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ABSTRACT Passive administration of HIV-directed broadly neutralizing antibodies
(bNAbs) can prevent infection in animal models, and human efficacy trials are under
way. Single-chain variable fragments (scFv), comprised of only the variable regions
of antibody heavy and light chains, are smaller molecules that may offer advantages
over full-length IgG. We designed and expressed scFv of HIV bNAbs prioritized for
clinical testing that target the V2-apex (CAP256-VRC26.25), V3-glycan supersite
(PGT121), CD4 binding site (3BNC117), and MPER (10E8v4). The use of either a 15- or
18-amino-acid glycine-serine linker between the heavy- and light-chain fragments
provided adequate levels of scFv expression. When tested against a 45-multisubtype
virus panel, all four scFv retained good neutralizing activity, although there was vari-
able loss of function compared to the parental IgG antibodies. For CAP256-VRC26.25,
there was a significant 138-fold loss of potency that was in part related to differen-
tial interaction with charged amino acids at positions 169 and 170 in the V2
epitope. Potency was reduced for the 3BNC117 (13-fold) and PGT121 (4-fold) scFv
among viruses lacking the N276 and N332 glycans, respectively, and in viruses with
a longer V1 loop for PGT121. This suggested that scFv interacted with their epitopes
in subtly different ways, with variation at key residues affecting scFv neutralization
more than the matched IgGs. Remarkably, the scFv of 10E8v4 maintained breadth of
100% with only a minor reduction in potency. Overall, scFv of clinically relevant
bNAbs had significant neutralizing activity, indicating that they are suitable for pas-
sive immunization to prevent HIV-1 infection.

IMPORTANCE Monoclonal antibodies have been isolated against conserved epitopes
on the HIV trimer and are being investigated for passive immunization. Some of the
challenges associated with full-sized antibody proteins may be overcome by using
single-chain variable fragments (scFv). These smaller forms of antibodies can be pro-
duced more efficiently, may show fewer off-target effects with increased tissue pen-
etration, and are more adaptable to vectored-mediated expression than IgG. Here,
we demonstrate that scFv of four HIV-directed bNAbs (CAP256-VRC26.25, PGT121,
3BNC117, and 10E8v4) had significant neutralizing activity against diverse global
strains of HIV. Loss of potency and/or breadth was shown to be due to increased
dependence of the scFv on key residues within the epitope. These smaller antibody
molecules with functional activity in the therapeutic range may be suitable for fur-
ther development as passive immunity for HIV prevention.
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Broadly neutralizing antibodies (bNAbs) block infection of diverse HIV strains by
targeting relatively conserved epitopes on the HIV envelope trimer (1–3). An HIV

vaccine will likely need to elicit these types of antibodies, but this has not yet been
achieved. However, some HIV-infected individuals naturally generate bNAb responses,
enabling the isolation of monoclonal antibodies with high potency and exceptional
breadth and creating the possibility of passive immunization for HIV prevention (4, 5).
Animal studies support this approach, with bNAbs such as CAP256-VRC26.25, PGT121,
3BNC117, 10-1074, PGDM1400, VRC01, and VRC07 shown to prevent simian-human
immunodeficiency virus infection in nonhuman primate models (6–9). In addition,
passively infused bNAbs 3BNC117, 10-1074, and VRC01 substantially reduce viral levels
in viremic individuals, confirming their neutralization capacity in vivo (10–15). This has
led to the antibody-mediated prevention (AMP) trial, a proof-of-concept study in Africa,
Switzerland, and the Americas that is under way to assess whether the bNAb VRC01 can
prevent HIV infection in humans (https://ampstudy.org.za/).

The promise of passive immunization opens up possibilities for using bNAbs in other
formats. Small antibody fragments such as single-chain variable fragments (scFv) may
offer advantages over IgG (16–18). scFv consist of the antibody variable heavy and
variable light chains and are substantially smaller than IgG molecules (30 kDa versus
approximately 147 kDa) (19). This may enhance some of their pharmacokinetic prop-
erties and improve their distribution throughout the body and absorption into various
tissues. In the context of HIV, the smaller size may enhance diffusion into genital tract
mucosal tissues, where most HIV infections occur (5, 16, 20–22). Moreover, as scFv do
not have an Fc region, they are less likely to display nonspecific cytotoxicity through
cytokine release, although this reduces their half-life significantly and removes their
ability to perform Fc-mediated effector functions (16, 22). Antibody scFv have been
successfully used in clinical settings particularly for cancer therapy, where their en-
hanced tissue penetration aids in tumor targeting, and are also being developed for
neurological diseases, such as Parkinson’s disease, although some anti-drug antibody
responses were noted (16, 23, 24).

Antibody scFv targeting the HIV envelope have previously been isolated through
phage display, but their neutralization capacity was limited (25, 26). Initial attempts to
engineer scFv, immunoadhesins, or other antibody fragments from bNAbs VRC01, PG9,
and PG16 showed poor expression and loss of function compared to the IgG (18). The
availability of a larger number of broad and potent bNAbs has revived interest in this
area. We therefore made scFvs of bNAbs that target 4 distinct epitopes on the HIV
envelope trimer, focusing on those undergoing human clinical testing. These included
CAP256-VRC26.25 (which binds the V2 apex and is referred to here as CAP256.25) (28),
PGT121 (V3-glycan supersite) (29), 3BNC117 (CD4 binding site [CD4bs]) (30), and 10E8v4
(MPER) (31). We found that a reduction in neutralization breadth and/or potency of the
scFv compared to the IgG was due to differences in dependence on specific residues
in the epitopes. However, overall, scFv largely retained breadth and potency against
diverse global HIV isolates and may prove to be useful for future clinical development
to prevent HIV acquisition.

RESULTS
Construction and optimization of scFv derived from HIV bNAbs. We designed

scFv of bNAbs that target four major epitopes on the HIV-1 envelope (CAP256.25,
PGT121, 3BNC117, and 10E8v4) to determine if they retain neutralization breadth and
potency. These scFv consisted of the variable heavy chain and the variable light chain
of the parent IgG connected by a glycine-serine linker with a histidine tag for purifi-
cation (amino acid sequences of each construct used to generate scFv are shown in
Table 1). As linker length can be a major determinant of paratope formation, we tested
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linkers of three different lengths. Heavy (VH)- and light (VL)-chain orientation was also
tested for one of the linkers. CAP256.25 and PGT121 were used to first assess expression
and function of these different constructs (Fig. 1A). For CAP256.25 scFv, the 18-amino-
acid linker (termed L3) in both VH-VL and VL-VH orientations had the highest expression.
The 15-amino-acid (GGGGS)3 linker (L1) showed lower expression levels, and the
20-amino-acid (GGGGS)4 linker (L2) was poorly expressed. For PGT121, the highest
expression was observed for L1 in the VH-VL orientation. We next tested whether the
different linkers affected neutralization breadth and potency using panels of sensitive
viruses tailored to each bNAb. Since scFv are roughly 5 times smaller than IgG, the 50%
inhibitory concentration (IC50) values were multiplied by the molecular weight fold
difference between each scFv and its matched IgG (values shown in Fig. 1A and
explained in Materials and Methods).

For CAP256.25, all three linkers in the VH-VL orientation showed similar neutralizing
activity against a panel of 36 viruses, while the VL-VH L3 (purple) had a 2-fold lower
geometric mean potency (Fig. 1B). We therefore used CAP256.25 scFv VH-VL L3, which
showed the highest expression levels, to conduct further experiments. Similarly, no
significant differences were observed for the different PGT121 scFv constructs against
an 18-virus panel (Fig. 1A), and PGT121 VH-VL L1, which showed the highest expression
levels, was used. Based on this, 3BNC117 and 10E8v4 scFv were expressed in the VH-VL

conformation with the L1 linker. Both expressed relatively well and showed good
neutralizing activity (Fig. 1A).

HIV bNAb scFv retain good neutralization breadth and potency. All four scFv
were tested for neutralizing activity against a larger multiclade panel of 45 viruses for
breadth and potency. Compared to their parental IgG proteins, all scFv retained
substantial neutralizing activity, although they showed some reduction in breadth

TABLE 1 Amino acid sequences of four scFv constructs derived from HIV bNAbsa

aThe variable heavy chain (light blue) and variable light chain (yellow) are indicated, as well as the glycine-serine linker (purple) and the 8� histidine tag (red), which
is preceded by an HRV3C site (italicized) and is separated from the light chain by a small GG spacer.
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and/or potency. CAP256.25 scFv maintained breadth of 64% equivalent to the full IgG,
but there was a significant (P � 0.0001) 138-fold decrease in geometric mean potency
compared to that of IgG (from 0.0071 to 1 �g/ml) (Fig. 2A). While all viruses in the panel
were less potently neutralized by CAP256.25 scFv, some viruses were more severely
affected, with �1,000-fold loss of potency for Q23.17, Q842.D12, and AC10.0.29 (Fig. 3).

The scFv of 3BNC117 and PGT121 showed an overall loss in both potency and
breadth of neutralization. For 3BNC117, the scFv was 13-fold less potent than the IgG
(P � 0.0001) and had slightly lower breadth of 82% compared to 91% for the IgG (Fig.
2B). PGT121 scFv had 4-fold reduced potency (P � 0.0001) and breadth of 73% com-
pared to 89% for the IgG (Fig. 2C). This was a result of the scFv losing activity against
viruses such as REJO.67 and QH0692.42 (Fig. 3). However, even in these cases, the scFv
showed low levels of maximum neutralization (�20% but �50%) at the highest
concentration tested, indicating that the scFv still bound to resistant viruses (high-
lighted in Fig. 3 with an asterisk). Despite the significant potency losses for some
viruses, there were a number of viruses that were neutralized equally well by the scFv
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FIG 1 Design, expression, and testing of scFv constructs of HIV bNAbs. (A) A total of 10 scFv constructs
were made, with different glycine-serine linkers for CAP256.25 and PGT121 and L1 (GGGGS)3, L2
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and by the IgG of PGT121 and 3BNC117, a phenomenon that was not seen with
CAP256.25 scFv (Fig. 3).

The MPER antibody 10E8v4, when expressed as an scFv, showed no loss of function.
It maintained 100% breadth of the panel with a minor 2-fold reduction in geometric
mean potency compared to the IgG version (Fig. 2D). A significant reduction in potency
was noted for only one virus, TRO.11, although it was still neutralized (Fig. 3).

Comparison of the potency of all four scFv relative to their IgG clearly demonstrates
the significant loss of function for CAP256.25 scFv (Fig. 2E). Nonetheless, the breadth-
potency curve of CAP256.25 scFv still overlapped that of the other scFv (Fig. 2F), a
consequence of the exceptional potency of the parental CAP256.25 IgG. The superior
neutralization breadth of the 10E8v4 scFv was also evident in these breadth-potency
curves. Overall, the median IC50 for all 4 scFv were in the range of 1 to 2 �g/ml, which
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is close to the therapeutic range for VRC01 that is currently undergoing human efficacy
testing.

Loss of potency in CAP256.25 scFv linked to epitope charge. In order to probe
the loss of potency for CAP256.25 scFv, we tested the effect of point mutations in the
V2 epitope of the autologous virus CAP256_SU. Mutations L165V and K171N had no
effect on either the scFv or IgG (Fig. 4A). Similarly, a conservative K169R mutation did
not impact the neutralizing activity of either protein. The T162I mutation (which
removes the conserved glycan at position 160) and the K170Q mutations had a small
effect on the scFv (3- and 4-fold, respectively) but not on the IgG (below 3-fold).

IgG  scFv Fold IgG  scFv Fold IgG  scFv Fold IgG scFv Fold
Q23.17 0.0017 2.1 1210 0.046 0.10 2 0.011 0.020 2 2.5 2.3 1

Q168.A2 0.00074 0.62 844 0.076 0.19 2 36 250 7 0.93 2.5 3
Q259.D2.17 0.0046 3.4 735 0.046 250 5482 13 5 0.4 6.9 5.7 1

Q461.E2 0.024 4.3 183 0.044 0.26 6 >200 >250 ~ 2.1 2.6 1
Q769.D22 >200 >250 ~ 0.017 0.072 4 >200 >250 ~ 3.8 2.7 1
Q842.D12 0.019 19 1007 0.0071 0.027 4 0.083 1.39 17 4.1 2.8 1

BG505.W6M 332N 0.0013 0.68 522 0.025 0.081 3 0.044 0.062 1 0.40 0.95 2
CAAN5342.A2 >200 >250 ~ 0.88 3.3 4 0.042 0.34 8 3.4 4.9 1

AC10.0.29 0.017 52 3003 17 >250 >14.7 0.072 0.20 3 0.39 0.54 1
RHPA4259.7 >200 >250 ~ 0.025 0.13 5 0.046 0.11 2 0.60 1.9 3

TRO.11 >200 >250 ~ 0.029 0.24 8 0.067 0.33 5 0.16 1.8 12
PVO.4 0.037 2.7 71 0.072 0.16 2 0.23 0.66 3 3.8 3.4 1

SC422661.8 >200 >250 ~ 0.062 0.51 8 0.28 15 56 0.49 0.49 1
REJO.67 >200 >250 ~ 0.04 1.4 33 1.3 >250* >132 0.61 0.90 1

TRJO4551.18 >200 >250 ~ 0.11 13 121 9.0 121 13 2.9 2.3 1
WITO.33 >200 >250 ~ 0.032 0.13 4 0.73 >250* >342 0.32 0.43 1

THRO4156.18 19 240 13 2.2 10.3 5 >200 >250 ~ 0.46 0.80 2
QH0692.42 >200 >250 ~ 0.2 0.5 2 0.56 >250 >444 0.52 1.9 4

6535.3 >200 >250 ~ 0.71 30.8 44 0.020 0.014 1 0.18 0.95 5
Du151.2 0.0020 0.17 83 >200* 154 1 0.011 0.025 2 0.37 1.6 4

Du156.12 0.0040 0.190 48 0.056 2.7 48 0.021 0.14 7 0.03 0.067 2
Du172.17 >200 >250 ~ 0.68 >250 >367 0.057 49.4 865 0.10 0.4 4
Du422.1 0.0092 1.3 145 >200 >250* ~ 0.047 1.13 24 0.47 0.8 2

ZM53M.PB12 0.00046 0.0023 5 0.38 10.3 27 0.0030 0.55 183 3.4 4.3 1
ZM109F.PB4 0.0060 5.3 880 0.13 247 1962 12 >250* >20 0.13 0.5 4

ZM135M.PL10A >200 >250 ~ 0.06 0.26 4 2.0 >250* >125 0.13 0.4 3
ZM197M.PB7 0.0060 0.048 8 0.45 2.6 6 >200 >250 ~ 0.06 0.19 3
ZM214M.PL15 0.0060 3.8 640 0.12 0.9 7 0.06 0.22 4 0.54 1.5 3
ZM233M.PB6 0.0020 0.017 9 0.30 1.9 6 3.0 86 29 0.16 0.24 2
ZM249M.PL1 0.0050 2 442 0.10 1.1 11 0.88 2.2 2 0.37 1.5 4

CAP8.6F 0.20 48 240 31 >250* >8 0.017 0.056 3 0.88 0.42 0.5
CAP45.2.00.G3 0.00060 0.51 851 1.7 >250 >147 0.57 177 310 0.33 0.69 2

CAP61.4.22.F10A 0.040 19 480 0.11 15.4 144 0.053 0.13 2 2.4 1.7 1
CAP63.A9 0.0090 0.74 82 0.26 3.1 12 0.13 0.78 6 0.52 2.7 5
CAP84.32 0.40 16 40 0.085 82 966 0.010 0.010 1 1.0 1.3 1
CAP85.9 >200 >250 ~ 1.7 87 51 0.13 0.27 2 0.40 0.43 1

CAP88.B5 >200 >250 ~ 0.82 87 107 0.40 91 228 0.018 0.030 2
CAP206.8 0.0020 0.68 340 >200 >250* ~ 3.8 101 27 0.26 0.44 2

CAP210.2.00.E8 0.0018 0.016 9 13 2.1 0.2 27 >250* >9 1.0 1.8 2
CAP228.2.00.51J 0.0055 3.8 686 0.056 >250* >4400 27 >250 >9 50 250 5
CAP239.2.00.G3J 0.0029 0.44 149 >200* >250* ~ 0.023 0.11 5 0.54 0.7 1

CAP244.D3 >200 >250 ~ 0.13 10.3 78 >200 >250 ~ 0.28 1.3 5
CAP255.2.00.16J >200 >250 ~ 0.029 5.1 179 0.040 0.051 1 0.73 1.8 3

CAP256.SU 0.0013 0.0064 5 0.50 1.1 2 0.020 0.040 2 1.4 3.9 3
ConC 0.0015 0.033 22 0.052 6 121 0.020 0.030 2 1.4 1.0 1

0.0071 1.0 138 0.18 2.3 13 0.20 0.75 3.7 0.62 1.2 2
64.4% 64.4% 91.1% 82.2% 88.9% 73.3% 100.0% 100.0%  
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However, the scFv was more affected by the K169I substitution (11-fold for the scFv
versus 3-fold for the IgG), the K169Q (20- versus 6-fold), the K169T (35- versus 12-fold),
and the R166K (75- versus 4-fold) mutations. For both scFv and IgG, a K169E mutation
resulted in complete neutralization resistance. Therefore, while neutralization by the
scFv and IgG were overall similarly influenced by mutations in the epitope, the
consequence of individual mutations was more pronounced for the scFv.

To further explore this, we partitioned CAP256.25-sensitive viruses into those with a
greater than 10-fold potency loss for the scFv compared to that of the IgG (24 viruses)
versus those with less than a 10-fold change (5 viruses) (Fig. 4B; glycans, N(X)T/S, are
indicated by a pink O in the logograms). Differences at residue 160 or 166 between
these two groups did not explain the general loss of potency by the scFv. Some
variation was noted at position 169, with 169M (2/24), 169N (1/24), 169V (1/24), and
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169R (3/24) found in viruses where the scFv lost potency. However, in 21/24 viruses
with a large potency loss, an uncharged glutamine (Q) was present at position 170
rather than a charged lysine (K) or arginine (R). We therefore introduced Q170K into
three viruses (AC10.0.29, Q23.17, and Du156.12) along with 169K in AC10.0.29 (M169K)
and Q23.17 (R169K). Individual 169K and 170K mutations significantly improved neu-
tralization by the scFv in both Du156.12 and Q23.17 (but not AC10.0.29) but had no
significant effect on the IgG (Fig. 4C). However, the combination of these mutations
significantly improved scFv neutralization in both Q23.17 (70-fold) and AC10.0.29
(86-fold) compared to a minimal effect (2- and 3-fold, respectively) for the IgG. These
data suggested that CAP256.25 scFv neutralization was more dependent on the charge
of the epitope than the matched IgG.

To visualize the effect of charge in the V2 apex of different envelopes, models of the
HIV Env of CAP256_SU and AC10.0.29 were generated (Fig. 4D). CAP256_SU, which is
similarly neutralized by both scFv and IgG, has charged lysine residues at positions 169
and 170 (Fig. 4D). These 169K and 170K residues formed a cluster of positive charges
at the apex of the trimer. In contrast, AC10 displayed a reduced charge in the epitope,
with neutral amino acids occupying these positions (M169 and Q170), possibly explain-
ing the observed virus-specific loss of potency.

PGT121 scFv neutralization affected by both the N332 glycan and V1 length.
The glycan at position N332 is a key part of the epitope of V3-directed bNAbs, such as
PGT121 (29, 32). To determine the dependence of the scFv on the N332 glycan, we
deleted this glycan in three viruses (Q23.17, Du156.12, and TRO.11) through an N332A
mutation. There was a significant loss of scFv potency for all 3 viruses, while for the IgG,
this effect was seen in 2 of the 3 viruses (Fig. 5A, left). We also introduced this glycan
into resistant viruses Q168.A2, REJO.67, CAP45.2.00.G3, and ZM197M.PB7, which con-
ferred neutralization sensitivity to both the scFv and the IgG of PGT121 (Fig. 5A, right),
although not always to the same level as the IgG.

We next analyzed the sequences of the 45 viruses tested, dividing them into 3
groups: viruses equally sensitive to the IgG and scFv (Fig. 5B, upper, 21 viruses), viruses
with a 10-fold-reduced sensitivity to the scFv and/or IC50 of �200 �g/ml for the scFv
(Fig. 5B, middle, 19 viruses), and viruses resistant to both the IgG and the scFv (Fig. 5B,
lower, 5 viruses). There was no difference in the GDIR motif between the groups. As
expected, 21/21 viruses sensitive to PGT121 had a glycan at position N332 (indicated by
a pink O in the logograms). In contrast, viruses resistant to both scFv and IgG lacked the
N332 glycan, with 2 viruses showing a glycan shift to N334 and 3 lacking either glycan.
In viruses where the scFv lost potency (Fig. 5B, middle), only 7 out of 19 had either a
glycan shift to N334 or lacked a glycan at N332/N334. This suggested that while both
the PGT121 IgG and scFv were dependent on the N332 glycan, the reduced potency
and breadth of the scFv was only partly due to an increased dependence on this glycan.

V3-directed bNAbs are also affected by the length of the V1 region (33, 34), so we
assessed whether this contributed to the loss of scFv neutralization. We used two
related viruses isolated from the same individual, donor CAP177, that showed differ-
ential sensitivity to PGT121. The CAP177-4C virus contains a long V1 loop (dark pink)
(Fig. 5C, upper), while CAP177-5D has a short V1 loop (green) (Fig. 5C, lower). V1 swaps
between these 2 clones were made and tested for sensitivity to both scFv and IgG.
Inserting a short V1 in CAP177-4C (Fig. 5C, upper) increased the potency of PGT121 IgG
by 20-fold (from 0.94 �g/ml to 0.047 �g/ml) but had a substantially greater 91-fold
effect on the scFv (from 6.7 �g/ml to 0.074 �g/ml). Similarly, there was a 4-fold loss in
potency for the scFv when a long V1 was introduced into CAP177-5D (from 0.080 �g/ml
to 0.31 �g/ml), with no effect on the IgG (Fig. 5C, lower). The length of V1, therefore,
had a greater effect on the neutralization potency of the scFv than the IgG of PGT121.

Loss of potency for the 3BNC117 scFv more pronounced for subtype C viruses.
The N276 glycan is highly conserved and a major contact residue for CD4 binding site
antibodies, including 3BNC117 (30, 35). To interrogate the loss of potency for the
3BNC117 scFv, we introduced this glycan into a resistant virus or removed it from three
sensitive viruses (Fig. 6A). Insertion of the N276 glycan into CAP239.2.00.G3J (through
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an L278T mutation) rendered this resistant virus highly sensitive to IgG, although the
effect on the scFv was marginal. However, removal of the N276 glycan in three viruses
had a more significant effect on the scFv than the IgG, with the N276A mutation
causing a 10-fold increase in resistance or a knockout effect (Fig. 6A). This indicated that
the scFv was more dependent on the 276 glycan for neutralization than the IgG.

CD4bs antibodies have been shown to have some subtype preference, often
exhibiting lower efficacy against subtype C viruses (36). To explore whether this also
impacted the scFv, we compared the loss of potency, relative to that of IgG, for subtype
A, B, and C viruses. There was a significant 9-fold difference in the IC50 between the scFv
and IgG for subtype B viruses (Fig. 6B). However, there was a 28-fold difference for
subtype C viruses, suggesting that the subtype-specific genetic differences have more
of an impact on the scFv than the IgG. For subtype A, only one virus, Q259.D2.17, which
lacked the N276 glycan (marked in green), showed more than a 10-fold difference (Fig.
6B). This glycan was also missing in the subtype C virus, CAP228.51, which was
significantly less well neutralized by the scFv.

We next analyzed the viral amino acid sequences in the CD4 binding site of subtype
C viruses to identify other residues that might contribute to the potency difference
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between IgG and scFv (Fig. 6C). Viruses were separated into 3 groups based on their
relative sensitivity to IgG and scFv. There was significant viral variation at positions 360,
362, and 429, all of which have been previously implicated in the binding of CD4bs
bNAbs (36, 37), although position 429 has not specifically been shown to impact
3BNC117.

To further explore the possibility that residue 429 impacted the scFv, we compared
crystal structures of the 3BNC117 Fab in complex with gp120 (PDB entries 4JPV and
5V8L). We found that a neutral or negative charge at residue 429 interacted with a
positively charged residue 30 (arginine) on the 3BNC117 Fab (Fig. 6D). In contrast, a
positive charge at position 429 in the HIV-1 trimer could prevent 3BNC117 binding to
this site by folding back and binding to an aspartic acid at position 113 in gp120,
occluding this residue. Therefore, the 3BNC117 scFv binding may in part be more
reliant on the neutral or negative charge at position 429 than its IgG counterpart. Thus,
virus-specific loss of potency for the 3BNC117 scFv was likely impacted by viral subtype,
the 276 glycan, and charged residues within the epitope.

DISCUSSION

We have designed and expressed scFv of HIV bNAbs that are undergoing human
clinical testing to assess whether they maintained neutralization capacity in this format.

> 
10

 fo
ld

 
di

ffe
re

nc
e 

n=
15

< 
10

 fo
ld

 
di

ffe
re

nc
e

n=
7

re
si

st
an

t
n=

4
A

C

B

276 429360 362

* *** ***

N276-

scFv
IgG

IgG scFv IgG scFv IgG scFv
Subtype A Subtype B Subtype C

0.001

0.01

0.1

1

10

100

1000

IC
50

 in
 μ

g/
m

L

3x 9x 28x

D

3BNC117 Fab HIV-1 gp120 
subtype A

G429

D113
R30

R429

D113
R30

3BNC117 Fab HIV-1 gp120 
subtype A

IgG scFv
WT >200 >200

 L278T (N276) 0.31 (645x) 109 (2x)

WT (N276) 0.040 0.26
 N276A 0.023 (2x) 2.9 (11x)

WT (N276) 0.045 1.1
 N276A 0.027 (2x) 9.6 (9x)

WT (N276) 0.055 18
 N276A 0.071 (1x) >200 (11x)

IC50 (μg/mL)Virus

CAP239

TRO.11

REJO

ConC

FIG 6 Loss of potency for the 3BNC117 scFv was more pronounced for subtype C viruses. (A) IC50 of IgG
and scFv neutralization of one virus that lacked the N276 glycan with a glycan knockin (CAP239) and 3
viruses in which the N276 glycan has been deleted (scFv corrected for molecular weight difference). Fold
changes compared to the wild type are shown in parentheses, with changes of �5-fold colored in orange.
(B) IC50 titers in micrograms per milliliter of IgG (circle) and scFv (triangle) against HIV-1 subtypes A, B, and
C. Viruses lacking an N276 glycan are colored green. IgG- and scFv-resistant viruses are excluded. Fold
differences are indicated above the graph and excluded the 2 viruses that lacked an N276 glycan. (C)
Logogram of amino acid sequences of the CD4 binding site of HIV-1 subtype C viruses neutralized at the
same level by scFv and IgG (�10-fold), those less well neutralized by scFv (�10-fold difference), or those
resistant to both IgG and scFv. The N276 glycan and sites 360, 362, and 429, which exhibit the most
variability, are indicated. Negatively and positively charged residues are colored red and blue, respectively.
(D) Structural representation of the interaction of 3BNC117 Fab (green) and HIV Env (gray) containing an
arginine (blue) or glycine (orange) at position 429. The aspartic acid at residue 113 in the HIV trimer is
colored red, whereas the arginine at position 30 in the Fab is colored blue. Polar bonds are indicated by
dotted lines (PDB entries 4JPV and 5V8L) (78, 79).

van Dorsten et al. Journal of Virology

January 2020 Volume 94 Issue 2 e01533-19 jvi.asm.org 10

https://www.ncbi.nlm.nih.gov/protein/4jpv
https://www.ncbi.nlm.nih.gov/protein/5v8l
https://www.ncbi.nlm.nih.gov/protein/4jpv
https://www.ncbi.nlm.nih.gov/protein/5v8l
https://jvi.asm.org


These bNAbs targeted one of four well-defined epitopes on the viral envelope, namely,
the V2 apex (CAP256.25), the V3 glycan (PGT121), the CD4bs (3BNC117), and the MPER
(10E8v4). Remarkably, these much smaller scFv, engineered from the variable regions of
the IgG, retained substantial breadth and potency, and 10E8v4 was equivalent to the
full IgG molecule. While CAP256.25, 3BNC117, and PGT121 scFv lost potency, they were
nonetheless in the therapeutic range of VRC01, a CD4bs antibody that is currently in
clinical efficacy testing.

Newly designed scFv showed good levels of expression with different linker lengths
of 15, 18, or 20 amino acids having minimal to no impact on neutralizing activity. This
suggested that the loss of activity relative to IgG was due to the inherent nature rather
than the design of the scFv, which at �30 kDa are 5 times smaller than IgG. Antibody
scFv were more likely to lose neutralization potency rather than breadth, although for
3BNC117 and PGT121 the loss of potency often resulted in reduced breadth. Potency
loss was most severe for CAP256.25 and was evident against all viruses tested, while for
3BNC117 and PGT121 this occurred in a virus-specific manner. Epitope mapping studies
on selected viruses showed that scFv bound to their epitope in ways subtly different
from those of the matched IgG. Thus, charged residues at positions 169 and 170 in V2
affected CAP256.25 scFv neutralization more than the IgG. For PGT121, interactions
with the N332 glycan and the length of V1 impacted the scFv to a greater degree than
the IgG, and for 3BNC117, loss of binding to the N276 glycan was more detrimental to
the scFv than the IgG. Thus, while scFv retained the ability to interact with known
epitopes, they were more sensitive to variations at single residues within these
epitopes. Whether these potency losses are unique to each scFv or are dependent on
the epitopes being targeted would need to be determined by designing and testing a
larger number of scFv versions of bNAbs.

scFv have a single binding site compared to the 2 binding sites of IgG, which likely
reduces their affinity for the antigen. It is known that smaller proteins tend to have
higher off rates due to lower binding affinity (38–40). This was previously demonstrated
for scFv-based fragments of VRC01 that had a 4-fold lower affinity than the IgG version
(18). Affinity is influenced by noncovalent intermolecular interactions between
proteins, such as electrostatic charge and hydrogen bonding. Our data suggest that
a charge change in the epitope had a greater effect than the loss of a glycan,
although both likely impacted the binding affinity of the scFv, accounting for the
potency losses. Loss of affinity could also be due to the inability of scFv with a single
binding site to effectively cross-link protomers on the trimer. Even though trimers
are present at low density on the HIV virion, polarization of trimers at the cell
contact site would allow the IgG but not the scFv to cross-link (41–45).

The constant region affects the angle at which the antibody paratope engages the viral
epitope and also helps to stabilize the heavy-light chain interactions (46). As a result, scFv
may have a somewhat less rigid paratope than IgG. Removal of the Fc region could,
therefore, alter these interactions, contributing to the scFv being more dependent on key
residues in the epitope. Structural studies in combination with affinity studies of scFv are
needed to further inform the molecular interactions with the HIV trimer and provide
insights into the stability of scFv paratopes. Others have shown that the lack of an Fc region
also significantly reduces the half-life of scFv and removes their ability to mediate effector
functions, which compromises their clinical development (16, 22). However, scFv may have
lower immunogenicity and off-target effects than IgG as a result of not having an antibody
Fc region to engage host Fc receptors (18, 47).

scFv may have better access to their epitopes than IgG due to their smaller size, as
has been reported using other antibody constructs. For example, antigen-binding
fragments (Fab) of antibodies targeting the CD4-induced (CD4i) epitope showed
significant improvement in potency over the IgG versions (48–50). Moreover, scFv
isolated from phage display libraries demonstrated good breadth and potency (25, 51).
A number of antibody epitopes on the HIV trimer are not readily accessible by IgG
molecules due to steric hindrance, including the MPER on gp41 (53–55). Remarkably,
the scFv of 10E8v4, an MPER antibody that targets an epitope close to the viral
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membrane, largely maintained potency similar to that of the IgG. The improved access
of the 10E8v4 scFv to this recessed site could offset the loss of affinity that results from
having only a single paratope. Alternatively, scFv targeting the MPER may be partially
buried in the lipid membrane, which could stabilize the interaction with the epitope
(54–56). scFv may also be important in preventing cell-cell transmission, where spatial
restrictions within the virological synapse limit antibody access (57).

scFv may be useful in the context of passive immunization; however, the caveats
associated with this format will need to be addressed, in particular their reduced
half-life. Adeno-associated virus (AAV) vectors, which are being developed for contin-
uous delivery of antibody-based products as vectored immunoprophylaxis against HIV
infection (58–61), may provide a solution. scFv, with their smaller gene inserts, may be
more suitable for expression in vectors, such as AAV-8, that have been previously
deployed for some of the IgG bNAbs described here (61). This approach could be
particularly important in the context of bNAb combinations needed to optimize the
coverage of global HIV strains (62–64). Since multiple scFv could be expressed from the
same vector, their use in combination treatments may be a distinct advantage (47, 58,
62, 65). scFv derived from other HIV bNAbs will need to be tested to determine which
combinations show optimal complementarity in their neutralization profiles given that
scFv neutralization cannot be predicted.

Overall, our data indicate that scFv retain considerable breadth and potency and
could perform better than IgG equivalents as combination therapeutics. In particular,
10E8v4 should be considered a leading candidate for human clinical testing, given that
it retains all its functional activity as an scFv. Although there are some challenges with
this format, there are also unique advantages of scFv over IgG. These smaller antibody
proteins, therefore, have considerable potential in passive immunization strategies to
prevent HIV infection.

MATERIALS AND METHODS
Construction of scFv. scFv containing the variable regions of various bNAbs were cloned by

overlapping PCR or ordered from GenScript (NJ, USA) (Table 1). For CAP256.25 and PGT121, 3 different
glycine-serine linkers, namely, a 15-amino-acid linker [linker 1, (GGGGS)3], a 20-amino-acid linker [linker
2, (GGGGS)4], and an 18-amino-acid linker (linker 3, GGSSRSSSSGGGGSGGGG) were tested in the VH-VL

orientation. L3 was also tested for the VL-VH orientation. We used an 8�-histidine tag for purification
purposes preceded by an HRV-3C site in case removal of the histidine tag was needed for future
experiments. Table 1 shows the scFv constructs in VH-VL orientation with L3 for CAP256.25. All other scFv
(3BNC117 and 10E8v4) were expressed in the VH-VL conformation with linker 1 as specified.

Protein expression. All constructs were cloned into the pCMVR vector (AIDS Reagent Program,
Division of AIDS, NIAID, NIH). For the lambda chain of PGT121, the pBR322-based IG-lambda expression
vector was used (AIDS Reagent Program, Division of AIDS, NIAID, NIH). The constructs were grown in
JM109 bacterial cells and extracted using a plasmid Maxiprep kit (Qiagen, Hilden Germany). Sequences
were confirmed using the Applied Biosystems 3500xL Genetic Analyzer. Constructs were expressed as
previously described (66). In short, HEK293F suspension cells at 1.5 � 106 to 2 � 106 cells/ml were
cotransfected with linear polyethylenimine hydrochloride (molecular weight, 40,000) at a 3:1 ratio with
1 �g of plasmid per 1 ml of culture. Supernatants were harvested after 6 days.

Purification of scFv. scFv were purified using Ni-Sepharose beads (GE Healthcare, Massachusetts USA).
Proteins were washed using a 30 mM imidazole–phosphate-buffered saline (PBS) solution and eluted using
400 mM imidazole in PBS. Glycerol was added to the elution at a final concentration of 5% to limit
aggregation. scFv were applied to hiload Superdex 75 or Superdex 200 columns (GE Healthcare) equilibrated
with PBS at pH 6.5 (5% glycerol with 0.02% sodium azide). The fractions corresponding to the size of the scFv
were collected, pooled, and concentrated using Vivaspin concentrators or Vivapore static concentrators (GE
Healthcare). The samples were dialyzed overnight at room temperature to remove sodium azide. Concen-
trations were measured on a NanoDrop device (Thermofisher, MA, USA), with extinction coefficients at 1%
calculated using Expasy ProtParam (69) and characterized by SDS-PAGE. Molar weight was determined by
using Expasy ProtParam (Fig. 1A). scFv proteins were stored at �75°C.

IgG production. IgG constructs were expressed in HEK293F cells as described previously (66).
Supernatants were harvested after 6 days and purified using a protein A affinity column. Proteins were
eluted using a 0.15 M glycine buffer at pH 2.5 in 1 M Tris, pH 8, and were concentrated and dialyzed into
PBS, pH 6.5, containing 5% glycerol. Concentrations were measured on a NanoDrop device using an
extinction coefficient of 13.7 and a 1% solution. The molecular weight of the IgG was calculated using
Expasy ProtParam (69) for CAP256.25 (150.71 kDa), 10E8v4 (147.29 kDa), 3BNC117 (146.24 kDa), and
PGT121 (146.2 kDa). IgG and proteins were stored at �75°C.

Neutralization assay. Single-round infection pseudoviruses were grown and titers determined as
described previously (70–72). Briefly, plasmids were transfected with the pseudovirus backbone
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pSG3Δenv into 293T cells at ratios of 1:3 PEI Max. Viruses were harvested after 48 h, filtered, frozen, and
titrated. A panel of 43 viruses (73) plus BG505 N332 and CAP256_SU (CAP256.3 mo.9C) (74, 75),
representing HIV-1 clades A, B, and C, was used to compare neutralization titers of IgG and scFv.
Neutralization assays were performed in TZM-bl cells as described previously (76, 77). Proteins were
tested at 200 �g/ml for the IgG (�146 kDa) and 50 �g/ml for the scFv (28 to 32 kDa). scFv neutralization
titers were recalculated by compensating for the fold difference in molecular weight (values for each scFv
are shown in Fig. 1A). (The IC50 data for scFv and IgG molar concentrations are available on request). All
assays were repeated at least twice. Geometric mean potency was calculated for both IgG and scFv using
sensitive viruses only. When comparing viruses mutated by site-directed mutagenesis, a fold change of
more than 3 compared to the parent virus was considered significant.

Site-directed mutagenesis. Mutations in the envelope gene of viruses were made using the
QuikChange Lightning site-directed mutagenesis kit (Agilent). Sequences were confirmed using the
Applied Biosystems 3500xL Genetic Analyzer. Pseudoviruses were grown as described above.

Statistics and sequence analysis. Wilcoxon matched-pair signed-rank test was used to assess
differences between IgG and scFv within a subtype.

Sequence alignments were made using the Analyze Align tool from the HIV LanL website (https://
www.hiv.lanl.gov/content/sequence/ANALYZEALIGN/analyze_align.html).

Structural modeling. We used the PyMOL Molecular Graphics System (version 2.1.1; Schrödinger,
LLC) to model a BG505 SOSIP.664 trimer (PDB entry 5V8L). Residues corresponding to the sequences in
the CATNAP LANL for CAP256_SU and AC10.0.29 were modeled and colored based on charge.

For 3BNC117, we used Fab structures, either in complex with a clade A gp120 from 93TH057 with
G429 (4JPV) or in complex with the clade A BG505 SOSIP.664 trimer with R429 (PDB entry 5V8L). We used
PyMOL to visualize the 429 residue and used the built-in software to predict polar bonds.
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