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A B S T R A C T

Background: A research priority in finding a cure for HIV is to establish methods to accurately locate and
quantify where and how HIV persists in people living with HIV (PLWH) receiving suppressive antiretroviral
therapy (ART). Infusing copper-64 (64Cu) radiolabelled broadly neutralising antibodies targeting HIV enve-
lope (Env) with CT scan and positron emission tomography (PET) identified HIV Env in tissues in SIV infected
non-human primates . We aimed to determine if a similar approach was effective in people living with HIV
(PLWH).
Methods: Unmodified 3BNC117 was compared with 3BNC117 bound to the chelator MeCOSar and 64Cu
(64Cu-3BNC117) in vitro to assess binding and neutralization. In a clinical trial 64Cu-3BNC117 was infused
into HIV uninfected (Group 1), HIV infected and viremic (viral load, VL >1000 c/mL; Group 2) and HIV
infected aviremic (VL <20 c/mL; Group 3) participants using two dosing strategies: high protein (3mg/kg
unlabeled 3BNC117 combined with <5mg 64Cu-3BNC117) and trace (<5mg 64Cu-3BNC117 only). All partici-
pants were screened for 3BNC117 sensitivity from virus obtained from viral outgrowth. Magnetic resonance
imaging (MRI)/PET and pharmacokinetic assessments (ELISA for serum 3BNC117 concentrations and gamma
counting for 64Cu) were performed 1, 24- and 48-hours post dosing. The trial (clincialtrials.gov
NCT03063788) primary endpoint was comparison of PET standard uptake values (SUVs) in regions of interest
(e.g lymph node groups and gastrointestinal tract).
Findings: Comparison of unmodified and modified 3BNC117 in vitro demonstrated no difference in HIV bind-
ing or neutralisation. 17 individuals were enrolled of which 12 were dosed including Group 1 (n=4, 2 high
protein, 2 trace dose), Group 2 (n=6, 2 high protein, 4 trace) and Group 3 (n=2, trace only). HIV+ participants
had a mean CD4 of 574 cells/microL and mean age 43 years. There were no drug related adverse effects and
no differences in tissue uptake in regions of interest (e.g lymph node gut, pharynx) between the 3 groups. In
the high protein dosing group, serum concentrations of 3BNC117 and gamma counts were highly correlated
demonstrating that 64Cu-3BNC117 remained intact in vivo.
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Interpretation: In PLWH on or off ART, the intervention of infusing 64Cu-3BNC117 and MRI/PET imaging over
48 hours, was unable to detect HIV-1 env expression in vivo. Future studies should investigate alternative
radiolabels such as zirconium which have a longer half-life in vivo.
Funding: Funded by the Alfred Foundation, The Australian Centre for HIV and Hepatitis Virology Research
with additional support from the Division of AIDS, National Institute of Allergy and Infectious Disease, US
National Institutes of Health (U19AI096109). JHM and SRL are supported by the Australian National Health
and Medical Research Council.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Antiretroviral therapy (ART) has dramatically reduced HIV-related
morbidity and mortality for people living with HIV (PLWH), however
treatment is needed lifelong. The major barrier to a cure for HIV is
long lived and proliferating latently infected CD4+ T-cells [1,2], which
are highly enriched in lymph node (LN) tissue and the gastrointesti-
nal (GI) tract [3]. A major challenge to understanding where and how
HIV persists on ART in tissues, is the difficulty in using tissue biopsies
which are invasive, expensive and only assess a tiny fraction of an
organ [3].

The number of latently infected cells is almost ten times higher in
tissues such as the GI tract or LN where drug concentrations of
antiretrovirals have been shown to be lower than in blood [3,4]. Fur-
thermore, detection of constitutive and inducible expression of viral
protein in PLWH on ART, not just viral RNA or DNA [5], has significant
implications for the efficacy of therapeutic interventions such as
broadly neutralising antibodies (bNAb), which can target and poten-
tially eliminate infected cells that express viral protein. Hence bNAbs
and other therapeutic vaccines are being actively pursued as cure
strategies [6]. Developing a safe non-invasive method to locate and
quantify HIV protein in tissue will be a critical tool to understand and
eventually eliminate HIV persistence on ART.

Diagnostic imaging using Positron Emission Tomography (PET)
with antibodies radiolabelled with a positron-emitting radionuclide
can be used to quantitate biodistribution and localisation of antibod-
ies. This approach is now extensively used in oncology and isotopes
for various elements have been used, including iodine, indium, zirco-
nium and copper. The high molecular weight of IgG antibodies (150
kDa) and their interaction with the Fc-receptor means that they may
take days to clear from the blood-pool and accumulate in target tis-
sues. The positron-emitting radionuclide copper 64 (64Cu) has a posi-
tron emission energy that is similar to fluorine-18 but has a longer
radioactive half-life of 12.7 hours which allows for PET imaging up to
48 hours after injection. Copper-64 has also been safely applied in
humans to quantify the distribution of various cancers [7,8] and
allows for low effective doses of radiation which are required to
study healthy volunteers.

PET imaging has also been used to detect simian immunodefi-
ciency virus (SIV) in non-human primates (NHP) before and after
suppressive ART [9]. In that study, a broadly neutralising antibody
against the SIV envelope protein 7D3 was labelled with copper-64,
and then PET/CT imaging was performed to detect SIV envelope pro-
tein in tissue. In NHP off ART, there was increased uptake of the
radiolabelled antibody in the GI tract, genital tract and axillary and
inguinal LNs. In animals on ART with an undetectable viral load in
plasma, there was uptake of the antibody in tissue including colon,
spleen, the male genital tract and LNs. Uptake of radiolabelled anti-
body was clearly different from uninfected NHP and the distribution
was consistent with other markers of virus persistence, including
measurement of SIV DNA and RNA. Whether a similar approach can
be used in PLWH remains unknown.

3BNC117 is a potent bNAb that targets the CD4-binding site and
has been demonstrated to neutralise 195 of 237 HIV strains across 6
clades [10]. In clinical trials it has been administered to PLWH both
on and off ART with a single infusion of 3BNC117 resulted in a 2 log10
reduction in plasma HIV RNA in viremic individuals [11]. In aviremic
individuals on ART, infusions of 3BNC117 alone resulted in prolonged
time to viral rebound after ceasing ART consistent with neutralisation
of free virus and potential depletion of infected cells [12,13].

Here we report the results of a clinical trial that infused 64Cu-
3BNC117 into HIV-uninfected participants and HIV-infected partici-
pants on and off ART with serial PET/MRI scans. The objectives of this
trial were to determine (i) if modifying 3BNC117 would impact its
ability to bind and neutralize HIV, (ii) the safety of 64Cu-3BNC117,
and (iii) the in vivo distribution of 64Cu-3BNC117 in PLWH as com-
pared to uninfected controls. We also compared dosing with labelled

http://creativecommons.org/licenses/by-nc-nd/4.0/
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antibody alone or a combination of labelled and unlabelled antibody,
to permit evaluation of all tissue types and whether they could
impact the assessment of the distribution of HIV infected cells.

2. Methods

2.1. Study design

This was an open-label phase I clinical trial to assess 64Cu-
3BNC117 for its safety and potential to detect tissue sites of HIV in
HIV-uninfected individuals and HIV-infected individuals on and off
ART.

Study participants were enrolled in three cohorts, HIV-uninfected
controls, HIV-infected viremic participants off ART and HIV-infected
aviremic participants receiving ART. Participants undertook five visits
over a 14-day period plus a screening visit. Eligible subjects received
an infusion of 3mg/kg 3BNC117 bound to no more than 80 MBq of
64Cu which combines the small amount of labelled antibody (< 5 mg
64Cu-3BNC117) with the remainder of the unlabeled antibody in a
single infusion at the baseline visit (Day 0). The labelled and unla-
belled antibody were combined in a 250 mL bag of normal saline
(0.9% sodium chloride) which was infused intravenously over 60
minutes via an intravenous line containing a 0.22 micron filter. Dur-
ing the course of the trial the design was amended, and subsequent
participants received only the labelled antibody dosed as; up to 5 mg
of 3BNC117 bound to 120-130 MBq of 64Cu. This trace dosing was
prepared in a 5 mL syringe and infused via slow push over 5 minutes.
The amended dose of 64Cu was increased after detailed dosimetry on
the first participants demonstrated that 130 MBq of 64Cu could be
administered and stay under the approved effective dose of 4.7 mSv.
Planned recruitment was for 2 HIV uninfected individuals and 4 HIV
infected individuals per group. The trial was registered on clincial-
trials.gov (NCT03063788)

2.2. Preparation of MeCOSar-3BNC117 and radiolabeling with 64Cu

NHS-MeCOSar was dissolved in DMSO, mixed with 3BNC117 in
PBS at 4 different molar ratios (5x, 10x, 15x, 20x NHS-MeCOSar to
GMP-3BNC117) and incubated at room temperature for 1 hour. The
reaction was purified via spin column (10kDa MWCO), washed twice
with 0.1M ammonium acetate in saline (pH 5.8), sterile filtered and
aliquoted at a concentration of 13.3 mg/mL. SEC was used to monitor
the stability of GMP-3BNC117 and the different MeCOSar-3BNC117
constructs. LC-MS was used to assess changes in molecular weight
associated with addition of MeCOSar.

Radiolabeling was achieved by incubating copper-64 (370 MBq)
with MeCOSar-3BNC117 (4 mg) at room temperature for 15 minutes.
The crude reaction mixture was purified via centrifugal filtration
(50kDa MWCO), washed twice with saline, reconstituted in saline
containing 5% human serum albumin (HAS) and sterile filtered using
a 0.22 micron filter. Radiochemical purity was determined by instant
thin-layer chromatography (iTLC) using 10 mM EDTA in 0.1M phos-
phate buffer (pH 7) as a mobile phase. Protein integrity of the radiola-
beled construct was monitored via size-exclusion high performance
liquid chromatography (SEC-HPLC). Stability of [64Cu]Cu-MeCOSar-
3BNC117 was assessed in human serum at 37⁰C over 48 hours.

2.3. Binding and neutralisation assays for modified 3BNC117

Three assays were developed to assess binding and neutralisation
of 3BNC117 compared with MeCOSar-3BNC117 and 64Cu-MeCOSar-
3BNC117. The assay for the fully radiolabeled construct was also
developed so it could be used as a validation assay when study drug
radiolabeling was performed during the clinical trialr

1) Enzyme-linked immunosorbent assay (ELISA) assay. 50 ng HIV
AD8 gp140 antigen combined with 10x coating buffer
(200mM TrisHCl and 1M NaCl in Milli-Q [MQ] water) was
coated on Immuno Maxisorp 96 well microplates. Each well
was washed with phosphate buffered saline supplemented
with Tween 20 (PBST) then blocked with 5% bovine serum
albumin (BSA). Plates were then sealed and incubated at room
temperature for 2 hours, shaking at 300 rpm. Serial dilutions
of GMP-3BNC117, MeCOSar-3BNC117, 64Cu-MeCOSar-
3BNC117, or isotype control from 1ug/mL to 7.8 ng/mL were
added to microplates with 5% BSA used as a negative control
with plates incubated at room temperature for 2 hours, shaking
at 300 rpm. 100uL of a secondary horse radish peroxidase
(HRP)-conjugated anti-Fc antibody used at a dilution of 1:1000
was added to each well then incubated for 1 hour, shaking at
300 rpm. Wells were washed 6x in 200uL PBST, then dried.
100uL of chromogenic TMB substrate was added to each well,
incubated for 15-20 minutes then the reaction was stopped
with 1M Sulfuric Acid in MQ water. Absorbance at 450 nm was
assessed by a light reader

2) Cell binding assay. Binding of 3BNC117 to cell surface
expressed Env was performed as previously described [14].
Briefly, human embryonic kidney cells (HEK 293T) cells were
transfected with Env expression plasmids for HIV strains AD8
and NL4.3 using lipofectamine 2000. 24h post transfection the
cells were incubated with 10mg/mL 3BNC117, MeCOSar-
3BNC117 or serum from a HIV+ viremic individual (HIVIG),
followed by incubation with a FITC-conjugated rabbit anti-
human F(ab’)2 Ig (Chemicon). FITC expression was measured
by fluorescence-activated cell sorting (FACS) which corre-
sponds to the level of 3BNC117 binding to Env transfected
cells and the relative fluorescence was calculated as previ-
ously described [14].

3) Neutralisation assay. Env pseudotyped luciferase reporter
viruses were produced and titrated in JC53 cells as previously
described [15]. Reporter viruses pseudotyped with subtype B
Env strains with high (NL4.3 and AD8) and moderate sensitiv-
ity (TRO.11) to neutralising antibodies were produced [14].
These reporter viruses were incubated in increasing concen-
trations of 3BNC117 and MeCOSar-3BNC117 (0.0032mg/mL to
10mg/mL) for 1 hour at 37°C. The virus and antibody mixture
were then added to JC53 cells and incubated at 37°C for a total
of 72 hours. The level of reporter virus entry was measured by
luciferase activity in cell lysates (Promega) according to the
manufacturer’s instructions. Luminescence was measured
using a FLUOStar microplate reader (BMG Labtech). Virus
entry in wells containing antibody was normalized to that of
wells incubated with PBS. Inhibition curves were generated
with a non-linear function and least squares analysis in Prism
(Graphpad). The IC50 was determined from these curves.

2.4. Study drug

3BNC117 is a recombinant, fully human IgG1- kappa monoclonal
antibody recognizing the CD4 binding site on the HIV-1 envelope
[10]. The antibody was originally cloned from an HIV-1-infected vire-
mic controller enrolled in the International HIV Controller Study [10],
expressed in Chinese hamster ovary cells (clone 5D5-5C10), and puri-
fied using standard methods. The 3BNC117 drug substance was pro-
duced at Celldex Therapeutics Fall River (Massachusetts, USA) GMP
facility, and the drug product fill-finished at Gallus BioPharmaceuti-
cals (New Jersey, USA).

The positron emitting isotope 64Cu has a half life of 12.8 hours
allowing for effective doses of radiation under 5 milliSieverts, a dose
considered acceptable for healthy volunteers. 64Cu was produced in
the cyclotron at the Department of Molecular Imaging and Therapy
at Austin Health, Melbourne using standardised methods as previ-
ously described [16].

ctgov:NCT03063788
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Radiolabelling was performed on pre-conjugated MeCOSar-
3BNC117 within a Class II Biohazard cabinet at a sterile workstation
as described above. Radioconjugate formulated in saline containing
5% HSA was drawn into a syringe and a sterile 0.22 micron filter
attached. The syringe containing up to 130 MBq of 64Cu-3BNC117, as
measured in a radioactive dose calibrator, was transferred to the
imaging facility for participant intravenous infusion.

2.5. PET/MRI

Subjects were injected with between 60 to 130 MBq of 64Cu-
3BNC117. Following injection, whole-body MR-PET scans were
undertaken on a Siemens Biograph mMR scanner at Monash Biomed-
ical Imaging at three sessions with nominal time delays of 1.5, 24 and
48 hrs. Scans were 90-120 minutes in duration with scans on days 1
and 2 not imaging below the knees to maximise recording of PET
data in regions where HIV reservoirs were most expected and to help
minimise the overall scan time. A series of modified Dixon sequences
were used to generate the MR attenuation correction information.

2.6. Pharmacokinetics

Two methods were used to establish PK over time with samples
taken at 5 minutes, 1, 4, 24 and 48 hours post infusion.

The radioactivity measure was recorded as counts per minute (cpm)
with serum obtained from participants aliquoted and counted in a
gamma scintillation counter. Duplicate standards prepared from the
injected material were counted at each time point with serum samples
to enable calculations to be corrected for the isotope physical decay. The
results were expressed as % injected dose per litre (%ID/L) andmg/mL.

Quantitative determination of 3BNC117 in human serum was per-
formed in triplicate using a validated sandwich ELISA assay that uses
an anti-idiotypic antibody specifically recognizing 3BNC117 and
results expressed as mg/mL11 ELISA was performed on sera from the
3 mg/kg dose level only due to the assay’s limits of quantitation for
3BNC117 at the trace dose level.

For PK analysis a two compartment IV bolus model with macro-
parameters, no lag time and first order elimination was fitted to first
infusion 64Cu-3BNC117 (mg/mL) and ELISA 3BNC117 (mg/mL) meas-
urements for each patient using un-weighted non-linear, least
squares with Phoenix WinNonlin version 8 (Certara, Princeton, NJ).
Estimates were determined for the pharmacokinetic parameters: T
1/2 a and T 1/2 b, the initial and terminal elimination half-lives; VSS,
volume at steady state; Cmax (maximum serum concentration); AUC
(area under the serum concentration curve extrapolated to infinite
time); and CL (total serum clearance). Statistical comparison of individ-
ual patient data was not possible due to the small sample size. Compari-
son of cpm and ELISA PK parameters was performed by Student’s t-test
with P < 0.05 indicating significant differences. We chose a parametric
test given that simulation studies have shown that the t-test is robust to
non-normality and small samples sizes [17] and because statistical sig-
nificance can only be reached using a Wilcoxon test if a minimum of 6
paired data shift in the same direction.

2.7. Study subjects

The study was conducted at either the Department of Infectious Dis-
eases, Alfred Hospital, Melbourne or the Department of Infectious Dis-
eases, Monash Health, Melbourne between October 2018 and December
2019 where 17 individuals were enrolled. PET/MRI scanning and infu-
sions were conducted at Monash Biomedical Imaging, Monash Univer-
sity, Melbourne. (ClinicalTrials.gov number NCT03063788). Inclusion
criteria for all participants was age 18 to 65 years and able to provide
written informed consent. Inclusion criteria for HIV-uninfected partici-
pants also required a negative HIV Ag/Ab test at screening and being
amenable to HIV risk reduction counselling and to maintain behaviour
consistent with low risk of HIV exposure during the course of the trial.
Inclusion criteria HIV-infected participants was a CD4+ T-cell counts
>300 cells/mL at screening and with HIV that was sensitive to 3BNC117
by either a viral outgrowth assay or the PhenoSense mAb assay from
Monogram Biosciences. One group of HIV-infected participants was off
ART for at least 8 weeks with a viral load at screening> 1000 copies/mL
and a second group of HIV infected participants had to be receiving ART
for at least 12 months with a viral load < 50 copies/mL over that time
and a viral load < 20 copies/mL at screening. Individuals with Hepatitis
B or C infection and abnormal laboratory examinations were exclusion
criteria. Women of childbearing potential were required to have a nega-
tive pregnancy test and adhere to contraceptive measures until 8 weeks
after receiving the study drug.

2.8. Ethics

Participants were only enrolled after obtaining informed consent
and the trial was approved by the Alfred Health Ethics Committee
(Approval HREC/16/Alfred/184)

2.9. Screening participants for sensitivity to 3BNC117

Individuals were screened for trial inclusion by two methods
(viral outgrowth assay (VOA) and the PhenoSense mAb assay) that
assessed capacity of participant virus to neutralize 3BNC1117.

One of two VOAs were performed on peripheral blood mononu-
clear cells (PBMCs) were isolated from 100-150mL blood from each
participant. CD4+ T-cells were isolated from PBMCs by negative selec-
tion using the CD4+ T-Cell Isolation Kit, Human (Miltenyi Biotec). In
general, the viremic individuals were screened using a CD8-depleted
lymphoblast VOA, as described previously [18]. Briefly, participant
CD4+ T-cells were stimulated for 24 hrs with PHA (1ug/mL, Thermo
Fisher Scientific) in a minimum of six replicate wells of 1.5-3 million
cells, followed by co-culture with CD8-depleted lymphoblasts (lym-
phoblasts were CD8-depleted using the CD8 MicroBeads, Human kit,
Miltenyi Biotec). The CD8-depleted lymphoblasts were added in a 1:1
ratio with the CD4+ T-cells. A half media change was performed every
3-4 days and a half culture change was performed every 7th day with
the CD8-depleted lymphoblasts being replenished. Aviremic individ-
uals were screened using a MOLT-4-CCR5 cell VOA, as previously
described [19]. Briefly, participant CD4+ T-cells were stimulated for
48 hrs with anti-CD3/CD28 microbeads (1 bead per cell, Life Technol-
ogies) followed by co-culture with MOLT4-CCR5 cells at a 5:1 ration
of T-cells to MOLT4-CCR5 cells. A half culture split was performed
every 3-4 days and the supernatants were stored for analysis. Neu-
tralisation was assessed using a TZM-bl cell line that contains a tat-
responsive luciferase reporter gene as previously described [20]. This
assay assesses the ability of 3BNC117 to prevent infection of TZM-bl
cells by virus obtained from supernatant. The supernatant harvested
from each replicate VOA well was assessed for neutralization in tripli-
cate, three wells containing 10ug/mL 3BNC117 and three wells with-
out 3BNC117. Luciferase activity was measured 48 hrs after addition
of supernatant to the TZM-bl cells using the BriteLite Plus Reporter
Gene Assay System (Perkin Elmer). Supernatant from mock cultured
cells was used as a negative control. Virus was considered sensitive
to 3BNC117 if the luciferase signal in the absence of 3BNC117 was
above three times the standard deviation of the negative control
wells while the luciferase signal was within three times the standard
deviation of the negative control wells in the presence of 3BNC117.
Virus was also considered sensitive to 3BNC117 if there was a greater
than 10-fold reduction in luciferase signal between the wells contain-
ing 3BNC117 versus the wells without 3BNC117. Virus was consid-
ered insensitive if there was no difference in luciferase signal
between the wells containing versus not containing 3BNC117 and
they were both above three times the standard deviation of the nega-
tive control wells.

ctgov:NCT03063788
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The PhenoSense mAb Assay platform generates pseudovirions that
express envelope proteins representing the quasispecies of plasma HIV
RNA envelope sequences from viremic individuals or cell-associated HIV
DNA envelope sequences from aviremic individuals. These virus par-
ticles containing participant derived envelope and a luciferase reporter
were assessed by determining their capacity to be neutralised at differ-
ent concentrations of 3BNC117 and therefore prevent infection of the
target cell line. Results are reported as the concentration of 3BNC117
required to inhibit viral replication by 50% (IC50) [21].

2.10. PET image analysis

Qualitative analysis of the biodistribution of 64Cu-3BNC117 was
performed by visual inspection of PET images comparing uninfected
control subjects with HIV infected viremic and aviremic participants
across the three scan timepoints by two experienced Nuclear Medi-
cine physicians.

Quantitative assessment of image datasets for dosimetry analysis
was also performed. Using the MIM [22] viewer environment, the
reconstructed PET images were fused with a selected Dixon sequence
MR image with well-defined organ delineation. The MRI was used to
assist in whole organ markup of selected organs for the determina-
tion of the cumulated activity per organ where the selected organs
were: Liver, Bladder, Red Marrow, Kidney and Heart. The whole-
body cumulated activity was also measured from which the remain-
der-body term was calculated. In the case of the red-marrow term,
an average activity concentration was determined which was then
scaled by the standard red-marrow mass term provided in the
ICRP133 publication [23].

Cumulative activities for each organ were determined from area
under the curve (AUC) analysis of the 3-timepoint PET activity curves
with a single exponential fit. These cumulated activities were then
input to the OLINDA environment which generates a table of radia-
tion dose received by a standard list of organs using the ICRP60 [24]
based tissue weightings. A standard 70 kg adult male phantommodel
was adopted for the dosimetric evaluation.

2.11. Statistical methods

Continuous variables were summarized using mean and confi-
dence intervals (CI) or median and inter quartile ranges (IQR), as
appropriate. Numbers and percentage distribution were quantified
for categorical variables.

Adverse events were summarized according to severity assess-
ment showing the number of events, and the causality assessment.

The biodistribution of 64Cu-3BNC117 was determined qualita-
tively from PET images, and descriptive data reported. Dosimetry
data and pharmacokinetic parameters were assessed by one-way
ANOVA across the three trial groups: HIV uninfected, HIV infected
viremic and aviremic (SigmaStat 4.0, Systat Software Inc.).

Differences between the ELISA and gamma counting methods to
compare pharmacokinetic parameters in the same participants were
assessed by paired T test, with P <0.05 indicating significant differen-
ces (SigmaStat 4.0, Systat Software Inc.).

2.12. Study monitoring

An independent data safety monitoring committee established a
study progress and safety monitoring plan. They reviewed safety
data for all participants at a minimum of 6-monthly intervals and
approved the submission to alter the dosing strategy during the trial.

2.13. Role of funding source

Funders had no role in study design, data collection, data analyses,
interpretation, or writing of the manuscript
3. Results

3.1. Radiolabeling 3BNC117 with NHS-MeCOSar and 64Cu

Cage amine ligands of the sarcophagine type (3,6,10,13,16,19-
hexaazabicyclo[6.6.6]- icosane = Sar) form stable complexes with
copper(II) and are well suited for diagnostic imaging with copper-64
[25]. In this work we conjugated 1-CH3,8-NH2CO(CH2)3CO2H-
3,6,10,13,16,19-hexaazabicyclo[6.6.6]- icosane, MeCOSar to
3BNC117. Reaction of the N-hydroxysuccinimydyl (NHS) ester of
MeCOSar with 3BNC117 followed by purification allowed isolation of
MeCOSar-3BNC117. The conjugate was characterized by size-exclu-
sion chromatography and electrospray mass spectrometry which
identified between 1 and 3 MeCOSar chelators were attached the
antibody with an average of 1.6 (Figure S1a, S1b).

Radiolabeling of MeCOSar-3BNC117 with copper-64 was achieved
in 72 % § 8 % (n=9) isolated radiochemical yield after incubation at
room temperature for 15 minutes at pH 5-6. The radiochemical purity
and specific activity at the end of synthesis were 97 MegaBecquerels
(MBq) § 12 MBq (n=9) and 99.5% § 0.3% (n=9), respectively. SEC-
high-performance liquid chromatography (HPLC) of 64Cu-MeCOSar-
3BNC117 showed negligible aggregation after radiolabeling
(Figure S1c). Stability in human serum at 37⁰C was excellent with 96
% § 1 % (n=3) of 64Cu-MeCOSar-3BNC117 intact after 48 hours.

3.2. Modified antibody does not affect binding or neutralisation in vitro

We then confirmed that modifying 3BNC117 to MeCOSar-
3BNC117 and 64Cu-MeCOSar-3BNC117 did not affect binding and
neutralisation to HIV Env. We assessed binding to gp140 coated
plates by enzyme-linked immunosorbent assay (ELISA) to determine
if 3BNC117 retained binding to Env after radiolabeling. Similar levels
of binding were observed between 3BNC117, MeCOSar-3BNC117 and
64Cu-MeCOSar-3BNC117 suggesting that the addition of chelator and
copper-64 did not significantly affect the binding activity of 3BNC117
(Figure S2a).

We next assessed binding of the 3BNC117 and MeCOSar-3BNC117
antibodies to Env in the context of cell surface expression. In brief, we
stably expressed HIV envelope protein from a CCR5 and CXCR4 using
HIV infectious clone (AD8 and NL4.3, respectively) on the surface of
human embryonic kidney cells (HEK 293T). We then assessed cell
binding of 3BNC117 and MeCOSar-3BNC117 by addition of a FITC
labeled anti-human IgG and flow cytometry (Figure S2b and S2c).
We found no differences in fluorescence intensity for 3BNC117 or
MeCOSar-3BNC117 when bound to cells expressing either HIV strain.

Finally, we assessed the neutralisation activity of 3BNC117 and
MeCOSar-3BNC117 antibodies. In brief reporter viruses pseudotyped
with different strains of HIV envelope (AD8, NK4.3, TRO.11) were
used to infect JC53 cells in the presence of increasing concentrations
of 3BNC117 or MeCOSar-3BNC117 and assessed for their ability to
neutralise virus and inhibit infection. We observed minimal differ-
ence in the dose inhibition curves between 3BNC117 and MeCOSar-
3BNC117 (Figure S2d). We observed no difference in the inhibitory
concentration 50% (IC50), between 3BNC117 and MeCOSar-3BNC117
for the three different reporter viruses (Figure S2e). Overall, we dem-
onstrated that addition of the MeCOSar chelator and copper-64 had
no appreciable effect on 3BNC117 function.

3.3. Study participants

Between October 2018 and December 2019, a total of 17 individu-
als were enrolled across two study sites in Melbourne, Australia.
These comprised four uninfected participants as controls, eight HIV-
infected viremic participants and five HIV-infected aviremic partici-
pants receiving ART. (Table 1) All HIV-infected participants were
screened for infection with virus sensitive to 3BNC117. We



Table 1
Baseline characteristics of study participants.

Group Study
ID

Age Gender Dose CD4 cells /
microL

Screening Viral
load (c/mL)

Baseline Viral
Load (c/mL)

Screening Viral
Outgrowth
Assay (VOA)a

Screening PhenoSense
mAb IC50 (mg/mL)b

HIV uninfected 101 43 Male 3 mg/kg + trace NA NA NA NA NA
102 31 Female 3 mg/kg + trace NA NA NA NA NA
103 56 Female Trace NA NA NA NA NA
104 58 Male Trace NA NA NA NA NA

HIV Infected
viremic

201 49 Male NA 600 65977 NA 0/4 (0%) > 50

202 49 Female Trace 377 33200 59052 7/10 (70%) 0.20679
203 42 Male 3 mg/kg + trace 495 130187 76486 12/12 (100%) 0.03503
204 28 Male 3 mg/kg + trace 1012 1239 331 59/62 (95%) 0.03233
205 57 Male NA 557 79 NA NA NA
206 61 Male Trace 560 5649 6631 5/27 (19%)c 0.70811
207 41 Male Trace 391 1656 651 8/8 (100%)d 0.04288
208 28 Male Trace 840 27209 395598 13/35 (37%)d,e 0.07172

Median (IQR) 45.5
(37.8-51)

559
(469 - 660)

16429 (1552 -
41394)

32841 (2146-
72127)

HIV infected
aviremicf

301 36 Male Trace 468 < 20 < 20 4/5 (80%) 0.04288

302 60 Male Trace 451 < 20 < 20 10/10 (100%) 0.02806

NOTES:
a Reported as the number of wells sensitive to 3BNC117 as a proportion of the number of wells positive for virus
b Concentration of antibody required to inhibit viral replication by 50%
c Had additional wells considered partially sensitive to 3BNC117. 22/27 wells positive if these wells included
d Using Aviremic VOA
e including wells that were partially sensitive to 3BNC117, means that 27/35 wells were positive
f 3 individuals screened but not included for baseline analysis due to study termination and therefore were not included; NA, not applicable; IQR, interquartile range.
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stimulated peripheral blood mononuclear cells (PBMC) with phyto-
haemagglutinin (PHA) + IL-2 and performed a viral outgrowth assay
and used virus from the supernatant to infect TZM-bl cells to deter-
mine sensitivity to neutralization with 3BNC117. In addition, we
used the PhenoSense mAb assay that assessed 3BNC117 neutralisa-
tion of pseudovirions that included HIV envelope from each partici-
pant. All viremic individuals were off ART with HIV RNA in plasma
above 1000 copies/mL and CD4+ T-cell counts above 300 cells/mL,
and aviremic individuals had received ART for at least 12 months
with HIV RNA < 20 copies/mL. Four individuals (two uninfected, two
viremic) completed the trial at the originally approved dosing sched-
ule of 3 mg/kg 3BNC117 with up to 80MBq of 64Cu-3BNC117 and the
subsequent six participants completed the trial with an amended
dosing protocol that only gave a trace dose of 64Cu-3BNC117 (less
than 5 mg), and up to 130 MBq of 64Cu. Detailed dosimetry of the first
four participants allowed for this change in 64Cu dose while still
adhering to an effective radiation dose of 4.7 mSv, required by
regulators in Australia [26]. Two viremic participants failed
screening because of a screening viral load below 1000 copies/mL
in one participant and virus that was not sensitive to 3BNC117 in
another participant. Three aviremic participants that were
screened did not proceed to infusion and scanning after an
interim analysis demonstrated no clear difference in images from
HIV uninfected and infected participants (Fig. 1). All HIV infected
participants were male, except for one female participant in the
viremic group who received trace dosing.

3.4. No drug related adverse events

No serious adverse events and no adverse events related to study
drug were reported. Two individuals experienced back ache after
being in the scanner that improved after coming out of the scanner
and then worsened again in the scanner on the subsequent study
days. This was Grade 1 in severity and related to study procedures.
All other adverse events were unrelated to study procedures. There
was a single Grade 2 adverse event which was headache that started
on day 13 of the study protocol (Table 2).
3.5. Reduction in plasma HIV RNA in viremic individuals receiving the
3mg/kg dose

Consistent with previously reported findings [11] individuals
receiving 3 mg/kg 3BNC117 experienced a > 1 log10 drop in plasma
HIV RNA over the first week after infusion. Viremic participants who
received the trace dosing protocol had no change in viral load over
the first week (Fig. 2).

3.6. Pharmacokinetics

Pharmacokinetic (PK) results for 64Cu-3BNC117 (Table S1) dem-
onstrated a terminal (b) half-life of 2 to 3 days by both methods of
measurement, with total mean (§ SD) serum clearance ranging from
61.7 (§ 4.9) to 157.6 (§ 32) mL/hr, but no statistically significant dif-
ferences in clearance rates between uninfected and infected partici-
pants (ANOVA P=0.095) or between dose levels. We compared serum
antibody concentrations by an anti-idiotype ELISA, and measured
radioactivity in blood. For participants receiving the 3 mg/kg dosing
there was comparable PK clearance for ELISA and gamma counting
results (Fig. 3).

The comparable PK findings from ELISA and gamma counting
(Table S2) at the 3mg/kg dose level (where accuracy of ELISA was
consistent with limits of detection of the assay) were consistent with
64Cu and 3BNC117 remaining coupled in-vivo.

3.7. Imaging and dosimetry

The PET/MRI images for all subjects at all time points were
assessed qualitatively and showed consistent patterns of gradual
blood pool clearance of 64Cu-3BNC117, and uptake in liver and in
bone marrow (Fig. 4). The biodistribution showed no change between
dose levels (ie. trace dose vs trace dose + 3mg/kg 3BNC117), and no
differences in biodistribution pattern was seen between cohorts
(control, HIV +ve aviremic, HIV +ve viremic). Liver and bone marrow
uptake were consistent with expected catabolism of the 64Cu-
3BNC117 construct. There was no uptake of 64Cu-3BNC117 seen in



Fig. 2. HIV RNA in viremic participants. Red line received 3 mg/kg 3BNC117 + trace
dosing. Blue line received trace dosing only.

Fig. 1. Trial design. (a) Consolidated Standards of Reporting Trials (CONSORT) flow diagram for 17 enrolled participants. (b) Schematics of study design. Red arrow indicates time of
64Cu-3BNC117 administration with or without additional unlabelled 3mg/kg 3BNC117. Green arrows indicate time of PET/MRI scans.
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other organs (eg. lymph nodes, GI tract, lymphatic tissue) in any sub-
ject.

The radiation dosimetry for 64Cu-3BNC117 for source organs of
Liver, Bladder, Red Marrow, Kidney and Heart, showed a whole-body
Effective Dose (HWB) of 37.1 +/- 6.4 mSv/MBq (Table S3). No differ-
ence in whole body dose was evident between cohorts (control, HIV
+ve aviremic, HIV +ve viremic) (Table S3). Individual organ dosimetry
is shown in Table S4.

4. Discussion

We report the findings from the first PET/MRI imaging clinical
trial of radiolabelled antibodies administered to healthy controls and
PLWH. Injection of 64Cu-3BNC117 followed by serial imaging over
48 hours in HIV-infected and uninfected participants was safe, and
no drug related adverse events were observed. We demonstrated
pre-clinical data that modified 3BNC117 was able to bind and neu-
tralize HIV envelope with similar efficiency to 3BNC117 and that
radiolabeling of MeCOSar-3BNC117 with copper-64 was possible at
room temperature in just 15 minutes to give 64Cu-3BNC117 in very
high radiochemical yields. 64Cu-3BNC117 showed similar
Table 2
Adverse events.

Adverse eventsa HIV uninfected HIV

Related to study procedures
Back acheb 1

Unrelated to study procedures
Vomiting 1
Diarrhoea 1
Urinary Frequency 1
Headache 1
Conjunctivitis
Nasal congestion 1

NOTES:
a All events Grade 1 except for the headache event which
b Symptoms worsened after being in scanner and then im

ner on subsequent imaging days, both thought related to lyi
biodistribution and pharmacokinetics between controls, viremic and
aviremic HIV-infected participants, when administered at a tracer
dose (< 5 mg injected) and when co-administered with supplemental
naked 3BNC117 at 3mg/kg dose levels. No uptake of 64Cu-3BNC117 in
previously reported HIV reservoirs such as lymphoid tissue or GI tract
were seen.
infected viremic HIV infected aviremic Total

1 2

1
1
1
1

1 1
1

was Grade 2 There were no laboratory adverse events
proved and then worsened again after being in scan-

ng in scanner and not study drug.



Fig. 3. Pharmacokinetic analysis 3BNC117 serum clearance a) Normalised 64Cu-3BNC117 serum clearance for all patients, b) 3mg/kg dose cohort determined by ELISA and gamma
counting (CPM).
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There were several key and important differences between
this human clinical trial and the prior published non-human pri-
mate study [9]. Firstly, the anti-SIV broadly neutralising antibody
7D3 was a murine IgG while 3BNC117 is a human IgG. In humans
and macaques, murine IgG is immunogenic with the production
of anti-murine antibodies and has a shorter half-life reported
down to one day in humans [27]. Secondly, the NHP study used a
pegylated antibody to prolong its half-life and decrease the
potential adverse immune reactions to the murine antibodies.
The differences in pharmacokinetics and target of 7D3 compared
to 3BNC117 may have impacted on the timing of visualization of
HIV envelope in tissues by imaging, which could explain the lack
of uptake of 64Cu-3BNC117 in our study.

We addressed the possibility of differences in protein dose
impacting on biodistribution of 64Cu-3BNC117 by utilizing two differ-
ent dosing strategies, tracer dosing as in the prior NHP trial, and
tracer dosing combined with unlabelled antibody (3mg/kg) which
would address any possible impact of a peripheral tissue "sink" and
to facilitate binding to HIV targets [28]. The lack of difference in bio-
distribution between the two dose levels indicates that the temporal
course of uptake of 64Cu-3BNC117 may be a factor in assessing HIV
envelope expression in tissue, and imaging at longer time points may
be beneficial. We also observed a shorter metabolic half-life of
3BNC117 compared to the prior phase I study [11], however we only
sampled blood for 48 hours post infusion which will underestimate
the terminal half-life clearance, and our Cmax levels and initial clear-
ance curves are highly comparable to the prior study [11].

The expression of HIV envelope in vivo, even in viremic individu-
als is likely lower than in SIV-infected NHP or when imaging tumor
antigens in oncology. In HIV infection, expression of HIV env has
been reported at approximately 10 envelope trimers expressed per
HIV virion. In contrast, in SIV infection, expression of SIV env per SIV
virion is up to ten times higher [29,30].

This relative lack of antigen target in HIV compared to SIV infec-
tion and also in oncology studies where typically 103-105 membrane
associated protein targets exist per cell [31] may explain why we
were unable to detect HIV env expression in vivo in this study. This
difference needs to be an important consideration when considering
future technologies to image HIV. It should be noted that this imaging
technique aims to detect HIV envelope on infected cells and not cell
free virus. Other contributing factors include the fact that SIV infec-
tion typically generates higher viral loads and increased doses of
radioactivity can be given in a NHP study. For example the five vire-
mic macaques imaged by Santangelo et al had a mean weight and
viral load of 7.6kg and 570860 copies/mL, respectively and received
81 MBq of copper-64 [9]. This compares to our viremic participants
who received tracer dosing in this trial who had a mean weight and
viral load of 89.8 kg and 115483 copies/mL, respectively and received
129 MBq of 64Cu-3BNC117. Infusion of a moderately increased dose
of 64Cu-3BNC117 could have been offset by the fact that the maca-
ques were over 10 times smaller with higher viral loads compared to
the HIV-infected participants imaged in this study.

Our study had several limitations. First, we enrolled a relatively
small sample size as this was an early phase trial that may have
meant a very low specific signal could have been missed. However,
given we examined two different dosing strategies in six participants
with clear viremia, it is unlikely that a positive imaging signal was
missed. We also only employed the trace dosing strategy in the avire-
mic group based on our findings from uninfected and viremic
cohorts, so cannot draw any conclusions about imaging with 3mg/kg
dosing for aviremic individuals. We used a copper-64 radioisotope
with a 12-hour half-life, to allow for imaging over the first 48 hours
of dosing and an effective radiation dose below 5 mSv, which is
required when recruiting uninfected controls in the Australian regu-
latory environment. The half-life of 3BNC117 is approximately nine
days in viremic individuals and 17 days in uninfected individuals
[11]. Therefore the 48-hour imaging window in this trial allowed for
accurate assessment of the initial distribution and equilibrium phase
of the antibody. However, if data beyond this timepoint is required to
image the uptake of antibody into tissues this was not able to be cap-
tured using 64Cu-3BNC117. It is possible that we didn’t detect HIV
envelope due to competition from endogenous antibody with the
labeled antibody potentially blocking binding to HIV envelope on
infected cells. This could be evaluated using pseudotyped virus to
infect cells in the presence and absence of labeled 3BNC117 and
patient sera and quantification of binding of the antibody using flow
cytometry, as previously described [32]. An experiment such as this
could identify if endogenous antibodies were able interfere with
binding of radiolabeled 3BNC117 to infected cells in vivo. However,
we think that this possible explanation is unlikely given the clear
binding of labeled anti-env antibody observed in prior studies of
SHIV-infected non-human primates.

Although we were unable to detect HIV envelope expression in
this study, alternative imaging strategies should be evaluated. One
approach could be studies with alternate non-human primate models
using chimeric simian-human immunodeficiency viruses (SHIVs) that
carry envelope derived from HIV and an appropriate labelled anti-
body targeting this Env. Other clinical trials could include radiolabel-
ing with a positron-emitting radionuclide with a longer radioactive
half-life (e.g. zirconium-89, t1/2 = 79 h) that would allow PET images
to be acquired several days post infusion and may allow temporal
changes in uptake and improved blood pool clearance to be assessed.
Other potential strategies include increasing the available target by
combining more than one broadly neutralising antibody that target



Fig. 4. . 64Cu-3BNC117 Biodistribution from 3 representative participants that receiving trace dosing who were uninfected (top panel [IPH-104]), viremic (middle panel [IPH-208])
and aviremic (bottom panel [IPH-302]). Within each panel there are Positron Emission Tomography (PET) Maximum Intensity Projection (MIP) images at (a) 1, (b) 24 and (c)
48 hours after dosing and a (d) slice of fused coronal Positron Emission Tomography Magnetic Resonance Imaging (MRI) 48 hours after dosing.
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different sites on envelope, for example combining an antibody such
as 3BNC117 that targets the CD4 binding site with an antibody target-
ing the V3 loop allowing for close to 100% coverage of HIV quasispe-
cies within an individual. Alternatively, use of a latency reversal
agent that could increase expression of HIV proteins or performing
the imaging procedures soon after ART interruption are possible
strategies that may optimise this technique to image the distribution
of HIV.

Although the administration of 64Cu-3BNC117 did not demon-
strate a difference between uninfected and infected participants, the
radiolabeled antibody was safe and, further clinical trials of imaging
techniques are warranted.
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