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Abstract

Live attenuated viruses make potent and effective vaccines. Despite the urgent need for an HIV
vaccine, this approach has not been feasible, since it has not been possible to attenuate the virus
reliably and guarantee vaccine safety. Instead, live viral vectors have been proposed that could
present HIV vaccine antigens in the most immunogenic way, in the context of an active infection.
We have adapted the rubella vaccine strain RA27/3 as a vector to express HIV and SIV antigens,
and tested the effect of insert size and composition on vector stability and viral titer. We have
identified an acceptor site in the rubella nonstructural gene region, where foreign genes can be
expressed as a fusion protein with the nonstructural protein P150 without affecting essential viral
functions. The inserts were expressed as early genes of rubella, under control of the rubella
genomic promoter. At this site, HIV and SIV antigens were expressed stably for at least seven
passages, as the rubella vectors reached high titers. Rubella readily infects rhesus macaques, and
these animals will provide an ideal model for testing the new vectors for replication in vivo,
immunogenicity, and protection against SIV or SHIV challenge.
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1. Introduction

Many successful vaccines are based on live attenuated strains derived from viral pathogens.
As they replicate in the host, they express exponentially increasing amounts of viral
antigens. They present antigens in the most immunogenic way, in the context of an active
infection. In the past, vaccine strains were derived from virulent viruses by repeated passage
under selective conditions until virulence genes were mutated or lost, while retaining the
ability to replicate and elicit an immune response in the host [1]. Unfortunately, this
approach cannot be applied to all viruses.

Human immunodeficiency virus (HIV) infection often elicits a strong immune response,
including cytolytic T lymphocytes (CTL) [2] and neutralizing antibodies [3-5]. Their targets
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have been identified as potential vaccine antigens. Similarly, in SIV infection, prior
infection with a replicating, nefdeleted simian immunodeficiency virus (SIV) can protect
animals against a subsequent challenge with wild type virus [6]. However, it seems unlikely
that HIV virus could be attenuated sufficiently for vaccine use [7]. This is due to the
retroviral life cycle, with its obligatory integration into host DNA, as well as the high rate of
mutation, with the risk of reversion to wild type [8]. In addition, virulence genes have not
been identified that could be deleted to produce a reliably attenuated vaccine strain.

Instead of attenuating HIV directly, we and other groups have developed live attenuated
viral vectors that combine the safety and immunogenicity of the vector with the antigenicity
of HIV and SIV protein inserts. These have included DNA viruses, such as vaccinia virus
and modified vaccinia Ankara [9], adenovirus [10-12] and cytomegalovirus (CMV) [13].
RNA viruses, such as Venezuelan equine encephalomyelitis replicons [14-16], attenuated
vesicular stomatitis virus [17], and yellow fever vaccine [18, 19] have also been tested.
Some vectors replicate poorly or not at all /77 vivo, while others continue to replicate until
they are stopped by the immune response [20]. We have focused on the rubella vaccine
strain RA27/3 because it is a licensed product with a safety record established in millions of
children around the world [21, 22]. It is immunogenic: one dose protects for life against
rubella infection. Full length, infectious cDNA clones are available both for wild type
rubella virus [23] and for the RA 27/3 vaccine strain [24]. We have shown that rubella virus
can be adapted for heterologous protein expression [25] by using the permissive deletion
described by Tzeng et al. [26, 27] to make room for the insert.

Important questions for RNA viral vectors include the maximum insert size, vector stability,
and viral titer that could be achieved by a small RNA virus carrying vaccine antigens[28]. In
this paper, we report the first live rubella vectors expressing the HIV membrane-proximal
external region (MPER) determinant targeted by cross-reactive neutralizing antibodies or
multiple SIV Gag (sGag) epitopes targeted by T cells. The vectors grew to high titer while
stably expressing their antigens for at least seven passages. Rubella readily infects rhesus
macaques [29], and these will be the animal model of choice for demonstrating
immunogenicity and protection against SIV or simian-human immunodeficiency virus
(SHIV) challenge [11-13].

2. Materials and methods

2.1. Antibodies and antigens

Monoclonal antibodies 2F5 and 4E10 were obtained from the NIH AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID and from Dr. Hermann Katinger,
Polymun Scientific (Klosterneuburg, Austria). Polyclonal goat antibodies to rubella
structural proteins were purchased from Fitzgerald Industries International, Inc. (Concord,
MA). Rabbit antibodies to rubella nonstructural protein P150 were provided by Dr. Tero
Ahola (University of Helsinki, Finland) [30].

2.2. Construction of cDNA plasmids coding for infectious RNA

Plasmid p10RA coding for full-length infectious cDNA of the RA27/3 vaccine strain of
rubella [24] was kindly provided by Dr. T. Frey (Georgia State University, Atlanta).
Infectious rubella RNA was generated by transcribing from the SP6 promoter, followed by
RNA capping.

For cloning purposes, a sub-clone of p10RA (from Hind 111 to Bgl Il), pBR322-Hind- Bgl-
RA was created in pBR322. To create space for potential inserts, a deletion was made
between the two Not | sites at positions 3661 and 4168 in the non-structural protein region,
as reported for wild type rubella [25, 26]. Hind 111-Cla | fragment from the sub-clone
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carrying the Not | deletion was cloned back to p10RA, giving pBRA3226-dNotl plasmid.
The constructs were verified by sequencing.

2.3. Construction of vectors with insertions in the nonstructural gene region

Recognition sequences for Avr Il and Nsi | restriction enzymes were cloned into the Not |
deletion site. These unique restriction sites were then used for directional cloning of inserts
into the Not I-deletion site. In the case of MPERg, MPERg, SGag2L-A, SGag?L-B,
SGag2L-C, and BC-SGag2, cloning was done using Spel and Nsi I sites. Spe I and Avr Il
have compatible sticky ends. Each insert was PCR amplified using primers listed in
Supplementary Table S1 and HIV-1 89.6 gp160 or SIV mac239 gag DNA as templates, cut
with restriction enzymes, and ligated into the matching restriction sites. The amino acid
sequences of these inserts are listed in Table 1.

2.4. Generation of rubella virus

The protocol for generation of capped, infectious rubella virus RNA from plasmid DNA and
subsequent transfection of Vero cells was described previously [25]. After 7-10 days of
infection, culture supernatant (Pg) was centrifuged to produce cell-free supernatant and 0.1
mL was transferred onto fresh Vero cells to begin the next passage P;. Alternatively, in early
passages, propagation efficiency could be increased by transferring virus via infected cells,
rather than culture supernatants. After passages P3 or P4, we changed over to cell-free
passage without loss of infectivity. This method was used to propagate vectors with inserts
as large as BC- sGag2.

To estimate vector replication, we tested infected cells for expression of rubella structural
proteins by Western blot. We also tested insert expression by Western blot, using specific
antibodies. To produce a viral stock, virus from passage 4 or 5 was grown for 7 to 10 days
on a Vero cell monolayer in a T75 flask. The yield of viral RNA was determined by
quantitative RT- PCR, and multiple aliquots were frozen.

2.5. Detection of rubella proteins and MPER inserts by Western blot

Rubella structural proteins were detected by Western blot with goat anti-rubella antibodies
to capsid protein C and envelope protein E1, as described previously [25]. Rubella non-
structural protein P150 was detected using rabbit polyclonal antibodies at a dilution of
1:1000 [30]. Expression of the MPERE insert was detected with human monoclonal antibody
2F5 at 1 pg/ml. The second antibody was either horseradish peroxidase-conjugated rabbit
anti-goat 1gG, goat anti-rabbit 1gG or goat anti-human IgG at 1:5000 dilution (Santa Cruz
Biotechnology, CA). Blots were visualized with enhanced chemiluminescence (GE
Healthcare).

2.6. Analysis of insert stability

To verify stability of the inserts in rubella, we sequenced the rubella flanking regions, as
well as the entire insert, as described previously [25]. To PCR amplify cDNA we used
oligonucleotide primers specific for rubella sequences flanking the Not I insertion site:
Robo-seq67 (forward primer: 5’- gatgacgaggcgctcatcc) and Robo-seq6A (reverse primer: 5°-
gagtgccgegggcegtecgagtge). The PCR products were analyzed by gel electrophoresis,
purified from the gel using MinElute Gel Extraction Kit (Qiagen) and sequenced using the
same primers.
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3. Results

3.1. Insertion of foreign genes into the Not | site of rubella

We have used a deletion/insertion strategy to construct rubella viral vectors carrying a
foreign gene at the Not I site (Fig. 1A). This approach was employed in our previous study,
where we deleted the 507 bp sequence between two Not I restriction sites in the
nonstructural region and then inserted a zGFP reporter gene (792 bp) into the same site [25].
The resulting vector expressed zGFP (25 kDa) as a fusion protein with the rubella
nonstructural protein P150 and replicated with nearly the same kinetics and yield as wild
type rubella virus [25].

In this study, we have created ten new rubella vectors bearing HIV and SIV inserts at the
Not | site (Fig. 1B). Three vectors contained HIVV MPER-derived inserts and seven vectors
carried SIV Gag antigens (called sGag). The full length MPER insert coded for 33 amino
acids and included core epitopes recognized by human neutralizing monoclonal antibodies
2F5 (ELDKWA) and 4E10 (NWFDIT) (Fig. 1B, Table 1). Inserts MPERg and MPERE
contained the 2F5 epitope [31] and the 4E10 epitope [32] separately.

The sGag inserts were derived from SIV Gag amino acids 41-211 (Fig. 1B). This region
encodes the carboxyl half of matrix protein p17 and the amino half of capsid protein p27. It
is rich in epitopes (at least 5) targeted by T cells during the immune response to SIV
infection in rhesus macaques (Table 2) [33-35]. We started with small inserts coding for two
epitopes, such as sGagl and sGag2, and then added epitopes stepwise (Fig. 1B). The second
largest insert BC-sGag2 contained four T cell epitopes: GY9, TE15, CM9, and ME11. The
amino acid sequences of these inserts are shown in Table 1, with T cell epitopes underlined.
Together, these constructs represent a series of rubella vectors expressing SIV Gag inserts of
increasing size (114 to 267 bp) and antigenic complexity (one to four epitopes).

3.2. Vector replication and expression of HIV MPER inserts

Replication of rubella vectors at an early passage was detected by Western blot with goat
antibodies to rubella structural proteins. The vector expressing MPERF replicated strongly,
while replication of the MPEREg construct was barely detectable (Fig. 2A). Rubella virus
bearing full length MPER (with both 2F5 and 4E10 epitopes) at the Not | site did not
replicate. Vector sGag2L (with two SIV Gag epitopes) replicated nearly as well as the
MPERE vector, but less well than the zGFP control vector constructed on the wild type
rubella background (Fig. 2A). In these constructs, the MPER and Gag inserts were
expressed as a fusion protein with P150 (Fig. 1A). As P150 is an essential cofactor for both
plus and minus strand RNA synthesis [30, 36—38], this can place constraints on the insert.
Any insert that reduced levels of functional P150 could be lethal for the virus. These
estimates of viral replication, based on expression of rubella proteins, were generally borne
out by measuring viral RNA titers at later passages (see below).

Expression of the MPERE insert was monitored by Western blot with monoclonal antibody
2F5 (Fig. 2B, left panel). MPERE was detected as a high molecular weight band at the size
expected for a P150-MPERE fusion protein (arrow). A time course showed that P150-
MPERE was expressed strongly by day 2 of infection and continued at a high level until day
5. After that, MPERR expression quickly declined, even though viral infection persisted for
at least 5 more days. In contrast, the rubella structural proteins C and E1 were expressed as
late antigens on day 6 or 7 and increased steadily until day 10 post infection (Fig. 2B, right
panel). These results indicate that MPERE was expressed as an early antigen under control
of the rubella genomic promoter.
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3.3. Vector replication and expression of SIV Gag inserts

The seven vectors with sGag inserts included five major Gag epitopes that are known targets
of T cell immunity against SIV. Vectors bearing two to four sGag epitopes on inserts of 114
to 267 bp in size replicated strongly, as shown by Western blot of rubella structural proteins
C and E1 (Fig. 3A). The second largest vector BC-sGag2, with four epitopes on the RA27/3
vaccine background, replicated nearly as well as a control vector expressing zGFP on a wild
type rubella background (Fig. 3A, lanes BC-sGag2 and zGFP, respectively). Vector growth
indicated that rubella could accommodate multiple T cell epitopes at the Not I site.

Due to lack of a monoclonal antibody specific for the T cell epitopes of SIV Gag, we
detected expression of BC-sGag?2 at the Not I site indirectly, by measuring a shift in the
P150 band to the size of the P150-BCs-Gag?2 fusion protein (Fig. 3B). Western blot with
antibodies to P150 showed that the size of P150 after Not I deletion (Fig. 3B, lane 2,
arrowhead) shifted to a larger molecular weight following insertion of zGFP (lane 1,
arrowhead) or BC-sGag?2 (lanes 3 and 4, arrowheads). The size difference between P150
bands in lanes 3 and 4 vs. lane 2 indicates the presence of the BC-sGag2 insert. The P150-
BC-sGag2 fusion protein was the major species of P150 in these cells. As with P150-
MPERE, it was expressed at early times (lanes 3 and 4) but was undetectable by day 10 (lane
5), indicating control by the rubella genomic promoter.

3.4. Live rubella vector titers and stability

Rubella vectors would not be a practical vaccine platform unless they could achieve
sufficiently high titers for vaccine production. After passage Pg, we produced 20 ml stocks
of rubella vectors with MPERE or BC-sGag? inserts on the vaccine strain background
(RA27/3). Viral RNA content of the stocks was measured by real time RT-PCR, as
described previously [25], and the viral titer was estimated based on comparison to a rubella
vaccine reference sample of known titer. As shown in Table 3, culture supernatants ranged
from 106 to 107 RNA copies/ml, which correspond to infectious titers of about 10° to 10°
PFU/mI.

For vectors that were considered vaccine candidates, such as BC-sGag2 and MPERE,
stability was verified by sequencing viral RNA after seven passages in cell culture.
Sequencing showed that the inserts were present in the correct reading frame. Continued
growth of both vectors was demonstrated by Western blot through passage P; or greater.
Vector stability is important both for virus production in a fermentor and for vector
expansion in the host during immunization.

4. Discussion

We have tested whether the rubella vaccine strain RA27/3 can be reprogrammed as a live
viral vector to combine the safety and immunogenicity of rubella vaccine [21] with the
antigenicity of SIV Gag and HIVV MPER inserts. This is the first report showing that RA27/3
can stably express potential vaccine antigens, such as an MPER determinant targeted by
broadly cross reactive neutralizing antibodies or up to four Gag epitopes targeted by CTLs.
Insertion at the Not I site resulted in stable antigen expression that has persisted for at least
seven passages. This would be sufficient for vector production in cell culture, followed by
expansion in the host during immunization.

The Not | insertion site is located in the nonstructural region, and it can accommodate
inserts ranging in size from 23 to 89 amino acids. The site is located in the middle of the
gene coding for nonstructural protein P150. Thus, the insert protein (zGFP, BC-sGag2 or
MPERE) is translated as a fusion protein with rubella P150. It is expressed as an early viral
antigen between days 2 to 5 of infection. Based on prior results with P150-zGFP [25] and
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native P150 [30, 36, 37], the P150 fusion protein localizes to the cytoplasm, where it
participates in viral replicative centers. This has a potential advantage for antigen
presentation, since it is located near the entry point for proteasomal processing that leads to
antigen presentation with MHC class I for induction of T cell immunity [39]. However, it
may limit the choice of inserts, as P150 is an essential cofactor in viral RNA synthesis [40],
and its functions must be preserved. Loss of P150 function could occur if an insert prevented
normal P150 folding, blocked its interaction with viral RNA polymerase, or caused
instability through proteolytic degradation or aggregation. Future studies will focus on
finding alternative insertion sites, where insert size and composition have little or no effect
on critical viral functions.

The MPER determinant is an important target of broadly cross reactive neutralizing
antibodies [31, 32, 41]. However, these antibodies are found relatively rarely after infection,
and they have not been elicited by immunization. Lack of immunogenicity may be due to
several factors, including steric hindrance by gp120, lack of native conformation [42], or
tolerance to self antigens [43]. Rubella vectors may help to overcome these problems by
eliciting innate and adaptive immune responses to increase MPER potency.

The SIV Gag determinants were derived from a Gag region (amino acids 41-211) that is
rich in targets of T cell immunity [33-35]. The CM9 and GY9 epitopes are restricted by
Mamu AO01 and A02, respectively. They are prominent CTL targets early after SIV infection
[44, 45], and virus escape occurs late, if at all. These sites may be slow to mutate because
they perform critical viral functions for SIV and require compensatory mutations before they
can escape. By eliciting cytolytic T cells specific for these epitopes prior to infection, the
BC-sGag?2 vector could control a subsequent SIV infection, with limited risk of viral escape.

Rubella’s biological properties favor its use as a vaccine platform. The safety of the RA27/3
vaccine strain has been demonstrated in millions of children around the world [21, 22]. The
SIV Gag and HIV-1 MPER inserts were made on this background. These vectors replicate to
high titers during vaccine production, yet rubella is known to immunize at the lowest dose of
any vaccine, approximately 103 PFU [21]. If this dose can be extrapolated to the new rubella
vectors, the titers we obtained in cell culture (Table 3) correspond to between 400 and 5,000
human doses per milliliter.

A rubella vector poses little risk of viral persistence, has no DNA intermediates and does not
integrate into host genomes as retroviral vectors do [46]. Even if a vector lost its insert, it
would revert to the vaccine strain. The vector does not interfere with antigen processing and
presentation, as with CMV and adenovirus vectors [47]. Like any replicating viral vector,
rubella will elicit antibodies to itself [17, 18]. This can be overcome by combining rubella
vectors with another vaccine platform in a prime and boost strategy [20], or by giving
rubella first, followed by a protein boost with virus-like particles [48, 49].

Rubella virus can readily infect rhesus macaques and immunizes them efficiently [29]. This
will allow us to quickly evaluate rubella vectors expressing different vaccine antigens for
growth and immunogenicity. Rhesus macaques are the model of choice for SIV and SHIV
challenge studies. By comparing the immune response to each vector with the degree of
protection against SIV or SHIV challenge, we can determine the correlates of protection.
The same vectors replicate well in monkeys and man, so the results and immune correlates
observed in monkeys could be readily translated into human vaccine design. Our study was
focused on HIV and SIV, however, rubella viral vectors could be used to immunize against a
variety of other infectious diseases.
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Figure 1. Deletion/insertion strategy for producing rubella vectors

(A) Rubella genome, showing nonstructural proteins P150 and P90, structural proteins
capsid, E2 and E1, and the genomic (Pgen) and subgenomic (Pgyp) promoters. A deletion
between two Not | restriction sites in P150 allowed insertion of foreign genes at the same
site. (B) HIV-1 gp41 inserts contained one or two epitopes of the membrane-proximal
external region (MPER) targeted by broadly neutralizing antibodies 2F5 and 4E10. SIV Gag
amino acids 41 to 211 contain five T cell epitopes, labeled A through E. The epitopes in
each construct are shown schematically. In constructs denoted by an asterisk (*) one epitope
at a time was added to the carboxyl end of sGag2L to produce sGag2L-A, -B, or -C. The
vector BC-sGag? contained four epitopes and replicated strongly for at least eight passages.
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Vector replication after 2 to 8 passages was detected with antibodies to the rubella structural
proteins C and E1 and is indicated by + or —.
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Figure 2. Vector replication and expression of HIV MPER deter minants

(A) Rubella vector replication at passage Py was detected by Western blot with antibodies
specific for rubella structural proteins C (33 kDa) and E1 (58 kDa). Strong vector replication
was observed for the MPERE vector and for sGag2L, but not for MPERE (all in the vaccine
strain). These were compared to a control vector expressing zGFP in wild type rubella or to
uninfected cells (lane N). (B) Time course of MPERR expression (at passage P3), as detected
by Western blot with monoclonal 2F5 (left panel) or with antibodies to rubella structural
proteins (right panel). MPERg was expressed as a high molecular-weight fusion protein with
P150 (arrow). Maximal expression was observed from day 2 to 5 after infection. In contrast,
rubella structural proteins E1 and C first appeared on day 5 or 6 and were strongly expressed
on days 7 to 10. The same samples were used for both gels.
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Figure 3. Vector replication and expression of SIV Gag epitopes

(A) Replication of rubella vectors with a family of SIV Gag inserts was detected by Western
blot with anti-rubella antibodies. These vectors replicated strongly while expressing two to
four Gag epitopes. The vector with the second largest insert BC-sGag2 showed the strongest
replication. Gag constructs are indicated above the gel (same as in Fig. 1B) and sGag
epitopes are labeled below the gel.
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Table 1

Amino acid sequences of the HIV-1 MPER- and SIV Gag-derived inserts expressed at the Not | 3 site.

Insert/

Vector name

Amino Acid Sequence of the inserts

MPERE

MPERg

MPER
sGag1

sGag2

sGag2L

sGag2L-A

sGag2L-B

sGag2L-C

BC-sGag2

QEKNEKELLELDKWASLWN
2F5

WNWFEDITNWLWYIRL
4E10

QENEKELLELDKWASLWNWEDITNWLWYIRLFI
2F5 4E10

REGSQKILSVLAPLVPTGSENLKSLYNTVSVIWSIHAED
A B

FQALSEGCTPYDINQMLNCVGDHQAAMQIIRDIINEEA
D E

LPLSPRTLNAWVKLIEEKKFGAEVVPGFQALSEGCTPYDINQMLNCVGDHQAA
MQIIRDINEEA b

E
LPLSPRTLNAWVKLIEEKKFGAEVVPGFQALSEGCTPYDINQMLNCVGDHQAA
MQIIRDIINEEATRSQKILSVLAPLVPT b

E A
LPLSPRTLNAWVKLIEEKKFGAEVVPGFQALSEGCTPYDINQMLNCVGDHQAA
MQIIRDIINEEATRTGSENLKSLYNT b

E B
LPLSPRTLNAWVKLIEEKKFGAEVVPGFQALSEGCTPYDINQMLNCVGDHQAA

MQIIRDIINEEATRHTEEAKQIVQRHLVVETGTT P
E C

VPTGSENLKSLYNTVTRVKHTEEAKQIVQRHLVVETGTTSDAFQALSEGCTPYD
B (o D

INQMLNCVGDHQAAMQIIRDIINEEA
E

Underlined sequences show the core epitopes for broadly neutralizing antibodies 2F5 and 4E10, 5 and T cell epitopes in SIV Gag. All labeling is

the same as in Fig. 1B.
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Table 3

Titers of rubella vector stocks of potential vaccine candidates.

Estimated titer,
Viral vector RNA copies/ml PFU/mI
MPER in Notl site (Pg) 3.1 x 107 5.0 x 108
BC-sGag2 in Notl site (Pg) 2.5 x 108 4.1x10°

The viral RNA content of each vector was determined by real time RT-PCR. The titer was estimated by comparison to a vaccine standard of known
infectious titer. Insert sequences were verified by viral genome sequencing.

Vaccine. Author manuscript; available in PMC 2013 August 10.



