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Abstract

The efficacy of cellular immune responses elicited by HIV vaccines is dependent on their
strength, durability and antigenic breadth. The regulatory proteins are abundantly
expressed early in the viral life cycle and CTL recognition may bring about early killing
of infected cells. We synthesised DNA vaccine constructs that encode consensus HIV-1
subtype C Tat, Rev and Nef proteins. Proteins carrying inactivating mutations were tested
for functional activity and highly expressing, inactive Tat, Rev and Nef mutants were
identified and their reading frames fused into a TatRevNef cassette. Single- and polygene
Tat, Rev and/or Nef constructs were immunogenic in BALB/c mice. These constructs
may serve to increase the antigenic breadth for an HIV-1 vaccine that is relevant for sub-

Saharan Africa.
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1. Introduction

Sub-Saharan Africa is burdened with the overwhelming majority of human
immunodeficiency virus type 1 infections worldwide, which at the end of 2002 amounted
to 29.4 million out of a global total of 42 million Of the number of global infections,
more than half are caused by HIV-1 subtype C [2] and of the total number of infections in
southern Africa, more than 94% are caused by HIV-1C [3]. The extremely high
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prevalence rates in the southern countries of Africa continuously underscore the

desperate need for a vaccine that would impact on the rapid spread of the virus.

Over recent years, many studies have demonstrated the essential role of long-lasting
CDS8" cytotoxic T lymphocyte (CTL) responses in HIV vaccine protection. HIV-1-
specific CTL responses have been shown to control viral load during acute and
asymptomatic infection [4], [5], [6], [7] and [8] and are inversely correlated with disease
progression [9]. Moreover, strong and cross-reactive CTL responses have been associated
with resistance to HIV-1 infection in highly exposed, seronegative commercial sex
workers in Kenya and the Gambia [10], [11] and [12]. However, the identification of
viruses that escape from CTL and thus evade the immune system [13] and [14] has
highlighted the need for such vaccine-elicited CTL responses to recognize an array of
epitopes from multiple HIV-1 antigens. An effective HIV-1 vaccine may thus require
strong humoral and cellular immune responses to multiple viral antigens including

structural and regulatory proteins.

The regulatory proteins Tat, Rev and Nef are expressed early during the viral life cycle
[15] and CTL recognition of these antigens may effect killing of infected cells prior to
completion of the viral life cycle and mature virion production [16] and [17]. Tat, Rev
and/or Nef-specific immune responses have been demonstrated to correlate with non-
progression or even protection from disease [14], [18], [19] and [20]. However, these
proteins perform intrinsic functions that may raise safety and suitability concerns when
introduced as vaccines. Tat acts as viral transactivator and has a number of effects on
cells such as upregulation of chemokine receptor expression [21] and overproduction of
interferon-a [22]. The Rev protein regulates viral gene expression by mediating nuclear
export of incompletely spliced viral RNAs [23]. Nef acts on a great number of cellular
pathways and effects a multitude of alterations that collectively seem to provide an
optimal environment for viral replication. These include increasing virion infectivity [24],
downregulation of cell surface CD4 [25] and MHC-I [26] expression and interference of
T cell transduction and activation through numerous complex interactions (reviewed in

reference [27]).
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A large number of studies have served to identify inactivating mutations and functional
domains of the regulatory proteins Tat, Rev and Nef. Consequently, numerous
immunogens and therapeutic agents based on mutated Tat, Rev and Nef have been
developed and in some cases have shown to be promising. The inactivation of Tat by
mutation of cysteine residues at positions 22, 25, 27 and 37 was first shown by Garcia et
al. [28] and Ruben et al. [29] and TatC22 has since been developed as prophylactic
and/or therapeutic vaccine [30], [31] and [32]. Similarly, two inactivating mutations
termed M5 and M10 were identified in the Rev protein by Malim et al. [33]. RevM10 has
since been developed as gene therapy agent and was shown to be clinically safe in human
trials [34] and [35]. While Nef has also been shown to be a promising vaccine
component, studies have demonstrated that inactivity of its intrinsic functions are
abrogated in Nef proteins lacking myristoylation [36] or carrying, among a number of
other mutations, the D123G [37] and LL165AA [38] and [39] mutations. Notably, to our
knowledge, all mutational analysis of Tat, Rev and Nef has been done on proteins

encoded by subtype B viruses.

As candidate components of a multipronged prime-boost vaccine strategy, we designed
and synthesised codon-optimized DNA plasmid constructs that encode South African
HIV-1 subtype C consensus Tat, Rev and Nef proteins. As these previous functional
studies have been conducted on subtype B gene sequences, it was important to determine
whether previously described inactivating mutations were applicable to similar gene
constructs based on subtype C sequences. Thus, these genes were mutated to abrogate
their respective undesirable protein activities and tested for functional inactivity to
identify candidate subtype C Tat, Rev and Nef immunogens. In addition, immunogenicity
of mutated, codon-optimized gene constructs was compared to the immunogenicity of

wild-type functional genes in a mouse model.
2. Materials and methods

2.1. Vaccine strain selection
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We previously isolated and characterized 15 HIV-1 subtype C isolates from South Africa
designated TV0O01 through TV010, TV012-TV014, TV018 and TV019 [40], [41], [42],
[43] and [44]. The Tat, Rev and Nef amino acid sequences of 14 of these 15 subtype C
isolates were used to derive respective consensus sequences (designated TV Cons) by
taking the most prevalent residue for each amino acid position across the reading frames
of the three regulatory proteins. Amino acid distances were calculated with the Kimura

distance matrix [45] using the Phylip program PROTDIST.
2.2. Expression plasmid construction

Wild-type tat, rev and nef genes encoding proteins that most closely resemble the amino
acid sequences of the respective TV Cons sequences (tat: TVO019, rev: TVO010, nef:
TV002) were PCR amplified and cloned over Sall (Xhol for nef) and EcoRI sites into the
pCMVKm2 plasmid vector as described previously [46]. The second exon of tat and first
exon of rev were assembled from synthetic oligomers and cloned in-frame with the
amplified exons over the Kpnl and Avrll sites, respectively. Codon-optimized, synthetic
gene constructs encoding the consensus TV Cons Tat, Rev and Nef sequences were also
made by PCR assembly of 50mer oligonucleotides and cloned into the pCMVKm?2 vector
over Sall and ECORI sites. Optimized initiation and termination codon contexts were also
employed in these plasmid constructs [47] and [48]. Mutations (Table 1) were induced by
oligonucleotide-based site-directed mutagenesis using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene, CA, USA). As potential polyprotein immunogen, the
reading frames of the tat, rev and nef genes were fused to form a TatRevNef cassette
(pCTatRevNefz,) that incorporates mutations that inactivate the respective functions of
the three proteins. The coding sequences of all plasmid constructs were verified by DNA

sequencing.
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Table 1
Sequence mformation and nutations mduced n the panel of regulatory gens plasmid constructs. The references for sach previously deserntbed mutation are
listed

Construct name Sequence Mutations Fefarances
Strain Wild-type
codon-optimized

platyrZ4 TV019 Wild-type -

platgprZA Consensus Codon-optimized -

platc: ZA Consensus Codon-optimized C2G

plateysZA Consensus Codon-optimized C375 Garcia et al., 1938; Fuben
etal 1989

platcrcarZA Consensus Codon-optmuized C22G; C378

pRewyrZA TV010 Wild-type -

pRevynapZA Consensus Codon-optimized EFR3EDL; IETEDL Malim et 2l , 1989

plefyrZA TV002 Wild-type -

pMNefoprZA Consensus Codon-optimized -

pMef i ZA Consensus Codon-optimized G2A; D124G Nisderman et al., 1993; Liu
et al., 2000

pi¥efonizarraa FA Consensus Ceodon-optimized G2A-DI124G; LL165AA Niederman st al | 1993; Lin

atal, 2000; Bresnahan et al
1998; Greenberg et al., 1998

pCTatRevNefzy Consensus Ceodon-optimized TatC22G, €375, RevERISDL, as above
IETEDL; NafG2A; NafD124G,
MefLL165AA

2.3. Generating regulatory protein-specific mouse serum

To generate polyclonal antibody serum specific for subtype C Tat, Rev and Nef, 6 to 8-
week-old female CB6F1 mice (10 per group) were immunized intramuscularly on two
occasions with a 4 week interval with 75 pug naked endotoxin-free plasmid DNA in sterile
0.9% saline (Sigma). Plasmid DNA constructs used for immunisations were Tatcy,c37ZA,
RevmsmioZA and Nef.nyrpi24ZA for Tat, Rev and Nef, respectively. Two weeks post-
second immunization, blood was collected by cardiac puncture and serum pooled for

each group.
2.4. Cells, transfections and immunoblotting

Human embryonal kidney cells (293, ATCC 45504) and 293T (kindly donated by Ms
Hanna Feenstra, Dept. Med. Biochemistry, Tygerberg, RSA) and HeLa cells (ATCC
CCL-2) were propagated in Dulbecco's modified Eagles medium (DMEM, Gibco,
Rockville, MD, USA) supplemented with 10% fetal calf serum (FCS, Delta Bioproducts,
Kempton Park, RSA), 100mg/L penicillin and streptomycin (Novo Nordisk (Pty.) Ltd.,
Johannesburg, RSA). One day prior to transfection, 293 and 293T cells were plated at 1.4
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x 10° cells and HeLa cells at 5 x 10° cells per 35 mm well. For transfections, DMEM was
replaced with serum-free medium (OPTImem I Reduced Serum Medium, Gibco,
Rockville MD, USA). Cells were transfected with plasmid DNA in 10 pl Mirus TransIT-
LT1 polyamine transfection reagent (Panvera, Madison, WI, USA) in 100 pl OPTImem
per well, following the manufacturers protocol. Eighteen microlitres of cell lysate or

10 pl of Full-Range Rainbow Marker (Amersham-Pharmacia Biotech, Buckinghamshire,
UK) were loaded on a NuPage Novex 4—12% BisTris SDS gel (Invitrogen, Groningen,
The Netherlands) and electrophoresed in NuPage MOPS SDS running buffer. Following
SDS-PAGE, proteins were transferred onto a nitrocellulose membrane (0.2 um pore size,
Invitrogen) in NuPage Transfer Buffer containing 10% Methanol. Subtype C Tat, Rev or
Nef-specific polyclonal mouse serum was used as primary antibody. The secondary
antibody was horseradish peroxidase (HRP)-conjugated Goat anti-Mouse I1gG (Zymed,
San Francisco, USA). Protein bands were visualized by chemo-luminescence using
ECLPlus as directed by the manufacturer (Amersham-Pharmacia Biotech,

Buckinghamshire, UK).
2.5. Functionality assays

Tat functionality was assayed as described by Kuppuswamy et al. [49]. Briefly, 293T and
HeLa cells were co-transfected with 1 pg pLTR-CAT reporter plasmid [50], 1 pg tat
expression plasmid and 0.5 pg pSV-BGal internal control plasmid (Promega, Madison,
WI, USA) as described above. Cell lysates were harvested 24 h post-transfection and
CAT enzyme levels were determined using a CAT ELISA as directed by the

manufacturer (Roche Diagnostics, GmbH, Germany).

Rev functionality was determined in a cotransfection assay first described by Hope et al.
[51]. One microgram of the pDM 128 reporter plasmid (kindly donated by Prof. Thomas
Hope) was co-transfected with 1 pg rev expression plasmid and 0.5 pug pSV-BGal internal

control plasmid. Cell lysate harvesting was performed as described for Tat.

The CD4 and MHC-I downregulation functions of Nef were assessed in a cotransfection

assay adapted from the one described by Goldsmith et al. [52]. Briefly, 293 cells were co-
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transfected with 1 ug nef-expression plasmid, 0.5 ug pcDNA-hCD4 plasmid and 1 pg
pEGFP-N1 DNA (Clonetech, Palo Alto, CA) as described above. Forty-eight hours post-
transfection, cells were treated with 2% EDTA, washed with PBS and stained with
allophycocyanin (APC)-conjugated anti-human CD4 and R-phycoerythrin (PE)-
conjugated anti-HLA-A,B,C antibodies (BD Biosciences, San Diego, CA, USA). Cell
surface CD4 and MHC-I expression levels were determined on GFP-positive cells on a

FACScalibur flow cytometer (BD Biosciences, San Diego, CA).
2.6. Statistical Analysis

The paired t-test was performed using GraphPad Prism version 3.0a software.

Differences were considered statistically significant when p < 0.05.
2.7. Immunogenicity studies

Six to eight-week-old female BALB/c mice were immunized at weeks 0 and 4 with 0.2, 2
or 20 ug of plasmid DNA. Eight groups were designated—receiving pTat,ZA,
pTatcorc37ZA, pRevZA, pRevmsmioZA, pNefyZA, pNef.nyi2araaZA,
pCTatRevNefza or plasmid vector alone (naive group (8)). Groups 1-7, each consisting
of 15 mice, were subdivided into 3 subgroups of 5 animals receiving 0.2, 2 or 20 pg
dosages of DNA, respectively. The naive group receiving 20 pg pPCMVKm2 plasmid
consisted of five mice only. The immunizations with individual plasmids and the
polygene cassette were conducted simultaneously. DNA was prepared using Endofree
plasmid kits (Qiagen) and dissolved in 0.9% sterile saline solution made up with sterile
endotoxin-free water (Sabax). Mice received 50 pl of DNA intramuscularly per
vaccination site into either posterior thigh muscle using tuberculin syringes (BD
Biosciences, San Diego, CA, USA). Animals were killed at week 6 and spleens were
removed. Spleen tissue was mascerated between glass slides using serum-free DMEM
plus 10 mM HEPES (Invitrogen, Groningen, The Netherlands). Tissue debris was
allowed to sediment out in 15 ml centrifuge tubes, cell content was pelleted and cell
fractions from all animals within each group were pooled. Erythrocytes were lysed by

addition of RBC Lysing Buffer (Sigma) and white cells resuspended in T cell medium
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(1:1 mixture of RPMI 1640 and a-MEM, supplemented with 10% FBS, IM HEPES, 1%
NEAA, 2 mM L-glutamine (all Invitrogen, Groningen, The Netherlands) and 50 pM 2-
mercaptoethanol (Sigma)). Splenocytes (10° per well) were incubated with antigen
(pooled overlapping peptides of HIV-1 subtype C strain Dul51 Tat, Rev and Nef at a
final concentration of 30 pg/ml), and 1 pg/ml anti-CD28 (BD Biosciences, San Diego,
CA, USA) at 37 °C. Unstimulated control wells contained no antigen and positive control
wells contained PHA (1 pg/ml). Brefaldin A (Golgiplug, BD Biosciences, San Diego,
CA, USA) was added after 1 h and cells were incubated for a further 5 h at 37 °C. Cells
were stained for flow cytometry using an intracellular cytokine staining kit (BD
Biosciences, San Diego, CA, USA) according to manufacturer's instructions. Briefly,
cells were washed, Fc block was added, and then surface stains diluted in staining buffer
(anti-CD8 PerCP and anti-CD4 APC) were added. Cells were then fixed, permeabilised
and stained intracellularly with anti-CD3 FITC and anti-IFN-y PE diluted in Perm/Wash
buffer. Flow cytometry was performed using a four-colour BD FacsCalibur (BD
Biosciences, San Diego, CA, USA). CD3" lymphocytes were gated based on FL1 and
SSC scatter. CD3" lymphocytes were then divided into CD3"CD4" and CD3°CD8" and
assessed for IFN-y staining. Antigen-specific responder cells were calculated by
subtracting the number of responder cells per 100,000 events in the non-stimulated

fraction from those in the antigen-stimulated fraction.
3. Results
3.1. Consensus sequences as vaccine strains

To select a vaccine strain that will exhibit a minimum genetic distance to currently
circulating viruses, amino acid distances were calculated for individual viral isolate
sequences from a panel of 14 tat, rev and nef sequence-characterized HIV-1 subtype C
isolates versus the remaining 13 isolate sequences. Similarly, the distances between the
consensus sequence drawn up from these isolates (designated TV Cons) and the 14
isolate sequences were calculated and the averages of these distances for each regulatory
protein are plotted in Fig. 1a. As is distinctly evident for Tat, Rev and Nef individually as

well as collectively, the amino acid distance displayed between the consensus sequence
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TV Cons and the 14 isolate sequences was markedly smaller than the distances between
any of the individual isolate sequences and those of the remaining isolates. Comparison
of genetic distances between the South African consensus TV Cons and four other
consensus sequences as well as the sequences from isolates selected for construction of
wild-type constructs are plotted in Fig. 1B. For all three regulatory proteins, the smallest
amino acid distances were observed between TV Cons and sA Cons, a consensus
sequence representing viruses from southern Africa (Botswana and South Africa) and TV
Cons and Compl Cons, a consensus sequence constructed from all available subtype C
sequences. The distance between TV Cons and the isolate sequences selected for wild-
type constructs on the grounds of being closest to TV Cons were only smaller than that to
India Cons, calculated from subtype C originating from India. These data illustrate a high
degree of homology between subtype C consensus sequences, implying that the use of
vaccine constructs based on consensus sequences such as TV Cons may be effectively
used to reduce heterogeneity between the vaccine and circulating viruses in a highly

diverse epidemic such as subtype C in sub-Saharan Africa.
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Fig. 1. Amino acid distances calculated with the Kimura distance model. (A) Average

distances between the 14 regulatory gene-characterized HIV-1 subtype C isolates and

each individual isolate sequence or the consensus sequence TV Cons plotted as stacked

Tat, Rev and Nef bars. (B) Distances calculated between the TV Cons consensus

sequence and a panel of subtype C consensus sequences as well as the Tat, Rev and Nef

sequences from those isolates selected for construction of wild-type plasmids (viral

isolate indicated). CONS C, subtype C consensus sequence provided by HIV sequence
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database (http://hiv-web.lanl.gov/content/index); India Cons, consensus sequence
constructed from subtype C viruses from India; Compl Cons, consensus constructed from
all subtype C sequences available from HIV sequence database; sA Cons, southern Africa
consensus constructed from all subtype C sequences originating from South Aftrica and

Botswana.

3.2. Construction and in vitro expression of wild-type and codon-optimized tat, rev and

nef genes.

The various plasmid constructs with their properties are listed in Table 1. All codon-
optimized genes encoded South African consensus (TV Cons) protein sequences of
which Tatopr and Nefopr were unmutated while a number of mutant proteins were made.
The aspartate (D) residue at position 123 that was demonstrated to inactivate subtype B
Nef when substituted with a glycine (G) by Liu et al. [37] was present at position 124 in
subtype C Nef and this mutation was thus named D124G. Codon-optimization entailed
changing the codon usage to that utilized by highly expressed human genes as described
previously [44] and resulted in a reduction in AT content of approximately 20% for the

three genes (data not shown).

In vitro expression of all constructs was assessed by SDS-PAGE of 293-cell lysates and
immunoblotting with polyclonal Tat, Rev or Nef-specific mouse serum. As this serum
was generated by immunization of mice with plasmid DNA, immunoreactivity of the sera
with control Tat and Rev proteins (Aids Research and Reference Reagent Program
(ARRRP), NIAID, NIH, Maryland, USA) was assessed before use (data not shown). In
addition to anti-Nef mouse serum, lysates from Nef-transfected cells were also blotted

with a Nef-specific monoclonal antibody (ARRRP).

All subtype C Tat proteins migrated at a rate corresponding to a molecular weight of
approximately 18 kDa and while the codon-optimized plasmids exhibited identical
protein expression levels, the wild-type plasmid appeared to yield somewhat lower
expression (Fig. 2A). A more notable difference in Rev protein expression levels

exhibited by the wild-type and codon-optimized rev plasmids was discernable (Fig. 2B).
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In addition, despite identical lengths in amino acid residues, the mutant Rev protein (.

14.5 kDa) migrated more rapidly than the wild-type Rev, which corresponded to ~.

17 kDa. A difference in electrophoretic mobility between the wild-type subtype C Rev

protein and the subtype B control protein was also seen. Such variations in

electrophoretic mobility on SDS—PAGE gels have been reported for Rev proteins with

amino acid differences and the alterations in mobility seen here may thus be due to

mutations or subtype-specific differences [33], [51] and [53].
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Fig. 2. Expression of wild-type and codon-optimized Tat, Rev and Nef proteins in

transfected 293 cells. Cell-lysates were analyzed by immunoblotting with subtype C Tat

and Rev and Nef specific polyclonal mouse serum. Blots representative of multiple

transfection experiments (at least three) are shown. (A) Tat-transfected cell lysates. (B)

Rev-transfected cell lysates. The arrow indicates the wild-type Rev protein band. The

HIV-1 Rev (Wild Type) protein obtained from the ARRRP was used as positive control

(Rev). (C) Nef-transfected cell lysates.

In vitro expression levels of the wild-type and various codon-optimized Nef proteins

were very similar as demonstrated when immunoblotted with polyclonal anti-Nef mouse
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serum (Fig. 2C) or anti-subtype B Nef monoclonal antibodies (data not shown). The
wild-type Nef protein showed increased electrophoretic mobility in comparison to the
codon-optimized proteins, which migrated at ~.28 kDa. Similarly to Rev, this may be due
to amino acid differences between the wild-type and optimized proteins. Expression

levels between wild-type and codon-optimized nef plasmids were very similar.
3.3. Identification of non-functional Tat, Rev and Nef-expressing plasmids

To evaluate the functional activities and identify non-functional regulatory protein
immunogens, transient cotransfection experiments were conducted in which key activities

of Tat, Rev and Nef were determined.

The transactivation function of the Tat variants was assessed in 293T and HeLa cells by
cotransfection with the pLTR-CAT reporter plasmid as previously described [49] and
[50]. CAT levels were normalised for transfection efficiency with B-Galactosidase levels
and are expressed as percentage native Tat activity (TatoprZA, set to 100%) in Fig. 3. A
previously described Tat-expressing plasmid (SV40-Tat, [50]) was included as control in
293T cells. No transactivation of LTR-directed CAT expression was recorded in mock-
or pLTR-CAT only—transfected 293T or HeLa cells. Similar activities were exhibited by
the SV40-Tat plasmid in 293T cells and TatwrZA and TatoprZA plasmids in both cell
lines. While Tatc,ZA exhibited an approximate 75% transactivation activity of native
Tat, Tatc37ZA and Tatcoac37ZA only yielded basal CAT expression. Corresponding
results were obtained for Tatc2,ZA and Tatcyzc37ZA in single cotransfection experiments

in RD and COS-7 cells (data not shown).
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Fig. 3. Functional analysis of Tat mutants in 293T and HeLa cells. -Galactosidase-
normalized CAT levels are expressed as percentage native Tat activity (TatoprZA, set to
100%). The subtype B Tat-expressing plasmid pSV40-Tat was used as positive control in
293T cells. Error bars represent the standard error for three independent experiments.
ND, not done; 1 rep, only one experimental repeat done. Statistical analysis was

performed using the paired t-test. ns = not significant (p > 0.05),  denotes p < 0.001.

The functional ability of Rev-expressing plasmids to mediate nuclear export of RRE-
containing pDM128 transcripts was performed in 293T cells as described by Hope et al.
[51]. The Rev-expressing plasmid pRSV-Rev was utilised as control and CAT expression
exhibited by the wild-type RevwrZA plasmid was set as 100% activity. All CAT levels
were normalised for transfection efficiency with B-Galactosidase expression levels. While
cotransfection with pRSV-Rev and RevwrZA induced 85- and 25-fold increases in CAT
levels respectively, cotransfection with the Rev mutant RevysyioZA yielded CAT levels

comparable with basal expression recorded in cells transfected with the reporter plasmid

only (Fig. 4).
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Fig. 4. Functional analysis of Rev mutants in 293T cells. B-Galactosidase-normalized
CAT levels are expressed as percentage wild-type Rev activity (RevwrZA, set to 100%).
The subtype B Rev expressing pRSV-Rev plasmid [51] was used as positive control.
Error bars represent the standard error for three independent experiments. Statistical

analysis was performed using the paired t-test. ~~ denotes p < 0.01.

Ability of Nef variants to modulate downregulation of cell surface CD4 and MHC-I
expression was assessed in a transient transfection assay in 293 cells. GFP-expressing
cells were identified by flow cytometry and analysed for CD4 and MHC-I expression.
Specificity of antibody binding was controlled for with PE or APC conjugated isotype-
matched control antibodies. Flow cytometric analysis of MHC-I expression on GFP-
positive 293 cells transfected with Nef mutants were compared to that on cells transfected
with empty control vector (Fig. 5). Comparison of histogram plots distinctly revealed
Nef-mediated downregulation of MHC-I expression on NefwrZA and NefoprZA-
transfected cells. This data is demonstrated more clearly when mean APC-fluorescence is
represented in graphical format in Fig. 6, showing that cells transfected with the codon-
optimized NefoprZA plasmid exhibited the most MHC-I downregulation (MHC-I
expression below 80% normal). MHC-I expression was downregulated to a level below
90% in NefwrZA-transfected cells, while this activity was completely inhibited in both
Nef mutants. CD4 expression levels, recorded as mean PE-fluorescence on GFP-positive
cells, are expressed as percentage expression on cells transfected with empty pCMVKm?2

vector (set to 100%) in Fig. 6. Similarly to MHC-I expression, CD4 expression was most
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severely downregulated in NefoprZA-transfected cells (less than 50%) while expression
on NefywrZA-transfected cell surfaces was downregulated to approximately 60% of
normal expression. The mutant Nef.,y;p124ZA exhibited some degree of CD4
downregulation activity as represented by CD4 surface expression of ~.80%. This
function was completely abrogated for mutant Nef yyp124114aZA. It should be noted that
an intrinsic experimental limitation exists in cotransfection experiments such as these by

the fact that cells need to take up all three plasmids.
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Fig. 5. Flow cytometric analysis of MHC-I expression on the surface of Nef-transfected
293 cells. Histogram overlays of Nef-transfected cells (outlined) and cells transfected
with empty control vector (black fill) showing MHC-I fluorescence recorded by two-

colour flow cytometry on GFP-positive cells.
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Fig. 6. Analysis of Nef-mediated CD4 and MHC-I downregulation. 293-cell surface
expression of CD4 and MHC-I was recorded as mean fluorescence intensity by flow
cytometry on GFP-positive cells and shown as percent expression of vector-transfected
cells (set to 100%). Error bars represent the standard error for three independent
experiments. ND, not determined. Statistical analysis was performed using the paired t-

test. ~ denotes p < 0.05.
3.4. Assembly and expression of a non-functional TatRevNef DNA vaccine cassette

While the results of Tat and Nef functionality assays were not as expected, plasmid
constructs Tatc37ZA and Tatcoc3ZA, RevmsmioZA and Nef pymioarraaZA were
demonstrated to be functionally inactive. Based on these results, the reading frames of
plasmid constructs Tatcooc37ZA, RevsmioZA and Nef nympi24aaaZA were fused to form
a TatRevNef polygene cassette (pCTatRevNefz,). In vitro expression of the TatRevNef
polyprotein in 293 cells was assessed by immunoblot analysis and yielded a 50 kDa
protein band that was immunoreactive to anti-Tat (Fig. 7), Rev and Nef mouse serum

(data not shown).
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Fig. 7. Expression of the codon-optimized pCTatRevNefzs polygene (TRN) cassette in
transfected 293 cells. Lysates from 293 cells were immunoblotted with anti-Tat mouse

serum.
3.5. Immunogenicity assessment

Immunogenicity was assessed by flow cytometric analysis of intracellular interferon
gamma (IFN-y) production in CD8" T lymphocyte populations. The data are summarized
in Fig. 8. No antigen-specific responses were observed in the control groups.
Immunisation with wild-type plasmid DNA stimulated expansion of antigen-specific
CDS8" splenocytes. All three wild-type constructs elicited good antigen-specific CD8" T
cell responses. Responses were observed in all groups for each of the three HIV proteins
immunised with 20 pg and 2 pg plasmid DNA and responses to the lowest plasmid DNA
dose (0.2 pg) were seen for all constructs but the single wild-type and codon-optimized
mutant Rev. All CD8" responses titrated out at lower dosages. Vaccination with the
mutant Tat construct resulted in markedly higher responses compared with the wild-type
Tat, however this was not the case for Rev and Nef responses, which showed no major
differences in responder frequencies. Vaccination with the mutated TatRevNef cassette
elicited similar frequencies of CD8" responses to Rev and Nef while Tat was less
immunogenic in the polygene cassette than when tested as a single mutated gene

construct.
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Fig. 8. Frequencies of Tat, Rev and/or Nef-specific CD8" splenocytes expressing IFN-y
in BALB/c mice immunized with wild-type or codon-optimized mutated plasmid DNA
constructs. Cells were restimulated with antigen-matched pooled peptides as indicated
prior to flow cytometric analysis. The percentage IFN-y-positive cells in mice immunized
with single-gene constructs (A) and the polygene pCTatRevNefz, cassette (B) are plotted

for each immunogen.
4. Discussion

Sequence analysis of the subtype C consensus sequence that was used to construct the

Tat, Rev and Nef immunogens revealed a markedly smaller genetic distance between the
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consensus and a panel of viral isolate sequences compared to any individual isolate and
the panel of viral isolate sequences. This corresponds with previous reports that
demonstrated the use of a consensus sequence as vaccine strain to reduce genetic
variability between such a vaccine and circulating viruses [54] and [55]. Thus, a less
heterologous vaccine may have direct implications on specificity of the vaccine-induced
immune responses and immunoreactivity with viruses in an epidemic of high

intrasubtype diversity such as subtype C in southern Africa.

Numerous studies have defined T-cell epitopes with known HLA restriction in virtually
all HIV proteins [56]. Although most of these studies were restricted to individuals
infected with subtype B viruses, cross-clade sequence conservation and some
identification of such epitopes in subtype C sequences makes it possible to map known
epitopes onto the vaccine sequences described in this study. Mapping Tat, Rev and Nef-
specific epitopes onto the consensus sequences revealed subtype-specific single residue
substitutions in Tat and Rev that disrupted most known subtype B epitopes (data not
shown), making immunogenicity predictions challenging. These findings illustrate the
need for epitope mapping in the regulatory genes of non-B subtypes. However, many
Nef-specific epitopes could be identified in the consensus subtype C Nef sequence, with
especially high frequencies of CTL-epitopes in the conserved domains, suggesting Nef-
responses to be potentially cross-reactive. These analyses also confirmed that the use of
selected single or double mutations to inactivate these proteins do not disrupt epitope
sequences [57]. However, the rationale of conserving Nef epitopes by incorporating the
G2A and LL174AA mutations was utilized for another Nef vaccine and resulted in
decreased immunogenicity in mice [58], suggesting that the efficacy of this approach will

have to be investigated further.

Analysis of the functional activity of Tat revealed that, unlike numerous previous studies
demonstrating the inactivity of Tat with a C22G mutation [28], [29], [49] and [59], the
subtype C TatC22 was able to activate LTR-directed CAT transcription. The reason for
this finding is not clear. Because the assays used in this study were done as those
described by Kuppuswamy et al. [49], who also used the same reporter plasmid and

performed the transactivation assays in HeLa cells, the possibility of different
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methodology can be excluded. The importance of cysteine residue conservation at
position 22 in Tat is well established. Cys22 is highly conserved among HIV-1 and also a
large number of HIV-2 and SIV viruses [60] and with the exception of our work, every
previously published experiment has shown that mutation of this residue abrogates
transactivation [28], [29], [30], [32], [49], [59], [61], [62] and [63]. When dissected, only
two disparities between these previous experiments and the Tat transactivation work
described in this study can be recognized, and both implicate the Tat protein. Firstly, to
our knowledge, all studies that concern functional dissection, mutation or structural
analysis of Tat have been conducted on proteins encoded by HIV-1 subtype B genomes,
most of which were molecular clones derived from the same laboratory strain (LAI, I1IB,
ARYV). The fact that the Tat proteins analysed here are from subtype C viruses may be
accompanied by suspicions that the intrinsic structures and functions of Tat proteins from
different HIV subtypes can differ. Indeed, it is well known that the long terminal repeat
as well as a number of proteins including Rev, Vpu and the C-terminal of Pol are
distinctly different in subtype C viruses when compared to other subtypes [64], [65], [66]
and [67]. Moreover, while the third variable loop in the Env protein is highly variable in
virtually all subtypes, this region was shown to be considerably more conserved in
subtype C viruses [68]. Sequence characterization of the subtype C isolates on which our
Tat, Rev and Nef vaccine candidates were based confirmed the presence of these C-
specific signatures in the LTR, Vpu and Rev regions [41] and [42] as well as the
conserved nature of the envelope V3 sequences [40]. It would thus not be unreasonable to
speculate about the unexplored subtype factor possibly playing a role in a different
structure or function of Tat. Notably, in similar studies, when the functionality of the
subtype B Tat protein from isolate SF162, which carried the C22 mutation, was
determined in 293T cells the results were identical to the subtype C Tat data in this study.
Furthermore, mutation of the C37 residue or mutation of both C22 and C37 in the SF162
Tat brought about abrogation of transactivation activity (zur Megede, unpublished data).
These results point to the equally important possibility that strain-specific variation,
rather than subtype-specific variation may affect protein functionality and thus, should be
considered for HIV vaccine development. A second distinction between the work

completed in this study and again, to our knowledge, all previous studies describing the
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Tat22 mutant is the factor of protein length. Most studies investigating the function and
structure of Tat22 (and many other studies) were conducted on the 86 amino acid Tat
protein from the early laboratory strains that contained a premature truncation in tat exon
2, and not the full-length 101 amino acid Tat that is seen predominantly in wild-type
viruses [60]. Yet, early studies showed that the second exon was expendable for
transactivation activity [69]. A number of recent studies however, have demonstrated that
the second exon, which encompasses 29 amino acids in most strains, enhances viral
replication [70] and pathogenesis [71] of HIV-1. The possibility exists that the full length
Tat proteins (subtype C consensus and subtype B SF162) used in this study may not have
been inactivated for transactivation activity by mutation of C22 because of a
counteracting function of the C-terminal second exon. Interestingly, a Tat mutant
(Y26A), which was defective for transactivation activity and viral replication, regained
activity when a second-site suppressor mutation (Y47N) was acquired [72]. Thus, we
hypothesise that subtype C viruses may have acquired a mechanism whereby single point
mutations involving specific critical cysteine residues may be insufficient to abrogate
transactivation activity of Tat. These data certainly provoke consideration of such
concepts, but these questions will remain unanswered until they are experimentally

defined.

As expected, the mutated consensus Rev construct displayed no functional activity.
Although, no unmutated consensus Rev construct was tested in this study to confirm the
abrogation of functionality though mutation of the specific residues, such a consensus
Rev protein could be expected to be functionally active as its amino acid sequence
reveals no abnormal residue combinations or substitutions in the functional domains [41].
The relatively lower increase in reporter gene expression (25-fold) by C-clade Rev
compared to the published 85-fold increase by B-clade Rev [25] is probably as a result of

the considerably lower expression level of the wild-type C-clade Rev.

Similarly to the Tatc2, mutant, mutation of the subtype C Nef myristoylation signal
(G2A) and a conserved aspartate at position 124, which was previously shown to be
critical for oligomerization, downregulation of CD4 and MHC-I and decreasing viral

infectivity [37], was not sufficient to completely abrogate CD4 downregulation activity.
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The finding that the additional substitution of the dileucine motif at position 165
completely disrupts CD4 downregulation confirms the critical importance of this motif
for the CD4-downregulation activity of Nef [38] and [73]. The reason for this
discrepancy in functional activity of an unmyristoylated subtype C Nef carrying the
D124G mutation, with previous data that demonstrated such mutations to sufficiently
inactivate subtype B Nef, is unclear. As we used the same methodologies that have been
used to demonstrate these findings for subtype B Nef [52] and [57], methodology can be
eliminated as possible cause. Again, the major differences between our Nef constructs
and those studied previously are the subtype and viral strain. These discrepant results
makes it reasonable to express concern about the belief that inactivation of such
regulatory proteins through site-specific mutations is conserved across all viral strains

and subtypes.

The codon-optimization of the different reading frames had variable effects on the
expression rates of the proteins. Besides mRNA stability, which is the major factor
influenced by codon-optimization, many factors such as protein stability and length,
nucleotide and amino acid composition contribute towards protein expression rates and
half-lives. The mechanisms behind these differing influences on expression require

further investigation.

Vaccination of mice with plasmid DNA encoding either wild-type or codon-optimized,
mutated, consensus Tat, Rev and Nef proteins was performed to assess the potential
immunogenicity of these constructs. Immunoblotted Tat, Rev and Nef proteins were
immunoreactive with serum from immunized CB6F1 mice and antigen-specific T
lymphocyte responses were generated in BALB/c mice. These results demonstrate
successful expression and antigen presentation of these plasmid constructs in the murine
model. Codon-optimization of these genes appeared to have made no marked difference
in the immunogenicity of the single-gene Rev and Nef constructs. However, there was a
markedly increased T lymphocyte response in mice that received the codon-optimized
Tat compared to those that received the wild-type. Notably, the use of consensus protein
sequences carrying the respective inactivating mutations did not significantly diminish

the immunogenicity of the codon-optimized proteins.
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It should be noted that the peptide pools used for splenocyte stimulation in the
intracellular cytokine assays were derived from HIV-1 subtype C strain Dul51
(Accession no. AY043173) and were thus not autologous. The mean percentage of amino
acid differences between the Tat, Rev and Nef proteins of strain Dul51 and those used as
immunogens in this study is 10.1% (range 7.4—12.8%). Due to the potential residue
differences in BALB/c-restricted CTL epitopes contained in the immunogens used in the
vaccinations and those used in the in vitro lymphocyte stimulation assays, antigen-
specific responses may have been underestimated. Nevertheless, the vaccine components
described in this study were found to be immunogenic and responses diminished with

decreasing plasmid DNA dose, suggesting dose-dependent responses.

HIV-1 subtype C has attained a global distribution and is currently responsible for over
half of all HIV infections worldwide [1] and [2]. While modern vaccine strategies have
become multifaceted to aim at elicitation of broad and durable humoral and cellular
immune responses, such new strategies often incorporate Tat, Rev and Nef as vaccine
immunogens. However, to address safety issues raised by the inclusion of these gene
products, such efforts have relied on clear data illustrating the functional inactivity of
these gene products. The recent interest in developing and testing new generation
vaccines has commonly seen the simple application of vaccine design concepts that were
proven on specific strains to vaccines based on other viral strain or even subtype
sequences. In this study we induced mutations in subtype C Tat, Rev and Nef constructs
that were previously repeatedly shown to render the corresponding subtype B regulatory
proteins inactive. Functional analysis of these constructs revealed some discrepancies in
functional inactivities between our subtype C Tat, Rev and Nef constructs and previously
described subtype B immunogens. This raises concerns about the blind application of

such vaccine design concepts to strain-unrelated vaccine components.

This study thus served at identifying HIV-1 subtype C-specific mutated Tat, Rev and Nef
constructs that were shown to be devoid of undesired functional activities, were
sufficiently immunogenic and may thus be utilized as AIDS vaccine components. In the

light of striving for more broadly reactive HIV-1 vaccines, the single-gene or polygene



openUP — May 2007

cassette constructs may serve to increase antigenic breadth of an HIV-1 subtype C

vaccine.
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