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ABSTRACT

With the aim to develop a replicating vector system for the delivery of HIV-1 antigens on the basis of an
apathogenic foamy virus we recently showed that immunisation with purified recombinant hybrid anti-
gens composed of the feline foamy virus Bet protein and parts of the transmembrane envelope protein of
HIV-1 induced antibodies with an epitope specificity identical to that of the broadly neutralising antibody
2F5 (Miihle et al., Immunol Res., 2013, 56:61-72). Here we set out to further improve the HIV-1 inserts
consisting of the membrane proximal external region (MPER) and the fusion peptide proximal region
(FPPR) by stepwise shortening distinct linker residues between both domains. In a subset of these anti-
gens, enhanced recognition by 2F5 and 4E10 was observed, indicating that a specific positioning of FPPR
and MPER domains is critical for improved antibody binding. Introduction of these optimised inserts as
well as of the MPER domain alone into the feline foamy virus backbone was compatible with virus rep-
lication, giving viral titres similar to wild-type virus after extended passaging. Most importantly, expres-
sion of the HIV-1 transgenes in infected feline CRFK cells remained stable in three out of four constructs
and was detectable after serial passages for several weeks. These data encourage further testing of these
vectors in vivo, which may allow insights into the necessity of affinity maturation for the induction of
broadly reactive HIV-1 antibodies.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Broadly neutralising antibodies (bnAb) directed against the sur-
face envelope protein gp120 and the transmembrane envelope
(TM) protein gp41 have been found in about 20% of HIV-1 infected
individuals (Burton et al., 2005; Doria-Rose et al., 2009; Mascola
and Montefiori, 2010). They were able to prevent infection after
passive immunisation (Ferrantelli et al., 2004; Hessell et al,
2009, 2010) and are protective when expressed ectopically after
gene transfer (Balazs et al., 2012). A subset of bnAb such as 2F5
(Muster et al., 1993), 4E10 (Stiegler et al., 2001), 10E8 (Huang
et al., 2012), and 2H10 (Lutje Hulsik et al., 2013) target the con-
served membrane proximal external region (MPER) of gp41 and
additional epitopes within MPER are gradually identified (Zhou
et al., 2013). Despite being a promising vaccine target, most at-
tempts to induce MPER-directed bnAb by vaccination failed so
far (reviewed by Montero et al., 2008). Several of the broadly reac-
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tive antibodies including those targeting the MPER show a high de-
gree of somatic mutations, prolonged CDRH3 loops, lipid binding
properties or polyreactivity (Burton et al., 2005; Haynes et al.,
2012). Furthermore, they arise after extended time of infection
(~4 years) and their potency correlates with increased avidity to
Env (Gray et al., 2011; Sather et al., 2009). This supports the view
that affinity maturation is an essential factor in the development of
such highly effective antibodies, which might be only achieved by
extended antigen presentation.

In order to establish a system that allows long-term, persistent
antigen presentation, we develop replicating vectors based on foa-
my viruses (FV), and in particular, the feline FV (FFV), to allow eval-
uation of such novel vectors in cats. Since FV from the
Spumaviriniae sub-family induce persistent but apparently apatho-
genic infections, trigger strong humoral immune responses and
replicate actively in mucosal tissues, they are exceptionally suited
for such purposes (Lindemann and Rethwilm, 2011; Liu et al,,
2013; Trobridge, 2009). Their low prevalence in humans (~2% in
individuals exposed, e.g., to infected simians) as dead-end host
(Callahan et al., 1999; Heneine et al., 2003, 1998) and preferential
integration into transcriptional inactive regions (Deyle et al., 2013;
Trobridge et al., 2006) makes them furthermore an interesting
alternative to existing systems that were abandoned due to issues
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of pre-existing immunity or safety concerns. By being immuno-
genic, highly expressed and secreted from infected cells (Bleiholder
etal,, 2011; Giron et al., 1998; Lecellier et al., 2002; Lindemann and
Rethwilm, 1998; Romen et al., 2006) the accessory Bet protein of
FV shows favourable properties as carrier molecule for the induc-
tion of humoral immune responses including conformation-sensi-
tive antibodies (Alke et al., 2000).

In our previous work we antigenically and immunologically
characterised purified recombinant fusion proteins expressed in
E. coli, which were composed of the accessory FFV Bet protein
and HIV-1 gp41 epitopes (Miihle et al., 2013). The MPER domain
alone, or the MPER linked to the N-terminal fusion peptide proxi-
mal region (FPPR, HIV-1 HXB2 Env residues 525-546), were ap-
pended to the Bet antigen. The latter approach was based on
previous reports showing that the presence of FPPR residues en-
hanced 2F5 binding and stabilised a conformation in MPER charac-
terised by an increased beta-sheet content (de la Arada et al., 2009;
Fiebig et al., 2009; Noah et al., 2008). A similar structure has been
described for the MPER epitope in a 2F5-bound state (Bryson et al.,
2009; Julien et al., 2008; Ofek et al., 2004) and therefore it might
represent the initial B-cell trigger for the generation of 2F5-like
antibodies. Whereas these antigens elicited antibodies binding to
the 2F5 epitope and native Env on the surface of infected cells, en-
hanced recognition by 2F5 in presence of the FPPR or neutralisation
were not observed (Miihle et al., 2013).

Here we attempted to improve the previous immunogen design
by testing an extended set of FPPR/MPER loop antigens and ana-
lysed the compatibility of the strategy with HIV-1 transgene
expression and virus replication when transferred into a replicat-
ing FFV.

2. Material and methods
2.1. Prokaryotic expression plasmids

A DNA template plasmid encoding the amino acid sequence of
the construct FO-MO and 11 spacer amino acids (SGSAGAGAGGG),
which contained restriction sites for subcloning (Supplementary
Fig. 1), was synthesized by GeneArt (Invitrogen, USA). Constructs
FO-M1 to F2-M2 were derivatives of this construct obtained by
PCR mutation of whole plasmids with combinations of phosphory-
lated primers (Supplementary Table 1), resulting in single amino
acid deletion on the C- or N-terminus. The PCR products were
ligated, transformed in Escherichia coli and analysed by sequencing.
The mutated plasmids were digested with Mlyl/HindIIl and the in-
serts were cloned into the prokaryotic expression vector pQE-30 Xa
(Qiagen, Germany), which had been digested by Stul/HindIIl. Posi-
tive clones were sequenced to confirm insert integrity.

2.2. Protein expression and purification

After optimisation of expression in 96 deep well plates as de-
scribed before (Miihle et al., 2012) all expression plasmids were
transformed into the SCS-1 bacterial host (Agilent Technologies,
USA) carrying the pS111 plasmid supplying rare arginine tRNAs
and the lacl9 repressor (Brinkmann et al., 1989). Bacterial overnight
cultures were used to inoculate TB medium and grown at 37 °C up
to an ODggg of 1.0. Upon induction with 1 mM IPTG, cells were har-
vested after additional 3 h of growth. Purification of recombinant
proteins followed a protocol recently described for the TM protein
of FFV using sarcosyl extraction (PBS, 1% sarcosyl, 10 mM imidazol,
pH 7.5) and refolding by dilution in PBS, 0.1% sarcosyl, 10 mM imi-
dazol, pH 7.5 followed by subsequent NiNTA-affinity chromatogra-
phy (Miihle et al., 2012).

2.3. SDS-PAGE and Western blot

Lysates of transfected 293T cells or transduced CRFK cells were
prepared by lysis in M-PER extraction buffer (Thermo Scientific,
Germany). 20 pg of total protein was separated by SDS-PAGE using
the system described by Schiagger and von Jagow, 1987 and then
transferred to PVDF membranes (Millipore, USA) by semi-dry blot-
ting. After blocking in 5% milk dissolved in PBS, 0.05% Tween 20
(PBS-T) for 1 h, membranes were probed either with 2F5 (Polymun
Scientific, Austria, 0.3 pg/ml), a Bet specific antiserum (Miihle
et al., 2013, 1:2000) or anti beta-actin (1:5000, Sigma-Aldrich, Ger-
many) as primary antibodies followed by corresponding HRP-cou-
pled secondary antibodies (Dako, Germany 1:3000). Blots were
developed with ECL substrate and a digital imager (Intas,
Germany).

2.4. Elisa

ELISA plates (Greiner BioOne, Austria) were coated with 200 ng
of individual purified recombinant proteins diluted in water and
incubated overnight at 37 °C. Dried plates were blocked with 5%
BSA in PBS-T, washed once and then probed with 2F5 (0.3 pg/ml)
or 4E10 (1.2 pg/ml) for 1 h at 37 °C before washing and incubation
with an anti-human IgG-HRP conjugate (Dako, Germany, 1:3000).
After six washing steps with PBS-T, plates were developed using
OPD substrate (Sigma-Aldrich, Germany), stopped with 5N sul-
phuric acid and read at 492 nm in a microtiter plate reader (Ther-
mo Scientific, Germany).

2.5. Dot blot analysis

To assess binding of 2F5 and 4E10 under non-denaturing condi-
tions, purified proteins were serially diluted in PBS with 0.1% sarco-
syl and transferred to 0.45 pm PVDF membranes (Millipore, USA) by
a vacuum manifold (Whatman, USA). In parallel, a synthetic HIV-1
FPPR-derived peptide (AAGSTMGAASMTLTVQARLLLSKKKK) and a
MPER-derived peptide (KKKKEQELLELDKWASLWNWEFNITNWL)
both synthesised by GeneCust, Luxembourg were spotted as con-
trols at equimolar concentrations. Membranes were then blocked,
probed with 2F5 (0.3 pg/ml) or 4E10 (1.2 pg/ml), washed and devel-
oped as described above.

2.6. Construction of chimeric foamy viruses

A detailed description of the cloning process is given on Supple-
mentary Fig. 2.

2.7. Virus production, passaging and titration

Infectious particles were produced by initial transfection of
293T cells with plasmid DNA or a GFP expressing vector (mock
control) using a 1:3 w/w ratio of DNA and linear polyethylenimine.
48 h later, supernatants were collected, cleared by centrifugation
and passed through 0.45 pm filters. After transfer to CRFK cells pla-
ted one day in advance, supernatants were removed after 4 h and
fresh medium was added. In intervals of 3-4 days, medium was
recovered, cleared and transferred to new cells as described above.
Viruses of each passage were titrated by 5-fold serial dilution on
FeFab indicator cells (Zemba et al., 2000) and subsequent staining
with X-gal solution 72 h later. An ELISpot reader counted the num-
ber of infected cells visible as blue coloured spots as described re-
cently (Miihle et al., 2011).
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2.8. Virus sequencing

Proviruses were sequenced by extraction of genomic DNA from
infected cells with the Blood and Tissue DNA Extraction Kit (Qia-
gen, Germany) followed by proof-reading PCR using primer I 5'-
ataaccggtacacccaagacggatcctactcg-3' located within Bet, primer
LTR rev 5'-ggctctagatgtaagacggtgacttagctc-3’ and Phusion Hot Start
Flex DNA Polymerase (NEB, USA). Amplicons were directly se-
quenced (Bet-His, Bet-E2) or subcloned (Bet-F2-M1, Bet-F2-M2)
into the Xmnl blunted pMal-5pX vector for individual clone
analysis.

3. Results
3.1. FPPR/MPER construct optimisation

In a first step, a set of recombinant antigens containing the
MPER and the FPPR of the TM protein gp41 of HIV-1 connected
by a linker was produced. Starting with a synthetic plasmid encod-
ing the amino acid sequence of the construct FO-MO and spacer
amino acids (Supplementary Fig. 1), plasmids FO-M1 to F2-M2 hav-
ing single amino acid deletions on the C- or N-terminus of the al-
pha-helical flanking regions were obtained by PCR-based

mutagenesis (Fig. 1A, Supplementary Table 1). The effect of these
deletions was analysed by alpha-helical wheel projections using
the corresponding FPPR and MPER domains and flanking regions
but excluding the loop residues (GTDS) which were identical in
each construct. Assuming that both MPER and FPPR form helical
structures as reported for the post-fusion/six-helix-bundle confor-
mation (Buzon et al., 2010), deletions would result in a shifting of
both domains against each other and potentially change epitope
presentation (Fig 1B). The mutated plasmids were subcloned into
a prokaryotic expression vector and recombinant N-terminally
His-tagged proteins (Fig 1C) with a theoretical size of about
12.5 kDa were produced with typical yields of 4-5 mg/L. Charac-
terisation of the purified proteins by SDS-PAGE and Coomassie
blue staining demonstrated that the antigens had their expected
size as well as a high degree of purity (Fig 2A). Initially, antigenicity
of these proteins for 2F5 and 4E10 was examined by conventional
ELISA. Slightly increased binding of 2F5 to antigens with deletions
in the F-moiety was observed whereas enhanced affinity for 4E10
was evident for all M1 antigens and the F1-M2 protein (Fig. 2B).
The differences found here were however weak and we hypothe-
sised that antigen denaturation during coating might have affected
binding characteristics. Reactivity of 2F5 and 4E10 with all anti-
gens was therefore also analysed after serial dilution and non-
denaturing transfer to membranes by vacuum. Here, notable
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Fig. 1. Recombinant antigen sequences and design. (A) Amino acid sequences of the nine recombinant helix-loop-helix antigens comprising the fusion peptide proximal
region (FPPR), the membrane proximal external region (MPER) connected by a loop element (L) and alpha-helical flanking amino acids (o). The epitopes of the broadly
neutralising antibodies 2F5 (ELDKWAS) and 4E10 (WFNITN) in the MPER are highlighted in bold. Stop-codons are indicated by asterisks. The antigens are named
corresponding to the number of amino acid deletions introduced into the flanking regions of the FPPR (FO, F1, F2) or MPER (MO, M1, M2). (B) Alpha-helical wheel projections
of all antigens. Critical residues for 2F5 binding in the MPER (D and W residues of ELDKWA) and MPER contacting residues in the FPPR are marked as red circles to visualise
the influence linker deletions on the positioning of these selected amino acids. Projections were made with the help of the Wheel program provided by Don Armstrong
(http://trimer.tamu.edu/cgibin/wheel/wheel.pl) using separate predictions for FPPR and MPER domains with their respective flanking regions. The linking loop region
identical in all antigens is indicated in black. (C) Schematic presentation of the loop antigen FO-MO. For purification, an N-terminal His-tag (His) was introduced after a Gly-Ala
rich sequence (linker). The position of the amino acid shifting/deletion is indicated by arrows and numbers (—1/-2).
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Fig. 2. Antigen purification and characterisation. (A) Purity of recombinant proteins
after Ni-NTA affinity purification assessed by SDS-PAGE analysis and Coomassie
blue staining. The arrow indicates the proteins at the expected molecular weight of
about 12.5 kDa. (B) ELISA reactivity of indicated recombinant antigens with 2F5
(0.3 pg/ml) and 4E10 (1.2 pg/ml). (C) Binding of the monoclonal antibody 2F5
(0.3 pg/ml) and 4E10 (1.2 pg/ml) to serially diluted FPPR-MPER proteins or FPPR-
and MPER-derived peptides (FP, MP), each transferred under non-denaturing
conditions to PVDF membranes by vacuum at indicated protein concentrations.
Deletions in the FPPR flanking region permit a clearly enhanced binding of 2F5 and
to a lesser extend also for 4E10 whereas modification of MPER flanking residues has
minor impact.

differences in immune recognition were observed (Fig. 2C). Dele-
tions in the linker near the FPPR resulted in increased 2F5 binding,
whereas modification of the linker near the MPER had only a minor

influence. Antigens containing two deletions in the FPPR flanking
regions (F2-X antigens) were superior to antigens having no or sin-
gle deletions as they gave signals down to concentrations of 12 ng,
whereas detection of other antigens by the 2F5 bnAb started to
fade already at 50 ng (Fig 2C). A similar trend was observed in case
of 4E10, although overall reactivity with the antigens was weak,
requiring about tenfold more protein and lower antibody dilutions
(Fig. 2C and Material and methods). Interestingly, although equi-
molar amounts were spotted, the FPPR-MPER antigens were better
recognised compared to a synthetic MPER peptide alone. Con-
versely, a FPPR-derived peptide did not react as expected. These
data indicated that the epitopes of 2F5 and 4E10 in the MPER have
a favorable conformation when the FPPR-linker was shortened by
two amino acids.

3.2. Construction and analysis of chimeric FFV

Based on these results, constructs F2-MO to F2-M2 were se-
lected for subcloning into the FFV infectious clone pCF-7 (Schwan-
tes et al., 2002). In parallel the MPER alone was introduced (Fig 3A).
Chimeric viruses were constructed by two sequential cloning steps
(i) introducing Asp and Ser residues encoding a Nhel restriction site
and a C-terminal His-tag directly before the Bet stop codon (Bet-
His) and (ii) introducing HIV-1 MPER or FPPR-MPER sequences
and spacer amino acids into the Bet-His backbone by replacing
the His-tag sequence (Fig 3A, see Supplementary Fig 2 for cloning
details). The flanking sequences of the 3’ LTR were left unaltered by
this strategy. Transfection of these chimeric vectors into 293T cells
and harvest of supernatants 48 h later gave rise to progeny virus
able to infect feline FeFab indicator cells at titres comparable to
that of the minimally modified Bet-His construct (Fig 3B and C).
Importantly, transfected 293T as well as the transduced CRFK cells
produced the intended fusion proteins with their correct sizes of
46 (Bet), 51 (Bet-E2) and 56 kDa (Bet-FPPR-MPER antigens) as
judged by immunoblotting with 2F5 or a Bet specific antiserum
(Fig 3D). Notably, the enhanced recognition observed with recom-
binant fusion proteins was compensated by a reduced expression
of the slightly larger Bet-FPPR-MPER proteins when compared to
the Bet-E2 antigen (Fig 3D). Since stable production of the trans-
gene is a prerequisite for studying processes of affinity maturation,
we examined if expression is maintained during extended passag-
ing on feline CRFK cells. Cleared supernatants from infected cells
were transferred for ten passages (35 days in total) to uninfected
CRFK cells and titrated in parallel on FeFab indicator cells. The ti-
tres of the construct Bet-His steadily increased upon serial pas-
sages and finally stabilised at 10° IU/ml (Fig. 4). In contrast,
chimeric viruses carrying the HIV-1 epitopes behaved differently
dependent on the cloned insert. An initial decrease of viral titres
was observed until the 3rd and 4th passage, which was modest
in chimeras Bet-E2 and Bet-F2-M1 (2 x 10 IU/ml) and more pro-
nounced for constructs Bet-F2-M0O and Bet-F2-M2 (5 x 10% IU/
ml). However, starting with passage 3 and 5 all titres except for
the Bet-F2-MO chimera continuously recovered to levels compara-
ble to the Bet-His hybrid and also reached 1 x 10° IU/ml in passage
ten (Fig 4A). This pattern indicated that adaptions within FFV were
probably necessary to compensate insert expression, which are
characterised by high hydrophobicity. To assure that these altera-
tions did not compromise the HIV-1 epitope, cells from the last
passage were again analysed by immunoblot using 2F5 (Fig 4B).
Compared to passage one (Fig 3D) no differences in fusion protein
size or recognition were observed for the Bet-E2, Bet-F2-M1 and
Bet-F2-M2 constructs, whereas expression of the hybrid Bet-F2-
MO protein vanished after three passages as judged by a Bet-spe-
cific antiserum (Fig 4B and data not shown). We assume that the
HIV-1 fusion part in this construct may be misfolded, impairing
the ability of Bet to counteract APOBEC restriction in CRFK cells
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Fig. 3. Construction and characterisation of chimeric FFV. (A) Schematic illustration of the FFV molecular clone pCF-7 and amino acids introduced in frame to the C-terminus
of Bet. The flanking 3’ LTR sequences were left unaltered. Between Bet and inserts, spacer amino acids (AS for Bet-His, ASGAGAGGG for all other constructs) were cloned.
Labelling of the HIV-1 MPER (E2) or FPPR and MPER domains is corresponding to that in Figure. 1. Stop-codons are indicated by asterisks. (B) Infectivity of chimeric viruses or
a GFP expressing vector (mock control) on feline cells. Cleared supernatants from transfected 293T were transferred to FeFab indicator cells which were stained 3 days later
with X-gal solution to verify infection. (C) Titration of supernatants from transfected 293T cells on FeFab indicator cells. Progeny viruses with titres comparable to that of pCF-
7 containing only a His-tag were obtained. (D) Transgene expression in transfected 293T and directly transduced CRFK cells using supernatants from transfected 293T cells.
Cell lysates were prepared two days post transfection or three days after transduction, separated by SDS-PAGE, immunoblotted and then probed with 2F5 or a Bet specific
antiserum. Transgene expression was specifically detected with 2F5 in all chimeric constructs containing the MPER but not the Bet-His or GFP expressing vectors (mock

control).

which results in reduced viral replication (Chareza et al., 2012;
Miink et al., 2010; Slavkovic Lukic et al., 2013). However, epitope
presentation and size of the molecule in the other constructs re-
mained stable for more than one month in culture, suggesting that
these FFV/HIV-1 chimeras are most suitable for long-term antigen
delivery.

4. Discussion

Convincing evidence has accumulated, showing that most HIV-
1 bnAb are unique in terms of antibody genetics, structure, epi-
tope recognition and their mode of emergence. As they are not
easily elicited by classical immunisation regimens, different fac-
tors including affinity maturation seem to influence their induc-

tion. We here aimed to develop a vector system based on
replicating FV to allow extended HIV-1 antigen delivery and de-
signed a set of HIV-1 MPER antigens linked to potentially con-
straining FPPR residues. By systematic shortening of linker
residues, some of the antigens showed enhanced recognition by
2F5 and 4E10, indicating that a certain positioning of both do-
mains is essential for improved binding (Fig. 2). Importantly,
the affinity of 2F5 to its epitope could be markedly improved,
whereas the binding of 4E10 remained weak as observed before
(Miihle et al., 2013). Interestingly, there were differences in bind-
ing dependent on whether the antigens were denatured once
(ELISA) or were kept in solution (dot blot assay). This implies that
conformation sensitive structures are formed when the antigens
are in a native-like environment. Notably, antigenicity did not
correlate well with epitope accessibility predicted by helical
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Fig. 4. Viral titres and transgene expression after extended passaging on feline
CRFK cells. (A) Titres of chimeric viruses or a GFP expressing vector (mock control)
titrated on FeFab indicator cells after the number of indicated passages. (B)
Transgene expression after passage 10 as detected using the 2F5 antibody. Protein
loading was verified using an antibody against beta-actin.

wheel projections, which assume an ideal alpha-helical character
of the FPPR and MPER and consider that both domains are inde-
pendent. Interhelical interactions or formation of non-helical/
beta-turn structures in MPER caused by the presence of FPPR res-
idues (de la Arada et al., 2009) may reduce the degree of epitope
shifting in the actual structure here. When the inserts were intro-
duced into the infectious FFV clone, the chimeras were replica-
tion-competent with nearly identical titres and infectivity.
However, upon passaging on CRFK cells an initial decline of viral
titres was detected before stabilisation at the same level as the
Bet-His control in three of the four constructs. In previous studies
using Bet fusion proteins, genetic instability of chimeric vectors
and expression of truncated proteins has been observed, which
was inversely correlated with insert size (Schwantes et al.,
2002, 2003). The pattern seen here also suggested adaptations,
however, HIV-1 epitope expression was obviously not affected
(Fig 4B). When proviral sequences from passage 10 from all con-
structs except the Bet-F2-MO vector from which no amplicon
could be obtained were sequenced, no and up to four indepen-
dent amino acid changes within Bet were observed in case of
Bet-His and the Bet-E2 vectors, respectively, but the HIV epitopes
were unchanged (data not shown). The other two Bet-F2-MX vec-
tors were sequenced after cloning. Seven (Bet-F2-M1) and nine
(Bet-F2-M2) of 11 clones analysed encoded the entire HIV MPER
epitope, whereas the remaining clones expressed truncated forms
of Bet due to premature stop codons or insert deletion and fusion
to LTR sequences (data not shown). As a next step, it will be
essential to investigate the behaviour of these vectors in vivo to
test their replicative potential and capability to achieve affinity
maturation.

5. Conclusions

Replication-competent FV constructs stably expressing the epi-
topes recognised by antibodies broadly neutralising HIV-1 were
developed. These constructs will allow a first evaluation of their
immunogenicity in cats and, if successful, justify the transfer of
the strategy to the Bet protein of primate FV to test applicability
in primates.
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