-uninfected adults received multiple-
dose intravenous (IV) VRC01 (10, 20, 30 or 40 mg/kg) every 4 or 8 weeks or subcutaneous (SC) VRC01
(5 mg/kg) every 2 weeks, and were followed for 32 weeks. We conducted a population pharmacokinetics
(popPK) analysis based on 1117 VRC01 serum concentrations using a 2-compartment PK model with first-
order elimination; for SC VRC01 a depot compartment with a first-order absorption rate constant was also
included. All PK parameters were estimated with acceptable precision. Estimated bioavailability of SC
VRC01 was 74%, with peak concentrations occurring 2–3 d after administration. For both IV and SC VRC01,
population mean estimates for clearance (CL), central volume of distribution (Vc), inter-compartmental
distribution clearance (Q) and peripheral volume of distribution (Vp) were 0.40 L/day, 1.94 L, 0.84 L/day
and 4.90 L, respectively; the estimated terminal half-life was 15 d and these were independent of VRC01
dose. Body weight significantly influenced CL (1.2% fold/kg), Vc (1.0% fold/kg), Q (0.69 log(L/day)/kg) and
Vp (0.82 log(L)/kg). The developed popPK model, supporting weight-dependent dosing regimens,
projected positive trough levels, 5.54 (95% prediction interval: 1.69, 14.5) mcg/mL and 15.9 (5.29, 46.63)
mcg/mL, respectively, for the 10 mg/kg and 30 mg/kg 8-weekly regimens being evaluated in ongoing HIV
prevention efficacy studies of IV VRC01. These results are critical for future dose-regimen selection and
modeling research to identify VRC01 serum concentration levels sufficient for protection against HIV
infection.
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Introduction

Human immunodeficiency virus (HIV) continues to be a
major global public health crisis, already having claimed
more than 35 million lives. The World Health Organization
estimates that 2.1 million new HIV infections were acquired
in 2015.1 Antiretroviral (ART) drugs have been shown to be
effective in reducing HIV transmission and acquisition;2-4

however, the requirement for frequent use as currently
licensed, drug and monitoring costs, and long-term side
effects may render them insufficient to halt the HIV pan-
demic on their own.5 A recently developed biomedical HIV
prevention approach, parenteral (or passive) administration
of monoclonal antibodies (mAbs), has been received with
optimism given that HIV-1 broadly neutralizing antibodies
(bnAbs) isolated from chronically infected individuals have
shown impressive breadth, inhibiting 80–90% or more of
HIV-1 isolates in in-vitro neutralization assays at bnAb con-
centrations as low as 1.0 mcg/mL.6-8

VRC01 is an IgG1 HIV-1 broadly neutralizing mAb target-
ing the CD4 binding site of the HIV-1 envelope,9,10 whose
potential to prevent HIV-1 infection has been demonstrated in
non-human primate challenge studies.11-13 Notably, the first
efficacy study of a bnAb (VRC01) for HIV-1 prevention was
launched in 2016 as the Antibody Mediated Prevention
(AMP) study. AMP consists of 2 harmonized Phase 2b ran-
domized trials in sub-Saharan African women (HVTN 703/
HPTN 081 ClinicalTrials.gov #NCT02568215) and in North
and South American/Swiss men who have sex with men and
transgender persons (HVTN 704/HPTN 085 ClinicalTrials.gov
#NCT02716675), which randomize HIV-1 negative at-risk vol-
unteers in 1:1:1 allocation to receive a total of 10 intravenous
(IV) infusions (8-weekly) of VRC01 at a dose of 10 mg/kg,
30 mg/kg, or placebo, and have the primary objective to assess
whether IV-administered VRC01 prevents HIV-1 infection.14

A key secondary objective of AMP is to identify whether and
how VRC01 serum concentration (or other VRC01 functional
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biomarkers) over time is associated with the rate of HIV infec-
tion via correlates of risk analyses.15,16

Prior to the launch of AMP, first-in-human dose-escalation
Phase 1 studies of VRC01 in HIV-infected (VRC601)17 and
HIV-uninfected adults (VRC602)18 were completed. In addi-
tion, HVTN 104 (NCT02165267) was conducted in a larger
number of HIV-uninfected adults to evaluate the safety and
pharmacokinetics (PK) of multiple-dose IV and subcutaneous
(SC) VRC01 of different dosages and schedules (Fig. 1).

Our analysis was motivated by the need to select dose-regi-
mens based on predicted concentration profiles for future effi-
cacy trials of similar bnAbs, and to aid the correlates of risk
analyses in the AMP trials by providing a technique for infer-
ring VRC01 concentrations throughout the course of mAb
administration. The objectives of this analysis were to construct
and evaluate, based on IV and SC VRC01 data from HVTN104
and VRC602, a population pharmacokinetics (popPK) model
that accurately characterizes the concentration-time curves of
VRC01 in healthy adults, including inter-individual variabilities
of various PK parameters and the effects of covariates on sys-
temic drug exposure.

Results

A total of 1117 VRC01 serum concentrations available from 84
participants (42 males and 42 females) who received IV or SC
VRC01 in HVTN 104 were analyzed to build the popPK model
(Fig. 1). The participants’ median age was 27 y (range 18 to 50)
and the median body weight was 72 kg (range 53 to 114 kg).
Among the safety laboratory measurements considered in the
popPK model, the median estimated creatinine clearance was
126 mL/min (range 69 to 254) (Table 1). The majority of par-
ticipants received the planned administrations of VRC01, with
38 of 44 (86%) participants receiving all 3 8-weekly doses of IV
VRC01, 17 of 20 (85%) participants receiving all 6 4-weekly

doses of IV VRC01, and 12 of 20 (60%) participants receiving
all 11 2-weekly doses of SC VRC01. The observed concentra-
tions included in the modeling are shown in Fig. 2 (natural log-
scale) and Fig. S1 (raw-scale).

Because multiple doses of IV VRC01 were studied, we first
validated the linear PK assumption based on PK data collected
in both HVTN 104 and VRC602 by confirming that
dose-adjusted VRC01 exposures (i.e., received amount) after
administration of a single dose (i.e., areas under the time-
concentration curves from time 0 to infinity) from different
doses generally did not vary more than C/¡ 25% from each
other19 (Table S1). This assumption was later also validated
parametrically in the popPK models. In the base 2-compart-
ment model (Fig. S2), the exponential error model resulted in a
relatively high residual error (% Coefficient of Variation, %CV
> 30%), and the proportional error model tended to under-
weigh low concentrations (data not shown). Therefore, the
combination proportional C constant error model was chosen

Figure 1. Study schema and VRC01 serum concentration sampling schedule in HVTN104.

Table 1. Summary characteristics of baseline demographic and chemistry bio-
marker covariates among participants who received IV or SC VRC01 in HVTN104
(n D 84).

Covariate Median (min – max) or frequency

Age (years) 27 (18–50)
Female gender (% of females) 42 (50%)
Weight (kg) 72 (53–114)
Body mass index (kg/m) 24.89 (18.52–37.64)
Creatinine 0.83 (0.48–1.31)
Creatinine clearance (CrCL, mL/min) 125.9 (68.48–253.70)
Alkaline phosphatase (ALP, units/L) 63 (30–117)
Alkaline aminotransferase (ALT, units/L) 17 (6–73)
Aspartate aminotransferase (AST, units/L) 18 (12–37)
Hemoglobin (g/dl) 14 (11.2–17.6)
Platelets (103/mm3) 241 (135–411)
Lymphocyte count (cells/mm3) 1945 (866–3610)
Neutrophil count (cells/mm3) 3775 (1279–8208)
White blood cell count (WBC, 103/mm3) 6.55 (2.8–12)
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for its improved objective function value with a Bayesian Infor-
mation Criterion (BIC) value of 4858 (vs. BIC D 6483 and
5083 for the additive error model and the proportional error
model, respectively) and to accommodate the proportional
error above the limit of detection and the additive effect around
the limit of detection of the assay. In addition, half of the lower
limit of quantification (LLoQ) (i.e., 0.55 mg/mL) was chosen to
replace concentrations below the LLoQ in subsequent analyses;
sensitivity analysis showed a minimal impact of the LLoQ value
to the model fitting (Fig. S3).

In the base popPK model of IV and SC VRC01 data simulta-
neously without accounting for any covariates, inter-individual
variability of the majority of the 5 PK parameters [clearance
(CL), central volume of distribution (Vc), peripheral volume of
distribution (Vp), distribution clearance (Q), and absorption
rate constant (ka)] was observed to be moderate (22–39% CV)
(Table 2). Clinical and demographic variables were then

assessed for their potential role in explaining the observed
inter-individual variability according to the model selection
process described in Fig. S4. Based on the pre-specified covari-
ate screening criteria, body weight and gender were considered
as potential predictors for all 4 PK parameters. Additionally,
age was considered for CL, Vp and Q, and hemoglobin and cre-
atinine clearance were considered for Vc (Fig. S5).

In the final popPK model, estimated bioavailability after SC
administration was 74% (95% confidence interval (CI): 65.4%,
82.0%) relative to IV administration. Among all considered
covariates, only body weight was significantly predictive of CL
and Vc in an exponential form, with an estimated 1.2% (95%
CI: 0.8%, 1.6%) fold increase of CL and a 1.0% (95% CI: 0.6%,
1.4%) fold increase of Vc per kg of body weight, respectively.
Body weight was also significantly predictive of Q and Vp in a
power form, with an estimated 0.69 (95% CI: 0.27, 1.10) log
increase of Q and 0.82 (95% CI: 0.46, 1.18) log increase of Vp

Figure 2. Individual-level concentration (log-scale)-time panel plots for VRC01 recipients in Groups 1–5 (Panels A-E) of HVTN104. Panel A – E display data from Groups 1,
2, 4, 5, and 3, respectively. “C” indicates no product administrations, an open circle indicates product administration, and a filled circle indicates a missed product
administration.
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per kg of body weight. After accounting for body weight, the
inter-individual-variability (IIV) of the PK parameters
decreased in a range of 3.6 to 5.3%CV. The population-mean
estimates for CL, Vc and Vp were 0.40 (95% CI: 0.38, 0.42) L/
day, 1.94 (95% CI: 1.72, 2.16) and 4.90 (95% CI: 4.48, 5.32) L,
respectively, resulting in an estimated terminal half-life of
15 days, and an estimated volume of distribution at steady-state
of 6.84 L for individuals with a body weight of 74.5 kg (median
weight of IV groups). The correlations between the estimated
PK parameters ranged from 0.12 (Vc and Q) to 0.95 (Vp and
Q). Similar results were obtained when only IV groups were
included in the modeling (Table S2). In addition, inter-occasion
variability (IOV) of the PK parameters was < D 20% CV for all
PK parameters and the IIVs of the PK parameters were not
influenced by the inclusion of IOV based on the modeling of
the 8-weekly dose regimens, suggesting that the PK patterns
did not change over multiple doses. The final model of fitting
SC and IV data simultaneously hence did not include IOV.

Overall, the popPK model diagnostic results suggested that
the final model provides a reliable description of the data and
the modeling assumptions were reasonable (Fig. 3 Panels A-C).
Reasonably accurate predictions of concentrations for each
individual were also achieved and the observed dose-normal-
ized concentration-time data fall largely within the 95% predic-
tion interval after repeated IV or SC administration of VRC01
(Fig. 3 Panels D-E, Fig. S6 and 7). In addition to internal data
validation, the final popPK model was also validated using
external data collected in the VRC602 study and the predicted
concentrations largely resembled the observed values (Fig. 4,
Fig. S8).

Lastly, the final model was used to predict concentration
profiles of different dose-regimens of IV and SC VRC01 based
on simulations. Particularly, for the 10 mg/kg and 30 mg/kg
8-weekly IV VRC01 regimens being evaluated in the AMP

study, the final model projected steady-state trough levels of
5.54 (95% prediction interval (PI): 1.69, 14.5) mcg/mL and 15.9
(95% PI: 5.29, 46.63) mcg/mL, respectively, for a participant
with a median body weight of 74.5 kg (Fig. 5). These results
support the potential of 8-weekly IV VRC01 in providing pro-
tection against HIV infection, given that protection was seen at
concentration levels as low as 1 mg/mL in pre-clinical studies,11

if the non-human primate (NHP) model is predictive of the
human experience. For the 5 mg/kg 2-weekly SC regimen with
a loading dose of 10 or 30 mg/kg IV VRC01 that may be con-
sidered in the mother-to-infant transmission setting, the final
model projected a steady-state trough level of 34.10 (95% PI:
18.27, 65.34) mcg/mL for a participant with a median body
weight of 74.5 kg.

Discussion

We conducted the first population PK analysis of VRC01, the
first mAb entering efficacy trials to evaluate its ability to pre-
vent HIV-1 infection when parenterally administered through
repeated infusions in healthy adult volunteers. The primary
purpose of this analysis was to demonstrate that a robust PK
model of IV VRC01 could be developed to reliably characterize
the observed PK data and to estimate VRC01 concentration
values and associated variabilities at any post-dose time-point.
Such knowledge is critical for addressing the correlates objec-
tives of the AMP study and for the design of future studies of
related bnAbs. For the former objective of associating VRC01
concentrations (or other VRC01 functional biomarkers) with
trial outcomes, if efficacy of VRC01 is established in the AMP
trials, then the described modeling process and the resulting
PK model can be applied to estimate concentration values on a
continuous time-scale, and association with infection status
over time to identify an efficacious concentration level. Gaining

Table 2. popPK parameter estimates of VRC01 based on the modeling of all IV infusion and SC injection groups in HVTN104. %RSE: relative standard error of the fixed
effects estimate, calculated as (SE/Estimate) � 100. %CV: coefficient of variation for random effect estimates, calculated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
variance

p � 100. R: correlation coefficient
between random effect estimates.

Base model1 Final model2

Fixed effects:
Population
Parameter

Random effects: Inter-
individual/Covariance/Residual

error

Fixed effects:
Population
Parameter

Random effects: Inter-
individual/Covariance/Residual

error

Parameter (units) Estimate %RSE Estimate (%CV) %RSE Estimate %RSE Estimate (%CV) %RSE

F1 (¡)3 – bioavailability after SC administration 0.75 5.89 0.003 — 0.74 5.75 0.003

ka (1/day)3 - absorption rate constant 0.27 13.8 0.003 — 0.26 14.6 0.003

CL (L/day): clearance from the central compartment4 0.40 3.52 0.097 (31.2) 14.0 0.40 2.95 0.067 (26.0) 17.8
Vc (L): volume of the central compartment4 1.99 5.38 0.048 (21.9) 31.6 1.94 5.67 0.028 (16.6) 49.8
Q (L/day): inter-compartmental distribution clearance4 0.83 5.11 0.082 (28.6) 49.0 0.84 4.92 0.063 (25.0) 57.5
Vp (L): volume of the peripheral compartment4 4.85 4.56 0.15 (38.6) 21.8 4.90 4.35 0.120 (34.6) 23.5
Body weight influence on CL fold increase (/Kg) — — — — 0.012 16.1 — —
Body weight influence on Vc fold increase (/Kg) — — — — 0.01 22.6 — —
Body weight influence on log Q (/Kg) — — — — 0.69 31.0 — —
Body weight influence on log Vp (/Kg) — — — — 0.82 22.4 — —
Covariance between CL and Q — — 0.058 (R D 0.65) 33.0 — — 0.034 (R D 0.52) 46.8
Covariance between CL and Vp — — 0.078 (R D 0.65) 20.3 — — 0.050 (R D 0.56) 26.6
Covariance between Q and Vp — — 0.105 (R D 0.95) 32.9 — — 0.082 (R D 0.95) 37.2
s1

2 (proportional) — — 0.042 (20.4) 12.0 — — 0.042 (20.4) 11.8
s2

2 (additive) — — 0.456 23.9 — — 0.456 23.7

1Two-compartmental structure model with random effects in exponential form.
2Two-compartmental structure model with random effects in exponential form, covariates in exponential form for CL and Vc, and covariates in power form for Q and Vp.
3Inter-subject random variance was fixed at 0.
4Population means of CL and Vc estimated at body weight D 74.5 kg in the final model.
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such knowledge is critical for the development of HIV vaccines
by defining bNab levels that effectively prevent HIV infection,
as demonstrated in the precedent case of palivizumab,20,21

which set the standard by which candidate RSV vaccines are
being evaluated. Moreover, the PK model can be used for simu-
lating hypothetical AMP trials for the purpose of vetting candi-
date statistical methods for identifying correlates of HIV risk
and prevention efficacy. For the latter objective, based on the
estimated variability and the identified predictors of the PK
parameters, the developed PK model will be a useful tool for
simulating concentrations under different dosing regimens for
individuals of different body weights. For example, the tool can
be used to inform dose regimen selection and identify optimal
study populations for future studies of VRC01 or its derivatives.

We found that a 2-compartment model with first order
elimination provided a robust fit to the repeated-dose PK data,
with typical CL and Vc estimates of 0.40 L/day and 1.94 L,
respectively, after IV or SC administration of VRC01. Absorp-
tion after SC administration was characterized by a first-order
constant showing an estimated 74% bioavailability and approx-
imately 2–3 d to reach the maximal concentration. Body weight

Figure 4. Observed vs. individual-predicted concentrations with an identify line in
VRC602 based on the final HVTN 104 model for participants in the IV infusion (red)
and SC injection (blue) groups.

Figure 3. Goodness-of-fit plots obtained from the final model of IV infusion (red) and SC injection (blue) groups in HVTN104. Panels A-C are model diagnostic plots: (A)
observed vs. individual-predicted concentration with an identity line, (B) conditional weighted residual vs. population predicted concentration, and (C) conditional
weighted residual vs. time since first IV or SC dose (days). Data from multiple time-points of a participant are individually displayed, not aggregated. Panels D-F are visual
prediction check (VPC) plots: (D) dose-normalized observed data from both the q4 and q8 weekly groups and simulated data after a single infusion of 10, 20, 30, or
40 mg/kg IV VRC01, (E) dose-normalized observed data from the SC injection Group 3 with an IV loading dose, and (F) dose-normalized observed data from the q8 weekly
groups and simulated data after multiple infusions of 10, 30, or 40 mg/kg IV VRC01. In the VPC plots, lines show medians, and shaded areas show bands covered by the
2.5th and 97.5th percentiles for simulated concentrations. Simulated concentrations were computed from 1000 trials simulated using dosing, sampling, and covariate val-
ues from the observed data set.
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was found to have an influence on all 4 PK parameters, sup-
porting the weight-dependent dosing regimen of VRC01.22

These results are consistent with commonly cited values for
mAbs with linear PK,23 and suggest that a robust PK model of
VRC01 is feasible to be established for studies with even rela-
tively sparse sampling time-points. The resulting model also
showed excellent goodness-of-fit characteristics based on the
modeled HVTN104 data and demonstrated reasonable predic-
tion accuracy based on an external PK data set of IV VRC01.
Importantly, the prediction performance of the final model was
consistent across different concentrations throughout the dose
interval. These PK model characteristics are especially relevant
in the evaluation of the correlates objective in AMP where con-
centrations either near infusion or trough could be potential
correlates of risk of HIV infection.

The resulting popPK model enables critical evaluation of
various dose-regimens of VRC01 or its derivatives for future
efficacy trials. Although it is unknown whether and at what
concentration level of VRC01 healthy human individuals will
be protected from HIV-1 infection (at least until the AMP
study results become available), findings from several NHP
studies suggest that VRC01 concentration levels at around
1 mg/mL confer promising protection.11-13 For example, Pegu
et al. showed that 4 of the 10 animals were protected against a
single high-dose HIV virus inoculation with a VRC01 concen-
tration of 1.3C/¡ 0.1 mg/mL (mean C/¡ standard error) at
the day of challenge,11 and Gautam et al. showed that 3 of the 6
tested animals had a concentration below 1 mg/mL at the time
of virus breakthrough in repeated low-dose challenge studies.13

We based our analysis on the premise that the NHP model is
sufficiently predictive of the human experience. Moreover, our
final model predicted that IV and SC VRC01 regimens that are

under evaluation or planned to be in human efficacy trials
maintain VRC01 serum concentration considerably above this
hypothetical threshold of 1 mg/mL, an important finding
because it permits some variability of this lower threshold in
human populations. Specifically, the VRC01 serum concentra-
tions were maintained throughout a follow-up period of
32 weeks for over 95% of individuals with a median steady-state
trough of 5.54 and 15.9 mg/mL for the 10 mg/kg and 30 mg/kg
8-weekly IV VRC01 regimens, respectively, and of 34.10 mg/
mL for the 5 mg/kg 2-weekly SC VRC01 regimen.

Passive immunoprophylaxis holds great promise for the pre-
vention of HIV infection. Our analyses provide important
understanding of the IIV of the VRC01 PK process and the
effect of covariates on systemic drug exposure for the first of
such mAb candidates. We found limited IIV for various PK
parameters, confirming that variation in VRC01 concentrations
over time is expected to provide more statistical information for
assessing correlates of HIV risk and prevention efficacy than
inter-individual variation in VRC01 concentrations at given
time points. The low IIVs observed in this study are consistent
with estimates for other mAbs24-26 as compared with small
molecules in general. This suggests that after accounting for
body weight in VRC01 dosing and adherences, most partici-
pants will achieve similar concentrations without much varia-
tion due to other characteristics. In future analyses of PK data
in healthy volunteers from other mAb studies, the same model
building process may be followed; however, a different set of
predictive covariates, including gender or various clinical/labo-
ratory biomarkers, may emerge in explaining the observed IIV
in the PK parameters. For example, the level of immunoglobu-
lins, CD8C T-cell immunity and anti-drug activities, if any,
may potentially affect the PK of anti-HIV mAbs.27,28

Figure 5. Simulated VRC01 serum concentrations after steady-state is reached under different regimens of multiple-dose IV or SC VRC01. Panels A and B are for the
8-weekly 10 mg/kg and 30 mg/kg IV VRC01 regimens, respectively; Panels C and D are for the 2-weekly 5 mg/kg SC VRC01 regimens, with an IV loading dose of 10 mg/
kg and 30 mg/kg, respectively. Lines show medians, and shaded areas show bands covered by the 2.5th and 97.5th percentiles for simulated concentrations. Simulated
concentrations were computed from 1000 trials simulated using weightD 74.5 kg.
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In summary, we described in detail the construction of a
robust PK model based on clinical study data and validated the
final model using both internal and external PK data. The
modeling results increase understanding of VRC01 and consti-
tute a benchmark for other HIV-1 bnAbs that may have differ-
ent biologic targets and characteristics. The final PK model was
used in simulation studies to study the operating characteristics
of different PK study designs. The modeling exercise itself can
be a starting point for future popPK modeling of VRC01 and
its derivatives. The final PK model can also be used in simula-
tion studies to assess the operating characteristics of alternative
IV or SC VRC01 dose regimens, and in statistical methods
development and implementation for future correlates
research.

Materials and methods

Study procedures

In HVTN 104, 84 low HIV-1 risk, healthy men (n D 42) and
women (n D 42) aged between 18 – 50 y were enrolled in one
of 5 groups receiving either a loading dose of 40 mg/kg of
VRC01 administered IV, followed by 20 mg/kg IV every
4 weeks (Group 1, n D 20); or 10, 30 or 40 mg/kg IV of VRC01
every 8 weeks (Groups 2, 4, or 5); or a 40 mg/kg IV loading
dose of VRC01, followed by 5 mg/kg of VRC01 subcutaneously,
every 2 weeks for 5.5 months (Fig. 1). The 4 participants who
were randomized to receive placebo infusions in the SC group
were not included in this analysis. All volunteers provided
informed written consent before study participation, and the
institutional review boards at the Fred Hutchinson Research
Center approved the described study.

VRC01 serum concentrations were predominantly mea-
sured at »3 days, 2, 4 (except Group 3) and 8 (Groups 2, 4, 5
only) weeks after each infusion (injection), as well as at one
hour post last infusion. Specifically, trough measurements were
taken at 4 weeks (for Group 1) or 8 weeks (for Groups 2, 4, 5)
before the next infusion; peak measurements were taken at
1 hour post-infusion for IV groups (Groups 1, 2, 4 and 5), and
3-days after injection for the SC group (Group 3). However,
some study visits and infusions were missed, and the exact col-
lection dates varied around the study-specified target days
according to pre-specified allowable visit windows. The actual
serum concentration collection days were used in the modeling.

Serum concentration measurements

Enzyme-linked immunosorbent assay (ELISA) methods were
developed to quantify the mAb concentration in human
serum.17,18 The capture mAb used for this assay was 5C9 (Lot
XJ-5/15/15) which is an anti-idiotype antibody for VRC01,
developed and purified by the Vaccine Research Center (VRC),
National Institute of Allergy and Infectious Diseases (NIAID)
at the National Institutes of Health (NIH). Inter-assay accuracy
and precision requirements were less than 20% CV. The lower
limit of quantification was 1.1 mg/mL for VRC01. Values below
the LLoQ were replaced by 0.55 mg/mL. Sensitivity analyses
were performed to evaluate the effect of this censoring value on

the modeling results. No samples tested positive for anti-
VRC01 antibodies.

popPK Modeling

Structure Model Dose-normalized area under the curve (AUC)
by trapezoidal integration was calculated to examine linearity
of PK following IV VRC01 administration based on data from
both HVTN104 and VRC602.

Individual concentration-time data from all 84participants
were analyzed using nonlinear mixed effects modeling with the
NONMEM software system (Version 7.3, ICON Development
Solutions). VRC01 PK following IV and SC administration was
described by an open 2-compartment disposition model with
first-order elimination from the central compartment (Fig. S2).
For VRC01 administered SC, a depot compartment with a
first-order absorption rate constant was also included. The
model of fitting SC and IV data simultaneously was parameter-
ized in terms of CL, Vc, Vp, Q, and ka. The absolute bioavail-
ability, F1 was estimated for SC administration relative to IV
administration.

Variability popPK model The statistical model considered 2
primary sources of variability around the structure population
mean model: IIV of a PK parameter and residual variability
(RV) remaining after controlling for other sources of variability
in the data. In addition, IOV of a PK parameter was also inves-
tigated in the q-8 weekly IV infusion groups. Regarding IIV, an
exponential between-individual random effects model was con-
sidered such that the distribution of PK parameters may be log-
normally distributed but the distribution of the random effect
is normal. The distribution can be expressed as
ui D TV_ui � exp hui

� �
, where ui denotes the individual-spe-

cific PK parameter value for individual i, TV_ui is the popula-
tion value of the parameter for individual i, and hui is the
deviation from the population value for individual i, i.e., the
individual-specific inter-individual random effect. The log-
transformed ui is assumed to be distributed as N(0, v2).

Regarding RV, the exponential, proportional, and combina-
tion proportional C additive residual error models were all
considered. Specifically, let Cij and Ĉij denote the j

th measured
and model-predicted concentrations, respectively, for individ-
ual i, and eij the associated intra-individual residual random
error distributed as N(0, s2). We considered an exponential
error model: Cij D Ĉij � exp eij

� �
, a proportional error model:

Cij D Ĉij 1C eij
� �

, and a proportional C additive error model:
Cij D Ĉij 1C e1ij

� �C e2ij. The %CV of the error terms and the
resulting fit of the different error models in terms of BIC values
(the smaller the better fit) were used in determining the final
error model. Regarding IOV, individual PK parameters can
change between study occasions due to, for example, changing
number of doses or participant characteristics that may affect
the underlying PK process. Such IOV was also considered based
on data from the 8-weekly regimens as follows: ui D TVui �
exp hui C IOV

� �
:

Lastly, due to the sparseness of data at the absorption phase
of the SC VRC01 group (i.e., data were only available at 3-days
after the first and last injections, besides the 2-week trough
time-points), we considered bioavailability and the absorption
rate as fixed effects.
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Estimation methods The first-order conditional method with
interaction was used in all models.

Covariate model Identification of covariates that are predic-
tive of PK variability is important in understanding the sources
of observed inter-individual variability. The primary covariates
of interest for this analysis were predefined based on prior
knowledge, and included age (years), gender (M/F), body
weight (kg), body mass index (kg/m2), Cockcroft-Gault Creati-
nine clearance (CrCL, L/day), alkaline phosphatase (ALP,
units/L), alkaline aminotransferase (ALT, units/L), aspartate
aminotransferase (AST, units/L), hemoglobin (g/dl), platelets
(103/mm3), lymphocyte count (cells/mm3), neutrophil count
(cells/mm3), and white blood cell count (cells 103/mm3).

Each of these covariates was screened using graphical evalu-
ations of: 1) the estimated inter-individual variance of each PK
parameter (from the base model without inclusion of any cova-
riates) vs. the potential covariate, and 2) the estimated individ-
ual-specific PK parameters (from the base model) vs. the
potential covariate, as well as the pairwise correlations of the
covariates. For continuous covariates, the normalized value
(scaled by median) was used and a loess smooth line was used
to help visualize trends and functional forms of the covariates
in predicting PK variability. For discrete variables, boxplots
were used for each category. We included continuous covari-
ates that were correlated with both 1) and 2) (Spearman corre-
lation coefficient � 0.3 with p-value < 0.05) and discrete
covariates that were correlated with both 1) and 2) (Wilcoxon
rank-sum test p-value < 0.05). In addition, the effect of dose
(10, 20, 30 or 40 mg/kg) was also assessed in the final model of
IV groups by comparing the objective function values. The
stepwise covariate modeling building tool of PsN29 was used to
reach the final covariate model, including choices of the specific
covariates and their proper functional forms (linear, exponen-
tial, or power), based on likelihood ratio tests of the objective
function value using maximum likelihood estimation. In each
forward selection step, a covariate would be compared and
included if the larger model was significantly better with P <

0.05 (x2 distribution). In each backward selection step, a covar-
iate would be excluded if the reduced model was significantly
better with P < 0.01.

The effect of each potential covariate on relevant PK param-
eters (CL, Q, Vc, and Vp) was evaluated and compared using
the 3 models, and the model resulting in the best objective
function value was chosen. For example, the effects of body
weight were described using a linear model:
TV_ ui D bu C bBW_u � BWi ¡ 74:5ð Þ, exponential model:
TV_ ui D bu � exp bBW_u � BWi ¡ 74:5ð Þ� �

, and a power

model: TVç ui D bu � BWi
74:5

� �bBW_u , where TV_ui is the typical
(population) value of the PK parameter u, BWi is the body
weight of individual i, 74.5 is the median body weight of the
population, and bBW_u represents the body weight effect on the
PK parameter. Similarly, the effects of age (and other covari-
ates) on various PK parameters were evaluated.

Model building and evaluation Model selection was guided
by various goodness-of-fit criteria, including diagnostic scatter
plots, plausibility and precision of parameter estimates, and the
likelihood ratio test (LRT). Details of the model building pro-
cess are depicted in Fig. S4. The predictive performance of the

final PK model(s) was evaluated using a visual predictive check.
Specifically, the final popPK model was used to simulate 1000
hypothetical individuals who received a single or multiple infu-
sion(s) of 10, 20, 30, or 40 mg/kg IV VRC01, or multiple injec-
tions of 5 mg/kg SC VRC01 with a loading dose of 40 mg/kg IV
VRC01. The distribution (median and 95% prediction interval)
of the simulated concentration vs. time curves was compared
with the dose-normalized mAb concentrations observed from
participants who received all 3 infusions. In addition to the
usual model diagnostics, the resulting popPK model was also
validated based on concentration-time data from VRC60218

where individual-level predicted and observed concentrations
were compared.
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