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Abstract. The rapid spread of the koala retrovirus (KoRV) in Australia and in international zoos calls 
for effective counter measures. As is the case with the human immunodeficiency virus (HIV) epidemic, 
a preventive vaccine is urgently needed. Vaccines inducing neutralizing antibodies are a good way to 
prevent retrovirus infections. Although for HIV there is still no effective vaccine available, commercial 
vaccines protecting cats from disease caused by the feline leukemia virus (FeLV) already exist and have 
been proven effective. KoRV is a retrovirus more closely related to FeLV than to HIV. Immunizing 
different species (rats, goats, hamsters, guinea pigs, mice, cats) with the transmembrane (TM) and surface 
(SU) envelope proteins of FeLV, as well as of the porcine endogenous virus (PERV) we always obtained 
neutralizing antibodies. PERV is also closely related to the KoRV. Based on the immunization studies 
with the envelope proteins of FeLV and PERV, we cloned and expressed the corresponding envelope 
proteins of the KoRV and immunized goats and rats. In all cases we obtained antibodies neutralizing the 
KoRV. However this does not mean that neutralizing antibodies will be obtained when immunizing koalas 
(Phascolarctos cinereus) with the envelope proteins of the KoRV or immunizing pigs with the envelope 
proteins of PERV. Therefore, koalas should be immunized with KoRV envelope antigens to determine 
whether neutralizing antibodies are induced and if so, whether such antibodies are able to protect healthy 
animals from infection. Furthermore, whether immunization with these antigens has a therapeutic effect 
on animals already infected with KoRV should be investigated. If Chlamydia infection of koalas is an 
opportunistic infection made possible by KoRV-induced immunodeficiency, immunization against KoRV 
will also protect animals from Chlamydia infection.

Denner, Joachim. 2014. Immunization with envelope proteins of the KoRV as a basis for a preventive vaccine. In The 
Koala and its Retroviruses: Implications for Sustainability and Survival, ed. Geoffrey W. Pye, Rebecca N. Johnson 
and Alex D. Greenwood. Technical Reports of the Australian Museum, Online 24: 71–77.

Infection of koalas with the KoRV, and infection of 
humans with HIV-1 leading to AIDS. Retroviruses have 
long been known to be capable of infecting new host species 
by transspecies transmission. Interest in this subject has been 
boosted by the finding that the human immunodeficiency 
viruses (HIV-1 and HIV-2) are the product of such a 
transspecies transmission (Gao 1994,1999) and by recent 
concerns over the potential transmission of PERVs after 
xenotransplantation of pig organs into humans (Denner & 
Tönjes, 2012). The koala retrovirus (KoRV) is the result of 
such a transspecies transmission which is even associated 
with endogenization of the virus into the germ line of the 

animals (Hanger et al., 2000; Denner & Young, 2013). The 
KoRV is closely related to the gibbon ape leukemia virus 
(GaLV), which however remained exogenous in gibbons 
(Hanger et al., 2000). Both are related to endogenous 
retroviruses of South Eastern Asian mice, (Martin et al., 
1999) and bats, (Cui et al., 2012a,b) however the origin and 
the transmission routes are still unknown.

Retroviruses are known to induce tumors and immuno
deficiencies and HIV is the most prominent retrovirus 
inducing an acquired immunodeficiency syndrome. Although 
HIV, a lenti(retro)virus, and the KoRV, a gammaretrovirus, 
are not closely related, the clinical picture of the syndrome 
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induced by HIV in humans and that induced by the KoRV 
in koalas (Phascolarctos cinereus) is similar concerning the 
immunodeficiency. HIV infections are usually accompanied 
by opportunistic infections among them Chlamydia infections 
(Contini, 2003). The major opportunistic infection in the 
case of the KoRV infection represents Chlamydia infection 
(Brown et al., 1987). Chlamydia infections are also commonly 
associated with FIV (feline immunodeficiency virus) 
infections (O’Dair et al., 1994). In addition, koalas infected 
with KoRV suffer from leukemia (Booth & Blanshard, 
1999). Leukemia, lymphoma and immunodeficiency were 
also induced by FeLV which is closely related to the KoRV 
(Hardy 1985, 1993). Whereas only 5 to 10% of FeLV-
infected cats suffer from leukemia and lymphoma, more than 
65% of them die from opportunistic infection based on the 
immunodeficiency (Hardy 1985,1993). FeLV-infected cats as 
well as HIV-1-infected humans are characterized by a decrease 
in the number of CD4+ cells (Hofmann-Lehmann et al., 1997). 
To summarize, a comparison of the KoRV infection with the 
infection with HIV-1 leading to AIDS may help to understand 
the immunopathogenesis.

Is vaccination more effective 
and economical than treatment?

Taking into account the costs of highly active antiretroviral 
therapy (HAART) used for the treatment of individuals 
infected with HIV-1 and the overall socio-economic impact 
of the AIDS pandemic on mankind, a vaccine protecting 
from HIV-1 infection would be the most efficient and cost 
effective of solutions. Unfortunately, such a vaccine is not 
yet available and until it is, the development costs for a 
vaccine depend on numerous factors. These include the 
selection of the best immunization strategy, the correct 
antigen and the most efficient adjuvant as well as the 
time and expense of preclinical and clinical trials. In the 
case of gammaretroviruses (to which KoRV belongs), the 
situation is quite different. For example, vaccines that 
protect from FeLV-induced disease in cats are commercially 
available and are being used successfully. In addition there 
are numerous publications demonstrating the efficacy of 
envelope antigens inducing neutralizing antibodies specific 
for other gammaretroviruses such as the FeLV, the PERV 
and different murine leukemia viruses (MuLV) (see below).

Neutralizing antibodies versus T cell immunity
There are two arms of the immune system, the humoral 
immunity based on B cells producing specific antibodies 
and the cellular immunity based on cytotoxic T cells (CTL). 
Most of the commercial vaccines protect humans from viral 
infection by inducing neutralizing antibodies. However, it 
is still unclear whether protection from retrovirus infections 
requires antibodies or CTL, or both. Retroviruses copy 
their genetic information, which is a single stranded RNA, 
into a double stranded DNA using the viral enzyme reverse 
transcriptase and later integrate this copy into the genome of 
the target cell. The DNA copy is the basis for the production 
of viral genomic and mRNA, of proteins and viral particles. 
On the other hand, the virus can persist undetected from 
the immune system if it does not express viral proteins. 
Therefore, neutralizing antibodies preventing infection in the 
first place represent the protection of choice. Neutralizing 
antibodies are usually directed against the envelope proteins 
which play an important role during infection (Fig. 1).

Neutralizing antibodies specific for the surface envelope 
protein gp120 and the TM protein gp41 of HIV-1 were 
found in HIV-1 infected individuals, however normally 
they cannot stop progression to AIDS (Kwong & Mascolla, 
2012). Furthermore, some of these neutralizing antibodies 
were isolated, and generated as monoclonal antibodies. The 
localization of the epitopes recognized by these antibodies 
neutralizing HIV-1 is shown in Fig. 2.

Such monoclonal antibodies were shown to be broadly 
neutralizing, they inhibit infection with up to 90% of the 
HIV-1 strains (Muster et al., 1993; Zwick et al., 2001). 
Application of these human neutralizing antibodies to 
monkeys prevented an infection of the animals when they 
were challenged with infectious hybrid virus composed of 
the core of the simian immunodeficiency virus (SIV) and 
the envelope of HIV-1 (Mascola et al., 1999; Ruprecht, 
2009). Application of these broadly neutralizing antibodies 
to HIV-infected humans significantly decreased the virus 
load (Stiegler et al., 2002; Trkola et al., 2005). These data 
demonstrate that neutralizing antibodies are able to prevent a 
retrovirus infection in vivo and to inhibit progression to AIDS. 
However, until now such antibodies broadly neutralizing 
HIV-1 could not be induced in sufficient amounts after 
immunization with different envelope-derived antigens.

Figure 1. Schematic presentation of retroviral infection. Step 1: Interaction of the SU protein (orange, gp120, molecular weight 120,000 
Dalton in the case of HIV-1; gp70 in the case of KoRV) with the cellular receptor (not shown). The TM protein (light blue, gp41, molecular 
weight 41,000 Dalton in the case of HIV-1, p15E, molecular weight 15,000 Dalton, E stands for envelope, in the case of the KoRV) is 
partially hidden in the SU protein, MSD, membrane spanning domain of the TM protein, dark blue. Step 2: Conformational changes in the 
TM protein, its fusion peptide (red, FP) penetrates the target cell membrane. Step 3: Interaction of the N-helical region (blue, NHR) and the 
C-helical region (light blue, CHR) of the TM protein and fusion of the viral and cellular membranes leading to subsequent internalization 
of the virus. Between the helical regions a hinge is shown composed of a Cys-Cys-loop (light green).
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Neutralizing antibodies against 
MuLV, FeLV and PERV

In contrast to the non-successful attempts to induce 
neutralizing antibodies against HIV, antibodies neutralizing 
gammaretroviruses were induced easily. Many experiments 
have been conducted with potential murine leukemia virus 
vaccines. The approaches have included killed virus (Fink & 
Rauscher, 1964), subunit vaccines (Fischinger et al., 1976; 
Hunsmann et al., 1975; Hunsmann et al., 1981; Hunsmann, 
1985), recombinant vaccinia viruses expressing viral gene 
products (Earl et al., 1986; Morrison et al. 1987), peptide 
vaccines (Bayer & Hunsman, 1987), and live attenuated 
viruses. Attenuation was achieved by prolonged passage 
through tissue culture (Mayyasi & Moloney, 1967; Ruan & 
Lilly, 1992), or by the use of live pathogenic virus blocked 
by antiretroviral drugs such as azidothymidin (AZT) and 
interferon alpha from replicating (Ruprecht et al., 1990, 
1996). When mice were immunized with the SU (gp70, 
molecular weight 70,000 Dalton) and TM (p15E, molecular 
weight 15,000 Dalton, E stands for envelope) antigens 
of the murine leukemia virus (MuLV) substrain Friend 
leukemia virus (FLV) neutralizing antibodies were induced 
and protection from disease was reported (Fischinger et al., 
1976; Hunsmann et al., 1975; Hunsmann, 1985; Schäfer 
et al., 1977; Thiel et al., 1987). Most importantly, the 
immune response and the protection were more efficient 
when both envelope proteins, p15E and gp70, were used for 
immunization. This was also true, when an immunotherapy 
was performed (Thiel et al., 1987). In AKR mice the onset of 
spontaneous leukemia induced by endogenous retroviruses 
could be dramatically delayed and the overall incidence was 
significantly reduced following treatment with high-titer 
heterologous antibodies against the surface envelope protein 
gp70 and p15E (Schäfer et al., 1976, 1977; Schwarz et al., 
1976; Thiel et al. 1987; de Vos et al., 1998).

The mechanism of protection when immunizing with the 
envelope proteins was studied in transfer experiments. In one 
of these experiments mice were immunized with attenuated 
Rauscher leukemia virus (RLV), another substrain of MuLV. 
Passive transfer of the immune serum into mice challenged 
subsequently with infectious RLV was protective only at a 
very high serum dose, whereas immune T cells alone were 
fully protective, suggesting that cellular immunity alone 
is protective (Ruprecht et al., 1990, 1996). On the other 
hand, an essential role for virus-neutralizing antibodies in 
sterilizing immunity was described for Friend virus infection 

(Messer et al., 2004). In these investigations B cell-deficient 
mice were poorly protected by vaccination and passive 
transfer of neutralizing antibodies completely compensated 
for the B cell deficiency.

Similar immunization experiments were performed with 
envelope proteins derived from FeLV and first commercial 
vaccines were developed based on these immunizations 
(Pedersen et al. 1979; Pedersen, 1993; Pedersen & Johnson, 
1991; Torres et al., 2010; Legendre et al., 1991). One of 
these commercial vaccines contains the recombinant SU 
envelope protein (Marciani et al. 1991). The SU protein in 
the virus is glycosylated (gp70), however the recombinant 
protein used for immunization was produced in bacteria and 
is not glycosylated, therefore its molecular weight is 52 kDa 
(recombinant, rp52).

We were mainly interested in using the TM protein of 
retroviruses for immunization (Denner, 2011, 2012). This 
interest was based on publications demonstrating that 
antibodies against the membrane proximal external region 
(MPER) of the TM protein gp41 of HIV-1 such as 2F5 and 
4E10 (Fig. 2) isolated from HIV-infected individuals were 
neutralizing up to 90% of all HIV-1 (Muster et al. 1993; 
Zwick et al., 2001). We started to immunize with the TM 
protein p15E of PERV. Effective neutralizing antibodies 
were induced and epitopes in the MPER as well as in the 
fusion peptide proximal region (FPPR) were identified. 
The epitopes in the MPER of p15E were similarly located 
and despite the evolutionary distance between PERV and 
HIV-1 a sequence homology was observed. The epitope 
in the MPER sequence of gp41 of HIV-1 had the sequence 
NWFN/DIT, in the MPER of p15E of PERV the sequence 
GWFEGWFNRSP was recognized (identical amino acids 
are underlined) (Fiebig et al., 2003). Antibodies neutralizing 
PERV and binding to the FPPR and MPER were induced in 
different species including goats, rats, guinea pigs, hamster, 
rabbits, and mice (Fiebig et al., 2003; Kaulitz et al., 2011; 
Waechter et al., 2013). Using affinity chromatography and 
recombinant proteins corresponding to the N- and C-terminal 
part of p15E as well as synthetic peptides corresponding to 
the FPPR and MPER, we were able to show that only the 
isolated antibodies specific for the MPER were neutralizing 
(Waechter et al., 2013). When we immunized with a 
combination of the TM protein p15E and the SU protein 
gp70 (rp52) of PERV, higher titers of neutralizing antibodies 
were induced (Denner et al., 2012).

Since animal models are not available in which the 
efficacy of antibodies neutralizing PERV could be tested, 

Figure 2. Schematic presentation of a retroviral TM protein and its folding in infection step 3 
(see Fig. 1). Here only one molecule of the trimer is shown. CC, cysteine loop; CHR, C-helical 
region; FP, fusion peptide; FPPR, fusion peptide proximal region; isu, immunosuppressive 
domain; MPER, membrane proximal region; MSD, membrane spanning domain; NHR, N-helical 
region. The epitopes of two antibodies broadly neutralizing HIV, 2F5 and 4E10, are shown.
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we used infections of cats with the related FeLV to study 
this topic. Immunization of cats (and several other species) 
with the TM protein p15E of FeLV resulted in neutralizing 
antibodies which recognized similar epitopes in the FPPR 
and MPER as described for PERV (FEGWFN in p15E of 
FeLV, HIV-1 and PERV see above, identical amino acids 
underlined) (Langhammer et al., 2005, 2006, 2011b). When 
we immunized with gp70 (rp52) of FeLV or a combination 
of both gp70 and p15E, the combination induced the 
highest titer of neutralizing antibodies (Langhammer et al., 
2011a). When cats immunized with p15E, gp70 (rp52) and a 
combination of both were challenged with infectious FeLV, 
all animals immunized with gp70 (rp52) or the combination, 
and 50% of the animals immunized with p15E were protected 
from antigenemia and disease (Langhammer et al., 2011b). 
The absence of antigenemia indicates that the virus is not 
replicating and viral antigens cannot be detected in the serum. 
Thus, immunization with the envelope proteins protects 
the animals. However, even in the case of combination 
of both proteins, no sterilizing immunity was achieved 
(Langhammer et al., 2011b). Sterilizing immunity means 
complete protection from virus infection. In fact, protection 
from disease, but absence of sterilizing immunity was also 
reported for other commercial FeLV vaccines (Hofmann-
Lehmann et al., 1997, 2007).

Envelope proteins of the KoRV induce 
neutralizing antibodies: basis for a vaccine

We had isolated a KoRV from an animal in the Zoo of 
Duisburg, Germany, which we designated KoRV Duisburg-
Berlin (KoRVD-B) (Fiebig et al., 2006). Part of the virus 
including the envelope proteins was sequenced (GenBank 
DQ174772). Only three amino acid substitutions in the 
Env region compared with a previously reported sequence 
of KoRV isolated in Australia were found (Hanger et al., 
2000). We investigated the host range of the virus showing 
that the virus infected cells from humans and rats, but not 
from mice (Fiebig et al., 2006). These data were confirmed 
recently (Shojima et al., 2013). We characterized the protein 
pattern of purified virus and immunized with the recombinant 
TM protein p15E (Fiebig et al., 2006). p15E was cloned, 
expressed in E. coli, purified and used for immunization 
of goats, mice, and rats. A novel neutralization assay using 
KoRVD-B and susceptible human 293 cells was generated and 
we showed that the induced antibodies were neutralizing. 
The assay measures provirus DNA in the infected human 
293 cells using real-time PCR (Fiebig et al., 2006). Epitope 
mapping showed that the sera recognized epitopes in the 
FPPR and MPER, and the sequence WFN was found in the 
MPER epitope (unpublished data) (Fig. 3).

Meanwhile we had also immunized with the purified 

SU protein gp70 (rp52) and with DNA corresponding to 
the Env protein gp70 and to the Env precursor molecule 
gp85. In all cases neutralizing antibodies were induced. 
The titer of neutralizing antibodies was higher when we 
immunized with gp70 compared with immunization with 
p15E (unpublished data).

Retroviruses cause immunosuppression
Many retroviruses induce immunosuppression in the infected 
host (Denner 1998, 2014; Mangeney et al., 2001; Mangeney 
et al., 2007; Oostendorp et al., 1993). Immunosuppression 
has been shown in vivo for HIV-1, HIV-2, MuLV, and FeLV 
and is always associated with opportunistic infections. The 
high prevalence of an opportunistic Chlamydia infection 
suggests that KoRV also induces immunosuppression. 
Unfortunately this has not been well-studied with Chlamydia, 
and, in addition, it is not known whether other opportunistic 
infections such as herpes virus and trypanosoma infection 
are increased in KoRV-infected animals. The mechanism 
how retroviruses induce immunodeficiencies is still unclear, 
but there is accumulating evidence that the TM protein is 
involved. We recently demonstrated that the TM protein 
gp41 of HIV-1 (Denner et al., 1994, 2013; Morozov et al., 
2012), the TM protein of the human endogenous retrovirus 
HERV-K (Morozov et al., 2013) and the TM protein p15E 
of PERV (Denner, 1998; Tacke et al., 2000) inhibited 
lymphocyte activation by mitogens and modulated cytokine 
expression in PBMCs. The interleukins IL-10 and IL-6 were 
shown elevated and molecules involved in innate immunity 
were down regulated. When we studied purified KoRV, we 
showed that the virus particles induced enhanced expression 
of IL-10 in human donor PBMCs (Fiebig et al., 2006). Using 
a cytokine array, elevated expression of IL-10, of the grow-
related oncogene GRO, of IL-6 and the monocyte chemotactic 
protein-1 (MCP-1) was observed after 24 hrs, whereas 18 
other cytokines remained unchanged at that time (Denner et al, 
unpublished data). It was shown that all TM proteins contain 
a highly conserved domain, the so-called immunosuppressive 
(isu) domain (Fig. 2), and synthetic peptides corresponding to 
these domains are also able to inhibit lymphocyte activation 
and to modulate gene expression (Cianciolo et al., 1985; 
Denner et al., 1994; Ruegg et al., 1989).

We recently showed that single mutations in the 
immunosuppressive domain of gp41 of HIV-1 abrogated 
the immunosuppressive activity of the molecule and 
immunization with the mutated gp41 resulted in better 
antibody responses when compared with immunization 
with the wild-type gp41 (Morozov et al., 2012). It 
would be interesting to analyze whether mutations in the 
immunosuppressive domain of p15E of the KoRV also 
improves the immune response.

Figure 3. Schematic presentation of the epitopes recognized by neutralizing antisera induced in different species by immunization with 
the ectodomain of the transmembrane envelope proteins of PERV, KoRV, and FeLV. 2F5 and 4E10 were isolated from HIV-1 infected 
individuals and broadly neutralize HIV-1.
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Conclusion and outlook
Koalas should be immunized with KoRV envelope antigens 
to determine whether neutralizing antibodies are induced and 
if so, whether such antibodies are able to protect animals 
from infection. Furthermore, whether immunization with 
these antigens has a therapeutic effect on animals already 
infected with KoRV should be investigated. Mutations in the 
immunosuppressive domain of the TM protein may increase 
the antibody response. Immunizing with a subunit of the 
TM protein of PERV we recently found novel neutralizing 
antibodies directed against an epitope in the N-terminal 
helix of the molecule (Denner & Waechter, 2014). Broadly 
neutralizing antibodies directed against the N-terminal 
helix of gp41 of HIV-1 were also found in HIV-infected 
individuals. Therefore a mixture of envelope antigens may be 
used for immunization. Prevention of infection or decreasing 
the virus load will prevent or reduce the potential KoRV-
induced immunodeficiency and hopefully also protect koalas 
from infection with Chlamydia and other opportunistic 
infections.

Acknowledgments. I would like to thank Uwe Fiebig, Martina 
Keller, Britta Dieckhoff, Christian Wurzbacher, and Annekathrin 
Möller for the experimental work described here, and Vladimir 
Morozov for critical reading of the manuscript.

References
Bayer, H., and G. Hunsmann. 1987. Synthetic vaccines against 

Friend murine leukaemia virus-induced erythroleukaemia: 
in vivo and in vitro studies with synthetic oligopeptides and 
sequence-specific antisera. Journal of General Virology 68: 
515–522.

	 http://dx.doi.org/10.1099/0022-1317-68-2-515

Booth, R. J., and W. H. Blanshard. 1999. Diseases of koalas. In Zoo 
and Wild Animal Medicine, ed. M. E. Fowler and R. E. Miller, 
pp. 321–333. Philadelphia: W. B. Saunders.

Brown, A. S., A. A. Girjes, M. F. Lavin, P. Timms, and J. B. 
Woolcock. 1987. Chlamydial disease in koalas. Australian 
Veterinary Journal 64: 346–350.

	 http://dx.doi.org/10.1111/j.1751-0813.1987.tb06064.x

Cianciolo, G., T. Copeland, S. Oroszlan, and R. Snyderman. 
1985. Inhibition of lymphocyte proliferation by a synthetic 
peptide homologous to retroviral envelope proteins. Science 
230: 453–455.

	 http://dx.doi.org/10.1126/science.2996136

Contini, C. 2003. Molecular identification and antibody testing of 
Chlamydophila pneumoniae in a subgroup of patients with HIV 
associated dementia complex. Journal of Neuroimmunology 
136: 172–177.

	 http://dx.doi.org/10.1016/S0165-5728(02)00469-1

Cui, J., G. Tachedjian, M. Tachedjian, E. C. Holmes, S. Zhang, 
and L. F. Wang. 2012a. Identification of diverse groups of 
endogenous gammaretroviruses in mega- and microbats. Journal 
of General Virology 93(9): 2037–2045.

	 http://dx.doi.org/10.1099/vir.0.043760-0

Cui, J., M. Tachedjian, L. Wang, G. Tachedjian, L. F. Wang, and 
S. Zhang. 2012b. Discovery of retroviral homologs in bats: 
implications for the origin of mammalian gammaretroviruses. 
Journal of Virology 86(8): 4288–4293.

	 http://dx.doi.org/10.1128/JVI.06624-11

Denner, J. 1998. Immunosuppression by retroviruses: implications 
for xenotransplantation. Annals of the New York Academy of 
Sciences 862: 75–86.

	 http://dx.doi.org/10.1111/j.1749-6632.1998.tb09119.x

Denner, J. 2011. Towards an AIDS vaccine: the transmembrane 
envelope protein as target for broadly neutralizing antibodies. 
Human Vaccines 7(Suppl): 4–9.

	 http://dx.doi.org/10.4161/hv.7.0.14555

Denner, J. 2012. Immunising with the transmembrane envelope 
proteins of different retroviruses including HIV-1: A comparative 
study. Human Vaccines & Immunotherapeutics 9(3): 462–470.

	 http://dx.doi.org/10.4161/hv.23221

Denner, J. 2014. The transmembrane proteins contribute to 
immunodeficiencies induced by HIV-1 and other retroviruses. 
AIDS [Epub ahead of print]

	 http://dx.doi.org/10.1097/QAD.0000000000000195

Denner, J., M. Eschricht, M. Lauck, M. Semaan, P. Schlaermann, 
H. Ryu, and L. Akyüz. 2013. Modulation of cytokine release 
and gene expression by the immunosuppressive domain of gp41 
of HIV-1. PLoS One 8(1): e55199.

	 http://dx.doi.org/10.1371/journal.pone.0055199

Denner, J., D. Mihica, D. Kaulitz, and C. M. Schmidt. 2012. 
Increased titers of neutralizing antibodies after immunization 
with both envelope proteins of the porcine endogenous 
retroviruses (PERVs). Virology Journal 9(1): 260.

	 http://dx.doi.org/10.1186/1743-422X-9-260

Denner, J., S. Norley, and R. Kurth. 1994. The immunosuppressive 
peptide of HIV-1: functional domains and immune response in 
AIDS patients. AIDS 8: 1063–1072.

	 http://dx.doi.org/10.1097/00002030-199408000-00005

Denner, J., and R. R. Tönjes. 2012. Infection barriers to 
successful xenotransplantation focusing on porcine endogenous 
retroviruses. Clinical Microbiology Review 25(2): 318–343.

	 http://dx.doi.org/10.1128/CMR.05011-11

Denner, J., and P. R. Young. 2013. Koala retroviruses: character
ization and impact on the life of koalas. Retrovirology 10:108.

	 http://dx.doi.org/10.1186/1742-4690-10-108

Earl, P.L., B. Moss, R.P. Morrison, K. Wehrly, J. Nishio, and B. 
Chesebro. 1986. T-lymphocyte priming and protection against 
Friend leukemia by vaccinia-retrovirus env gene recombinant. 
Science 234(4777): 728–731.

	 http://dx.doi.org/10.1126/science.3490689

Fiebig, U., M. G. Hartmann, N. Bannert, R. Kurth, and J. Denner. 
2006. Transspecies transmission of the endogenous koala 
retrovirus. Journal of Virology 80(11): 5651–5654.

	 http://dx.doi.org/10.1128/JVI.02597-05

Fiebig, U., O. Stephan, R. Kurth, and J. Denner. 2003. Neutral
izing antibodies against conserved domains of p15E of porcine 
endogenous retroviruses: basis for a vaccine for xenotrans
plantation? Virology 307(2): 406–413.

	 http://dx.doi.org/10.1016/S0042-6822(02)00140-X

Fink, M. A., and F. J. Rauscher. 1964. Immune reactions to a 
murine Leukemia Virus I. Induction of immunity to infection 
with virus in the natural host. Journal of the National Cancer 
Institute 32: 1075–1082.

Fischinger, P. J., W. Schäfer, and D. P. Bolognesi. 1976. 
Neutralization of homologous and heterologous oncornaviruses 
by antisera against the p15(E) and gp71 polypeptides of Friend 
murine leukemia virus. Virology 71(1): 169–184.

	 http://dx.doi.org/10.1016/0042-6822(76)90103-3

Gao, F., L. Yue, D. L. Robertson, S. C. Hill, H. Hui, R. J. Biggar, 
A. E. Neequaye, T. M. Whelan, D. D. Ho, and G. M. Shaw. 
1994. Genetic diversity of human immunodeficiency virus type 
2: evidence for distinct sequence subtypes with differences in 
virus biology. Journal of Virology 68: 7433–7447.

Gao, F., E. Bailes, D. L. Robertson, Y. Chen, C. M. Rodenburg, 
S. F. Michael, L. B. Cummins, L. O. Arthur, M. Peeters, G. M. 
Shaw, P. M. Sharp, and B. H. Hahn. 1999. Origin of HIV-1 in the 
chimpanzee Pan troglodytes troglodytes. Nature 397: 436–441.

	 http://dx.doi.org/10.1038/17130

Hanger, J. J., L. D. Bromham, J. J. McKee, T. M. O’Brien, and 
W. F. Robinson. 2000. The nucleotide sequence of koala 
(Phascolarctos cinereus) retrovirus: a novel type C endogenous 
virus related to Gibbon ape leukemia virus. Journal of Virology 
74: 4264–4272.

	 http://dx.doi.org/10.1128/JVI.74.9.4264-4272.2000

Hardy, W. D. ed. 1985. Feline retroviruses. In Advances in Viral 
Oncology, vol. 5, pp. 1–34. New York: Raven Press.

Hardy, W. D. 1993. Feline oncoretroviruses. In The Retroviridae, 
ed. J. A. Levy, vol. 2, pp. 109–180. New York: Plenum Press.

	 http://dx.doi.org/10.1007/978-1-4899-1627-3_2



76	 Technical Reports of the Australian Museum, Online (2014) No. 24

Hofmann-Lehmann, R., V. Cattori, R. Tandon, F. S. Boretti, M. L. 
Meli, B. Riond, A. C. Pepin, B. Willi, P. Ossent, and H. Lutz. 
2007. Vaccination against the feline leukaemia virus: outcome 
and response categories and long-term follow-up. Vaccine 
25(30): 5531–5539.

	 http://dx.doi.org/10.1016/j.vaccine.2006.12.022

Hofmann-Lehmann, R., E. Holznagel, P. Ossent, and H. Lutz. 1997. 
Parameters of disease progression in long-term experimental 
feline retrovirus (feline immunodeficiency virus and feline 
leukemia virus) infections: hematology, clinical chemistry, 
and lymphocyte subsets. Clinical and Diagnostic Laboratory 
Immunology 4: 33–42.

Hunsmann, G. 1985. Subunit vaccines against exogenous 
retroviruses: overview and perspectives. Cancer Research 45: 
4691–4693.

Hunsmann, G., V. Moennig, and W. Schäfer. 1975. Properties of 
mouse leukemia viruses IX. Active and passive immunization 
of mice against Friend leukemia with isolated viral gp71 
glycoprotein and its corresponding antiserum. Virology 66(1): 
327–329.

	 http://dx.doi.org/10.1016/0042-6822(75)90203-2

Hunsmann, G., J. Schneider, and A. Schulz. 1981. Immunopreven
tion of Friend virus-induced erythroleukemia by vaccination 
with viral envelope glycoprotein complexes. Virology 113(2): 
602–612.

	 http://dx.doi.org/10.1016/0042-6822(81)90188-4

Kaulitz, D., U. Fiebig, M. Eschricht, C. Wurzbacher, R. Kurth, 
and J. Denner. 2011. Generation of neutralising antibodies 
against porcine endogenous retroviruses (PERVs). Virology 
411(1): 78–86.

	 http://dx.doi.org/10.1016/j.virol.2010.12.032

Kwong, P. D., and J. R. Mascola. 2012. Human antibodies 
that neutralize HIV-1: identification, structures, and B cell 
ontogenies. Immunity 37(3): 412–425.

	 http://dx.doi.org/10.1016/j.immuni.2012.08.012

Langhammer, S., U. Fiebig, R. Kurth, and J. Denner. 2005. 
Neutralising antibodies against the transmembrane protein of 
feline leukaemia virus (FeLV). Vaccine 23(25): 3341–3348.

	 http://dx.doi.org/10.1016/j.vaccine.2005.01.091

Langhammer, S., U. Fiebig, R. Kurth, and J. Denner. 2011a. 
Increased neutralizing antibody response after simultaneous 
immunization with Leucogen and the feline leukemia virus 
transmembrane protein. Intervirology 54(2): 78–86.

	 http://dx.doi.org/10.1159/000318892

Langhammer S., J. Hübner, O. Jarrett, R. Kurth, and J. Denner. 
2011b. Immunization with the transmembrane protein of a 
retrovirus, feline leukemia virus: absence of antigenemia 
following challenge. Antiviral Research 89(1): 119–123.

	 http://dx.doi.org/10.1016/j.antiviral.2010.11.011

Langhammer, S., J. Hübner, R. Kurth, and J. Denner. 2006. 
Antibodies neutralizing feline leukaemia virus (FeLV) in cats 
immunized with the transmembrane envelope protein p15E. 
Immunology 117(2): 229–237.

	 http://dx.doi.org/10.1111/j.1365-2567.2005.02291.x

Legendre, A. M., D. M. Hawks, R. Sebring, B. Rohrbach, L. 
Chavez, H. J. Chu, and W. M. Acree. 1991. Comparison of the 
efficacy of three commercial feline leukemia virus vaccines in a 
natural challenge exposure. Journal of the American Veterinary 
Medical Association 199(10): 1456–1462.

Mangeney, M., N. de Parseval, G. Thomas, and T. Heidmann. 2001. 
The full-length envelope of an HERV-H human endogenous 
retrovirus has immunosuppressive properties. Journal of 
General Virology 82: 2515–2518.

Mangeney, M., M. Renard, G. Schlecht-Louf, I. Bouallaga, and 
O. Heidmann. 2007. Placental syncytins: Genetic disjunction 
between the fusogenic and immunosuppressive activity of 
retroviral envelope proteins. Proceedings of the National 
Academy of Sciences, USA 104: 20534–20539.

	 http://dx.doi.org/10.1073/pnas.0707873105

Marciani, D. J., C. R. Kensil, G. A. Beltz, C. H. Hung, J. Cronier, 
and A. Aubert. 1991. Genetically-engineered subunit vaccine 
against feline leukaemia virus: protective immune response in 
cats. Vaccine 9(2): 89–96.

	 http://dx.doi.org/10.1016/0264-410X(91)90262-5

Martin, J., E. Herniou, J. Cook, R. W. O’Neill, and M. Tristem. 
1999. Interclass transmission and phyletic host tracking in 
murine leukemia virus-related retroviruses. Journal of Virology 
73: 2442–2449.

Mascola, J. R., M. G. Lewis, G. Stiegler, D. Harris, T. C. VanCott, D. 
Hayes, M. K. Louder, C. R. Brown, C. V. Sapan, S. S. Frankel, Y. 
Lu, M. L. Robb, H. Katinger, and D. L. Birx. 1999. Protection of 
Macaques against pathogenic simian/human immunodeficiency 
virus 89.6PD by passive transfer of neutralizing antibodies. 
Journal of Virology 73(5): 4009–4018

Mayyasi, S. A., and J. B. Moloney. 1967. Induced resistance of 
mice to a lymphoid strain of leukemia virus (Moloney). Cancer 
20(7): 1124–1130.

	 http://dx.doi.
org/10.1002/1097-0142(196707)20:7<1124::AID-CNCR2820200715>3.0.CO;2-3

Messer, R. J., U. Dittmer, K. E. Peterson, and K. J. Hasenkrug. 2004. 
Essential role for virus-neutralizing antibodies in sterilizing 
immunity against Friend retrovirus infection. Proceedings of 
the National Academy of Sciences, USA 101(33): 12260–12265.

	 http://dx.doi.org/10.1073/pnas.0404769101

Morozov, V. A., A. V. Morozov, M. Semaan, and J. Denner. 
2012. Single mutations in the transmembrane envelope 
protein abrogate the immunosuppressive property of HIV-1. 
Retrovirology 9: 67.

	 http://dx.doi.org/10.1186/1742-4690-9-67

Morozov V. A., V. L. Dao Thi, and J. Denner. 2013.The 
transmembrane protein of the human endogenous retrovirus-K 
(HERV-K) modulates cytokine release and gene expression. 
PLoS One 8(8): e70399.

	 http://dx.doi.org/10.1371/journal.pone.0070399

Morrison, R. P., P. L. Earl, J. Nishio, D. L. Lodmell, B. Moss, 
and B. Chesebro. 1987. Different H-2 subregions influence 
immunization against retrovirus and immunosuppression. 
Nature 329(6141): 729–732.

	 http://dx.doi.org/10.1038/329729a0

Muster, T., F. Steindl, M. Purtscher, A. Trkola, A. Klima, G. 
Himmler, F. Ruker, and H. Katinger. 1993. A conserved 
neutralizing epitope on gp41 of human immunodeficiency virus 
type 1. Journal of Virology 67: 6642–6647.

O’Dair, H. A., C. D. Hopper, T. J. Gruffydd-Jones, D. A. Harbour, 
and L. Waters. 1994. Clinical aspects of Chlamydia psittaci 
infection in cats infected with feline immunodeficiency virus. 
Veterinary Record 134: 365–368.

	 http://dx.doi.org/10.1136/vr.134.15.365

Oostendorp, R. A., C. J. Meijer, and R. J. Scheper. 1993. 
Immunosuppression by retroviral-envelope-related proteins, and 
their role in non-retroviral human disease. Critical Reviews in 
Oncology/Hematology 14: 189–206.

	 http://dx.doi.org/10.1016/1040-8428(93)90009-S

Pedersen, N. C. 1993. Immunogenicity and efficacy of a commercial 
feline leukemia virus vaccine. Journal of Veterinary Internal 
Medicine 7(1): 34–39

	 http://dx.doi.org/10.1111/j.1939-1676.1993.tb03166.x

Pedersen, N. C., and L. Johnson. 1991. Comparative efficacy 
of three commercial feline leukemia virus vaccines against 
methylprednisolone acetate-augmented oronasal challenge 
exposure with virulent virus. Journal of the American Veterinary 
Medical Association 199(10): 1453–1455

Pedersen, N. C., G. H. Theilen, and L. L. Werner. 1979. Safety 
and efficacy studies of live- and killed-feline leukemia virus 
vaccines. American Journal of Veterinary Research 40(8): 
1120–1126.

Ruan, K. S., and F. Lilly. 1992. Approach to a retrovirus vaccine: 
immunization of mice against Friend virus disease with a 
replication-defective Friend murine leukemia virus. Proceedi­
ngs of the National Academy of Sciences, USA 89(24): 
12202–12206.

	 http://dx.doi.org/10.1073/pnas.89.24.12202

Ruegg, C., C. Monell, and M. Strand. 1989. Inhibition of 
lymphoproliferation by a synthetic peptide with sequence 
identity to gp41 of human immunodeficiency virus type 1. 
Journal of Virology 63: 3257–3260.



	 Denner: Immunization with envelope proteins	 77

Ruprecht, R. M. 2009. Passive immunization with human 
neutralizing monoclonal antibodies against HIV-1 in macaque 
models: experimental approaches. Methods in Molecular 
Biology 525: 559–566.

	 http://dx.doi.org/10.1007/978-1-59745-554-1_31

Ruprecht, R. M., Y. Hu, V. Liska, R. Rasmussen, and P. Sharma. 
1996. Correlates of immune protection after vaccination with 
attenuated live murine leukemia virus. AIDS Research and 
Human Retrovirus 12(5): 375–377.

	 http://dx.doi.org/10.1089/aid.1996.12.375

Ruprecht, R. M., S. Mullaney, L. D. Bernard, M. A. Gama Sosa, 
R. C. Hom, and R. W. Finberg. 1990. Vaccination with a live 
retrovirus: the nature of the protective immune response. 
Proceedings of the National Academy of Sciences, USA 87(14): 
5558–5562.

	 http://dx.doi.org/10.1073/pnas.87.14.5558

Schäfer, W., H. Schwarz, H. J. Thiel, P. J. Fischinger, and D. 
P. Bolognesi. 1977. Properties of mouse leukemia viruses. 
XIV. Prevention of spontaneous AKR leukemia by treatment 
with group-specific antibody against the major virus gp71 
glycoprotein. Virology 83(1): 207–210.

	 http://dx.doi.org/10.1016/0042-6822(77)90224-0

Schäfer, W., H. Schwarz, H. J. Thiel, E. Wecker, and D. P. 
Bolognesi. 1976. Properties of mouse leukemia viruses. XII. 
Serum therapy of virus-induced murine leukemias. Virology 
75: 401–418.

	 http://dx.doi.org/10.1016/0042-6822(76)90039-8

Schwarz, H., P. J. Fischinger, J. N. Ihle, H. J. Thiel, F. Weiland, D. P. 
Bolognesi, and W. Schäfer. 1976. Properties of mouse leukemia 
viruses. XVI. Suppression of spontaneous fatal leukemias in 
AKR mice by treatment with broadly reacting antibody against 
the viral glycoprotein gp71. Virology 93: 159–174.

	 http://dx.doi.org/10.1016/0042-6822(79)90284-8

Shojima, T., S. Hoshino, M. Abe, J. Yasuda, H. Shogen, T. 
Kobayashi, and T. Miyazawa. 2013. Construction and 
characterization of an infectious molecular clone of koala 
retrovirus. Journal of Virology 87(9): 5081–5088

	 http://dx.doi.org/10.1128/JVI.01584-12

Stiegler, G., C. Armbruster, B. Vcelar, H. Stoiber, R. Kunert, N. L. 
Michael, L. L. Jagodzinski, C. Ammann, W. Jäger J. Jacobson, 
N. Vetter, and H. Katinger. 2002. Antiviral activity of the 
neutralizing antibodies 2F5 and 2G12 in asymptomatic HIV-1-
infected humans: a phase I evaluation. AIDS 16(15): 2019–2025

	 http://dx.doi.org/10.1097/00002030-200210180-00006

Tacke, S. J., R. Kurth, and J. Denner. 2000. Porcine endogenous 
retroviruses inhibit human immune cell function: risk for 
xenotransplantation? Virology 268(1): 87–93.

	 http://dx.doi.org/10.1006/viro.1999.0149

Thiel, H. J., H. Schwarz, P. Fischinger, D. Bolognesi, and W. 
Schäfer. 1987. Role of antibodies to murine leukemia virus 
p15E transmembrane protein in immunotherapy against 
AKR leukemia: a model for studies in human acquired 
immunodeficiency syndrome. Proceedings of the National 
Academy of Sciences, USA 84(16): 5893–5897.

	 http://dx.doi.org/10.1073/pnas.84.16.5893

Torres, A. N., K. P. O’Halloran, L. J. Larson, R. D. Schultz, and 
E. A. Hoover. 2010. Feline leukemia virus immunity induced 
by whole inactivated virus vaccination. Veterinary Immunology 
and Immunopathology 134(1–2): 122–131.

	 http://dx.doi.org/10.1016/j.vetimm.2009.10.017

Trkola, A., H. Kuster, P. Rusert, B. Joos, M. Fischer, C. Leemann, 
A. Manrique, M. Huber, M. Rehr, A. Oxenius, R. Weber, G. 
Stiegler, B. Vcelar, H. Katinger, L. Aceto, and H. F. Günthard. 
2005. Delay of HIV-1 rebound after cessation of antiretroviral 
therapy through passive transfer of human neutralizing 
antibodies. Nature Medicine 11(6): 615–622

	 http://dx.doi.org/10.1038/nm1244

Vos, S. de, D. B. Kohn, S. K. Cho, W. H. McBride, J. W. Said, and 
H. P. Koeffler. 1998. Immunotherapy against murine leukemia. 
Leukemia 12(3): 401–405.

	 http://dx.doi.org/10.1038/sj.leu.2400940

Waechter, A., M. Eschricht, and J. Denner. 2013. Neutralisation 
of the porcine endogenous retrovirus (PERV) by antibodies 
against the membrane proximal external region (MPER) of the 
transmembrane envelope protein. Journal of General Virology 
94(Pt 3): 643–651.

	 http://dx.doi.org/10.1099/vir.0.047399-0

Waechter, A., and J. Denner. 2014. Novel neutralising antibodies 
targeting the N-terminal helical region of the transmembrane 
envelope protein p15E of the porcine endogenous retrovirus 
(PERV). Immunologic Research 58(1):9–19.

	 http://dx.doi.org/10.1007/s12026-013-8430-y

Zwick, M. B., A. F. Labrijn, M. Wang, C. Spenlehauer, E. O. 
Saphire, J. M. Binley, J. P. Moore, G. Stiegler, H. Katinger, D. R. 
Burton, and P. W. Parren. 2001. Broadly neutralizing antibodies 
targeted to the membrane- proximal external region of human 
immunodeficiency virus type 1 glycoprotein gp41. Journal of 
Virology 75: 10892–10905.

	 http://dx.doi.org/10.1128/JVI.75.22.10892-10905.2001


