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The outcome of the recent Antibody Mediated Prevention (AMP) trials that tested infusion
of the broadly neutralizing antibody (bnAb) VRC01 provides proof of concept for blocking
infection from sensitive HIV-1 strains. These results also open up the possibility that triple
combinations of bnAbs such as PGT121, PGDM1400, as well as long-lasting LS variants
such as VRC07-523 LS, have immunoprophylactic potential. PGT121 and PGDM1400
target the HIV-1 V3 and V2 glycan regions of the gp120 envelope protein, respectively,
while VRC07-523LS targets the HIV-1 CD4 binding site. These bnAbs demonstrate
neutralization potency and complementary breadth of HIV-1 strain coverage. An important
clinical trial outcome is the accurate measurement of in vivo concentrations of passively
infused bnAbs to determine effective doses for therapy and/or prevention. Standardization
and validation of this testing method is a key element for clinical studies as is the ability to
simultaneously detect multiple bnAbs in a specific manner. Here we report the
development of a sensitive, specific, accurate, and precise multiplexed microsphere-
based assay that simultaneously quantifies the respective physiological concentrations of
passively infused bnAbs in human serum to ultimately define the threshold needed for
protection from HIV-1 infection.
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INTRODUCTION

The rate of Acquired Immunodeficiency Syndrome (AIDS)-
related deaths is not decreasing, despite the existence of highly
efficient drugs that suppress Human Immunodeficiency Virus
(HIV) replication and provide patients a life expectancy close to
that of healthy individuals (1). This is partially due to the lack of
sufficient access to antiretroviral therapy (ART) and due to the
fact that ART does not eliminate viral reservoirs from HIV-1
infected individuals. Therefore, continuous therapy is needed for
a lifetime. Additionally, most currently available ART regimens
require daily adherence and have negative side effects, including
risk of adverse short- and long-term effects on kidneys, bone
density and the cardiovascular system (2–4). Thus, alternate
prevention and treatment strategies are needed to increase
accessibility and uptake. In particular, effective, long-acting
prevention strategies with fewer off-target or other side effects
may increase trust and acceptance in communities affected by or
at high-risk for HIV-1 acquisition.

Recent studies have shown that passively infused broadly
neutralizing monoclonal antibodies (bnAbs) exhibit favorable
safety profiles and are promising strategies for therapy and
prevention of HIV-1 (5–7). The Antibody Mediated
Prevention (AMP) studies substantiated the concept that a
bnAb can prevent HIV acquisition (5, 8–10). In addition to
prevention of HIV-1 infection, bnAbs are being investigated as
an approach to achieve viral control without the use of
antiretroviral therapy (11–13). For treatment, as well as for
prevention, suitable combinations of antibodies are essential to
increase overall breadth and potency of coverage and to prevent
the emergence of resistant variants. More than a decade ago, the
first bnAbs were successfully isolated from chronically HIV-1
infected individuals (14–16), including VRC01, PGT121 and
PGDM1400. PGT121 targets HIV-1 gp120 envelope protein at
the base of the V3 glycan loop, PGDM1400 binds to the V1/V2
glycan region (16–18) and VRC01 targets the CD4 binding site.
While these are naturally occurring HIV-1 broadly neutralizing
antibodies, next generation antibodies have been engineered for
increased potency, half-life and ability to target 2 or 3
independent viral sites to achieve better neutralization (19). A
good example of this is VRC07-523-LS. VRC07-523-LS is a
modified variant of VRC01 and targets the CD4 binding site of
the HIV-1 gp120 (20). PGT121, PGDM1400 and VRC07-523-LS
in any combination are currently being tested in various clinical
t r ia l s (Cl in ica lTr ia l s .gov Ident ifier NCT02960581 ,
NCT03205917), highlighting the importance of measuring the
pharmacokinetics (PK) of more than one antibody
simultaneously. These results describe the Triplex PK Assay, a
validated method to simultaneously measure the PK of PGT121,
PGDM1400 and VRC07-523-LS monoclonal antibody (mAb)
concentrations in human serum. This assay utilizes a mixture of
three microsphere sets that are each bound to specific anti-
idiotype (anti-ID) antibodies to capture either PGT121,
PGDM1400 or VRC07-523-LS mAbs. The microsphere
mixture is incubated with sample serum and bound mAbs are
then detected using a phycoerythrin (PE)-labelled anti-human
IgG antibody. Each microsphere set, and therefore, the binding
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to each mAb, can be distinguished from each other by a Bio-Plex
200 system. It has proven to be sensitive, specific, accurate, and
precise in both HIV-1 seronegative and seropositive human
serum (Supplementary Material). This method can therefore be
applied for analyzing results of both prevention and/or
therapeutic human trials and is, hence, an important tool for
the effort to end HIV-1 infections and AIDS.
MATERIAL AND METHODS

Antibody Capture
Anti-ID antibodies bind specifically to the antigen binding site,
or idiotype, of another antibody. All anti-ID antibodies utilized
here are recombinant and generated to bind specifically to their
corresponding mAb drug product. Therefore, anti-ID antibodies
are important reagents for specific drug development since they
can be used to measure free and total drug levels in samples. In
the Triplex PK Assay, anti-idiotype antibodies are loaded onto
MagPlex microspheres (Luminex Corp, Austin, TX) such that
their antigen binding sites are free to bind the antigen binding
site of the target antibody drug product. This is done by first
binding biotinylated anti-mouse IgG to neutravidin-coupled
microspheres, followed by binding to one of the three anti-IDs
(Figure 1). Each MagPlex microsphere region is labeled with
varying concentrations of two different fluorescent dyes, to be
individually identified using the Bio-Plex Manager and Bio-Plex
200 Systems (Bio-Rad, Hercules, CA). Covalent coupling of free
amines on the side chains of NeutrAvidin (16.65 µg/5x106

microspheres) (ThermoFisher, Waltham, MA) to the
intermediate Sulfo-NHS (N-hydroxysulfosuccinimide) ester of
activated carboxylated fluorescent MagPlex microspheres was
performed according to the xMAP® Antibody Coupling Kit User
Manual (Luminex Corp, Austin, TX) (21–24). NeutrAvidin-
coupled microspheres were then bound to 5 µg/5x106

microspheres of biotinylated goat anti-mouse IgG antibody,
adsorbed against human immunoglobins and pooled sera
(SouthernBiotech, Birmingham, AL) for one hour, followed by
washing. Goat anti-mouse IgG bound microspheres were then
bound to 250 µg/ml of the anti-PGT121-idiotype (Covance,
Princeton, NJ, customized and expressed by cell line:
IV1737.939.26(A-I0715)) or 25 µg/ml of the anti-PGDM1400-
idiotype (Covance, Princeton, NJ, customized and expressed by
cell line: IV1919.265.37(A-F0914)) diluted in 500 µl Phosphate
Buffered Saline (PBS) for 30 minutes. For detection of VRC07-
523-LS mAb, 5 µg/ml of a biotinylated goat anti-mouse IgG Fc
antibody, cross- adsorbed against bovine, horse and human
serum (ThermoFisher, Waltham, MA) was bound to
neutravidin beads for 1 hour, followed by 20 µg/ml anti-
VRC07-523-LS-idiotype (5C9)(NIH, Bethesda, MD, Vaccine
Research Center, customized and expressed by cell line: CHO
DG44) antibody diluted in 500 µl PBS for 30 minutes. Thus, the F
(ab) arms are oriented outward to freely bind the paratopes of
PGDM1400, PGT121 or VRC07-523-LS (Figure 1). Both the
capture antibody and anti-ID antibody incubations were done at
room temperature (RT) and shaking at 1100rpm. Microspheres
August 2021 | Volume 12 | Article 709994
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were washed and blocked in between incubations with wash
buffer (1% Bovine Serum Albumin (w/v)/0.05% Tween-20 (v/v)/
0.05% Sodium Azide (w/v) in PBS).

Triplex PK Assay for HIV-1 bnAbs
The assay was conducted in a 96-well flat bottom plate (Bio-Rad,
Hercules, CA). Human sera and controls were diluted in assay
diluent (1% Milk Blotto (w/v)/5% Normal Goat Sera (v/v)/0.05%
Tween-20 (v/v) in PBS) to the desired dilution factor. Prepared
capture microspheres (5000 microspheres/well) were incubated
with human sera as unknown samples alongside mAb dilution
series of known concentration for generation of standard curves and
mAb spiked serum controls (25 µl total volume per well) for 2 hours
shaking at 750 rpm and at 22˚C in a temperature controlled
incubator. Sample incubation is then followed by 3 washing and
blocking steps with 100 µl per well wash buffer using a magnetic
separator (Luminex Corp, Austin, TX). Subsequently, 25 µl per well
of a goat anti-human IgG detection antibody conjugated to
phycoerythrin (PE) at 2 µg/ml for 30 minutes (SouthernBiotech,
Birmingham, AL) was used to detect bound PGDM1400, PGT121
and VRC07-523-LS. Known amounts of purified PGT121 IgGmAb
(0.5 µg/ml, 2-fold, 14 serial dilutions) (Catalent, Somerset, NJ),
PGDM1400 IgG mAb (0.1 µg/ml, 2-fold, 14 serial dilutions)
(Catalent, Somerset, NJ) and VRC07-523-LS IgG mAb (1 µg/ml,
3-fold, 14 serial dilutions) (NIH, Bethesda, MD) were co-titrated as
a standard curves on every assay plate to quantify PGT121 IgG,
PGDM1400 IgG and VRC07-523-LS IgG present in human serum
using fluorescence intensity (FI) readouts with the unit of median
fluorescence intensity (MFI). All controls, samples, standards, and
Frontiers in Immunology | www.frontiersin.org 3
blanks were assayed as a duplicate, and the mean value was
reported. The blank well (background, referred to as Bkgd) is
subtracted from the FI and the resultant value was reported as
FI-Bkgd. Additionally, PGDM1400 IgG mAb, PGT121 IgG mAb
and VRC07-523-LS IgG mAbs were spiked into 1:100 normal
human reference serum (NHS) at 5 specific known
concentrations (1. PGDM1400 starting at 0.04 µg/ml, 4-fold, for 5
serial dilutions; 2. PGT121 starting at 0.08 µg/ml, 2-fold, for 4 serial
dilutions plus a fifth concentration of 0.002 µg/ml; and 3. VRC07-
523-LS starting at 0.002 µg/ml, 2-fold, for 5 serial dilutions) and
were used as antibody-specific controls for standard curve accuracy.
Negative controls and blank (uncoupled) microspheres were
included in each assay to ensure specificity. Assay plates were
read using Bio-Plex Manager and Bio-Plex 200 Systems (Bio-Rad,
Hercules, CA). The Bio-Plex 200 System detects the fluorescent dyes
(microsphere region) within the each MagPlex microsphere region
and then quantifies the associated PE signal intensities from the
detection antibody. The level of bound mAbs is identified by the
intensity of the PE (reporter signal) in FI-Bkgd. This enables
the quantification of all three mAbs simultaneously using Bio-
Plex Manager software.

Specimens
Human sera were obtained from HIV seronegative and
seropositive individuals, with Institutional Review Board (IRB)
approval. Both seronegative and seropositive samples were
assessed to test assay parameters in the sample-specific matrix,
with applications for both HIV-1 prevention and therapeutic
studies. 132 HIV seronegative human sera were obtained from
FIGURE 1 | Schematic of the Triplex PK setup. Magnetic microspheres are coupled to NeutrAvidin, which binds to the biotin conjugated goat anti-mouse IgG.
This antibody is in an orientation that allows for binding of the anti-ID antibody in the correct orientation to allow for optimal binding of the corresponding mAb. In a
multiplex setup, the anti-ID antibodies are bound to the goat anti-mouse IgG Biotin in separate reactions, are washed, and then combined. PGT121, PGDM1400
and VRC07-523-LS mAbs are then added simultaneously into the solution. The microspheres are then washed, and detection antibody is added.
August 2021 | Volume 12 | Article 709994
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BioIVT, Westbury, NY (formerly Bioreclamation), and 66 HIV
seropositive samples were obtained from the University of
Washington Center For AIDS Research (Seattle, WA). An
additional 17 samples were obtained from group 3B in the
CAVD study Barouch 693 (IAVI T002, ClinicalTrials.gov
Identifier NCT03205917), from seropositive study participants
off ART and infused with PGDM1400 and/or PGT121.

Quality Control/Quality Assurance and
Data Management
Quality control (QC) acceptance criteria for Triplex PK assay include
but are not limited to: 1) FI-Bkgd readout must have a percentage of
coefficient of variation (%CV) between replicates < 20% for each
dilution in the titration series and < 15% for a sample that is assayed
at a single dilution when fluorescence- background (FI-Bkgd)>100, 2)
Three out of five spiked controls must have a recovery between 70
-130% of their input concentration, and 3) the positive control
antibody titer, defined as the half maximal effective concentration
(EC50) from a five parameter logistic curve fit (5PL) and the highest
FI-Bkgd in the positive control standard curve must be within three
standard deviations of the historical mean as tracked with Levey-
Jennings charts [Portal, Labkey, Seattle, WA (25)]. Guide sets for
Levey-Jennings charts that enable tracking of positive controls to
historical data were established from >10 standardized assays.
Experiments were performed in a Good Clinical Laboratory
Practice (GCLP) compliant laboratory with oversight by the
Quality assurance for Duke Vaccine Immunogenicity Programs
(QADVIP). Assay documentation was recorded and stored in an
Electronic Laboratory Notebook (ELN) (Agilent Technologies, Santa
Clara, CA). Raw experimental data and analyses are securely stored
with an audit trail through Electronic Content Manager (ECM)
(Agilent Technologies, Santa Clara, CA).

Analysis
Validation described herein was performed in accordance with the
FDA document “Guidance for Industry: Bioanalytical Method
Validation, May 2018” and the ICH Tripartite Guideline
“Validation of Analytical Procedures: Text and Methodology. Q2
(R1)” (26, 27). Qualification of the method for HIV-1 seropositive
serum followed the same aspects and parameters, with a smaller
sample size than for validation. Should a need for validation of this
method using seropositive serum be deemed necessary, established
cut points from qualification will be used for validation. The
parameters tested and reported here are Accuracy, Specificity,
Positivity, Limit of Detection and Quantitation, and Precision.
Range and linearity testing were not specifically tested since
samples can be diluted to fall within the quantifiable range of the
assay, and samples are screened at the beginning of the trial to
determine optimal dilution factor. This is a newly developed assay
and is not performed in another laboratory, so reproducibility could
not be tested. The recommended sample size for establishing limit
of detection (LOD) and lower limit of quantitation (LLOQ) is 60
(28). Therefore, at least 66 (110% of required minimum) samples
were tested because it is anticipated that some samples might not
pass the QC criteria and are, therefore, not included in the
calculations. 5PL curve fit for the standard curves as well as the
Frontiers in Immunology | www.frontiersin.org 4
equation for EC50 calculation were generated with Bio-Plex
Manager (Bio-Rad). For validation in seronegative samples and to
enhance the significance in establishing the background cutoffs
(LOD and LLOQ), the FI-Bkgd of two samples sets (66 each, 132
seronegative samples in total) were combined to calculate the 95th

percentile FI-Bkgd. The LOD in FI-Bkgd (mean + 3.3 standard
deviations of the FI-Bkgd from these samples) was plugged into the
5PL equation generated by Bio-Plex Manager from the PGDM1400
IgG, PGT121 IgG or VRC07-523-LS IgG standard curve to obtain
the concentration for the LOD. LLOQ was calculated in a similar
way, except that the mean + 10 standard deviations of the FI-Bkgd
from these samples was be used. The LLOQ in FI-Bkgd was then
also plugged into the 5PL equation from respective standard curve
to calculate the concentrations of the LLOQ. Alternatively, LLOQ
can be determined as the lowest accurately-recovered concentration
on the standard curve that it was above the LOD. Microsoft Excel
was used to calculate %CV (standard deviation/mean *100) between
curves for repeatability and intermediate precision, Levey-Jennings
plots, and calculating concentration for LOD and LLOQ with the
5PL curve. Data processing for automated QC report was
performed on a secure and validated data repository [Portal,
Labkey (25)]. SAS software, Version 9.4 of the SAS System for
Windows, Copyright © [2002-2012] by SAS Institute Inc., Cary, NC,
USA, was used for generating histograms. R Core Team (2018). R: A
language and environment for statistical computing, R Foundation
for Statistical Computing, Vienna, Austria. URL https://www.R-
project.org/ and package ggplot2 was used for generating plots
for positivity.
RESULTS

Specificity
The specificity of an analytical method is the capability of assessing
the analyte in the presence of other components, which may have a
positive or negative effect on the resulting values. This can also be
defined as non-specific background. Components that may be
expected are impurities, degradation products and/or sample
matrix. Whether the presence of one mAb affects the background
and specificity of the detection of the other mAb concentrations are
of particular interest for co-infusion studies. The goal of this
experiment was to assess how the three mAbs influence each
other or the output values of this method.

Non-Specific Background Activity of HIV-1
Seronegative Human Serum
To assess non-specific background activity in human serum, 132
HIV-1 seronegative sera (2 subsets of each 66 samples) were diluted
at 1:100 and tested for non-specific background binding.
Seropositive sera were also tested, and data is shown in
Supplementary Material. The FI-Bkgd values (excluding samples
that did not meet QC acceptance criteria) were used to calculate a
mAb specific positivity threshold. The 95th percentile is an
established method for antigen specific cutoff determination from
baseline or seronegative status samples and is commonly used for
immunoassays (29, 30). The positivity cutoff was calculated as the
August 2021 | Volume 12 | Article 709994
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95th percentile of the mAb and sample set specific response from the
tested samples (Table 1 and Supplementary Table 1). Positivity
cutoffs for PGDM1400, PGT121 and VRC07-523-LS in HIV-1
seronegative serum are as low as 1049 FI-Bkgd, 1419 FI-Bkgd and
1126 FI-Bkgd, respectively (Table 1). Figure 2 shows the FI-Bkgd
distribution of binding to anti-IDs for PGDM1400 (Figure 2A),
PGT121 (Figure 2B) and VRC07-523-LS (Figure 2C) in
seronegative (Figures 2A–C) and seropositive (Supplementary
Figures 1A–C) human serum. Thus, these results demonstrate a
sensitive assay with low positivity cutoffs.

Positivity
To determine if the reported method could detect and quantify
accurate amounts of PGDM1400, PGT121, and VRC07-523-LS
mAb in 33 HIV-1 seronegative serum samples, commercially
available samples were spiked with known amounts of each mAb
(0.006 µg/ml of PGDM1400, 0.020 µg/ml of PGT121, and 0.003 µg/
ml of VRC07-523-LS). These concentrations were selected since
they are within the limits of accurate recovery (70-130%) for the
respective mAb and above the calculated limit of detection. Percent
recovery was calculated using following formula: (observed
concentration/expected concentration)*100. Of all included
samples, 100% of seronegative samples (Figure 3) and at least
80% of seropositive (Supplementary Figures 2A–C) samples had
an observed concentration that was within 2-fold of the
expected concentration.

Accuracy
Accuracy of an analytical method is expressed by the degree to
which the value found conforms with a particular value, which is
either the accepted conventional true values or an accepted
reference value. It also demonstrates how reliably a method can
produce true values, which is an essential parameter for the
pharmacokinetic measurement of passively-infused bnAbs. To
determine the accuracy of antibody concentration detection, or
antibody recovery, in the sample matrix, PGDM1400 IgG, PGT121
IgG and VRC07-523-LS IgG mAbs were co-titrated into assay
diluent as well as into pooled HIV-1 seronegative sera diluted at
1:100 in assay diluent. Additionally, as an additional test of antibody
recovery to ensure the accuracy of the standard curve, PGDM1400,
PGT121 and VRC07-523-LS mAbs at several known
concentrations (low, medium, high) were spiked into assay
diluent and into 30 pooled HIV-1 seronegative human serum
samples, diluted 1:100 diluted in assay diluent. The known
concentrations for each mAb spiked controls were as follows: 1.
PGDM1400 starting at 0.04 µg/ml, 4-fold, for 5 serial dilutions; 2.
PGT121 starting at 0.08 µg/ml, 2-fold, for 4 serial dilutions plus a
fifth concentration of 0.002 µg/ml; and 3. VRC07-523-LS starting at
0.002 µg/ml, 2-fold, for 5 serial dilutions. A PGDM1400/PGT121/
VRC07-523-LS IgG co-titrated standard curve was assayed on the
same plate to determine observed concentration of the spiked serum
samples. It was also critical to determine if the bnAbs tested had any
cross-reactivity to anti-idiotypes of mis-matched specificity.
Therefore, a co-titrated PGDM1400/PGT121 and a VRC07-523-
LS standard curve, both from validated assays, were compared to
the co-titrated PGMD1400/PGT121/VRC07-523-LS standard
curve. All three curves were titrated in 1:100 NHS diluted in assay
Frontiers in Immunology | www.frontiersin.org 5
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diluent and FI-Bkgd as well as percent recovery were compared.
Observed concentrations and percent recovery (observed
concentration/expected concentration x 100) were calculated
using the Bio-Plex Manager software. Additionally, to determine
if each bnAb demonstrated cross-reactivity to the un-matched anti-
ID antibodies, each bnAb was solely spiked into assay diluent at
Frontiers in Immunology | www.frontiersin.org 6
defined concentrations as mentioned above and incubated with a
microsphere mixture containing all three anti-ID antibodies.

The FI-Bkgd observed for the co-titrated PGDM1400/PGT121/
VRC07-523-LS standard curves in assay diluent were comparable at
most points to those observed in pooled HIV-1 seronegative
(Figure 4) and seropositive serum (Supplementary Figure 3). At
least 6 and 7 (for VRC07-523-LS) or 13 and 11 (for PGDM1400 and
PGT121) consecutive points had accurate recovery within the range
of 70-130% for the co-titrated standard curve in assay diluent and in
HIV-1 seronegative serum, respectively (Figures 4A, C, E). These
results meet the defined validation criteria, which required at least 5
consecutive points in each titration curve to have an observed
concentration that is between 70 and 130% of the expected
concentration. Recovery for each spiked concentration in pooled
HIV-1 seronegative serum was within the accurate recovery range
of 70-130% (Figures 4B, D, F). The 5PL (5 parameter logistic)
EC50 (Effective Concentration-50) values of PGDM1400/PGT121/
VRC07-523-LS standard curve in assay diluent, HIV-1 seronegative
and seropositive serum are within the mean +/- 3 standard
deviations criteria established for tracking in Levey-Jennings
(Figure 5 and Supplementary Figure 4). Results for FI-Bkgd and
percent recovery for the PGDM1400/PGT121 and VRC07-523-LS
standard curves and comparable to the co-titrated PGDM1400/
PGT121/VRC07-523-LS standard curve, demonstrating that VR07-
A

B

C

FIGURE 2 | Non-specific background activity of HIV-1 seronegative human
serum. 132 HIV-1 seronegative samples were tested at 1:100 in the
PGDM1400/PGT121/VRC07-523-LS PK BAMA, and the distribution of
binding to the PGDM1400 anti-ID (A), PGT121 anti-ID (B), and VRC07-523-
LS anti-ID (C) was plotted. Normal and kernel density estimates are used to
visualize the data distribution. Normal shows the fit of a normal distribution to
the FI-Bkgd measurements, and a superimposed fitted density curve on the
histogram. Kernel density estimates on histograms help smoothen the data
distribution and help visualize the non-normal data distribution and patterns.
FIGURE 3 | Positivity of the PGDM1400, PGT121 and VRC07-523-LS
Triplex PK. 33 HIV-1 seronegative serum samples were spiked with specific
concentrations of the PGDM1400, PGT121, and VRC07-523-LS. Percent
recovery, calculated as (observed concentration ÷ expected concentration) ×
100, for PGMD1400, PGT121 and VRC07-523-LS, respectively is shown on
y-axis. The blue dashed lines at levels 70 and 130, show preset acceptance
criteria for percent recovery [70-130%]. Numbers on top of each box plot
show the percentage and counts (number of samples that met the present
acceptance criteria/total number of samples) of samples with a percent
recovery between 70-130%. 100% of the samples, for all three bnAbs tested
here, had acceptable percent recovery.
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523-LS did not bind to the PGT121 or PGDM1400 anti-ID
antibodies and no cross-reactivity was observed (Figure 6).
Binding was only observed between specific mAb and anti-ID
antibodies, indicating that they are highly specific (Figure 7).
These results demonstrate that the co-titrated PGDM1400/
Frontiers in Immunology | www.frontiersin.org 7
PGT121/VRC07-523-LS standard curves in assay diluent, HIV-1
seronegative as well as seropositive serum can accurately
and simultaneously quantify each mAb concentration respectively,
in the serum matrix diluted to be within the linear range of
the assay.
A B

C D

E F

FIGURE 4 | Accuracy of Standard Curves and Spiked Sample Recovery. PGDM1400 IgG (A), PGT121 IgG (C) and VRC07-523-LS IgG (E) mAbs were titrated in
diluent (red), in pooled 1:100 diluted HIV-1 seronegative human serum. PGDM1400 IgG (B), PGT121 IgG (D) and VRC07-523-LS IgG (F) mAbs were spiked in
pooled 1:100 diluted seronegative serum at 5 different concentrations. Observed concentration for each point in the curve was calculated and used to determine
accuracy of recovery of each mAb. The dotted lines denote the upper (130% of the expected concentration) and lower (70% of the expected concentration) limits of
acceptable percent recovery.
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A B C

FIGURE 5 | Accuracy of the PGDM1400/PGT121/VRC07-523-LS Triplex PK standard curves in diluent and HIV-1 seronegative human serum. PGDM1400
(A), PGT121 (B) and VRC07-523-LS (C) were co-titrated in assay diluent and 1:100 HIV-1 seronegative serum diluted in assay diluent. 5PL EC50 values of each
mAb fell within 3 standard deviations of the historical mean (solid black line).
A B C

FIGURE 6 | Accuracy of multiplexed PGDM1400, PGT121 and VRC07-523-LS. Co-titrated PGDM1400 (A) PGT121 (B) as well as a VRC07-523-LS (C) standard
curve (all from validated assays) are compared to the co-titrated PGMD1400/PGT121/VRC07-523-LS standard curve. All three curves were titrated in 1:100 NHS
diluted in assay diluent and FI-Bkgd as well as percent recovery were compared. Curves and percent recovery are comparable indicating that VRC07-523-LS does
not bind to any other anti-ID other than the one specific to VRC07-523-LS.
A B C

FIGURE 7 | Lack of Cross-reactivity and competition between PGDM1400, PGT121 and VRC07-523-LS and their respective anti-ID antibodies. PGDM1400 (A),
PGT121 (B) and VRC07-523-LS (C) were each titrated in assay diluent and incubated with a microsphere mixture containing all three anti-ID antibodies. Binding can
only be observed between specific mAb and anti-ID antibodies, indicating that the anti-ID’s are highly specific and no cross-reactivity can be expected.
Frontiers in Immunology | www.frontiersin.org August 2021 | Volume 12 | Article 7099948

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wesley et al. Simultaneous Quantification of Infused HIV-1 Antibodies
Limits of Detection and Quantitation
The limit of detection (LOD) is the lowest concentration of an
analyte that can be detected but not necessarily quantified, while the
lower limit of quantitation (LLOQ) is the lowest concentration that
can be quantified with acceptable precision. The upper limit of
quantitation (ULOQ) is the highest concentration at which each
mAb can be consistently and accurately recovered. The level of
background binding and therefore, the LOD (mean + 3.3 standard
deviations of FI-Bkgd) and LLOQ (mean + 10 standard deviations
of FI-Bkgd), may be highly dependent on the sample set tested,
therefore study-specific LOD/LLOQ should be determined using
baseline samples, population-specific or drug naïve samples. For
validation in seronegative samples and to enhance the significance
in establishing the background cutoffs (LOD and LLOQ), the FI-
Bkgd of two samples sets (66 each, 132 seronegative samples in
total) were combined to calculate the 95th percentile. The
physiological LOD and LLOQ are the values multiplied by the
dilution factor and therefore, corresponding to the concentration in
the sample before diluting for the assay.

PGDM1400, PGT121 and VRC07-523-LS were co-titrated in 30
pooled HIV-1 seronegative serum samples diluted at 1:100 in assay
diluent for the standard curve. 132 HIV-1 seronegative samples
were diluted at 1:100. All samples that fell below the 95th percentile
cutoff (Table 1) were used for the analysis. The LOD, LLOQ (using
both calculations mentioned above), ULOQ and their
corresponding physiological concentrations for each mAb in
HIV-1 seronegative human serum are summarized in Table 1,
and Supplementary Table 1 for HIV-1 seropositive human serum.

Precision
Precision is a measurement of the random error or degree of
scatter between repeated measurements, which are repeated
under the same conditions. Precision may be considered at two
levels: repeatability and intermediate precision.

Repeatability
Repeatability testing was performed to assess the variation in the
PGDM1400/PGT121/VRC07-523-LS co-titrated standard curve
when tested repeatedly. 12 repeats for each 12 dilutions of the
standard curve were analyzed and performed by the same
operator (Figure 8). The %CV between each replicate was less
than 18% for all dilutions within the linear range of the curve for
A B C

FIGURE 8 | Repeatability of the PGDM1400/PGT121/VRC07-523-LS standard curve. PGDM1400, PGT121 and VRC07-523-LS were co-titrated in 1:100 NHS in
assay diluent for a total of 12 repeats by the same operator. Curves for PGDM1400 (A), PGT121 (B) and VRC07-523-LS (C) are graphed to demonstrate the
repeatability of this assay.
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TABLE 2 | Repeatability of PGDM1400/PGT121/VRC07-523-LS standard curve.

mAb Conc (mg/ml) Mean FI-Bkgd %CV (12 curves)

PGDM1400 0.1 28526.25 3.92
0.05 28256.63 4.24
0.025 26743.50 5.74
0.0125 24070.25 8.12
0.00625 16543.88 13.69
0.003125 9521.50 15.43
0.001563 5346.25 17.43
0.000781 2826.75 17.70
0.000391 1519.00 17.22
0.000195 746.38 19.99
0.000098 360.25 22.11
0.000049 180.13 27.32
0.000024 157.38 28.16
0.000012 85.50 25.79

PGT121 0.5 27582.50 3.90
0.25 27293.38 3.94
0.125 26578.63 3.16
0.0625 24460.25 2.84
0.03125 18272.13 4.46
0.015625 11092.50 4.59
0.007813 6342.63 6.82
0.003906 3342.13 5.66
0.001953 1720.25 10.49
0.000977 843.13 7.20
0.000488 393.75 13.52
0.000244 188.13 23.56
0.000122 144.50 25.80
0.000061 78.38 29.48

VRC07-523-LS 1 26137.25 5.03
0.333333 25989.13 3.75
0.111111 24656.63 5.46
0.037037 22778.63 8.45
0.012346 20545.50 11.35
0.004115 13522.25 11.35
0.001372 6874.38 11.24
0.000457 2803.50 13.58
0.000152 919.63 16.44
0.000051 372.00 28.22
0.000017 131.38 65.48
0.000006 50.75 173.37
0.000002 84.25 66.03
0.000001 48.38 157.62
Aug
ust 2021 | Volume 1
The table shows the average binding (Mean FI-Bkgd) of each of the 12 titrated curves at
each dilution as well as the %CV, which was less than 18% at each dilution within the linear
range of the curves. Values in bold are above the FI-Bkgd LOD for the respective mAb
and curve.
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each mAb (Table 2). Thus, this assay passes the preset validation
criteria, which is defined that the %CV between each replicate has
to be below 30% within the accurate range of the standard curve.

Intermediate Precision
Intermediate precision assesses the variation across days, assay
operators and/or equipment (27). To determine the intra-
operator variability over 40 days, 3 assays including a
PGDM1400/PGT121/VRC07-523-LS standard curve were
performed. Resulting FI-Bkgd and observed concentrations
were compared (Figure 9 and Table 3). Similar to the
parameters for repeatability, the %CV of each point of the
standard curve within the linear range was less than 30%.
Thus, this method demonstrates intermediate intra-operator
precision over the time course of 40 days due to the %CV
being a maximum of 14% for each point within the linear
range (Table 3).
DISCUSSION

The PKmethod for the simultaneous detection of three bnAbs was
validated for HIV-1 seronegative human serum as well as qualified
for HIV-1 seropositive human serum for the measurement of
antibody concentrations in human clinical trials. Results
demonstrated that the PGDM1400/PGT121/VRC07-523-LS PK
BAMA is specific, accurate, sensitive, precise, and capable for
repeatable simultaneous quantitation of three bnAbs, namely
PGT121, PGDM1400, and VRC07-523-LS. This innovative
Trip lex immunoassay reported here measures the
pharmacokinetics of PGDM1400, PGT121 and VRC07-523-LS
mAbs simultaneously using PGDM1400-, PGT121- and VRC-07-
523-LS-specific anti-idiotype antibodies. This assay accurately
quantified each mAb in HIV-1 seronegative specimens at
physiological concentrations in serum starting at 0.026 µg/mL,
0.091 µg/mL, and 0.014 µg/mL for PGDM1400, PGT121 and
VRC07-523-LS, respectively. This was similar to the LOD of
PGDM1400, PGT121 and VRC07-523-LS in HIV-1 seropositive
human serum starting at physiological concentrations of
0.032 µg/mL, 0.098 µg/mL, and 0.021 µg/mL, respectively.
The upper limits of quantitation in diluted serum for
PGDM1400, PGT121 and VRC07-523-LS were 5 µg/mL,
A B C

FIGURE 9 | Intermediate Precision of the PGDM1400/PGT121/VRC07-523-LS standard curve. PGDM1400, PGT121 and VRC07-523-LS were co-titrated in 1:100
NHS in assay diluent by the same operator over a timeframe of 40 days. Curves for PGDM1400 (A), PGT121 (B) and VRC07-523-LS (C) are graphed to
demonstrate the intermediate precision of this assay.
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TABLE 3 | Intermediate precision of PGDM1400/PGT121/VRC07-523-LS
standard curve.

mAb Conc (mg/ml) Mean FI-Bkgd %CV (3 curves)

PGDM1400 0.1 28018.88 1.79
0.05 27914.25 2.13
0.025 26289.13 1.38
0.0125 23187.63 3.55
0.00625 15701.00 11.94
0.003125 9146.88 12.46
0.001563 5118.38 20.86
0.000781 2746.13 12.31
0.000391 1424.63 12.34
0.000195 726.00 10.88
0.000098 373.75 15.55
0.000049 180.13 26.74
0.000024 166.88 4.53
0.000012 103.63 18.23

PGT121 0.5 27042.75 3.67
0.25 27073.38 2.77
0.125 26298.25 3.13
0.0625 24228.63 1.99
0.03125 18661.75 4.51
0.015625 11092.50 3.39
0.007813 6351.63 8.40
0.003906 3392.25 7.07
0.001953 1719.13 8.48
0.000977 877.63 9.35
0.000488 398.75 15.16
0.000244 201.50 26.83
0.000122 160.00 13.07
0.000061 84.75 33.69

VRC07-523-LS 1 25855.00 5.03
0.333333 26093.88 3.75
0.111111 24698.63 5.46
0.037037 23454.38 8.45
0.012346 21074.75 11.35
0.004115 14348.63 11.35
0.001372 7102.88 11.24
0.000457 2736.75 13.58
0.000152 940.63 16.44
0.000051 341.63 28.22
0.000017 173.75 65.48
0.000006 50.75 173.37
0.000002 120.50 66.03
0.000001 48.38 157.62
Augu
st 2021 | Volume 12
The table shows the average binding (Mean FI-Bkgd) of each standard curve performed
by the same operator over the time course of 40 days at each dilution as well as the %CV,
which was less than 14% at each dilution within the linear range of the curves. Values in
bold are above the LOD in FI-Bkgd for the respective mAb and curve.
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25 µg/mL, and 3.7 µg/mL, respectively, and highly concentrated
serum samples can be diluted to fall within the upper and lower
quantification limits. Other common parameters like range and
linearity were not tested for this report since samples can be
diluted to fall within the quantifiable range of the assay. Therefore,
samples for a new study will be tested in the beginning of the trial
to determine the optimal dilution factor. This assay can not only
be used to quantify bnAb concentration after infusion for HIV
prevention studies, but also for therapeutic studies inHIV-infected
subjects. There is a critical need for reliable methods to analyze the
pharmacokinetics of mAbs in the human body, especially with
increased abilities to engineer next generation antibodies as well as
to verify pharmacokinetic modelling approaches in vivo (31, 32). A
reliable method is the enzyme-linked immunosorbent assay
(ELISA), which has been utilized in most PK studies in the past
(12, 13, 17, 33–35). However, traditional ELISA protocols can only
assay one analyte at a time. The PK BAMA is a microsphere-based
assay that can be customized to assay up to 50 analytes
simultaneously and is readily adapted to new bnAbs as well as
new bnAb combinations. The simultaneous measurement of
multiple bnAbs is an efficient tool to inform the selection of the
most promising bnAb combinations for HIV-1 prevention and
therapeutics strategies.
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