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ABSTRACT
Broadly neutralizing antibodies are showing promise in the treatment and prevention of HIV-1, with several now 
being evaluated clinically. Some lead clinical candidates, including antibodies CAP256-VRC26.25, 
N6, PGT121, and VRC07-523, have one or more N-linked glycosylation sequons in their variable domains (Fvs) 
from somatic hypermutation, and these glycans increase chemical heterogeneity, complicating the manufacture 
of these antibodies as products. Here we propose a general method to remove Fv glycans and use this method to 
develop engineered versions of these four antibodies with Fv glycans removed. When germline residues were 
introduced to remove each glycan, antibody properties between wild type and mutant were not significantly 
altered for CAP256-VRC26.25 and PGT121; however, germline mutants for N6 and VRC07-523 showed increased 
polyreactivity, which is known to correlate with unfavorable in vivo pharmacokinetics. To reduce polyreactivity 
induced by removal of Fv glycan, we mutated aromatic residues and arginines structurally proximal to the 
removed glycan and identified Fv glycan-removed variants with low polyreactivity for N6 and VRC07-523. Two 
such variants, N6-N72LCQ-R18LCD and VRC07-523-N72LCQ-R24LCD, showed thermostability, neutralization 
potency and breadth, and half-life in humanized FcRn mice that were similar to their wild-type Fv-glycosylated 
counterparts. The removal of Fv glycan and reduction of chemical heterogeneity were confirmed by liquid 
chromatography-mass spectrometry. With reduced heterogeneity, the Fv-glycan-removed variants developed 
here may have utility as products for treating or preventing infection by HIV-1.
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Introduction

HIV-1 broadly neutralizing antibodies have been isolated from 
chronically infected patients and have promising utility for 
treatment1–9 and prevention of HIV-1 infection.10–16 Among 
the broadly neutralizing antibodies that are undergoing or 
being planned for clinical trials,17 CAP256-VRC26.25,18 N6,19 

PGT12120 and VRC07-523,12 contained at least one N-linked 
glycosylation sequon in their variable domains (Fvs) acquired 
through somatic hypermutation (Figure 1a); the presence of 
such glycan increases the heterogeneity of these antibodies, 
which reduces their suitability as commercial products.

In this study, we first developed Fv glycan-removed variants 
for CAP256-VRC26.25, N6, PGT121 and VRC07-523 by 
reverting the residues involving the Fv N-linked glycosylation 
sequon to the germline amino acid. This approach yielded 
variants of CAP256-VRC26.25 and PGT121 that preserved 
antibody properties such as neutralization, polyreactivity, ther-
mostability, and half-life, but substantially increased polyreac-
tivity for N6 and VRC07-523. Both of these antibodies are 
members of the VRC01 class of broadly neutralizing antibo-
dies, which use heavy chains derived from the VH1-02*02 gene 
and have neutralization breadths of over 90% with moderate to 
high potency.21–23 We further developed Fv glycan-removed 

variants of N6 and VRC07-523 by using a glycan variant that 
better preserved the chemistry of the site of glycosylation in 
combination with the alteration of potential polyreactive 
amino acids proximal to the glycan site. The neutralization 
and half-life for a subset of these additionally altered Fv- 
glycan designs were comparable to wild-type antibodies. 
Moreover, while it has been shown that Fv N-linked glycans 
acquired from somatic hypermutation can contribute to anti-
body stability,24 we showed that removal of glycans did not 
result in substantial reduction in antibody thermostability. 
With reduced glycan heterogeneity, the Fv glycan-removed 
variants of CAP256-VRC26.25, N6, PGT121 and VRC07-523 
developed here can be added to the select panel of HIV-1 
antibodies being assessed as products for treating or preventing 
HIV-1 infection.

Results

Fv-N-linked glycan sequons for CAP256-VRC26.25, N6, 
PGT121 and VRC07-523 are populated with highly 
diverse glycoforms

To evaluate the glycosylation heterogeneity of the Fv, the 
glycan profiles were obtained for CAP256-VRC26.25, N6 
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PGT121, and VRC07-523 using liquid chromatography – mass 
spectrometry (LC-MS) (Table S1). For CAP256-VRC26.25, the 
glycan occupancy of light chain N26 was 88%, and the top 
seven glycoforms were found to contribute to at least 5% of the 
total peak intensity, respectively. Of the three potential Fv 
glycosites of PGT121 heavy chain (N58, N68, and N105), 
only N105 was found to be glycosylated, with the glycan occu-
pancy of heavy chain N105 close to 100% (Table S2-S4). This 
glycosite displayed a high level of sialylation, and the top six 
glycoforms were found to contribute to at least 5% of the total 
peak intensity. With N6 and VRC07-523, the half-life enhan-
cing mutations LS were added to the Fc regions of both 
antibodies;25 for both N6LS and VRC07-523LS, the glycan 
occupancy of the light chain site N72 was close to 100%, and 
high level of sialylation was observed. The top six glycoforms 
and top four glycoforms were found to contribute to at least 5% 
of the total peak intensity for N6LS and VRC07-523LS, 
respectively.

Design of Fv glycan-removed variants for 
CAP256-VRC26.25, N6, PGT121, and VRC07-523 by 
germline reversion

CAP256-VRC26.25, N6, PGT121, and VRC07-523 contained 
N-linked glycosylation sites in the Fv region, all obtained from 
somatic hypermutations (Figure 1a). One N-linked glycosyla-
tion sequon is present in the light chain Fv of CAP256-VRC26. 
25, N6, and VRC07-523, while three N-linked glycosylation 
sequons are present in the heavy chain Fv of PGT121 
(Figure 1b).

As a first attempt, we designed Fv glycan-removed variants 
by reverting the somatic hypermutations that led to the pre-
sence of N-linked glycosylation sequons in Fv to its germline- 

encoding amino acid type. Of the four Fv glycan-removed 
variants, variants for PGT121 and CAP256-VRC26.25 showed 
similar levels of polyreactivity compared to their wild-type 
counterparts, based on HEp-2 cell staining assay (Figure 2a) 
and anti-cardiolipin ELISA (Figure 2b), while variants for N6 
and VRC07-523 (with half-life enhancing mutations LS 
added25) showed heightened level of polyreactivity. Based on 
these results, Fv glycan-removed variants for CAP256-VRC26. 
25 (CAP256-VRC26.25-N26LCS) and PGT121 (PGT121-S60HC 
N-N68HCT-N105HCK) were further analyzed.

CAP256-VRC26.25-N26LCS and PGT121-S60HCN-N68HCT- 
N105HCK had similar neutralization potency and half-life 
but substantially reduced heterogeneity compared to their 
wild-type counterparts

To determine if other antibody properties had been altered by 
the removal of Fv glycans for CAP256-VRC26.25 and PGT121, 
we evaluated the neutralization and half-life of CAP256- 
VRC26.25-N26LCS and PGT121-S60HCN-N68HCT-N105HC 
K. Both CAP256-VRC26.25-N26LCS and PGT121-S60HCN- 
N68HCT-N105HCK displayed a similar neutralization potency 
and breadth to their respective wild-type counterparts when 
assessed with a 9-strain virus panel (Figures 3a and 4a). We 
also compared pharmacokinetics of the CAP256-VRC26.25- 
N26LCS and PGT121-S60HCN-N68HCT-N105HCK to their 
respective wild-type counterparts in human FcRn transgenic 
mice and observed that they have similar half-life (Figures 3b 
and 4b). Finally, we showed that the Fv glycans and its asso-
ciated heterogeneity at the light chain residue were completely 
removed from CAP256-VRC26.25-N26LCS and PGT121- 
S60HCN-N68HCT-N105HCK based on LC-MS data (Figures 3c 
and 4c, Table S4).

Figure 1. Broadly neutralizing antibodies against HIV-1 generally have substantial somatic mutations and often have Fv N-linked glycosylation. (a) Sequences of 
glycosylated Fv heavy chain (HC) or light chain (LC) for four HIV-1 broadly neutralizing antibodies. Somatic hypermutations are shown, with introduced N-linked glycan 
sequon labeled with green circles. (b) Structures of the four glycosylated antigen-binding fragments (Fabs). Glycans of occupied N-linked glycosylation sequon are 
displayed on structures of PGT121 (PDB:4FQ1), CAP256-VRC26.25 (PDB:5DT1), N6 (PDB:5TE6), and VRC07-523 (modeled from PDB:4OLW) as shown in green sticks, and 
with the most frequent glycoform being shown (see Table S1). The two N-linked glycosylation sequon on PGT121 that were not glycosylated (N58 and N69, see Table S2 
and S3) were shown in green spheres.
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Figure 2. Polyreactivity of N6 and VRC07-523LS is enhanced by reversion of somatic mutation, N72LCT, which removes the introduced N-linked glycan. (a) HEp-2 cell 
staining (antibody concentration: 25 µg/ml) and (b) anticardiolipin ELISA for CAP256-VRC26.25, N6, PGT121, VRC07-523LS, and their glycan knockouts based on 
germline encoding residues. For CAP256-VRC26.25 and PGT121 there was no observable difference between wild type and glycan knockouts in both assays, while for N6 
and VRC07-523LS higher polyreactivity for the glycan knockout was observed.

Figure 3. Neutralization, thermostability, pharmacokinetics, and heterogeneity of CAP256-VRC26.25-N26LCS. (a) Neutralization IC50 (µg/ml) of CAP256-VRC26.25 wild 
type and CAP256-VRC26.25-N26LCS assessed with nine HIV-1 strains. (b) Pharmacokinetic profile for CAP256-VRC26.25 wild type and CAP256-VRC26.25-N26LCS in 
humanized FcRn mice. Dash line denotes limit of detection. (c) Extracted ion chromatogram (XIC) of [366.137 ± 0.0005] Da corresponding to the signature glycan peak in 
the trypic digest of CAP256-VRC26.25 samples: a distribution of the light chain (Fv) glycopeptides in the control material (top trace); only the heavy chain (Fc) 
glycopeptides are observed in the CAP256-VRC26.25-N26LCS material (bottom trace). XIC peak intensities have been normalized.
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Presence of native light chain glycan in VRC01-like 
antibodies

To understand the prevalence of light chain glycan in the 
VRC01-class antibodies, we searched for N-linked glycosyla-
tion sequons on germline and mature light chains of represen-
tative VRC01-like antibodies from 10 donors (Table 1). Four of 
the 10 antibodies, VRC01, N6, 3BNC117, and VRC-CH31, had 
an N-linked glycosylation sequon in their framework 3 regions, 
despite the lack of an N-linked glycosylation sequon in the 
germline light chain for all 10 representative antibodies.

Design of N6 variant with light chain N72 glycan removed 
and low polyreactivity

An initial attempt to revert N6 N72LC to its germline amino 
acid, threonine, leads to enhanced polyreactivity. We hypothe-
sized that the light chain glycan might shield polyreactive 
residues, such as aromatic or arginine residues, which are 
known to engage lipid.26,27 If overlaying glycan were to be 
removed, then these polyreactive residues might thus need to 
be altered to maintain an overall low level of polyreactivity 
(Figure 5). To design such variants of N6, we identified three 

Figure 4. Neutralization, thermostability, pharmacokinetics, and heterogeneity of PGT121-S60NHCQ-N68HCT-N105HCK. (a) Neutralization IC50 (µg/ml) of PGT121 wild type 
and PGT121-S60HCN-N68HCT-N105HCK assessed with nine HIV-1 strains. (b) Pharmacokinetic profile for PGT121 and PGT121-S60HCN-N68HCT-N105HCK in humanized FcRn 
mice. Dash line denotes limit of detection. (c) Extracted ion chromatogram (XIC) of [366.137 ± 0.0005] Da corresponding to the signature glycan peak in the combined 
[trypsin + chymotrypsin] digests of PGT121 samples: a distribution of the light chain (Fv) glycopeptides in the control material (top trace); only the heavy chain (Fc) 
glycopeptides are observed in the PGT121-S60HCN-N68HCT-N105HCK material (bottom trace). XIC peak intensities have been normalized.

Table 1. Analysis of the presence of somatically acquired N-linked glycosylation sequon for VRC01-like antibody light chains.

Donor Antibody
Presence of light chain 

glycan
Germline 

gene
Presence of light chain glycan in 

gL
Specific changes that led to 

glycosylation
Neutralization breadth 

(%)

Z258 N6 Yes IGKV1-33 No T72N 97.1
NIAID 45 VRC01 Yes IGKV3-20 No T72N 90.4
IAVI 57 12A12 No IGKV1-33 No N/A 88.9
RU 3 3BNC117 Yes IGKV1-33 No T72N 84.6
C38 VRC18 No IGKV3-20 No N/A 82.7
CHAVI 

0219
VRC- 
CH31

Yes IGKV1-33 No D70N/T72S 80.8

IAVI 74 VRC- 
PG04

No IGKV3-20 No N/A 79.3

IAVI 23 VRC- 
PG20

No IGLV2-14 No N/A 78.4

127/C VRC23 No IGKV3-15 No N/A 63.5
DRVI01 DRVIA7 No IGKV1-5 No N/A N/A
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aromatic or arginine residues, R18LC, F67LC, and 
H68LC, which were proximal to N72LC, and generated variants 
with mutations at these positions (Figure 6a). To remove the 
N-linked glycan sequon, we used N72LCQ instead of N72LCT, 
since glutamine is more similar to asparagine in terms of 
chemistry, than to the germline-encoded threonine. Based on 
HEp-2 cell staining and anti-cardiolipin ELISA, N6-N72LC 
Q showed lower polyreactivity than N6-N72LCT, while two 

variants from structure-based design, N6-N72LCQ-R18LC 
D and N6-N72LCQ-H68LCS, showed even further reduction 
of polyreactivity, to a level lower than that of wild-type N6 
(Figure 6b, 6c, and S1). We evaluated the neutralization of both 
variants on nine HIV-1 strains and observed them to have 
comparable neutralization to wild-type N6 (Data S1). In light 
of these results, we selected N6-N72LCQ-R18LCD, the light 
chain glycan-removed variant with the lowest polyreactivity, 

Figure 5. Design of Fv glycan-removed antibodies without enhanced polyreactivity. (a) Schematic of overall approach. (b) Design strategy.

Figure 6. Design of light chain glycan-removed N6 variant. (a) To reduce heightened polyreactivity from removal of light chain glycan 72, mutations were designed to 
replace aromatic or positively charged residues (shown in yellow) proximal to light chain residue 72 (shown in green). (b) HEp-2 cell staining (antibody concentration: 
25 µg/ml) for N6 variants. N6-N72LCQ-R18LCD has similar reactivity as N6 wild type. VRC01LS, 4E10, and VRC07-G54W were used as controls and were assigned to a value 
between 0 to 3. (c) Anticardiolipin ELISA for N6 variants. N6-N72LCQ-R18LCD showed reduced reactivity as compared to other variants. VRC01LS and VRC07-G54W were 
used as positive and negative controls, respectively.
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to assess neutralization with the full 208-strain panel. On this 
larger cross-clade panel, this variant had comparable neutrali-
zation to wild-type N6 (Figure 7a, Data S2), with half-life 
enhancing mutations LS25 added to both antibodies. We also 
showed that the removal of the light chain glycan did not affect 
thermostability (Figure 7b). In addition, we compared in vivo 
pharmacokinetics of the antibodies in human FcRn transgenic 
mice. N6LS and N6LS-N72LCQ-R18D showed similar half-life 
and rate of clearance (Figure 7c). Finally, we showed the glycan 
on light chain residue 72 and its associated heterogeneity to be 
completely removed as assessed by LC-MS (Figure 7d).

Design of VRC07-523LS variant with light chain N72 
glycan removed and low polyreactivity

Similar to N6, our initial attempt to remove the Fvglycan by 
simply reverting VRC07-523LS N72LC to its germline amino 
acid, threonine, lead to enhanced polyreactivity. As N72LC 
Q showed lower polyreactivity than N72LCT for N6, we 
decided to use N72LCQ instead of N72LCT to remove the 
N-linked glycan sequon. To design glycan-removed variants 
for VRC07-523LS, we identified three arginines, R24LC, R61LC, 
and R66LC, which were proximal to N72LC, and generated 
variants with mutations at these positions (Figure 8a). Based 
on HEp-2 cell staining and anti-cardiolipin ELISA, VRC07- 
523LS- N72LCQ showed comparable polyreactivity to VRC07- 
523LS, but the addition of R24LCD or R66LCQ showed sub-
stantially reduced polyreactivity, to a level even lower than 
observed for wild-type VRC07-523LS (Figure 8b, 8c, and S2). 
We evaluated the neutralization of both variants on nine HIV- 
1 strains and observed VRC07-523LS-N72LCQ- R24LCD to 

have neutralization comparable to VRC07-523LS (Data S1). 
We evaluated the neutralization of VRC07-523LS-N72LCQ- 
R24LCD on the full 208-strain panel and found this variant to 
have comparable neutralization as parent VRC07-523LS 
(Figure 9a, Data S1). We also showed that the removal of the 
light chain glycan did not affect thermostability (Figure 9b). In 
addition, we compared the in vivo pharmacokinetics of the 
antibodies in human FcRn transgenic mice. VRC07-523LS- 
N72LCQ-R24LCD and VRC07-523LS showed similar half-life 
and rate of clearance (Figure 9c). Finally, LC-MS revealed the 
glycan at the light chain residue 72 and its associated hetero-
geneity to be completely removed (Figure 9d).

Discussion

In this study, we successfully improved the product homoge-
neity of CAP256-VRC26.25, N6, PGT121, and VRC07-523, 
four HIV-1 broadly neutralizing antibodies in clinical devel-
opment, by removing their Fv N-linked glycans. The hydro-
philic Fv glycans were all acquired during somatic 
hypermutation, perhaps related to the observation that anti-
bodies generally become less hydrophobic after acquiring 
somatic hypermutations.28 While simply reverting the 
N-linked glycosylation sequon to their germline counterparts 
did not affect the other properties of CAP256-VRC26.25 and 
PGT121, additional engineering steps were required to remove 
the light chain glycan for N6 and VRC07-523, two of the most 
potent and broad VRC01-class antibodies, to avoid heighten-
ing polyreactivity while maintaining other properties such as 
neutralization, thermostability, and pharmacokinetics. We 
found that, while knocking out the light chain N-linked glycan 

Figure 7. Neutralization, thermostability, pharmacokinetics and heterogeneity of N6-N72LCQ-R18LCD. (a) Neutralization of 208 HIV-1 isolates by N6 wild type and N6- 
N72LCQ-R18LCD. (b) Differential scanning calorimetry for N6 variants. Removal of glycan did not affect the thermostability of N6. (c) Pharmacokinetic profile for N6LS and 
N6LS-N72LCQ-R18LCD in humanized FcRn mice. Dash line denotes limit of detection. (d Extracted ion chromatogram (XIC) of [366.137 ± 0.0005] Da corresponding to the 
signature glycan peak in the combined [trypsin + LysC] digests of N6LS samples: a distribution of the light chain (Fv) glycopeptides in the control material (top trace); 
only the heavy chain (Fc) glycopeptides are observed in the N6-N72LCQ-R18LCD-LS material (bottom trace). The XIC peak intensities are normalized.
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sequon increased the polyreactivity of N6 and VRC07-523, low 
polyreactivity could be recovered by altering glycan-proximal 
arginines and hydrophobic residues, as these amino acid types 
have higher membrane-interaction propensity and likely have 
increased solvent exposure when the proximal N-linked glyco-
sylation is removed. The method developed here, removing the 
polyreactive residues proximal to the glycosylation site when 
germline reversion of the N-linked glycosylation sequon 
enhanced polyreactivity, may have general utility in the 
removal of somatically acquired Fv glycosylation to improve 
the homogeneity of antibodies.

This finding is in some aspects the converse of a prior study, 
in which we reduced polyreactivity by adding N-linked glycan 
proximal to polyreactive residues to shield their interactions 
with autoantigens.29 Thus, the introduction of N-linked gly-
cans can reduce polyreactivity of neighboring residues, and 
when N-linked glycans are removed, this may uncover the 
polyreactivity of neighboring formerly shielded residues. We 
note that when knocking out the N72LC glycan for N6, we 
noticed that replacing the asparagine with a glutamine at this 
position showed lower polyreactivity than replacing with 
threonine (Figures 2 and 4), suggesting that the residue to 
which the glycan is attached should also be tested for its impact 
on antibody polyreactivity.

The reduced heterogeneity of the polyreactivity-optimized, 
Fv glycan-removed variants are likely to be beneficial to the 
manufacturing of CAP256-VRC26.25, N6, PGT121, and 
VRC07-523. Importantly, we observed no change to the con-
stant region glycan at residue 297, upon removal of the Fv 
glycan (Table S5). Of note, we observed reduction in expres-
sion by up to twofold for the Fv glycan-removed variants, 
with the lowest-producing variant yielding 50 mg/L from 
transient transfection. In addition, apparent solubility was 
reduced by about 30% for the Fv glycan-removed variant 
for N6 and VRC07-523LS, as assessed by PEG exclusion 
assay (Figure S3), suggesting that optimization of solution 
conditions to improve solubility may be required during 
manufacturing of these variants. It will be interesting to see 
how the Fv glycan-removed variants obtained in this study 
fare as clinical products for the prevention and treatment of 
HIV-1 infection.

Materials and methods

Design of glycan-removed variants

Asparagine to glutamine mutations were used to knockout 
N-linked glycan sequons. To reduce the enhanced 

Figure 8. Design of light chain glycan-removed VRC07-523LS variant. (a) To reduce heightened polyreactivity from removal of light chain glycan 72, mutations were 
designed to replace aromatic or positively charged residues (shown in yellow) proximal to light chain residue 72 (shown in green). (b) HEp-2 cell staining (antibody 
concentration: 25 µg/ml) for VRC07-523LS variant variants. VRC01LS, 4E10, and VRC07-G54W were used as controls and were assigned to a value between 0 to 3. (c) 
Anticardiolipin ELISA for VRC07-523LS variants. VRC01LS and VRC07-G54W was used as positive and negative controls, respectively.
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polyreactivity stemming from the removal of glycan, we locate 
all aromatic residues and arginines within 10 Å from the 
asparagine residue and mutate them to other amino acid 
types, such as alanine, serine, aspartate, or glutamine.

Antibody expression and purification

Heavy and light chain expression constructs of N6 and VRC07- 
523 variants were synthesized (Gene Universal Inc., Newark, 
DE) and cloned into pVRC8400 expression vector. For anti-
body production, 0.15 mL of Turbo293 transfection reagent 
(Speed BioSystems) was mixed into 2.5 mL Opti-MEM med-
ium (Life Technology) and incubated for 5 min at room tem-
perature. 50 μg of plasmid DNAs (25 heavy chain and 25 μg of 
light chain) were mixed into 2.5 mL of Opti-MEM medium in 
another tube. Then, the diluted Turbo293 were added into 
Opti-MEM medium containing plasmid DNAs. Transfection 
reagent and DNA mixture were incubated for 15 min at room 
temperature, and added to 40 mL of Expi293 cells (Life 
Technology) at 2.5 million cells/ml. The transfected cells were 
cultured in shaker incubator at 120 rpm, 37°C, 9% CO2 for 
5 days. At 5 days post-transfection, antibodies in clarified 
supernatants were purified over 0.5 mL Protein A (GE Health 
Science) resin in columns. Antibody was eluted with a low pH 
IgG elution buffer (Pierce), immediately neutralized with one- 
tenth volume of 1 M Tris-HCL pH 8.0. The antibodies were 
then buffer exchanged in phosphate-buffered saline (PBS) by 
dialysis, adjusted concentration to 0.5 mg/ml and filtered 
(0.22 μm) for neutralization assays.30

Assays to measure polyreactivity

Quanta Lite ACA IgG III ELISA Assay (INOVA Diagnostics, 
catalog number 708625) was used to test for IgG cardiolipin 
reactivity per the manufacturer’s instructions. Antibodies were 
tested at dilutions starting at 100 ug/ml and titrated threefold. 
Here we considered OD (450 nm) values of equal to or greater 
than threefold of the background ELISA signal as positives. 
Reactivity to HIV-1 negative human epithelial type 2 (HEp-2) 
cells was determined by indirect immunofluorescence binding 
of monoclonal antibodies (mAbs) to HEp-2 cells (ZEUS 
Scientific, Branchburg, NJ) as described previously.31 Briefly, 
20 μl of antibody at 25 and 50 μg/ml was placed on a predeter-
mined spot on the surface of an ANA HEp-2 kit slide (Zeus 
Scientific, catalog number FA2400), incubated for 30 min at 
room temperature, washed, and developed with 20 μl of ANA 
HEp-2 conjugate for 30 min. Incubations were performed in 
humid chambers in the dark. Slides were washed and a drop of 
mounting agent was placed on each spot prior to the fixing of 
coverslips. Images were taken on a Nikon Eclipse Ts2R micro-
scope at 25°C in the fluorescein isothiocyanate channel using 
NIS elements BR4.60.00 software. All images were acquired for 
500 ms. Control mAbs were assigned a score between 0 and 3. 
Test antibodies were assigned scores by visual estimate of 
fluorescence intensity in comparison to control antibodies.

Virus neutralization

Single-round-of-replication Env pseudoviruses were prepared, 
titers were determined, and the pseudoviruses were used to 

Figure 9. Neutralization, thermostability, pharmacokinetics, and heterogeneity of VRC07-523LS. (a) Neutralization of 10 HIV-1 isolates for VRC07-523LS wild type and 
VRC07-523LS-N72LCQ-R24LCD. (b) Differential scanning calorimetry for VRC07-523LS variants. Removal of glycan did not affect the thermostability of VRC07-523LS. (c) 
Pharmacokinetic profile for VRC07-523LS and VRC07-523LS-N72LCQ-R24LCD in humanized FcRn mice. Dash line denotes limit of detection. (d) Extracted ion 
chromatogram (XIC) of [366.137 ± 0.0005] Da corresponding to the signature glycan peak in the combined [trypsin + LysC] digests of VRC07-523LS samples: 
a distribution of the light chain (Fv) glycopeptides in the control material (top trace); only the heavy chain (Fc) glycopeptides are observed in the VRC07-523LS-N72LCQ- 
R24LCD material (bottom trace). XIC peak intensities have been normalized.
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infect TZM-bl target cells as described previously in an opti-
mized and qualified automated 384-well format.32 Briefly, anti-
bodies were serially diluted, a constant amount of pseudovirus 
added, and plates incubated for 60 minutes; followed by addi-
tion of TZM-bl cells which express luciferase upon viral infec-
tion. The plates were incubated for 48 hours and then lysed, 
and luciferase activity was measured. Percent neutralization 
was determined by the equation: (virus only)-(virus+anti-
body)/(virus only) multiplied by 100. Data are expressed as 
the antibody concentration required to achieve 50% neutrali-
zation (IC50) and calculated using a dose-response curve fit 
with a 5-parameter nonlinear function. We used a previously 
described panel21,33,34 of 208 geographically and genetically 
diverse Env pseudoviruses representing the major subtypes 
and circulating recombinant forms. The IC50 values reported 
here are from the complete set of 208 viruses run at the Vaccine 
Research Center.

Differential scanning calorimetry

A high-precision differential scanning VP-DSC microcalori-
meter (GE Healthcare/MicroCal) was used to measure the heat 
capacity of the trimers. In brief, samples were diluted to 
0.3 mg/mL with PBS. Thermal denaturation scans were per-
formed from 30°C to 110°C at a rate of 1°C/min.

Pharmacokinetic study in human neonatal Fc receptor 
(FcRn) transgenic mice

Human FcRn transgenic mice (FcRn-/- hFcRn (32) Tg mice, 
JAX stock #014565, The Jackson Laboratory)35,36 were used to 
assess the pharmacokinetics of wild type and Fv glycan- 
removed antibodies. Each animal was infused intravenously 
with 5 mg mAb/kg of body weight. Whole blood samples 
were collected at day 1, 2, 5, 7, 9, 14, 21 and 28. Serum was 
separated by centrifugation. Serum mAb levels were measured 
by ELISA using either anti-idiotypic antibodies (for VRC07- 
523LS; N6LS or N6LS-N72LCQ-R18D; CAP256-VRC26.25 or 
CAP256-VRC26.25-N26LCS; PGT121 or PGT121-S60HCN- 
N68HCT-N105HCK) or cognate antigen (resurfaced core 3, 
RSC321 for VRC07-523LS- N72LCQ- R24LCD) as described 
previously.12 All mice were bred and maintained under patho-
gen-free conditions at an American Association for the 
Accreditation of Laboratory Animal Care-accredited animal 
facility at the National Institute of Allergy and Infectious 
Diseases and housed in accordance with the procedures out-
lined in the Guide for the Care and Use of Laboratory Animals. 
All mice were between 6 and 13 weeks of age. The study 
protocol was evaluated and approved by the National 
Institutes of Health’s Animal Care and Use Committee (ASP 
VRC-18-747).

Liquid chromatography – mass spectrometry

High purity LC-MS grade water and acetonitrile containing 
formic acid used for mobile phase preparation, and ammonium 
bicarbonate reagent were purchased from J.T. Baker 
(Phillipsburg, NJ). RapiGest™ surfactant was purchased from 
Waters (Milford, MA). Formic acid was purchased from Pierce 

(Rockford, IL). Dithiothreitol (DTT) and iodoacetamide were 
purchased from ThermoFisher Life Technologies (Grand Island, 
NY), and Sigma Aldrich (St. Louis, MO), respectively. Trypsin 
(modified sequencing grade), chymotrypsin, and PNGase 
F glycosidase were purchased from Promega (Madison, WI).

For the peptide-mapping analysis by LC-MS, the sample 
concentrations were adjusted to 1.5 mg/mL with 50 mM 
ammonium bicarbonate, pH 7.4. The mAbs were denatured 
with RapiGest and reduced with DTT, followed by proteolytic 
digestions with either trypsin, a combination of [LysC + tryp-
sin], or a combination of [chymotrypsin + trypsin]. The por-
tion of each digest was subsequently deglycosylated with 
PNGase F for the glycan occupancy study, and another portion 
was left for monitoring the extent of endogenous or the dea-
midation possibly induced by the sample preparation.37 All 
digests were a subject for RPLC separation with MS/MSE 

analysis using an Acquity H-Class chromatography system 
with mass spectrometry detection on an SYNAPT G2 QTof, 
both from Waters (Milford, MA). The digests were separated 
on a UPLC Peptide BEH C18 column (300 Å, 1.7 µm, 2.1 mm 
x 50 mm) (Waters), with the column temperature set to 65°C, 
at a 0.2 mL/min flow rate; gradient: 0 min – 3%, 1 min – 3%, 
91 min – 57%, 91.5 min – 85%, 102 min – 85%, 103 min – 3%, 
105 min – 3%. The MSE elevated-energy channel used linear 
ramping of the collisional energy from 30 V to 
45 V. BiopharmaLynx v. 1.3 was used for the data processing 
and for the calculation of relative glycosylation; MassLynx 
v. 4.1 was used for the LC-MS acquisition and for plotting 
the extracted-ion chromatograms (XICs). The data search 
included semi-digested and miscleaved peptides, with 10 ppm 
mass accuracy of the precursor ions and 20 ppm for the frag-
ment ions for initial data scan prior to further data filtering. 
The XICs of the oxonium ion (366.137 ± 0.0005 Da) were used 
for the illustration of the overall glycopeptide profiles.

Glycan occupancy was calculated based on the relative 
amounts of the non-modified and deamidated components 
resulting from the PNGase F deglycosylation.37 The percentage 
of each glycoform in the original digest was adjusted for the % 
occupancy in the corresponding deglycosylated proteolytic 
digests. The amount of deamidated components, together 
with the XIC profiles, was used for the ultimate proof of the 
absence of glycosylation at several potential glycosites.

To ensure the legitimate component assignment, a set of 
verification criteria was applied to filter the automatically pro-
cessed results: 5 ppm mass accuracy limit for the precursor ion, 
15 ppm for the fragment ions, relevant retention time window, 
and the MSE-generated characteristic b,y-ion fragments 
matching the overall spectral quality.

PEG exclusion assay

Stock solutions of CAP256-VRC26.25, CAP256-VRC26.25- 
N26LCS, PGT121, PGT121-S60HCN-N68HCT-N105HCK, N6 
and VRC07-523LS were diluted to 1 mg/mL with PBS, pH 
7.4 (diluted from 10 X PBS, Biowhittaker, Cat. No. 17– 
517Q). No dilution was performed on N6-N72LCQ-R18LC 
D and VRC07-523LS-N72LCQ-R24LCD as the stock concen-
tration was 0.8 mg/mL. Stock solutions of 1X PBS (diluted 
from 10 X PBS, Biowhittaker, Cat. No. 17–517Q), and 30% 
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w/v PEG-8,000 (EMD Millipore, Cat. No. 6510) in 1X PBS at 
pH 7.4 were mixed to prepare various concentrations of PEG 
solutions ranging from 2.5% to 29.5% (w/v). A volume of 
160 µL (for 1 mg/mL sample) or 150 µL (for 0.8 mg/mL 
sample) of each PEG-8,000 solutions was added in triplicate 
to wells of a 96-well polystyrene plate (Greiner Bio-One, Cat 
No. 655096) to create a 24-point PEG concentration curve. 
Forty microliters (40 µL) of the mAb solution at 1 mg/mL or 
50 µL of the mAb solution at 0.8 mg/mL was then added to 
each well containing PEG to obtain a final protein concen-
tration of 0.2 mg/mL and PEG concentration ranging from 
2% to 22% (w/v).

The plates were sealed using an adhesive film (VWR, Cat 
No. 60941–120) and incubated overnight at room temperature. 
Post incubation, the contents of each well were transferred to 
a 96-well filter plate (Corning, Cat No. 3504) stacked on top of 
a clear 96 well polystyrene plate (Greiner Bio-One, Cat No. 
655096). The plates were then centrifuged at 2465 rcf for 
30 min in a swing-bucket centrifuge (Eppendorf 5810 R). The 
filtrate collected in the bottom clear 96-well polystyrene plate 
was analyzed on a UV-Visible plate reader (Biotek, Synergy 
Neo2, Winooski, VT) at 285 nm using PBS as a blank to 
determine the protein concentration. The protein concentra-
tion vs. PEG-8,000 (% w/v) data were plotted using Origin 2016 
and were fit to a Hill-slope sigmoidal curve equation to deter-
mine the % PEGmidpoint.
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