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ABSTRACT
Recent studies have shown the potential of broadly neutralizing antibodies (bnAbs) for HIV-1 treatment. 
One of the candidate antibodies moving into clinical trials is the bnAb PGDM1400. Here, we studied the 
therapeutic potency and escape pathways of bnAb PGDM1400 during monovalent therapy in human 
immune system (HIS) mice using the BG505, REJO, MJ4 and AMC008 virus isolates. PGDM1400 adminis-
tered during chronic infection caused a modest decrease in viral load in the first week of administration in 
7 out of 10 animals, which correlated with the in vitro neutralization sensitivity of the viruses to 
PGDM1400. As expected for monotherapy, viral loads rebounded after about a week and different viral 
escape pathways were observed, involving the deletion of glycans in the envelope glycoprotein at 
positions 130 or 160. (Pre)clinical trials should reveal whether PGDM1400 is a useful component of an 
antibody combination treatment or as part of a tri-specific antibody.
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Introduction

Human immune deficiency virus (HIV)-1 has proven to be an 
extremely resilient virus, evading all efforts to discover vaccines 
or a cure. In the past 10 years, many broadly neutralizing 
antibodies (bnAbs) have been isolated from HIV-infected indi-
viduals using different techniques, including single B cell 
cloning.1 When passively administered prior to challenge, 
bnAbs were found to block HIV-1 infection in both human 
immune system (HIS) mice and non-human primates.2–8 The 
potent anti-viral activity of bnAbs implies that bnAbs could be 
an alternative for antiretroviral therapy (ART) and might serve 
as a component of HIV cure strategies. Therefore, several 
clinical studies have been conducted in which ART therapy 
of HIV-infected individuals was temporarily stopped and 
replaced with passive administration of bnAbs. The first clin-
ical studies in which bnAbs were administered as monotherapy 
showed that viral rebound was delayed, but rapid viral escape 
was observed.9–11 Various animal models showed that 
a combination of bnAbs targeting different epitopes on the 
envelope spike was most effective in suppressing viral 
replication.7 Clinical trials, in which a combination of the 
bnAbs 3BNC117 and 10–1074 was administered, showed 
indeed a longer delay of viral rebound, because viral escape 
required mutations at two different sites on the envelope gly-
coprotein (Env).12

PGDM1400, one of the most potent bnAb identified so far,13 

targets the apex of the Env trimer and is currently being used as 
part of a triple bnAb combination therapy consisting of N6- 
PGDM1400-10E8v4.14 We and others have shown that 

PGDM1400 can protect against HIV-1 challenge in HIS mice3 

and simian-human immunodeficiency viruses (SHIV) challenge 
in non-human primates (NHPs).8,15 Furthermore, an engi-
neered tri-specific antibody including PGDM1400 Fab as one 
of its arms showed great potency as prophylactic in animal 
models.14 While the SHIV infection model in NHPs is consid-
ered to be the gold-standard in HIV-1 protection and therapeu-
tic studies,16 the various HIS mouse models offer a more easily 
accessible relevant alternative.3,7,16 Furthermore, since HIS mice 
harbor only B and T cells of human origin, these mice do not 
produce anti-human antibodies that will affect the serum levels 
of the therapeutic antibody. Finally, HIS mice allow the use of 
HIV-1 for therapeutic and challenge studies as opposed to 
a chimeric SHIV.

Here, we used HIS mice to establish a multiclade infection 
model and used this model to study the therapeutic potential 
and viral escape pathways of PGDM1400. Our study illumi-
nates the critical target residues of PGDM1400 and the diver-
sity of neutralization escape mechanisms that can be employed 
by different HIV-1 isolates. The results should inform the 
design of combination therapies that include PGDM1400.

Results

To evaluate the viral suppressive capacity of PGDM1400 as an 
alternative for ART, a HIV-1 multiclade infection model was 
established. Four HIV-1 virus isolates from different clades 
were selected: BG505 from clade A; REJO and AMC008 from 
clade B and MJ4 from clade C. The sensitivity of each of these 
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viruses to PGDM1400 was determined in vitro. All viruses were 
sensitive for PGDM1400 neutralization with IC50s below 1 μg/ 
mL and IC90s below 10 μg/mL, with BG505 being the most 
sensitive (IC50 of 0.002 μg/ml and IC90 of 0.008 μg/ml) and 
AMC008 the most resistant (IC50 of 0.637 μg/ml and IC90 of 
8.605 μg/ml) (Figure 1a). PGDM1400 is known to show sub-
optimal inhibition for some viruses with respect to 
maximum percent inhibition (incomplete neutralization) and 
slope of the neutralization curves in vitro.17,18 We observed 
<100% inhibition at high PGDM1400 concentrations for REJO, 
MJ4 and AMC008 and shallow neutralization curves for REJO 
and MJ4 viruses.

Next, HIS mice, n = 3 per group, were infected with one of 
the four virus isolates by intraperitoneal injection. Two mice 
were excluded from the experiment, as one MJ4-injected 
mouse was not infected and one BG505-infected mouse 
became severely anemic. The 10 remaining mice all developed 
a persistent viral infection after 3 weeks of infection, with loads 
between 105 and 107 viral RNA copies/ml. Viral loads were 
sustained throughout the experiment, up to 12 weeks after 
infection, with average viral loads of 2.1*105, 2.9*105, 1.1*106 

and 1.7*106 at week 12 for BG505, REJO, MJ4 and AMC008, 
respectively (Figure 1b and Supplemental Figure 1). 
Monitoring of CD4+ T cells (Supplemental Figure 2) showed 
that BG505 infection had none or only a very modest reductive 
effect on CD4+ T cell percentages. CD4+ T cells were moder-
ately depleted in REJO and AMC008-infected mice, whereas 
a strong depletion of CD4+ T cells to below 25% of total T cells 
was observed in MJ4-infected mice.

After 12 weeks of stable HIV-1 infection, the animals were 
given 20 mg/kg of PGDM1400 every 7 days for 4 weeks. In our 
previous study,3 we determined the t1/2 of PGDM1400 in HIS 
mice to be 3.3–5.4 days, and observed concentrations of the 
antibody in the blood after 7 days to be 19.5 μg/ml at a dose of 
10 mg/kg. Therefore, we anticipated that a once a week injec-
tion at 20 mg/kg would be sufficient to reach plasma concen-
trations above 30 μg/ml. This translates to at least 50-fold the 
IC50 for the four virus strains used in study, a PDGM1400 level 
we previously reported to be protective in JRC-SF-challenged 
HIS mice.3 The administration of the antibody was well toler-
ated; however, concentrations were somewhat lower than 
anticipated. Overall, the concentration of PGDM1400 did not 
drop below 25 μg/ml just before the next administration during 
the 4 weeks of antibody administration, except for the mice 
infected with REJO (Figure 1c), which reached at least concen-
trations of 13 μg/ml. The observed concentrations were at least 
50-fold the IC50 for all viruses and at least twofold of the IC90 
for REJO, threefold the IC90 for AMC008, fivefold the IC90 for 
MJ4 and 400-fold the IC90 for BG505.

In seven of the 10 mice, we observed a modest decrease in 
viral load 1 week after the start of PGDM1400 treatment, but 
this was not sustained throughout the treatment, except in the 
two animals infected with the BG505 virus (Figure 1d). The 
maximal decrease in viral load was 0.5 log10 after 1 week and all 
animals, except the BG505-infected mice, rebounded between 
weeks 1 and 2. The observed reduction in viral load was in 
proportion with the in vitro neutralization sensitivity of the 
virus to PGDM1400 and the achieved PGDM1400 concentra-
tions, with BG505 the most sensitive virus showing the largest 

effect of the PGDM1400 treatment, and AMC008 the least 
sensitive. Two of three mice infected with REJO showed 
a modest reduction in viral load, whereas the viral load in the 
third mouse was nearly identical to pretreatment levels. Any 
therapeutic effect was less clear for MJ4, as one mouse showed 
an increased viral load 1 week after treatment and one mouse 
a 0.5log10 reduction.

Viral RNA was isolated from plasma throughout the course 
of the antibody treatment and the region encoding the variable 
regions 1 and 2 (V1V2) of Env, the target of PGDM1400, was 
sequenced. The sequences revealed that the glycan at position 
160, which is the target of PGDM1400, was rapidly deleted by 
the BG505 and REJO viruses, but using different mutations 
(Figure 2a). A N160K substitution occurred in all three mice 
infected with REJO. One mouse infected with BG505 had 
a T162N substitution, while the second BG505-infected 
mouse revealed three different mutations at the subsequent 
timepoints, but with all leading to removal of the N160 glycan 
(T162A at week 2, T162N at week 3, and N160K at week 4).

Strikingly, the AMC008 virus removed the glycan at posi-
tion 130 again using different mutations (N130D in one mouse 
or T132N in another) in two of three animals. As glycan 
removal at this position has not been reported as an escape 
mechanism, we constructed an AMC008 virus lacking the 
N130 glycan and verified that the removal of the glycan at 
position 130 indeed renders the AMC008 virus resistant to 
PGDM1400 (Figure 2b). No mutations were found in the 
third AMC008-infected animal. We observed a K132E muta-
tion in some of the MJ4 sequences from both MJ4-infected 
mice. However, this did not result in a loss of the glycan, as MJ4 
does not have a glycan at position 130. Furthermore, in one 
animal the K132E was already present at the start of treatment, 
suggesting that the change might not be related to PGDM1400 
escape. We did not observe any mutations at the N160 glycan 
in MJ4- and AMC0080-infected animals, nor did we observe 
any other mutations in the epitope of PGDM1400.

The one animal in which no viral mutations were observed 
during PGDM1400 administration was the animal with the 
highest viral load at the start of treatment. However, when all 
animals were taken into account, we did not observe 
a correlation between the viral load at the start of treatment 
and the decrease in viral load within the first week.

Discussion

Despite the success of ART, the burden of life-long treatment 
calls for alternatives. bnAbs have shown promise as HIV ther-
apeutics in pre-clinical and clinical studies, causing decreased 
viral loads, delayed viral rebound and in some studies even 
a reduction of the viral reservoir. However, these studies have 
also shown that treatment with just one bnAb was only effec-
tive for a very short period, with viral escape decreasing the 
therapeutic efficacy rapidly.7,9–12,20 Therefore, combinations of 
bnAbs will be necessary to obtain sustained suppression of 
HIV-1, calling for more bnAbs to be tested in therapeutic 
settings against multiple different viruses. Here, we studied 
the therapeutic efficacy of bnAb PGDM1400 in HIS mice 
infected with four viruses from different clades.
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This study has shown that the HIS mice model can be used 
efficiently for antibody therapeutic studies against HIV-1 using 
different viral isolates from several clades. The benefits of this 
model are the low costs compared to non-human primates, as 
well as the ability to use HIV-1 and not chimeric SHIV viruses. 
In addition, the antibody half-life and antibody serum levels 
remained stable over time, suggesting that anti-drug antibodies 
were not elicited during the antibody treatment, which is often 
observed in similar studies performed in non-human primates.

Our data demonstrate that the bnAb PGDM1400 can mod-
erately reduce the viral load in the majority of chronically 
infected animals and in proportion with the in vitro neutraliza-
tion sensitivity of the virus to PGDM1400. However, the 
decline in viral load was small and short-lived due to rapid 
viral escape, as expected and observed in similar studies with 

other bnAbs as monotherapy.7,9–11 In a previous study, PG16, 
another bnAb targeting the Env trimer apex, showed 
a similarly modest and temporary decline in viral load (0.23 
log10). PG16 neutralization sensitivity to the YU2 virus used in 
that study (IC50 of 0.29 μg/ml) was comparable to the sensitiv-
ities of the viruses used here for PGDM1400. They also 
observed escaped by the YU2-virus through the removal of 
the glycan at position 160 within the first week of PG16 treat-
ment in all mice.7 The glycan at position 160 has been shown to 
be essential for antibodies binding to the apex of the HIV-1 
Env, together with residues 166, 169 and 171.19,21–25 In our 
study, we observed the same escape mechanism through the 
removal of the N160 glycan in five of 10 animals, all infected 
with BG505 or REJO. However, we also observed the removal 
of the N130 glycan in two of the five remaining animals. The 

Figure 1. Therapeutic efficacy of bnAb PGDM1400 in HIS mice. (a) Neutralization sensitivity of BG505, REJO, MJ4 and AMC008 virus to bnAb PGDM1400 in vitro. IC50 and 
IC90 are indicated by the dotted lines and shown in the table in μg/ml. (b) Viral loads (RNA copies/ml) over time in the HIS mice infected with one of the four viruses. Each 
line represents one mouse and symbols reflect viral load measurements. The 4 weeks of PGDM1400 administration (20 mg/kg every 7 days) are shaded in gray and 
arrows for each infection of PGDM1400. (c) The PGDM1400 serum concentration (μg/ml) in each animal in gray with symbols reflecting measurements and the average 
per group indicated in color. (d) Changes in log10 viral load from start of antibody administration are indicated with each line representing one mouse and the average 
per group indicated in color.
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Figure 2. Viral escape over time during PGDM1400 treatment. (a) Amino acid sequences of the HIV-1 envelope glycoprotein (amino acid 75–250) obtained from serum 
RNA per mouse per time point before and during PGDM1400 treatment. The original virus sequence is indicated above those found in the mice infected with that 
particular virus. The colors are similar to the colors used in Figure 1 as indicated in Figure 1A. The HXB2 sequence on which numbering is based, is included as reference. 
Known contact residues for PGDM140019 are indicated with *. The glycosylation site at position 130 is shaded in green and the one at position 160 in orange. Identical 
amino acids are indicated by – and gaps by ~. (b) Neutralization sensitivity of AMC008 virus and AMC008 N130D virus to bnAb PGDM1400. IC50 and IC90 are indicated by 
the dotted lines.
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glycan at position 130 has not been shown previously to be part 
of the target epitope of PGDM1400 or other apex targeting 
bnAbs. On the contrary, the N130 glycan was shown to hinder 
the binding of VRC38.22 Also, in the high-resolution structure 
of the Env AMC011 SOSIP protein with PGT145, no direct 
contacts could be observed between the antibody and glycan 
130.26 To confirm the rather unexpected finding that N130 
glycan removal confers PDGM1400 resistance, and is not just 
a bystander mutation, we constructed an AMC008 virus lack-
ing the N130 glycan and observed that this mutation indeed 
renders the virus resistant. A possibly mechanistic explanation 
is that removing the N130 glycan changes the orientation or 
composition of the N160 glycan. The AMC008 virus was not 
very sensitive for PGDM1400 neutralization compared to 
BG505 or REJO, which could explain why the virus did not 
remove the glycan at 160. Removal of the glycan at position 130 
might represent an easier alternative as the N130 glycan is less 
conserved and might therefore be less likely to cause viral 
fitness loss. In addition, the relative low sensitivity might also 
explain why the T132N mutation was detected in the viral 
population at weeks 1 and 3, but not at week two of treatment: 
PGDM1400 pressure on the AMC008-virus appears insuffi-
cient to outcompete non-mutated viruses completely. These 
results indicate that HIV-1 can escape neutralization through 
a diverse range of mutations in different viruses of clades A, 
B and C, which results in the removal of the glycan at position 
160 or 130.

In this study, using multiple virus isolates, we did not observe 
a significant correlation between the reduction of viral load (treat-
ment efficacy) and the in vitro PGDM1400 sensitivity (IC50 or 
IC90). Nor was a correlation found with viral load at the start of 
treatment, in contrast to previous observations.11 In part, this is 
likely caused by the use of different viruses and small number of 
animals per virus, but also by the fact that the success of bnAb 
therapy depends on multiple factors, which might differ between 
isolates, including the maximum percent inhibition of the 
bNAbs.18 For example, the REJO-infected mice, in which 
the PGDM1400 concentrations dropped to about twofold of the 
IC90, value, showed a viral load reduction and escape, while the 
mouse infected with AMC008, in which the antibody concentra-
tion remained over 10-fold above the IC90, showed no viral load 
reduction at all. Furthermore, while escape mutations were 
observed in two of the AMC008-infected mice, indicative of 
bNAb pressure, no such mutations were observed in the third 
mouse, while PGDM1400 serum concentrations were very similar 
between the three animals infected with AMC008. The lack of 
treatment efficacy in this animal could be due to the very high viral 
load at treatment initiation in this one animal. Furthermore, one of 
the MJ4-infected animals showed a decrease in viral load after 
a week of PGDM1400 treatment, but the other animal did not, 
even though no clear escape mutations were observed in either. 
The antibody concentration in serum for the responding animal 
was at least 10-fold above the IC90, whereas the antibody levels in 
the non-responding animal were at least sixfold above the IC90. 
Furthermore, incomplete neutralization could result in lower anti-
body treatment efficacy, and PGDM1400 was unable to reach 
a 100% inhibition at the highest concentration in vitro of three of 
the four viruses used here. However, again there was no direct 
correlation with the failure of treatment and incomplete 

neutralization, as REJO and MJ4 had very similar PGDM1400 
IC50, IC90 values and similar levels of incomplete neutralization 
in vitro, but the MJ4-infected animals showed much lower 
responses to treatment and less selection pressure compared to 
the REJO-infected animals.

For BG505-infected mice, the reduction in viral load was most 
pronounced, but even in these mice, only a modest reduction of 
0.46log10 and 0.26log10 was observed despite a serum level of 
more than 400x the in vitro IC90. Although the modest reduction is 
somewhat disappointing in light of the high neutralization sensi-
tivity, it is not without precedent. In a study on VRCO1 adminis-
tration in human subjects, it was shown that antibody infusion at 
concentrations 100x the in vitro IC80 did not yield a 0.5log10 
reduction in viral load, and that instead 500x the in vitro IC80 
was required to obtain more than 0.5log10 reduction.27 The overall 
interpretation of the results from this study is that the antibody 
concentration most likely should be at least 10 to 500-fold above 
the IC90 in order to achieve a significant viral load reduction, 
which is in agreement with previous studies,7,11,27 but that treat-
ment success also depends on other factors that may weigh differ-
ently for each viral isolate, including the incomplete neutralization 
by the antibody and the consequences of the possible escape 
pathways on viral fitness. Additional animals and different viruses 
could increase the understanding of the different factors influen-
cing the bnAb treatment; however, the main findings here that 
PGDM1400 treatment alone is not effective and causes rapid viral 
escape are already of significant value for future clinical trials 
which will include PGDM1400.

In conclusion, PGDM1400 caused a modest and temporal 
decline in viral load after administration in seven out of 10 mice, 
and the rapid emergence of viral escape variants resulted in viral 
rebound. PGDM1400, like any other bnAb, will have to be com-
bined with other bnAbs, preferably targeting different epitopes, in 
cocktail or bi- and tri-specific antibody formats. The upcoming 
clinical studies with cocktails and tri-specific antibodies will reveal 
which combinations will have the largest effect on viral loads and 
with the least change of viral escape during prolonged treatment, 
and if PGDM1400 will be part of this.

Materials and methods

Antibody production

293 F cells (Invitrogen) were co-transfected with heavy and light 
chain plasmids, obtained previously,13 using PEImax 
(Polysciences). Transfections were performed according to the 
manufacturer’s protocol and culture supernatants were harvested 
5 days following transfection. Antibodies were further purified 
using a protein A/G column (ThermoFisher Scientific) and stored 
in phosphate-buffered saline (PBS) as described previously.13

Virus production

Full-length viral genome plasmids pBG505/LAI, pREJO.c/2864 
(NIH cat#11746), MJ4 (NIH cat# 6439) and pAMC008/LAI 
(BG505 and AMC008 envelope glycoprotein were cloned into 
the pLAI plasmid28) and were used to transfect 293 T cells as 
described previously.29 Viruses were harvested, frozen and 
titrated on TZM-bl cells as previously described.29
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HIS mice experiment

HIS mice were generated using non-obese diabetic (NOD), 
severe combined immunodeficiency (SCID), interleukin recep-
tor common gamma chain knockout (IL2rγnull), termed NSG 
mice (The Jackson Laboratory). NSG newborns before 5 days 
were sublethally irradiated with 1 Gy using a Cs137 source and 
intrahepatically injected within 24 h with 5 × 104 CD4+CD38− 

fetal hematopoietic stem cells (hHSC). The humanization levels 
of the immune system in the peripheral blood were verified at 
week 12 and only mice with >20% human CD45+ cells, termed 
HIS-NSG mice, entered the experiments. At 13 weeks the HIS- 
NSG mice were infected with 10–100 ng CA-p24 of virus of the 
four different replication competent HIV virus isolates (3 mice 
per group) by intraperitoneal injection. Blood was collected 
every other week before PDGM1400 treatment and weekly dur-
ing treatment. Humanization and CD4 + T cell dynamics were 
monitored by flow cytometry (LSR Fortessa, BD Biosciences) as 
described previously.3 Viral RNA was extracted from plasma by 
QIAamp Viral RNA Mini Kit (Qiagen) and viral load was 
determined by quantitative RT-PCR as described previously.3 

Statistical analysis on the viral loads was performed using 
a Wilcoxon test (paired non-parametric t-test). From 12 weeks 
after infection onwards, PGDM1400 was administered in 50 µl 
PBS at a dose of 20 mg/kg via retro-orbital injection on a weekly 
basis for 4 weeks.

Antibody serum concentrations measurement

The PGDM1400 plasma concentrations were determined at weeks 
1, 2, 3, and 4 after the start of treatment using a TZM-bl-based 
neutralization assay, as described previously.3 Week 0 was taken as 
well for background measurements. Neutralization assays were 
done using three-fold serial dilutions of serum starting at a 1:30 
dilution and PGDM1400 starting at 1.0 μg/ml and JRC-SF pseu-
dovirus. Serum ID50 values and the PGDM1400 IC50 values were 
used to back-calculate PGDM1400 serum concentrations.

Viral sequences from serum

Part of the HIV-1 envelope glycoprotein (amino acid 75–250) 
was sequenced from serum viral RNA, obtained as per above, 
using a one-step RT-PCR (Jena Bioscience), followed by Sanger 
sequencing, performed according to the manufacturer’s proto-
col. The sequences were analyzed using BioEdit.
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