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Abstract
Enteroviruses elicit protective mucosal immune responses that could be harnessed as part of a strategy
to prevent sexual transmission of the human immunodeficiency virus-1 (HIV-1). We report the
construction of replication competent recombinant vectors of coxsackievirus B3 (CVB3) that express
one or more portions of the HIV-1 Gag protein. Vectors containing the capsid domain of Gag were
initially genetically unstable with protein expression lost after brief passage in tissue culture. Codon
modification to increase the G/C content of the HIV-1 capsid sequence resulted in enhanced genetic
stability of CVB3 vectors during in vitro passage. Cells infected with a vector expressing the matrix
(MA) subunit of the HIV-1 Gag protein were susceptible to lysis by CD8 T cell clones specific for
the SL9 epitope found within MA. These studies suggest that CVB3 vectors may be useful as vaccine
vector candidates, if hurdles in class I antigen presentation and stability can be overcome.
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1. INTRODUCTION
Approximately 36 million people worldwide are currently living with the Human
Immunodeficiency Virus-type 1 (HIV-1) infection. Educational approaches, antiretroviral
therapy, condom use, male circumcision, modifications of obstetrical care for infected women,
and other strategies have been shown to diminish the risk of sexual and vertical transmission
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of HIV-1, but these strategies have not kept pace with the spread of the epidemic. Attempts to
develop topical microbicides as a strategy to limit sexual transmission[1,2] have been
disappointing[3–5].

Given the historical success of vaccines for dealing with infectious disease epidemics,
emphasis has been placed on development of an HIV-1 vaccine. The search continues for safe,
effective, and practical vaccine agents that could prevent or modify the course of infection with
HIV-1. Recently, a vaccine trial of HIV-1-uninfected persons using a recombinant adenovirus
vector sought to prevent infection or reduce viral load after infection. The vaccine failed to
accomplish either goal, and appeared to enhance the risk of infection in some study participants
[6]. In order to create a successful prophylactic vaccine, new approaches to elicit both effective
humoral and cellular immune responses will likely be necessary[7,8]. Moreover, localization
of these responses to the genital and gastrointestinal mucosa may also be crucial, as the vast
majority of HIV-1 transmission occurs across mucosal barriers, and this is a major site of viral
replication in established infection[9].

There has been interest in the potential use of poliovirus and other enteroviruses as potential
vaccine vectors for HIV-1. Live poliovirus vectors have attracted interest since vaccines have
nearly eliminated poliomyelitis in the world, produce long-lasting immunity, and produce
potent mucosal immune responses following replication in the gastrointestinal tract[10]. In
addition, recombinant live poliovirus vaccine vectors that express Simian Immunodeficiency
Virus epitopes have been shown to elicit neutralizing mucosal IgA antibodies, SIV specific
cytotoxic T cell responses, and appear to prevent and attenuate SIV infection in rhesus
macaques following viral challenge[10–12].

Unfortunately, vaccine-associated paralytic poliomyelitis can occur as a complication of the
live-attenuated poliovirus vaccine. This is rare, and usually involves infection of
immunodeficient hosts and/or reversion to virulence during protracted in vivo passage. Despite
its rarity, the potential for reversion to neurovirulence and plans to totally eliminate worldwide
circulation of poliovirus [13] have led to reservations about using poliovirus as a vaccine vector
for other diseases. Other enteroviruses, including the related coxsackieviruses, have therefore
been considered as candidates. In one report, Halim et al inserted heterologous HIV-1
sequences into recombinant coxsackieviruses and demonstrated that these vectors could induce
CD4+ T cell responses in mice[14]. However, these recombinants could accommodate only
small sequences of HIV-1 CA since vectors containing more than 360 nucleotide insertions
were genetically unstable[14].

To further explore the potential utility of enteroviruses as HIV-1 vaccine vectors, we
constructed recombinant vectors based on coxsackievirus B3 that encode varying amounts of
the Gag protein of HIV-1, and tested the genetic stability and ability of these vectors to delivery
HIV-1 antigens.

2. MATERIALS AND METHODS
2.1 Cells and virus

HeLa (RW) cells were obtained from J. Lindsay Whitton (The Scripps Research Institute, San
Diego, CA), and maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL,
Gaithersburg, Md.) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
100 U/ml of penicillin, and 100 µg/ml of streptomycin (complete DMEM). These cells were
used for the titration of viral stocks by plaque assays. Virus stocks were produced by
transfection of 293T cells using Fugene (Roche Diagnostics) with pPAR3126 (which expresses
T7 polymerase) (a gift from F.W. Studier) along with either pCVB-EGFP [15], (kindly
provided by J. Lindsay Whitton) or plasmids into which HIV-1 sequences were inserted in
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place of the coding sequence of green fluorescent protein. Cell passages were performed using
A549 cells (kindly supplied by Timo Hyypia) and maintained with F-12 Nutrient Mixture
(HAM) media (F-12; Gibco-BRL, Gaithersburg, Md.) supplemented with 10% FBS, 100 U/
ml of penicillin, and 100 µg/ml of streptomycin. For cytotoxic T lymphocyte assays, A549
cells were stably transduced using a lentiviral vector driving the expression of the MHC class
I HLA-A*0201 gene cloned from the Caco-2 cell line. The derived cell line (A549-A2.1JM)
was maintained in the same culture conditions as the parental A549 cell line. Primary cytotoxic
T lymphocytes isolated from patients were maintained in RPMI 1640 (Sigma-Aldrich)
supplemented with 10% FBS and 50 U/ml IL-2.

2.2 Construction of Recombinant CVB3 vectors
To produce recombinant CVB3 vectors, HIV-1 sequences were inserted into the unique Sfi I
restriction enzyme site of pCVB-EGFP, an infectious plasmid clone of CVB3 virus that
expresses eGFP[15]. Removal of the EGFP open reading frame regenerated the parental vector
pCVB3.1 described by Slifka et al [16]. Despite the fact that it replicates well in tissue culture,
the CVB3.1 virus is less pathogenic than the myocarditic CVB3 strain (H3), from which it was
derived[16]. DNA fragments encoding portions of the HIV-1 Gag gene were amplified by PCR
from plasmid p83.2.1 vpr.CD24[17]. In this plasmid, the Gag gene from HIVNL4-3 was mutated
to change the predicted amino acid sequence at Gag residues 77 to 85 to SLYNTVATL, the
clade B consensus sequence for an immunodominant HLA-A*0201-restricted cytotoxic T cell
(CTL) epitope. The forward primer CVB-MA6
(5’GGGGGCCGGAGGGGCCAGCGTATTAAGCGGG-3’) containing an Sfi I endonuclease
restriction site followed by the codons 7 to 12 of the matrix domain was used for most
constructs. Oligonucleotides CVB-MA-r
(5’CCGGCCCCTCCGGCCCCGTAATTTTGGCTGAC-3’), CVB-CA-r (5’-
CCGGCCCCTCCGGCCCCTATCATTATGGTAGCTGG-3’), CVB-NC-r (5’-
CCGGCCCCTCCGGCCCCATTAGCCTGTCTCTCAGT-3’), and CVB-Gag-r (5’-
CCGGCCCCTCCGGCCCCTTGTGACGAGGGGTCGCT-3’) were used to amplify
fragments encompassing matrix (MA), matrix through P2 (MACA), matrix through
nucleocapsid (MANC), or the entire Gag domain respectively, as shown in Figure 1. CVB-
CA-r allowed amplification of the genuine CA domain of Gag, as well as the residues of the
contiguous spacer peptide (SP1) interposed between the CA and NC domains of Gag. All of
these oligonucleotides contained Sfi I restriction sites at their termini. The amplicons were first
cloned into a TA-cloning vector (Invitrogen) prior to screening for correct length.

Inserts of the correct size were subjected to Sfi I digestion and transferred into the Sfi I site of
pCVB-EGFP. The complete nucleotide sequences of the inserts were verified using primers at
the insertion site. In a similar fashion, a recombinant coxsackievirus B3 containing only the
HIV-1 capsid domain and spacer peptide (CA) was produced by amplification of HIV-1
sequences with the CVB-CA-r primer and the forward primer CVB-CA-f (5’-
GGGGCCGGAGGGGCCATAGTGCAGAACCTCCAG −3’). Additional vectors were also
constructed using pCMV55M1–10 (kindly provided by George Pavlakis) as the template[18].
In this plasmid, codon usage was changed by the introduction of silent mutations in 10 regions
of the MA and CA coding sequence.

2.3 Cell Transfection, Virus Stock Preparation, and Virus Growth Assessment
293T cells were plated in 24-well plates after pre-treatment with poly-lysine. Cells were
allowed to reach approximately 70% confluence before co-transfecting with plasmids encoding
the CVB3 genome and pPAR3126. Transfections used the Fugene6 (Roche) reagent as per
manufacturer’s instructions at a 3:1 ratio of reagent to DNA volume. The two-plasmid
transfection was performed using a 2:1 ratio of viral genome and T7 plasmid, respectively.
Cells were incubated with reagent for 72 hours or until cytopathic effect was observed. Cells
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were then scraped from the plates, pelleted by centrifugation, and half of the media volume
was removed. Virus was liberated from the cells by performing three freeze/thaw cycles on
dry ice. Viral titer was determined by plaque assay using Hela (RW) cells in triplicate wells,
as described by others[15]. To assess viral growth kinetics, A549 cells were plated in a 24-
well plate and allowed to reach near 80% confluence. Wells were simultaneously infected at
a multiplicity of infection (MOI) of 3 infectious units per cell with each virus in 0.2 ml medium.
At the time points indicated in the text, virus was harvested from replicate wells and titered as
described above.

2.4 Immunoblot analysis
When cells showed cytopathic effects after transfection or infection, the cells were scraped,
pelleted, and re-suspended in 75 µL of original medium. Protein gel loading buffer was added,
and the proteins were separated by electrophoresis in 4–20% SDS-polyacrylamide gels. The
proteins were transferred to PVD-F membranes and probed with pooled antiserum (diluted
1:10,000) from HIV-1-infected patients. After being washed with PBS/0.2% Tween-20, bound
antibody was detected using horseradish peroxidase-conjugated sheep anti-human antiserum
and chemiluminescence (Super Signal West Pico Substrate Chemiluminescence kit, Pierce).

2.5 ELISpot assay
CTL responses were assessed by standard IFN-γ ELISpot assay as previously described[19,
20], with minor modifications. Briefly, the primary HIV-1-specific CTL clone S1-SL9-3.23T
recognizing the matrix epitope SLYNTVATL (SL9)[21,22] was incubated with mock-infected
A549-A2.1JM target cells or target cells infected with either CVB-MA or CVB-EGFP vectors
(pre-infected at an MOI of 10 for 2 hours at 37°C). The target cells were incubated with CTLs,
each at 10,000 cells per well in a 96- well filter plate. Positive controls for CTL activity included
mock-infected target cells loaded with exogenous SL9 peptide, and stimulation with 2.5 µg/
mL phytohaemagglutinin (PHA). Negative controls included A549 parental cells (not
expressing HLA A*0201) infected with CVB-MA, A549-A2.1JM cells infected with CVB-
EGFP, and wells with no target cells. Results were analyzed using Student’s T test.

2.6 Cytotoxic T cell co-culture/Chromium Release Assays
Either Caco-2 or A549-A2.1JM cells, which each express HLA-A*0201, were infected with
CVB3 vectors at an MOI of 10 for two hours. The cells were then washed and cultured until
8, 10, or 12 hours post infection. These infected cells served as targets in standard chromium
release assays for S1-SL9-3.23T, as previously described[21,23]. Briefly, the target cells were
labeled for one hour with 51Cr with or without the SL9 peptide at 10 µg/ml, followed by
washing and plating in a 96-well U-bottom plate at 104 cells/well. The CTL clones were then
added at 5 × 104 cells/well in a total volume of 200 µl during a four hour incubation.
Spontaneous and maximal lysis wells contained medium without CTL and 2.5% Triton-X-100
(Sigma), respectively. Supernatants were then harvested to Lumaplates (Packard) and
chromium counts were determined by microscintillation counting (Microbeta 1450, Wallac).
Percent specific lysis was calculated as: 100 × (experimental release – spontaneous release)/
(maximal release – spontaneous release).

3. RESULTS
3.1 Construction of recombinant CVB3 vectors

To explore the potential utility of recombinant coxsackievirus as expression vectors of HIV-1
sequences, varying lengths of the HIV-1 Gag protein coding sequence were inserted in place
of the coding sequence for eGFP in pCVB-EGFP (Figure 1)[15]. These constructs contained
genes for proteins ranging from the 17 kD HIV-1 MA protein up to the full length 55 kD Gag
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protein. One recombinant was also constructed to encode the HIV-1 CA protein alone since
that is an immunodominant domain (Figure 1A)[24]. In all constructs containing the MA
coding domain, the first five codons of the MA sequence, representing a myristoylation signal
of Gag were omitted since the Sfi I cloning site is preceded by the myristoylation sequence for
the CVB3 polyprotein. Cells transfected with these constructs expressed HIV-1 proteins of the
expected sizes, as demonstrated immunoblot analysis using polyclonal HIV-1-specific human
serum, as well as truncated Gag proteins for the CA-, MACA-, MANC-, and the full-length
Gag-containing constructs (Figure 1B).

3.2 Recombinant CVB3 vectors are viable and express HIV-1 proteins in infected cells
Virus stocks harvested from the transfected cells were mostly similar in titer to the parental
virus CVB3.1 (Figure 1C). The exception was the vector encoding the HIV-1 CA domain,
which was approximately 6-fold lower. These viruses were used to infect HeLa (RW) cells.
For the CVB-MA vector, cytopathic effects (CPE) were seen by 24 hours after infection, and
immunoblot analysis revealed the expression of a protein of the predicted size for MA (Figure
2, lane 3). Similarly, cells infected with CVB-CA developed CPE by 24 hours post-infection
and expressed the expected 24 kD protein (Figure 2, lane 4). In contrast, the CVB-MACA
vector developed CPE more slowly (24 to 48 hours post infection). These cells expressed a
minor amount of the expected 41 kD protein, but most of the HIV-1 protein detected appeared
truncated (Figure 2, lane 5). Similarly, CPE was delayed up to 72 hours post infection with
CVB-MANC and CVB-Gag vectors. The majority of the Gag protein expressed by CVB-
MANC was of the expected size (about 48 kD), but the cells also contained smaller HIV-1
protein fragments (approximately 20 kD and 40 kD) (Figure 2, lane 6). CVB-Gag expressed
HIV-1 products of several different sizes (Figure 2, lane 7), including a protein of the predicted
size (55 kD), a protein with an apparent mass of 20 kD (similar to that observed with the CVB-
MACA and CVB-MANC vectors), and several other small protein products. These fragments
were possibly generated by cellular proteases, given the lack of HIV-1 protease in these
constructs. Overall, these data showed that HIV-1 proteins of interest were expressed by the
vectors.

3.3 The genetic stability of HIV-1 genes in the CVB vectors is variable
Having verified that replication-competent viruses were produced by the recombinant CVB3
vectors, we next sought to examine the stability of expression of HIV-1 proteins. All of the
recombinant viruses were assayed by serial passage except for the vector containing full-length
Gag sequence, due to its limited expression of full-length protein in transfected cells.

Immunoblot revealed that the viral vector CVB-MA expressed the HIV-1 MA protein
throughout ten passages in A549 cells (Figure 3A). Sequencing of viral RNA from cells at the
tenth passage confirmed retention of the entire inserted sequence (data not shown).

In contrast, CVB-CA expressed HIV-1 CA protein for the first passage, but expression quickly
dropped and was extinguished by the third passage (Figure 3B). Sequencing of viral RNA
extracted from vector infected A549 cells revealed a deletion after the first 42 codons in the
CA domain, extending beyond the downstream Sfi I cloning site and into the six following
codons of VP4.

As noted above, the recombinant CVB-MACA construct directed the expression of the
expected 41 kD protein as well as a truncated 20 kD protein. In contrast to the experiment
shown in Figure 2, the 41 kD band was more prominent in the first of this series of passages
of virus stock produced by transfection. However, during serial passaging, there was a
progressive loss of the 41 kD species and by the third passage only the lower molecular weight
protein was detectable (Figure 3C). RT-PCR, cloning, and sequencing of the viral RNA
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revealed one species that deleted nearly the entire coding sequence between the upstream and
downstream Sfi I sites. In other clones, the coding sequence for MA and the first few codons
of the HIV-1 CA domain were retained, but the remainder of CA was lost.

Similarly, CVB-MANC expressed two different sized proteins, including the expected 48 kD
protein, and an apparently truncated form with a mass of about 38 kD. Upon passage, a band
with apparent mass size of about 20 kD was also detected. By the third passage, all other
detected protein forms disappeared except for this 20 kD species (Figure 3D). Viral RNA
sequencing indicated a deletion after the MA coding region in the CA coding sequence. It
spanned from 42 codons into the CA coding sequence through the fifth codon succeeding the
second Sfi I site, indicating nearly complete deletion of the CA coding sequence.

Thus, the separate experiments shown in Figure 2 and Figure 3 together demonstrate the
instability of the HIV-1 sequences in CVB-CA, CVB-MACA, and CVB-MANC vectors,
resulting in truncation of inserted sequence within three passages of virus stock produced by
plasmid transfection of producer cells.

3.4 Increased G/C content in the HIV-1 gene inserts modestly increases their stability in the
CVB vectors

Others have shown that HIV-1 CA sequences are genetically unstable in viral vectors based
on coxsackievirus B4, and that increasing the G/C content of HIV-1 sequence enhanced its
stability in recombinant poliovirus vectors[14,25]. Consequently, we tested whether codon-
modified Gag RNA would have greater stability in our CVB3 vectors. Gag sequences were
amplified from pCMV55M1–10, a vector containing multiple silent mutations to reduce the
A/U content and enhance the nuclear export of unspliced HIV-1 mRNA in the absence of the
viral HIV-1 Rev protein[18].

Vectors containing M1–10 sequences expressed proteins of the expected molecular weight,
although some vectors co-expressed a truncated protein during initial passage (Figure 4). As
for the codon-modified construct CVB-Gag M1–10, it continued to express multiple lower
molecular weight proteins in addition to the expected 55 kD protein product (data not shown)
and thus was not examined further.

The CVB-MA M1–10 vector maintained MA expression through the tenth serial passage,
similar to the vector without codon modification (Figure 4A versus Figure 3A). As before,
sequence analysis showed no evidence of mutations or deletions within the MA M1–10 coding
sequence after these passages. Interestingly, a smaller band was reproducibly detected by
immunoblot. Sequence analysis was performed using viral RNA extracted from the eighth
passage; we found no evidence of truncation or mutation of the HIV-1 MA sequence (data not
shown). We hypothesize that the smaller protein species may be the result of translation from
a cryptic initiation site in the viral RNA.

The codon-modified CVB-CA M1–10 construct maintained expression of full-length inserted
sequence until the tenth passage, when it faded nearly completely (Figure 4B), therefore
persisting longer than the codon-unmodified version (Figure 3B). Loss of expression was
associated with similar patterns of genetic deletion.

Similarly, the CVB-MACA M1–10 vector maintained expression for more passages than the
codon-unmodified version, but also demonstrated a similar pattern of protein and gene
truncation (Figure 4C versus Figure 3C).

The same pattern was observed for the CVB-MANC M1–10 vector, which expressed two large
molecular weight species of the HIV-1 protein until the third passage when expression abruptly
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shifted to the 20 kD protein (Figure 4D versus Figure 3D). Again, sequence analysis showed
multiple patterns of deletion including several species with the previously observed deletion
in CA sequence noted for the non codon-modified insert vector.

3.5 CVB vectors containing HIV-1 CA have impaired replication kinetics while those with MA
replicate normally

In view of the deletions that occurred in all constructs containing the HIV-1 CA sequence, and
the apparent lower titer observed after transfection (Figure 1C), we compared the growth rates
of CVB-CA with CVB-MA vectors and their M1–10 counterparts to the parental CVB3.1 virus
(Figure 5, filled triangles). Virus was isolated at the time points indicated and titered by plaque
assay.

The CVB-CA vector appeared to have delayed kinetics compared to the empty vector CVB3.1
(Figure 5, filled circles), as it did not reach peak titer until at least 12 hours post-infection.
However, its final titer was not significantly different than the parental vector (Figure 5, filled
triangles). Curiously, despite enhanced stability over the non-optimized CVB-CA vector, the
CVB-CA M1–10 vector had slower growth dynamics and did not reach peak titer until 24 hours
post infection (Figure 5, open circles). The CVB-MA vector replicated well and reached peak
titer at eight hours post-infection, similar to CVB3.1 (Figure 5, filled squares). The titer at 24
hours post-infection during a repeat experiment was observed to be higher than the CVB3.1
vector (data not shown), indicating that CVB-MA may not differ significantly in replication
kinetics from CVB3.1. The CVB-MA M1–10 vector had similar growth rates to CVB-MA,
but appeared to have slightly increased titers at 8 and 24 hours post-infection (Figure 5, open
squares). These data and the immunoblot analysis indicated that insertion of HIV-1 MA
sequences did not interfere greatly with CVB3 viral replication.

3.6 Antigen Presentation by Cells Expressing the HIV-1 MA Protein
To determine if the expressed HIV-1 proteins from recombinant CVB3 vectors are processed
and presented via the MHC class I pathway, target cells were infected with CVB3 vectors
expressing HIV-1 MA protein or the irrelevant EGFP protein as a negative control.

Chromium release assays were performed to assess the ability of virus-infected cells to trigger
killing activity by an HIV-1-specific CTL clone recognizing an epitope in MA. In eight
experiments, CaCo and A549-A2.1JM target cells infected with the CVB-MA vectors
demonstrated significant but low levels of killing (typically <10% specific lysis) at an
effector:target ratio of 5:1 (Figure 6A). CVB-MA (M1-M10) was also evaluated experiments,
and yielded similar results to the CVB-MA vector (data not shown). Time course experiments
comparing 8, 10, and 12 hours of infection demonstrated peak killing at 10 hours, which was
similar for both the codon-unmodified and -modified versions (data not shown).

As a complementary approach, we utilized ELISpot to detect IFN-γ production by the same
CTLs during co-culture with cells infected two hours previously with CVB vectors. We
detected a small but statistically significant number of spot forming cells (80/100,000 cells)
(Figure 6B). In related experiments, intracellular cytokine staining and flow cytometry also
revealed activation and IFN-γ production by small numbers of CTLs during co-culture with
target cells infected by MA containing vectors (data not shown).

Overall, these data indicated that presentation of the processed SL9 epitope from HIV-1 MA
expressed by the CVB vectors was present but inefficient. The chromium release assay
suggested that only a few percent of infected cells presented epitope at levels required for CTL
recognition, and the ELISpot assay similarly demonstrated that the efficiency of recognition
was as little as less than one percent of CTLs.
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4. DISCUSSION
It is currently envisioned that a successful vaccine strategy for HIV-1 will require induction
of both humoral and cellular immune responses[10–12,14,26]. Moreover, it may also be
important to induce mucosal immune responses. The characteristic loss of CD4 T cells seen
with HIV and Simian immunodeficiency virus (SIV) infection has been linked to replication
of these viruses in the gastrointestinal tract associated lymphoid tissues (GALT), which is
populated by a high fraction of the total body memory CD4 T cells. [9]. Consequently, we and
others [9]have hypothesized that induction of cellular immune responses that home to GALT
might potential prevent transmission or limit the replication of HIV acquired across the
gastrointestinal and genital mucosa. Viruses may vary in their capacity to induce such
responses; in one recent report, injection of a vaccinia vector encoding the HIV gag, pol, and
env gene products failed to induce mucosal cellular immune response in most vaccinees[27],
despite the fact that vaccinia vectors are highly effective at presenting HIV-1 epitopes in vitro
[23,28,29].

In view of the replication of enteroviruses in the gastrointestinal tract, we sought to demonstrate
the feasibility of using recombinant CVB3 as a possible vaccine vector to express varying
regions of the HIV-1 Gag protein. CVB3 is a common enteroviral infection, but, in contrast to
poliovirus, is rarely linked to cases of flaccid paralysis. We chose this specific strain in view
of preceding studies by others showing that the CVB3 could stably carry foreign sequences
for numerous passages[15],. Although CVB3 infection is common, this does not appear to rule
out their potential utility: studies involving poliovirus vectors have shown that preexisting
immunity does not prevent the generation of cellular immune responses to foreign sequences
expressed by the vector [30].

Replication competent recombinant virus was produced by all of our constructs, and HIV-1
proteins of the expected sizes were expressed after transfection of cells with plasmids encoding
for these vectors. Although packaging limits of the CVB3 virion have not yet been rigorously
defined, we found that the CVB3 capsid could accommodate the insertion of the full coding
sequence for Gag (Figure 2), approaching the theoretical maximum genome length for
packaging by poliovirus and consistent with previously described results[25,31].

Unfortunately, CVB3 vectors containing HIV-1 CA coding sequence were genetically
unstable. Vectors with the CA sequence rapidly developed truncations leaving a short and
relatively stable 20 kD leader-type sequence consisting mainly of the MA coding sequence.
This truncated HIV-1 sequence remained stable, consistent with results previously observed
using other picornavirus vectors (poliovirus and CVB4)[14,31].

The overall A/U content in Gag could interfere with efficient replication of the vector, as has
been described in poliovirus vectors[32]. The HIV-1 Gag M1–10 sequences inserted into
CVB3 vectors contained about 5% greater G/C content than wildtype Gag sequence, and
resulted in a modest increase in stability of HIV-1 sequences in all the vectors examined,
consistent with other reports[18,25].

The mechanism of deletions in inserted sequences is unclear, but studies of the deletion of
foreign sequences from other picornaviruses have led to the hypothesis that slowing of the viral
RNA polymerase while copying an inserted coding sequence potentiates jumps to a new area
of template to circumvent the region[32]. Insertions of significant length or complex secondary
structure could cause such a lag in RNA replication and thereby create deletions. This may be
the case for CA coding sequence since stability of inserts containing complete CA sequence
appeared problematic, even with changes in codon usage. As the CA region contains many
useful CTL epitopes, individual epitopes could be inserted in tandem as a synthetic gene rather
than the full-length coding sequence to circumvent stability issues and reduce insertion length.

Miller et al. Page 8

Vaccine. Author manuscript; available in PMC 2010 June 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In order to evaluate the ability of these vectors to deliver HIV-1 sequences in an antigenic
manner, we tested their ability to activate HIV-1-specific CTLs recognizing an
immunodominant epitope from MA. Unfortunately, induction of the activation of CTL clones
and target cell lysis was inefficient compared to the maximum rate observed with peptide
loading or whole HIV infection of target cells seen in other studies [21,23]. These data are in
agreement with recent studies indicating CVB3 replication is associated with disruption of
protein transport in the endoplasmic reticulum and disruption of the golgi apparatus, which
interferes with MHC-I antigen display[33]. However, the low levels of observed CTL activity
indicated that this mechanism of immune evasion is not complete, and therefore may be
amenable to manipulation. Although similar growth kinetics were observed, the CVB-MA
M1–10 vector appeared to have lower levels of specific lysis than wildtype CVB-MA,
suggesting that replication rate, codon usage, and MHC-I presentation are not tightly linked.

Despite the low levels of HIV-1 antigen delivery to CTLs in our studies, there is evidence that
cellular immune responses are involved in clearance of enterovirus infected cells in both non-
human primate and mouse models[12,16,30,34]. These data suggest that there are effective
CTL responses that could be boosted by modification of the CVB3 3A and/or 2BC proteins
which are believed to interfere with the MHC class I pathway. Alternatively, DNA priming
with the epitope(s) encoded by the CVB3 vector prior to vaccination may elicit stronger CTL
immune responses in vivo. Therefore, further development of CVB3 as a vaccine vector will
therefore require directed approaches to cope with issues of insert stability and epitope
presentation.

Further development of a coxsackievirus vector would likely necessitate additional attenuation
of the virus. The parental vector employed in this study, CVB3.1, grows to lower titers in the
organs of experimentally infected mice [16], and thus appears attenuated compared to the
original molecular clone of the H3 strain of CVB3. However, replication was still seen in
various organs in experimentally infected mice[16]. Additional attenuation could potentially
be achieved by modifications of the IRES, or substitution of the IRES of less pathogenic CVB
strains, as reviewed by others[35].

Finally, it will be essential to compare the magnitude, anatomic localization, and functional
properties of immune responses induced by coxsackievirus vectors to those induced by other
viral vectors (rhesus cytomegalovirus, picornavirus etc.) already shown to have an impact on
SIV replication in simian AIDS models[11,36].
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Figure 1. Construction and expression of HIV-1 protein by CVB3 vectors
(A) Schematic diagram of CVB3 genome and constructs used to express HIV-1 sequences. In
pCVB3.1 a Sfi I cloning site and a synthetic viral 3C protease cleavage site are present
downstream of the initiation codon of the coxsackie polyprotein. HIV-1 sequences were PCR
amplified with primers containing a Sfi I restriction site and ligated into CVB3.1. Arrowheads
indicate regions of codon modification in vectors containing the M1–10 HIV-1 Gag mutations.
(B) Expression of HIV-1 sequences as detected by immunoblot of lysates of transfected cells.
Membrane probed with pooled serum from HIV-1 infected patients. (C) Titer of viruses
produced by transfected cells. Values shown are in pfu/ml (mean ± standard deviation).
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Figure 2. Expression of HIV-1 proteins by recombinant CVB3 vector
Membrane probed with pooled serum from chronically HIV-1-infected patients. A549 cells
were infected with lysates from cells transfected with each of the CVB3 constructs. Lane 1:
Mock infection. Lane 2: CVB3.1. Lane 3: CVB-MA. Lane 4: CVB-CA. Lane 5: CVB-MACA.
Lane 6: CVB-NC. Lane 7: CVB-Gag. Markers to the right indicate proper size of 3C-processed
insertions of HIV-1 protein. Lanes 3 and 4 show MA and CA as expected size proteins after
cleavage from the coxsackievirus polyprotein. Lane 5 indicates MACA expression of the
expected 41 kD protein as well as a predominant 20 kD truncated protein. Lane 6 shows that
the CVB-MANC construct expresses protein of the expected size (48 kD), but also indicates
a less intense 20 kD truncated protein. Lane 7 shows the full length HIV-1 Gag protein and
multiple truncation products.
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Figure 3. Expression of HIV-1 proteins during serial passage
Lysates from serial passages the CVB3 vectors were examined for stability of expression of
the inserted HIV-1 protein coding regions. Diagrams show P1 region of coxsackievirus and,
if applicable, where any deletions were found to occur during serial passage. Filled in
arrowheads to right of gel signify expected size of proteins. If applicable, empty arrowheads
indicate the majority deletion product. Data is representative of repeated experiments. (A)
CVB-MA passages 6–10. The 17 kD matrix protein remained stable through the 10th passage.
(B) Blot of passages 1–3 of CVB-CA construct lysates. First and second passage show expected
24 kD CA protein expression. By the third passage CA is deleted from virus. This experiment
was repeated with identical results. (C) Early passage of CVB-MACA show expression of the
41 kD protein, but only truncated proteins are subsequently detected. (D) Serial passage of
CVB-MANC 48 kD protein shows, similar to CVB-MACA, the HIV-1 sequence is truncated
after the first passage.
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Figure 4. Serial passage of sequence modified CVB3 vectors
Expression of Gag M1–10 CVB3 vectors was examined using lysates from transfection and
serial passage. Immunoblots revealed altered expression stability of the inserted HIV-1 protein
coding regions. Filled in arrowheads on right of gel signify expected size of proteins. Where
deletions were detected, empty arrowheads indicate the majority deletion product. (A) CVB-
MA M1–10 passage 6 through passage 10. The 17 kD matrix protein again remained stable
through 10 passages. (B) CVB-CA M1–10 immunoblots of passage 2 through passage 10,
where deletion is nearly complete. Increased G/C content appeared to enhance the stability of
CA expression. (C) Early serial passage of CVB-MACA M1–10 shows strong expression of
the 41 kD protein. Expression still shifted however, favoring a truncated protein by the third
passage. (D) Passage of CVB-MANC M1–10 vector still expressed both the expected 48 kD
and approximately 38 kD protein as previously seen, but CVB-MACA M1–10 delayed
complete truncation by one additional passage beyond the non-M1–10 vector.
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Figure 5. One-step growth curve
A549 cells were infected with recombinant CVB3 virus at an MOI of 3 using titered stocks
produced by transfection. Squares (■) represent CVB-MA, open squares (□) represent CVB-
MA M1–10, triangles (▲) represent CVB3.1, circles (●) represent CVB-CA, and open circles
(○) represent CVB-CA M1–10. CVB-MA and the M1–10 version, in which the HIV-1 matrix
protein is stable in both for at least 10 passages, had similar growth dynamics to the parental
virus (CVB3.1). Titers of the three viruses peaked at 8 h post-infection. The CVB-CA vectors
had slower growth rates than the parental virus, taking 12–24 hours to reach peak titer, but
eventually achieve a similar titer by end of assay.
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Figure 6. Antigen presentation by cells infected with CVB3 vectors
(A) A549-A2.1JM cells were used as target cells for chromium release assays. Cells were either
left uninfected (Mock) or infected at an MOI of 3 with CVB-MA, CVB-MA (M1–10), or CVB-
EGFP vectors. At 10 hours post infection, cells were collected and incubated with a T cell
clones specific to the SL9 epitope found in HIV-1 matrix protein. The graph shows percent
specific lysis of uninfected cells, cells infected with vectors expressing either EGFP or MA,
or cells infected with CVB-MA (M1–10) vector (Bars reflect mean and standard deviation
from eight independent experiments). The specific lysis of control target cells labeled with SL9
peptide was 49% (standard deviation 9%)(not shown). (B) 104 cells of the same CTL clone
were incubated 1 : 1 with target cells infected at an MOI of 10 using the above CVB3 vectors.
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A2.1JM + GFP represents HLA-A*0201 positive cells infected with the irrelevant CVB-GFP
vector. A2.1JM + MA represents HLA-A*0201 cells infected with the CVB-MA vector. A549
+ MA represents the parental cell line (which does not express HLA-A*0201) infected with
the CVB-MA vector. All wells shown were done in quadruplicate. Numbers in graph represent
mean number of spots per 100,000 cells; error bars indicate standard of deviation. This
experiment is representative of three independent experiments. Positive controls using target
cells labeled with SL9 peptide showed too many spots to count (not shown).
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