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Immunising with the transmembrane envelope
proteins of different retroviruses including HIV-1
A comparative study
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The induction of neutralizing antibodies is a promising way
to prevent retrovirus infections. Neutralizing antibodies are
mainly directed against the envelope proteins, which consist
of two molecules, the surface envelope (SU) protein and the
transmembrane envelope (TM) protein. Antibodies broadly
neutralizing the human immunodeficiencvy virus-1 (HIV-1) and
binding to the TM protein gp41 of the virus have been isolated
from infected individuals. Their epitopes are located in the
membrane proximal external region (MPER). Since there are
difficulties to induce such neutralizing antibodies as basis for
an effective AIDS vaccine, we performed a comparative analysis
immunising with the TM proteins of different viruses from the
family Retroviridae. Both subfamilies, the Orthoretrovirinae
and the Spumaretrovirinae were included. In this study, the TM
proteins of three gammaretroviruses including (1) the porcine
endogenous retrovirus (PERV), (2) the Koala retrovirus (KoRV),
(3) the feline leukemia virus (FeLV), of two lentiviruses, HIV-1,
HIV-2, and of two spumaviruses, the feline foamy virus (FFV)
and the primate foamy virus (PFV) were used forimmunisation.
Whereas in all immunisation studies binding antibodies were
induced, neutralizing antibodies were only found in the case of
the gammaretroviruses. The induced antibodies were directed
againstthe MPER and the fusion peptide proximal region (FPPR)
of their TM proteins; however only the antibodies against the
MPER were neutralizing. Most importantly, the epitopes in the
MPER were localized in the same position as the epitopes of
the antibodies broadly neutralizing HIV-1 in the TM protein
gp41 of HIV-1, indicating that the MPER is an effective target
for the neutralization of retroviruses.

Introduction

In most cases retroviruses induce tumors and/or immunodefi-
ciencies in the infected host. Exceptional retroviruses are non-
pathogenic, for example the foamy viruses. To fight the AIDS
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pandemic with the high number of infected individuals world-
wide, an effective vaccine is required. Vaccines may be also useful
in the case of other retrovirus infection, including infection of
animals. The existence of different vaccines protecting from leu-
kemia caused by the feline leukemia virus (FeLV)' is an example
giving hope for vaccines against other retroviral infections includ-
ing HIV-1. FeLV causes leukemia, lymphoma and opportunistic
infections on the basis of a severe immunodeficiency induced by
the virus. Unfortunately all FeLV based vaccines do not induce
sterilizing immunity, but prevent from antigenemia and prevent
the outbreak of the disease.*® Immunisation with a combination
of the surface envelope (SU) protein and the transmembrane
envelope (TM) protein of FeLV increased the titer of neutral-
izing antibodies, but also did not induce sterilizing immunity.*”
There is also need for a vaccine against the Koala retrovirus. This
virus induces fatal lymphomas and chlamydia infections on the
background of a severe immunodeficiency in the infected ani-
mals.® Immunisation of rats with the TM protein of the KoRV
resulted in neutralizing antibodies,” however higher titers of neu-
tralizing antibodies were induced when the SU protein was used
for immunisation (unpublished data). Both proteins may be used
in combination as a vaccine to prevent the further spread of the
KoRYV infection in koalas in Australia and in international zoos.

Differences in the TM
Proteins of Different Retroviruses

The family Retroviridae consists of two subfamilies, the
Orthoretrovirinae and the Spumaretrovirinae. Orthoretroviruses
are divided into different genera such as alpharetroviruses,
betaretroviruses, gammaretroviruses, deltaretroviruses, epsilon-
retroviruses and lentiviruses (Fig. 1). The general structure of the
retroviral envelope proteins is very similar, however there are con-
siderable differences in the size, in the pattern of glycosylation and
number of cysteine-cysteine loops (Fig. 2 and Table 1). Also the
mechanism of infection is similar for all retroviruses.’® The SU
protein, which is gp120 in the case of HIV-1 and gp70 in the case

Volume 9 Issue 3

Do not distribute.

I0Science.

©2013 Landes B



>
E
®
-]
o
=
°
o

Lentiviruses

Intermediate Beta-like
viruses

Betaretroviruses

Figure 1. Unrooted Pol sequence neighbor joining (NJ) dendrogram of
the retroviral genera: a-, B-, gamma-, delta-, epsilon-, lenti- and spuma
retroviruses.”” The viruses used in this comparative study are indicated.
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Figure 2. Main functional domains of the retroviral TM proteins (NHR -
N-terminal helical region, C - C - Cys-Cys-loop, CHR - C-terminal helical
region). The TM proteins of PERV, FeLV, HIV and FFV are presented. C
indicates a cysteine, a star indicates a potential N-linked glycosylation
site.

of gammaretroviruses, interacts with the receptor molecule(s) on
the cell surface. The CD4 molecule and the chemokine receptors
CXCRS5 or CCR4 are the receptors for gp120 of HIV-1; differ-
ent transporter molecules including amino acid transporters are
the receptors for gp70 of gammaretroviruses.'>'? After interac-
tion of the SU proteins with their receptors, the fusion peptide
at the N-terminus of the TM protein intercalates into the cellu-
lar membrane, and conformational changes in the TM protein,
including an interaction of the C-helical and N-helical regions of
the TM proteins, bring the membrane proximal external region
(MPER) close to the fusion peptide proximal region (FPPR) and
the viral membrane close to the cell membrane. This promotes
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fusion between viral and cellular membranes and internalisation
of the virus into the target cell.'*!?

Special Expression and Purification
Methods for Retroviral TM Proteins

To induce neutralizing antibodies against the TM proteins, dif-
ferent steps are required, starting with a clone of the sequence of
the protein (Fig. 3). Due to the membrane spanning domain and
the hydrophobic fusion peptide the TM proteins are expressed at
a low level and they are poorly soluble. Therefore special meth-
ods are required to express these proteins.”® In most cases the
ectodomain without the fusion peptide and without the mem-
brane spanning domain were used for immunisation. Despite
this, an optimization of the expression of retroviral TM proteins
is beneficial in order to facilitate the subsequent purification
steps. Optimization was performed by testing different fusion
partners, the bacterial host strain, the medium, as well as the
expression conditions such as temperature, inducer concentra-
tion and time point of induction. To speed up the optimization
of the expression, a powerful procedure was developed based
on simultaneous screening in 96 deep well plates.”” In one plate
four bacterial strains, three different growth media, three IPTG
concentrations and two transformed bacterial clones as well as
the empty vector as control could be analyzed and compared.
Using such effective methods, the TM proteins of the FFV and
PFV were expressed and purified.” To increase protein solubility
during the purification process, various detergents were analyzed
and the best condition were selected for large scale production
and purification.

Summary of the Inmunisation Experiments
with the TM Proteins of Gammaretroviruses

The cloning, expression and purification of the TM proteins
of PERV,!1¢ FeLV*"1718 and the KoRV” have been described in
great detail and recently summarized.” Immunising with the
ectodomains of these gammaretroviruses, neutralizing antibod-
ies against the corresponding virus were induced and epitopes
were found in two regions of the TM antigen, in the MPER and
FPPR (Fig. 4). Interestingly, the localization of the epitopes in
the MPER was similar to the localization of the epitopes of anti-
bodies broadly neutralizing HIV-1 isolated from infected patients
such as 2F5, 10E8, Z13el and 4E10 in the TM protein gp4l1 of
HIV-1.222 Despite the evolutionary difference between the lenti-
virus HIV-1 and the gammaretrovirus PERV, a limited sequence
homology of the epitopes was observed. The epitope FEGWFN
in p15E corresponds in localization and sequence to the epitope
NWFN(D)IT in gp41 of HIV-1 recognized by the broadly neu-
tralizing antibody 4E10 (identical amino acids in bold). Despite
the sequence homology, the monoclonal antibody 4E10, broadly
neutralizing HIV-1, and antibodies neutralizing PERV and bind-
ing to the MPER of pI5E of PERV do not cross-react and do not
cross-neutralize (unpublished).

It is important to note that the pl5E-specific sera were not
only neutralizing in vitro. At least in the case of FeLlV, in in vivo
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Table 1. The transmembrane envelope proteins of different retroviruses

Virus KkDa Amino acids, Amino aciqs, Amin? acids,
total ectodomain  cystein loop
HIV-1 41 345 137 5
HIV-2 36 258 141 5
FelLV 15 196 130 7
PERV 15 180 115 7
FFV 48 419 353 not defined
PFV 47 417 354 not defined

studies, immunisation with the ectodomain of p15E prevented
antigenemia and disease development in 50% of the cats immun-
ised with the ectodomain of p15E of FeLV.¢

Although antibodies against epitopes in the FPPR and MPER
have been found when immunising with the TM protein p15E of
PERYV, only the antibodies directed against the MPER were able
to neutralize the virus (unpublished). This was shown isolating
antibodies against the FPPR and MPER using affinity chroma-
tography with immobilized recombinant proteins or synthetic
peptides corresponding to the MPER and FPPR.

Increased Inmune Response
After Immunisation with the TM Protein and the
Surface Envelope Protein of Two Gammaretroviruses

Both the surface envelope (SU) protein and the TM protein are
involved in infection and represent ideal targets for neutralizing
antibodies. Recently numerous potent antibodies neutralizing
HIV-1 were isolated from HIV-1 infected individuals, which
reacted with the surface envelope protein.?*#’ Since the SU pro-
tein is larger and forms the top of the viral knob, consisting of
three TM and three SU proteins, higher titers and a stronger neu-
tralizing antibody response may be expected in comparison to
the TM protein, which is partially hidden in the viral knob and
protected by the glucan sheet of the SU protein.

To examine this probability, immunisations were performed
with the SU protein of FeLV,” PERV" and KoRV (unpublished).
In all cases a stronger neutralizing activity was induced compared
with the immunisation with the TM protein alone. Moreover,
when immunising with a combination of the SU and TM pro-
tein the induced neutralizing activity was stronger when com-
pared with the immunisation with each of the envelope proteins
alone.”*

Whether the strategy to immunise with a combination of
the SU and TM proteins is useful in the case of HIV-1 remains
unclear since the SU protein of HIV-1 is highly variable in con-
trast to the SU protein of the gammaretroviruses.

Immunisation with the TM Proteins
of HIV-1 And HIV-2 Produced in Bacteria

In contrast to the situation with the gammaretroviruses, immun-
isation with the ectodomain of HIV-1 and HIV-2 produced in
bacteria failed to induce neutralizing antibodies (ref. 31 and
data unpublished). Although some epitopes in the FPPR and the
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Number of Number of possible Amino acids, Accession
cysteins glycosylation sites cytoplasmic tail number

2 7 151 CAB96240
2 7 154 ACT85844
3 0 34 AAA93093
3 0 34 CAA72927
9 5 8 056861
7 3 7 Q87041
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Figure 3. Flowchart of the expression and purification process for the
generation of TM proteins for immunisation and testing the induced
sera for binding and neutralizing antibodies.

MPER were recognized (Fig. 5), neutralizing activity was not
detected. The same was true when a DNA immunisation using
a vector allowing expression of the TM protein on the cell sur-
face to imitate the localization near a lipid membrane was per-
formed.* This is in accordance with numerous other reports
using gp4l or parts of it for immunisation. No or only a very
weak neutralizing activity was found.>
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Figure 4. (A) Schematic presentation of the ectodomain of p15E and
(B) localization of the epitopes recognized by sera induced by im-
munisation with the ectodomain of the TM protein of three gamma-
retroviruses, PERV, FeLV and KoRV in different species. FPPR — fusion
peptide proximal region, MPER — membrane proximal external region.
Epitopes strongly recognized by sera from all immunised animals are in

ised animals are in light gray. The number of sera analyzed by epitope
mapping is indicated.
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Figure 5. Location of the epitopes recognized by immune sera from
rats immunised with the recombinant ectodomain of gp41 of HIV-1 and
gp36 of HIV-2. Epitopes strongly recognized by sera from all immunised
animals are in dark gray, epitopes recognized less and only by sera from
some immunised animals are in light gray.
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Immunisation with Hybrid Proteins

It has been shown that during infection an interaction between
the MPER and the FPPR takes place.* In addition we had
shown that the binding of 2F5 is enhanced when in addition
to the peptide containing its epitope a peptide corresponding
to the FPPR is present, suggesting that the interaction between
both peptides induces a conformation allowing a better binding
of 2F5.% Whether this conformation is also required to induce
broadly neutralizing antibodies remains unclear. Based on our
positive results with the TM proteins of the gammaretroviruses
inducing antibodies against the MPER and FPPR of pl5E,
based on our negative results with the TM proteins of HIV-1
(see below) and being aware that there is an interaction between
the MPER and FPPR during retroviral infection, we developed
the strategy of hybrid proteins (Fig. 6). In p15E of PERV the
regions corresponding to the epitopes of the antibodies induced
by immunisation with p15E were substituted by the FPPR and
MPER domains of gp41 of HIV-1. The idea behind this was that
an interaction of the helical regions NHR and CHR of p15E from
PERV will bring the transplanted FPPR and MPER domains of
gp4! from HIV-1 in close proximity and this may induce a con-
formation able to induce neutralizing antibodies such as 2F5 and
4FE10. Different hybrids were designed, the first containing the
fusion peptide (FP) and the membrane spanning domain (MSD)
derived from gp41 of HIV-1, the second containing the FP and
MSD from p15E of PERYV, the third without any FP and MSD
and the fourth with a changed localization of the FPPR domain
(Fig. 7). All hybrids were recognized by the monoclonal antibod-
ies 2F5 and 4E10 and hybrid 3 and 4 were producing trimers
and multimers. Whereas the first two hybrid antigens induced
only antibodies binding the FPPR of gp41, the third and fourth
hybrid antigens induced antibodies binding exactly the epitope of
2F5 (Fig. 7B). Therefore systematic changes in the surrounding
and localization of the transplanted domains allowed induction
of antibodies binding the 2F5 epitope. Despite this, all induced
sera did not neutralize HIV-1, at least in the neutralization assay
based on TZM-bl cells. Nevertheless these results suggest that
further modifications of the hybrid antigens may induce neutral-
izing antibodies.

Immunisation with the TM
Protein of HIV-1 Produced in Human Cells

In contrast to gp4l produced in bacteria (see above), gp41 pro-
duced in human cells is glycosylated,” with a molecular mass
of 41kDa. Due to the use of the exportation signal of gp120,
this protein was released from the producing cell. Only the fully
glycosylated form was released; non-glycosylated and partially
glycosylated proteins remained in the cells. The released proteins
were able to trimerise and were recognized by the monoclonal
antibodies 2F5 and 4E10. When immunising rats with two forms
of the gp41, one containing a part of the cytoplasmatic tail, the
other presenting only the ectodomain similar to the antigen used
in the case of the gammaretroviruses, a strong antibody response
was induced. The sera recognized several epitopes in gp41, among
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them the 2F5 epitope (unpublished). Studies on the neutralizing
activity of these antibodies are in progress.

TM Protein Associated Inmunosuppression

HIV-1 and many other retroviruses induce immunodeficiencies
in the infected host. Meanwhile there is evidence that the TM
proteins of the retroviruses contribute to this immunosuppres-
sion. The TM proteins of numerous retroviruses including gp41
of HIV-1 as well as synthetic peptides corresponding to a highly
conserved domain in the retroviral TM proteins, the so called
immunosuppressive domain, are able to inhibit mitogen-driven
activation of immune cells and to modulate their cytokine release
and gene expression (for review see refs. 48—50). The TM pro-
tein gp41 of HIV-1 was shown to induce interleukin - 10 (IL-
10) and I1-6 release and to increase the expression of genes such
as matrix metallopeptidase 1 (MMP-1) and triggering receptor
expressed on myeloid cells 1 (TREM1). Genes involved in innate
immunity such as ficolin (FCN1), selenoprotein P, plasma, 1
(SEPP1) and chemokine (C-X-C motif) ligand 9 (CXCL9) were
found downregulated.”*" Single mutations in the immunosup-
pressive domain abrogated these immunosuppressive activities.”
This result had also consequences for the vaccine development
against retroviruses. When rats were immunised with the wild-
type gp41 produced in human cells a good immune response was
observed. However, when immunising with gp41 mutated in the
immunosuppressive domain, a much higher antibody response
was achieved.?’

Immunisation with the TM Protein of Foamy Viruses

Despite typically cytopathic in vitro, foamy viruses are con-
sidered apathogenic in their natural host and after interspecies
transmission. For instance, chronic infections without any symp-
toms are induced when simian foamy viruses (SFV) are trans-
mitted to humans by bush-meat preparation, biting etc.””** The
zoonotic transmission of a chimpanzee foamy virus led to the
primate (previously called human) FV isolate PFV.* It is impor-
tant to note that the titers of foamy viruses in the natural host
as well as in the new host appear to be considerably low, how-
ever the infection is not cleared even in the presence of a clear
immune response.”® The apathogenicity and the very limited
distribution of the virus in the human population is the basis for
the development to use these viruses as vector for gene therapy
and vaccination. In addition, secondary transmission of the PFV
from humans to humans has not been detected so far.

Using the 96 deep well screening strategy (see above) the TM
proteins of FFV and PFV were produced in bacteria’® and char-
acterized. As mentioned above, the TM protein of the foamy
viruses contains numerous cysteines and several glycosylation
sites in the sequence (Fig. 8A). In addition to the immunisation
studies the TM protein of the FFV was also used to establish
a diagnostic tool based on the detection of TM protein-specific

antibodies in infected animals.>>®

Furthermore, one goat and
eight rats were immunised with these proteins and binding and

neutralizing antibodies were analyzed. In all animals binding
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Figure 6. Generation of hybrid proteins consisting of a backbone de-
rived from the TM protein p15E of PERV and the FPPR and MPER of gp41
of HIV-1, which replace the FPPR and MPER of p15E. The FPPR and MPER
of p15E were removed and the FPPR and MPER (containing the epitopes
of the broadly neutralizing antibodies 2F5 and 4E10) of gp41 of HIV-1
were inserted. NHR - N-terminal helical region, C - Cor C- CC - Cys-
Cys-loop, CHR - C-terminal helical region, MSD - membrane spanning
domain.

antibodies were induced recognizing epitopes located in the
FPPR and in the central part of the molecule, but not in the
MPER (Fig. 8B). Correlating with the absence of antibodies
directed against the MPER no neutralizing activity was observed
in the sera. However, when sera from naturally FFV infected cats
were analyzed, binding and neutralizing antibodies were found
in the sera of all animals. It remains unclear, whether the neutral-
izing antibodies were directed against the TM protein or the SU
protein, but interestingly antibodies targeting the MPER were
detected (Fig. 8C). The sera recognized mainly epitopes in the
FPPR and MPER. No epitopes were not detected in the central
part of the protein, possibly because in this region of the gylcosyl-
ated the viral TM the main glycosylation sites are located. Since
the protein used for immunisation was produced in bacteria, and
therefore was not glycosylated, antibodies against this domain of
the protein were induced.

Toward a Replication Competent
Vaccine Virus Based on Foamy Viruses

Advantages of foamy virus vectors are in addition to the apatho-
genicity of the parental viruses® their high physical and genetic
stability, their capacity for the uptake of larger foreign DNA
sequences and their reduced dependence on replicating cells.
Concerning pathogenicity, foamy virus infection of rabbits and
mice however gave rise to a mild transient immunosuppres-
sive effect, which regressed within 30 d.°*¢' In transgenic mice
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Figure 7. (A) Structure of the hybrid protein used forimmunisation. The hybrids were generated as described in Figure 6. For abbreviation see Fig-
ures 4 and 6. The origin of the fusion peptide (FP) and the membrane spanning domain (MSD), either from gp41 of HIV-1 or from p15E of PERV are indi-
cated. Hybrid 3 and 4 lack the FPPR and MSD, in hybrid 4 the FPPR region was shifted. (B) Localization of the epitopes recognized by sera from animals
immunised with the different hybrid proteins. The first part of the sequence corresponds to the FP/FPPR sequence, the second part to the MPER. The
sequences of the epitopes of 2F5 and 4E10 are in bold, the sequences of the peptides shown to enhance the binding of 2F5 and 4E10 to their epitopes
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Figure 8. (A) Schematic presentation of the main domains of the TM
protein of the feline foamy virus (FFV). Abbreviations see Figure 6. C
marks the cysteine residues, long stars the N glycosylation sites, long
stars marked with * the potential N glycosylation sites. (B) Localization
of the epitopes recognized by the immune sera induced by immuni-
sation with the TM protein of FFV. Sera from one goat, and two rats
which were immunised with the TM protein produced in bacteria were
analyzed. (C) Localization of the epitopes recognized by the sera from 8
cats naturally infected by FFV.

expressing PFV, degeneration of the cerebellar granule cell layer
was observed.®*%

Env proteins of the foamy viruses and virus budding are
unique compared with other retroviruses: (1) particle budding
strongly depends on co-expression of Env proteins (or compensa-

tory changes in Gag)®*® and (2) the about 125 aa long leader

www.landesbioscience.com

peptide of FV Env, designated Elp, is an important component of
FFV and PFV particles.®*”° The C-terminus of Elp is exposed on
the surface of virus particles and may be thus very much suited
to display vaccine epitopes to the vaccines immune system.®
Importantly, Env of PFV has been described to bud from cells,®
a feature that could be used to create vaccine virus-like particles
(VLDPs) or a particulate protein vaccine.

In the past years, foamy virus-based vectors for gene therapy
and vaccination have been successfully established and clearly
demonstrated the potential of foamy viruses to deliver therapeu-
tic genes or vaccine antigens in order to correct genetic defects or
to induce (partially protective) immunity against heterologous
pathogens.”!

The idea was to identify the epitopes in the TM protein of
foamy viruses, to prepare hybrid proteins as in the case of the
gammaretroviruses (Fig. 6) and to create a replication-competent
hybrid virus. Since already the first step of this strategy failed and
no neutralizing antibodies against the TM protein of the foamy
viruses were induced, a new approach was developed using the
Bet protein as carrier for gp41-derived sequences corresponding
to the MPER and the FPPR. This protein was already successfully
grafted with a caliciviral antigen in a replication competent virus
and an immune response against the calicivirus was induced.”!
Bet is an accessory protein, the corresponding bet gene is gener-
ated via splicing. Bet counteracts cellular APOBEC3-mediated
restriction and may have a role in particle release and in estab-
lishing viral persistence.”>”* Using Bet-gp41 hybrids containing
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sequences corresponding to the MPER and/or FPPR of gp41 of
HIV-1 for immunisation, antibodies against gp41 were induced
(unpublished). These antibodies recognized epitopes in the FPPR
and MPER of gp4l, some overlapping with the epitope of 2F5,
ELDKWAS, however no neutralizing activity was observed.

Outlook

The major advantage of neutralizing antibodies is their ability to
prevent infection and subsequent integration of the provirus into
the cellular genome where it may persist and if not expressed it
remains undetectable by the immune system.

Retroviral transmembrane envelope (TM) proteins are a suit-
able target for the induction of neutralizing antibodies. Especially
the membrane proximal external region (MPER), which is highly
conserved, plays an important role during infection and antibod-
ies binding to this region have been shown to neutralize HIV-1
and other retroviruses including PERV. The question how to
induce such antibodies is still unsolved. Obviously only a dis-
tinct, still unknown conformation in the chain of the complex
conformational changes during the infection process may repre-

First immunisation studies with hybrid proteins based on the
TM protein of PERV and transplanted MPER and FPPR of gp41
of HIV-1 failed, however by systematic changes in the localiza-
tion of the grafted gp4l sequences a correct recognition of the
2F5 epitope was achieved. Further modifications of the hybrid
proteins should be introduced, increasing the probability to
induce neutralizing antibodies.
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