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ABSTRACT

ARTICLE HISTORY

While broadly neutralizing antibodies (bnAbs) are a promising preventative and therapeutic tool for HIV
infection, production is difﬁcult and expensive. Production of antibody-like fragments in bacterial
cytoplasm provides a cheaper alternative. This work explored the transplantation of the complementarity
determining regions of the anti-HIV bnAbs PGT121 and 10E8 onto a single-chain variable fragment (scFv)
scaffold, previously discovered through a novel screening platform. The scaffolded 10E8 scFv, but not the
scaffolded PGT121 scFv, was soluble in bacterial cytoplasm, enabling efﬁcient production in bacteria.
Three additional multimeric constructs employing the scaffolded 10E8 scFv were also generated and
soluble versions produced in bacteria. However, the constructs were found to have substantially lost antiHIV binding function and had completely abrogated neutralizing activity. Overall, while this study
provides a proof-of-concept for anti-HIV bnAb construct production in bacterial cytoplasm, future
reﬁnement of these technologies will be required to realize the goal of producing inexpensive and
effective bnAb-like tools for the control of HIV.
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Introduction
Current ART is effective, but requires daily administration
and remains unaffordable for many communities worldwide
(UNAIDS, 2016). Cheaper, safe and effective interventions
are crucial to both treat more patients and help reduce HIV
transmission. Broadly neutralizing antibodies (bnAbs) with
potent activity against multiple different strains have the
potential to become an important biomedical tool in HIV
control.1-6 Furthermore, some macaques receiving bnAbs
exhibit improved control of Simian-Human Immunodeﬁciency virus infection after circulating Ab levels wane.5,7
Small-scale human studies of delivering bnAbs to HIVinfected subjects have produced similar results.8-11 Due to the
promising nature of bnAbs, larger scale clinical trials for the
therapeutic use of VRC01 in patients receiving ART are
currently underway11 as well as a large 5400-subject efﬁcacy
trial for VRC01 as a preventative in uninfected individuals
(ClinicalTrials.gov ID: NCT02716675).
While the use of bnAb interventions is gaining momentum,
the cost of widespread use as a preventative or treatment for
HIV, especially in low-resource settings, may be prohibitive.
Estimates suggest that the production cost of Abs may be in the
order of $78-$300/gram, although these costs may reduce over
time.12,13 The high cost is largely a result of the substantial
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bnAb production costs in mammalian cell lines and expensive
downstream processing required for puriﬁcation.14
To reduce costs of bnAb production, new platforms for production are being explored. Other eukaryotic platforms, such
as plant15,16 or yeast cells17 are often cheaper to grow and maintain than mammalian systems. Cheaper still is the alternative
provided by rapidly-growing prokaryotic bacteria. Recent
technologies allow the production of Abs in the periplasmic
space of gram-negative bacteria, such as Escherichia coli, which
is an oxidizing environment more suited to Ab folding and
disulphide bond formation than the harsh environment of
bacterial cytoplasm.18,19 However, this creates problems in yield
since export of Ab products to the periplasm through the inner
membrane is a rate-limiting step.20
A major difﬁculty with bacterial cytoplasmic production of
mAbs is the severely reducing environment.21 Full length IgG
Abs produced in bacterial cytoplasm cannot form disulphide
bonds and are usually insoluble within bacteria. To circumvent
the issue of disulphide bonds required for IgG molecules,
Ab constructs such as single-chain variable fragment (scFv) Ab
constructs can be produced.22,23 These fragments lack the constant region (Fc) of full-length Abs, but still bind to antigens
through their complementarity determining regions (CDRs).
ScFv constructs are able to mediate neutralization functions
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Figure 1. (A) Detailed structure of VRC01 Ab (heavy chain in marron, light chain in blue) in complex with HIV-1 gp12037 (purple). Residues bind the antigen both with the
CDR (yellow) and outside of the CDR (green). (B) 10E8 Fab in complex with an HIV-1 gp41 peptide29 (purple). All antigen-binding residues are within the CDR (yellow).
(C) detailed structure of PGT121 Fab.30 Resides that bind the Env antigen (yellow) are all within the CDR. Images were generated from the NCBI Structure database
(MMDB ID: 83230, 103370, and 105068 respectively) using Swiss PDB viewer version 4.1.

against viruses like HIV24,25 and are a potential tool in the
control of the pandemic.
ScFv molecules can also potentially resolve the solubility
issues that limit the production of IgG molecules in bacteria.
A novel cytoplasmic display platform, termed “Retained Display” (ReD), was previously developed in order to select
fully-human scFv that were both stable and soluble in the

bacterial cytoplasm.26 The human germline heavy chain gene
IGHV3-23 formed the basis for all constructs in the screen,
due to its intrinsic stability.27,28 IGHV3-23 was then fused
with numerous light chain families in order to produce scFv
in combinations that remained soluble in bacterial cytoplasm.26 The most common useful pairing was a IGHV3-23
and IGLV3-1 fusion. Previous screens demonstrated that
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Figure 2. Alignment of WT bnAb amino acid sequence with the sequence of the scaffold after CDR transplantation. Shown are the light chains and heavy chains that
make up the scFv structures only, without the other domains listed in Fig. 3. (A) Shows the 10E8 heavy chain, (B) shows the 10E8 light chain. (C) Shows the PGT121 heavy
chain, (B) shows the PGT121 light chain. The red boxes indicate the CDR sequence. Alignments were performed using ExPASy LALIGN software available from the SIB
Bioinformatics Resource Portal. WT bnAb sequences were taken from Mouquet et al. for PGT121 (PDB: 4FQ1_L and 4FQ1_H)30 and Huang et al. for 10E8 (Genbank
AFS68396.1 and AFS68395.1).29

scFvs based on a IGHV3-23 and IGLV3-1 fusion tolerated
CDR3 diversiﬁcation26, suggesting it may be a good candidate to act as a scaffold for the transplantation of CDR
sequences of known bnAbs. We aimed to determine if the

scFv made from the fusion of IGHV3-23 and IGLV3-1 could
be used to produce an scFv with the CDRs of 2 well-characterized and potent anti-HIV bnAbs termed 10E829 and
PGT121.30
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The single Fv arm of scFvs reduces the stability of the interaction in comparison to standard antibodies with two arms for
antigen interaction and may result in some loss of scFv
potency. To help mitigate this, scFvs can be combined together
to make diabodies or tandem scFv. Diabodies have short linkers
(3-12 amino acids) that force the two scFv to dimerize and stabilize.31 Diabodies have been shown to have higher afﬁnities
than scFv, suggesting improved binding.32,33 Tandem scFv, in
contrast, have longer linkers that allow for more ﬂexibility during binding. Both diabodies and tandem scFv can be produced
with two identical scFvs, producing monospeciﬁcs, or with different scFvs, producing bispeciﬁcs.34 Both monospeciﬁcs and
bispeciﬁcs are designed to improve avidity over that of scFvs by
increasing the number of binding sites. However, bispeciﬁcs
are adaptable and can also employ a second non-neutralizing
scFv arm to help stabilize binding.
In this study, the IGHV3-23 and IGLV3-1 fusion scFv
previously identiﬁed by ReD screening26 underwent CDR
transplantation in order to produce soluble scFvs with the
HIV-binding capacity of the bnAbs PGT121 and 10E8.
Ultimately, 4 different 10E8 scFv structures, soluble in bacterial cytoplasm, were generated: a simple scaffolded 10E8
scFv, a monospeciﬁc 10E8 diabody (10E8-10E8) and two
bispeciﬁcs involving the scaffolded 10E8 scFv were also produced. One bispeciﬁc diabody employed 10E8 and A12, an
anti-HIV VHH camelid antibody35,36 (10E8-A12) and the
other was a bispeciﬁc diabody containing a novel nonneutralizing, strongly binding anti-HIV scFv known as Ab49
(10E8-Ab49). All constructs were then tested in vitro for
their ability to bind a broad range of HIV envelope antigens
and for their ability to neutralize HIV.
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Furthermore, the heavy chain of 10E8 has high sequence
identity with the IGHV3-23 heavy chain scaffold. This suggests
that a construct built with this scaffold would both maintain
solubility in bacterial cytoplasm, and recapitulate much of the
WT 10E8 sequence. Changes were made to the scaffold, both to
transplant the CDR onto the IGHV3-23 and IGLV3-1 and to
make changes outside the CDR region to make the scaffold
more reﬂective of WT 10E8. After the changes to the scaffold,
the heavy chain of the scaffolded 10E8 scFv had 86.2% amino
acid sequence identity with WT 10E8 and the light chain had
85.6% identity (Fig. 2A, B).
PGT121 was considered a more challenging candidate
due to the substantial differences between its heavy chain
and the scaffold IGHV3-23 that was used. The PGT121 scFv
had only 68.7% amino acid sequence identity with WT
PGT121, though the light chain had 86.9% identity
(Figure 2C, D).
A number of useful domains were included as ways of simplifying puriﬁcation (His6 tag), checking expression levels
(FLAG tag and Biotinylation site) and increasing in vivo halflife (a G148-GA3 albumin binding domain38). The domains
and their functions are outlined in Fig. 3.

Results
Design of bnAb scFvs constructs for bacterial production
Selection of potential bnAb candidates for expression in the E.
coli system was based on CDR binding proﬁles of individual
Abs. Scaffolded constructs involved the transplanting of bnAb
CDRs onto a heavy-light chain scFv fusion (IGHV3-23 and
IGLV3-1) previously shown to be soluble in E. coli cytoplasm.26
108E and PGT121 were chosen as candidates for two reasons.
1) These bnAbs are well characterized as being broad and
potent, respectively and 2) they are predicted to bind to their
epitopes only through CDR residues.
Scaffolded scFv fusion involved the transplantation of CDR
residues only in an effort to maintain solubility by minimising
alterations to the IGHV3-23 and IGLV3-1 chains. Thus only
bnAbs that bound only through their CDR were considered.
Examination of structural databases and previous studies determining bnAb-binding proﬁles suggested that 10E8 and
PGT121 were potentially appropriate candidates. Unlike bnAbs
such as VRC0137, these bnAbs only bind through their
CDR.29,30 Fig. 1 shows VRC01 (top) binding to its antigen, with
the binding residues located in the CDR highlighted in yellow.
However, there are also non-CDR residues highlighted in green
that are necessary for epitope recognition. In contrast, 10E8
(middle) and PGT121 (bottom) have all their binding residues
(highlighted in yellow) located in the CDR.

Figure 3. Schematic of bnAb scFv construct with useful domains indicated. The
heavy (VH) and light chain (VL) scFv domains are shown in purple and orange.
The His6 domain for puriﬁcation is shown in yellow. The FLAG tag (amino acid
sequence DYKDDDK) in light blue is used to check for expression, as is the biotinylation shown in dark blue used for detection by streptavidin/TMB reactions
in ELISAs. The albumin-binding domain (purple) is for improved half-life in
vivo.
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Figure 4. SDS PAGE gels showing expression of 10E8 and PGT121 constructs. (A) Initial attempts to isolate scFv proteins from bacteria carrying the PGT121 and 10E8
geneblocks in a pRhn vector. ScFvs were eluted from columns during puriﬁcation and the soluable fraction from two separate PGT121 preperations were run in lanes
1and 2 (expected size 44kDa), and the insoluble fractions from these respective preprations were run in lanes 3 and 4. Lane 5 and 6 shows the soluble fractions of two
scaffolded 10E8 scFv preperations (expected size 54kDa); and column 7 shows insoluble the insolubale fraction of a scaffolded 10E8 scFv prepration. (B) PGT121 expression sequence geneblocks were moved into a new pAra5 vector and attempts to isolate PGT121 scFv were undertaken. Column 1 shows the soluble fraction of the initial
truncated PGT121 scFv preperation (expected size 44kDa), 2 the insoluble fraction of a truncated PGT121 scFv preperation, 3 shows the soluble fraction of a restored
PGT121 scFv preperation (expected size »46kDa), and 4 shows the insoluble fraction of a restored PGT121 scFv preperation. (C) Expression of the 10E8-A12 construct
(lane 2, expected size 94kDa), the 10E8-10E8 construct (Lane 3, expected size 107kDa) and the 10E8-Ab49 construct (Lane 3, expected size 106.6kDa). Arrows indicate the
relevant bands and their expected sizes. The far left column of all gels indicates the molecular weight marker used with its ladder band sizes given in kDa.

Expression and solubility of 10E8 and PGT121 constructs
Expressing the scaffolded 10E8 scFv in bacteria was successful. It
was readily puriﬁed from the soluble fraction of the E. coli
supernatant (Fig. 4A). In contrast, scaffolded PGT121 scFv was
problematic and initial attempts to express it were unsuccessful.
As indicated by the SDS-gel, no PGT121 scFv is detected in the
either the soluble or insoluble fractions of the elution usiing the
pRhn vector (Fig. 4A). Changing the expression vector of scaffolded PGT121 to the pAra5 vector led to some PGT121 expression, but the construct was only visualized in the insoluble
fraction of the elution. Once again there was no trace of its presence in the soluble fraction, indicating that the PGT121 scFv as
designed was insoluble (Fig. 4B). In an attempt to improve
expression of soluble PGT121 scFV, we restored the naturally
truncated light chain of PGT121 to the germline sequence since
this technique was previously shown not to interfere with neutralization function.39 However, this modiﬁcation did not make
PGT121 soluble in this expression system (Fig. 4B).
Since the scaffolded 10E8 scFv expressed well, we focused on
generating additional monospeciﬁc and bispeciﬁc 10E8

constructs, shown diagrammatically in Fig 5. Bispeciﬁc- and
diabody-based have the potential to improve binding efﬁciency,
which may translate to improved in vivo efﬁcacy.33,40 The additional constructs made were (1) a monospeciﬁc 10E8 diabody
(Fig 5B), (2) a tandem bispeciﬁc scFvs 10E8-Ab49 (Ab49 is an
anti-HIV binding antibody, Fig 5C), (3) a tandem bispeciﬁc
scFv 10E8-A12 (A12 is a camelid anti-HIV neutralizing domain
antibody, Fig. 5D). A control Ab49 scFv alone was also produced (Fig. 5E). Fig. 4C shows the expression of the 10E8
diabody and the10E8-A12 bispeciﬁc. The 10E8-Ab49 bispeciﬁc,
and the Ab49 scFv as a control, were also successfully expressed
(data not shown). Sufﬁcient quantities of all soluble constructs
(0.2-1mg of each construct) were readily produced for testing
in both binding and neutralizing assays, as expected for a bacterial cytoplasmic platform.

Binding of 10E8 constructs to different gp140 antigens
To determine whether the scaffolded 10E8-based scFv and diabody constructs retained their binding function against HIV
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Figure 5. Schematic of all bnAb scFv constructs. In all diagrams, light purple domains represent the 10E8 heavy chain, while dark purple indicates the 10E8 light chain.
Dark blue and gold indicate the heavy and light chains of Ab49, respectively. Green represents the A12 VHH. (A) Shows thescaffolded 10E8 scFv, (B) the 10E8-10E8 diabody (C) the 10E8-Ab49 tandem scFv (D) the 10E8-A12 tandem scFv and (E) shows the Ab49 scFv control. The highest dilution of each Ab constructs in weight amounts
are as follows: control Abs at 3.75ng, 10E8 scFv at 1.5ng, 10E8-10E8 at 2.35ng, 10E8-A12 at 6.68ng, 10E8-Ab49 at 2.67ng and the Ab49 scFv at 1.5ng.

envelope antigens, a series of ELISAs were performed. To assess
the efﬁciency and breadth of the 10E8 constructs seven strains
of HIV-1 gp140 across six different clades were evaluated,
alongside whole HIV-1MN (a clade B strain) virion preparation
inactivated with Aldrithiol-2 (AT-2)41 abbreviated to WIV,
since this antigen reﬂects a natural conformation of Env on the
virion surface. Full-length wildtype (WT) PGT121 and VRC01
(which bind to V3 and CD4 binding sites within gp120 whereas
10E8 binds to the MPER region of gp41) were used as controls
alongside the 10E8 constructs. WT full-length 10E8 IgG was
biotinylated and employed to compare against the constructs.
Ab49 scFv was also included as a control for the 10E8-Ab49
tandem scFv. Constructs were compared to each other in molar
amounts rather than weights due to the differing size between
both the constructs and the control Abs.
As controls, we found WT full length 10E8 bound primarily
only to the WIV (Fig. 6C). The other control WT full length
bnAbs PGT121 and VRC01 bound to 4/7 (C.1086, CN54,
B.6240 and JRFL) and 5/7 (C.1086, CN54, B.6240, AD8 and
JRFL) of the gp140 proteins tested respectively (Fig. 6A, B) and
to the WIV. There was poor binding across all control and Ab
constructs for the gp140 proteins from HIV strains UG21 and
BR29 (Fig. 6).
Scaffolded 10E8 scFv did not bind to any of the 7 gp140s nor
to WIV (Fig 6E, p < 0.0001 compared to 10E8 wild type for
WIV binding). The 10E8-10E8 monospeciﬁc diabody also did
not bind to any of the 7 gp140s or WIV (Fig 6F, p < 0.0001
compared to 10E8 wild type for WIV binding), suggesting that
the potential improved binding of 2 arms of 10E8 CDR did not
resolve the substantial issues of the loss of binding in the

scaffolded 10E8 scFv. The 10e8 scFv and scFv diabody constructs were tested at multiple different concentrations up to
3 times for each of the gp140 Env antigen with a consistent lack
of ELISA binding as observed in Fig. 6.
The 10E8-Ab49 bispeciﬁc did not bind to any of the 7 gp140
protein strains tested. Although the 10E8-Ab49 bispeciﬁc had
weak binding to the whole inactivated HIV (Fig. 6H), this binding was signiﬁcantly less than 10E8 wild type (p < 0.0001). The
control Ab49 scFv alone had weak binding to the AD8 gp140
protein (as well as WIV), suggesting that the 10E8-Ab49
bispeciﬁc construct may have disrupted both the normal binding of 10E8 as well as binding of the Ab49scFv. Comparing the
binding curves of Ab49 and 10E8-Ab49 (Fig. 6D, H) shows
that the tandem scFv had much less binding than the Ab49
scFv alone (p <0.0001). However, it was notable that Ab49
bound strongly to the WIV, and that both bispeciﬁc tandem
scFv also showed moderate binding.
The 10E8-A12 bispeciﬁc did have signiﬁcantly higher binding to all 7 of the gp140 antigens tested as well as the WIV compared to wild type 10E8 scFv (Fig. 6G, all p <0.01). Since the
scaffolded 10E8 scFv and 10E8-Ab49 bispeciﬁc had minimal
binding to the 7 gp140s, this suggests that the A12 component
of the bacteria-expressed bispeciﬁc retained its ability to bind
gp140 in the plate-bound ELISA conformation.
Thus all constructs containing the scaffolded 10E8 scFv lost
binding to multiple HIV-1 Env strains. The two binding arms
of the diabody and tandem scFv did not appear to compensate
for this loss of binding, though the data shows there was some
retention of A12 binding, and to a lesser degree, Ab49
binding.
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Figure 6. Binding of constructs and control full-length antibodies to a range of HIV gp140 antigens and whole inactivated virus. ELISAs were used to screen constructs
against the gp140 portion of viral envelope and whole AT-2 inactivated virus (WIV). The relative ODs for 1/2 log dilutions of the constructs and antibodies are given against
gp140 reagents obtained from the NIH, barring the AD8 gp140 and whole inactivated virus (Table 1). Constructs were compared to each other in molar amounts rather
than weights due to the differing size between both the constructs and the control Abs. (A) Shows PGT121, (B) VRC01, (C) 10E8, (D) Ab49 scFv control, (E) 10E8 scFv, (F)
10E8-A12 tandem scFv, (G) 10E8-10E8 diabody, (H) 10E8-Ab49 tandem scFv. Statistical analyses are presented in the text of the results section.

Neutralization of HIV pseudoviruses by 10E8 constructs
The ELISA results suggested that 10E8 binding to gp140 Env
proteins may be impeded by the plate-bound conﬁrmation of
the antigens themselves. To further evaluate the loss of binding
of the 10E8 constructs and determine whether 10E8’s ability to
inhibit virus entry was also abrogated, neutralization assays
were performed. The 4 constructs (scaffolded 10E8 scFv, 10E810E8 diabody, and the tandem scFvs10E8-A12 and 10E8Ab49) were tested against a range of tier 1 and 2 HIV-1 strains,
along with WT 10E8 acting as a positive control. Negative

controls for the neutralization assay included both a mouse leukaemia virus, which should not be neutralized and the Ab49
scFv construct, which retained ELISA binding capacity but
does not contain a 10E8 scFv element. Neutralization was measured as the inhibitor concentration at which the luminescence
reporter of HIV entry was reduced by 50% (IC50) compared to
no Ab. WT 10E8 reached IC50 for 9 tested viruses. Most viruses
were neutralized at concentrations <1.1 mg/ml of WT 10E8,
except for the tier 2 clade C SHIV 1157ipd3N4, which required
8.77mg/ml to reach IC50 (Table 2). In contrast all 10E8 scFv
constructs were poor neutralizers. All constructs achieved IC50

HUMAN VACCINES & IMMUNOTHERAPEUTICS

Table 1. Further description of antigens used in the ELISAs.
Virus
C.1086
CN54
BR29
B.6240
B.JRFL
UG21
AD8
WIV3 (MN)

Clade/Subtype

Catalogue number1

C
C/B
F
B
B
D
B
B

12581
12064
12066
12572
12573
12065
N/A2
N/A

1

From the NIH AIDS reagent program.
Not applicable.
3
Whole inactivated virus, MN HIV-1, clade B, inactivated with Aldrithiol-2 (AT-2).41

Downloaded by [The University Of Melbourne Libraries] at 12:35 22 November 2017

2

below 2.1mg/ml for the tier 1A MN.3 strain of pseudovirus. In
some cases this represented a mild drop from an IC50 0.41 to
0.56 for the 10E8-A12 tandem scFv compared to WT, however
it represented a 5 times reduction in neutralization for the
10E8-Ab49 tandem scFv. All constructs were also incapable of
neutralizing 5 of the 9 strains and the successful neutralizations
for the remaining 3 pseudoviruses had IC50 above 19mg/ml
(Table 2), indicating 20–200 times loss of neutralization efﬁcacy
compared to WT 10E8, depending on the virus strain. The neutralization data indicate that all constructs suffered a loss of
function on any virus that was more difﬁcult to neutralize than
tier 1A.

Discussion
The long-term goal is to produce a range of fully humanized,
soluble bnAb-based constructs in the cytoplasm of E. coli for
their cost-effective use to treat and prevent HIV. Although this
was not achieved herein, we made some progress along this
pathway. Two bnAb CDRs were transplanted onto a previously
described scaffold26 to produce 10E8 and PGT121-like scFvs.
One of the two bNAbs scFvs studied, soluble 10E8 expressed to
high levels in bacteria and three additional 10E8-based constructs (10E8-10E8 diabody, and the tandem scFvs10E8-A12
and 10E8-Ab49) were also constructed and expressed. High
yields of 0.2-1mg of these constructs were readily puriﬁed and
tested for gp140-binding and neutralization ability. Although
the results of the binding and neutralization studies were
negative, the work provided a ﬁrst step demonstrating that the
production of bnAb-like constructs in bacteria cytoplasm was
possible.
Unfortunately, the constructs suffered a loss of function,
such that the two bispeciﬁc tandem scFvs, 10E8-A12 and 10E8Ab49, were only capable of binding to whole inactivated virus
in ELISAs (Fig. 6). Even these bispeciﬁcs bound less well than
the full-length WT 10E8. The Ab49 scFv alone was found to
bind to whole MN HIV-141 substantially better than the 10E8Ab49 tandem scFv, suggesting that combining the two different
scFv reduced function rather than enhancing it. Some neutralization against a tier 1A MN.3 virus was detected for all the constructs, however there was greater than 20–200 times activity
loss for all constructs against higher tier virus strains (Table 2).
This indicates a near-complete loss of neutralization activity
that appears to abrogate 10E8 breadth against all but the lowest
tier viruses.
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Interestingly, both WT 10E8 and the constructs could not
bind well to gp140 antigens in ELISAs. The epitope that 10E8
targets is the MPER region of envelope and it is possible that
the plate-bound conformation of gp140 in ELISAs somehow
sterically hinders or obscures this crucial conserved epitope.
The data support this in that whole virus inactivated by AT-2,
a non-detergent reagent that does not disrupt envelope conformation, was required to show good WT 10E8 and construct
binding in ELISAs. This suggests that future screens of any
MPER-binding constructs may need to employ assays that do
not require a plate-bound conformation of their envelope
antigens.
While 10E8 has one of the widest breadths of all known
bnAbs29, PGT121 is less broad and is most notable for its
remarkable potency.42 Thus if scaffolded PGT121 scFv could
be produced in this cytoplasmic system, even some loss of
potency might still make it economically feasible to up-scale.
To improve the solubility of the scaffolded PGT121 scFv, the
vector expression system could be transformed into bacteria
strains with the reductase path deleted. This deletion decreases
the oxidation threshold of these E. coli, potentially making their
cytoplasm more suited to the folding of soluble protein199, 224.
Although the reduced neutralization displayed by the bacteria-produced scFv constructs showed they would not make useful therapeutic tools at present, there are steps that could be
taken to improve their efﬁcacy. Anti-HIV bnAbs tend to
include substantial levels of hypermutation compared to other
Abs.43 However the constructs were produced with less hypermutation to ensure that solubility would be retained (Fig. 2).
For the 10E8 construct, sequence identity was around 85%. For
PGT121, the heavy chain had only 88.5% similarity and 68.7%
amino acid identity. Despite evidence that many hypermutations can be successfully reverted in bnAbs39,44, the scFv constructs lost neutralization activity. A careful screen may
potentially increase efﬁcacy without compromising solubility.
Furthermore, the initial study describing the ReD techniques
demonstrated that the IGHV3-23 and IGLV3-1 scFv fusion
readily tolerated diversiﬁcation of the CDR H3.26 Thus ReD
could be used to screen a library of 10E8 or PGT121 scaffolded
scFvs. ReD uses the same bacterial platform for this type of
screening and for expression, meaning the technologies are
extremely compatible. Another way of improving the monoand bispeciﬁc constructs would be by optimising the length of
the linker between the scFvs. This has been show to be an
important consideration in tandem scFvs production, exempliﬁed in a study by Galimidi et al., showing dsDNA could be
used as a “molecular ruler” to achieve optimized linker length.45
Finally, the SDS-PAGE gels showed some impurities in the protein preparations. In future studies of more promising scFv
candidates, further puriﬁcation steps will be useful to improve
neutralization function.
In conclusion, it proved difﬁcult to express functional bNab
scFv in bacteria by transplanting their CDR3 region onto a
scaffold, lessons that should prove salutory to the ﬁeld. Despite
the functional setbacks encountered, we found that bispeciﬁc
10e8 scFv diabodies could be produced that retained some Env
binding. Several approaches are now suggested to build upon
this work. Our work represents the ﬁrst step towards the potential for rapid production of bnAb-like scFv constructs in an
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Values are the antibody concentration (mg/ml) at which relative luminescence units (RLUs) were reduced 50% compared to virus control wells (no test sample).
Bolded values indicate neutralization levels above negative control pseudovirus.
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Table 2. Neutralization of pseudoviruses by 10E8 constructs compared to WT 10E8.
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inexpensive and high-yield bacterial expression system. As the
tools for cost-effectively and reliably producing Ab constructs
improves, so too will the potential for mass-distribution of
these important therapeutic and preventative tools.

Methods
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Transplantation of 10E8 and PGT121 CDRs into IGHV3-23
and IGLV3-1 scaffold
The CDRs of the anti-HIV bnAbs 10E8 and PGT121 were
transplanted onto a scFv scaffold composed of a fusion of the
germline human heavy chain IGHV3-23 and light chain
IGLV3-1 that was previously found to be soluble in E. coli cytoplasm.26 To improve the likelihood of a soluble scFv product
retaining anti-HIV binding, changes were made to the sequence
of both the IGHV3-23 and the IGLV3-1 to make them more in
line with the bnAb sequence, including complete identity with
the CDR (Fig. 2).
The new CDR-transplanted scaffold sequences and spacer
domains were ordered as gene blocks (Integrated DNA Technologies, IDT). Domains for increased stability, puriﬁcation
and in vivo half-life were also incorporated into the constructs
and the entire gene blocks were cloned into a rhamnose-inducible plasmid vector (pRhn from DNA2.0). The cloning process
was a standard ligation where the pRhn vector was digested
with XhoI/Xbal (New England Biolabs, NEB) double digest
according to manufactures instructions. Brieﬂy, XhoI/Xbal
were combined with cutsmart buffer (NEB) and the plasmid
vector and heated for 37 C for 1 hr. The enzymes were denatured at 80 C for 20 min after digest. The gene block insert was
ligated into the vector using T4 ligase (NEB) according the
manufacture’s instructions. Brieﬂy, T4 ligase was combined
with ligation buffer (NEB) and a 3:1 ration of insert to vector.
VectorCgeneblock plasmids were transformed into a K12derived Argentum strain of E. coli (Alchemy Biosciences) using
electroporation. Positive colonies were selected on 30 mg/mL
kanamycin agar and tested for correct gene block insert size by
restriction digest screening.
Further 10E8 constructs (10E8-10E8 diabody, tandem scFvs
10E8-A12 and 10E8-Ab49) were produced as outlined above,
using different gene blocks. The Ab49 arm is a non-neutralizing
scFv discovered as part of an extensive in vitro ReD screen
against a HIV-1 gp140 trimer. This screen produced many
novel, soluble scFvs against HIV and the best binders were
determined through ELISAs and afﬁnity screens. Ab49 had
consistently good binding against ﬁve different gp140 antigens
and gp41.
Scaffolds containing the PGT121 CDR were ﬁrst prepared as
above, however PGT121 geneblocks were later cloned into an
arabinose-inducible vector pAra5 similarly as described above,
with minor changes. Ligations were performed by an XbaI/
HindIII (NEB) double digest according to manufacturer’s
instructions.

Induced culture was shaken for a further two hours at 25 C
before permeablization as previously described26 with 0.5% noctyl-b-D-thioglucopyranoside in Luria broth for 10 min at
25 C. Permeabilized cells were pelleted and the antibody-containing supernatant collected. For all products used in ELISAs
and neutralization assays, a simple column puriﬁcation using
HisTrapTM HP columns (VWR) was performed according the
manufacturer’s instructions. The yields of the protein preparations that were used in the neutralization and binding assays
were measured by nanodrop, with the concentrations conﬁrmed using a BSA standard. The yields were as followed: 10E8
scFv 0.5mg, 10E8-A12 0.43mg, 10E8-10E8 0.18mg, 10E8-Ab49
0.22 mg and 0.2mg of 10E8-Ab49.
Visualization of puriﬁed antibody protein
Ab construct proteins were visualized by protein and Western
blot gels. Samples were mixed with a 3:1 ratio of Laemmli loading buffer and loaded onto pre-cast polyacrylamide gel (BioRad
Laboratories) according to manufacturer’s instructions. Gels
were run at 100V for approximately 30 min in a BioRad MiniPROTEANÒ cell II. Gels were removed from their casing and
ﬁxed in methanol and acetic acid for 1 hr in the dark, with the
ﬁrst 30 min rolling on a vial roller. Where transfer was necessary for Western blot, proteins were transferred onto nitrocellulose in 3 Whatman buffer at 100V for 1 hr. Transfers were
then blocked in 5% milk TBS-T, with tween at 0.5%, overnight.
Detection was done with the primary Ab rat-anti-Biotin used
at 1/1000 with anti-rat AF488 as the secondary Ab. Abs were
washed off at each step 4 times for 10 min in the dark. Gels
were visualized using a BioRad Pharos molecular imager.
ELISA-based analyses for binding of constructs to HIV Env
proteins
ELISA plates were coated with a range of gp140, gp120 and
gp41 HIV Env proteins (NIH AIDS reagent program, see
Table 1 for catalogue numbers) at 100 ng/well overnight at
4 C. Plates were blocked with PBSC0.1%Tween 20C5%BSA
for 1 hr. After washing, dilutions of Ab constructs or WT 10E8
were added and incubated for 4 hr at 37 C. After washing away
Abs, streptavidin (BD Biosciences) was incubated for 1 hr at
37 C. ELISAs were visualized using TMB (Thermo Fischer Scientiﬁc). The TMB reactions were stopped with the addition of
50 ml of 1M sulphuric acid and quantiﬁed on a CLARIOstar
plate reader (BMG Labtech). No antigen negative controls were
used to determine background binding.
Statistical analyses of ELISA binding data
To compare the kinetics of OD values between different NAbs,
we used a standard dose-response sigmoidal curve as below:
OD D Min C

Max ¡ Min
1 C 10.logIC50 ¡ X/

Puriﬁcation of antibody fragments from E. coli
Cultures were grown at 37 C and protein expression was
induced by 0.2% arabinose once OD600 had been reached.
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in which:
Min D minimum background value
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Max D maximum OD value
X D log of concentration of test antibody
IC50 D concentration that will give half of the maximum OD
value
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We found no difference in the Min value between different
Nab constructs without antigen (in negative control sample, p
D 0.18, Kruskal-Wallis test). The Min value was then ﬁxed
based on the value of the no antigen (negative) control. We
then tested if IC50 and Max can be shared between different
NAb types. This was done using an F-test for testing a nested
model (GraphPad Prism version 7).
Analyses of antibody construct neutralization of HIV
pseudoviruses
Neutralization assays were performed as previously described.46
Brieﬂy, pseudotyped viruses were incubated for 1h r at 37 C
with various dilutions of antibody constructs and WT 10E8
as a control and then used to infect TZM-bl cells pre-treated
with DEAE-dextran (10 mg/ml). Cells were incubated at
37 C for 48hrs and then lysed with the Bright-Glo luciferase
assay system (Promega). A long terminal repeat (LTR)
driven luciferase reporter gene in TZM-bl cells generated the
luciferase signal. Infection was quantiﬁed by measuring luciferase activity with a Multiscan MCC/340 luminometer,
Model 347 (MTX Lab Systems). Neutralization was measured as the reduction in luciferase activity compared with
that of untreated controls.
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