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By the end of 2004, more than 20 HIV-1 vaccine candidates will

have entered clinical testing in at least 30 trials worldwide.

Almost half of these vaccines include nonstructural HIV-1

gene products. This represents an important innovation

in the HIV vaccine field, because until 9 years ago not even

preclinical testing in small animal models had been carried out

with such immunogens. This review briefly discusses the

experimental evidence that provides the rationale for the

use of nonstructural HIV-1 gene products as vaccine

antigens, and summarizes the current status and the future

development of these novel vaccines.
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Introduction
The human immunodeficiency virus (HIV) epidemic has

caused over 20 million deaths worldwide and currently

affects about 40 million people (UNAIDS, 2004; http://

www.unaids.org) with a dramatic socioeconomic impact,

particularly on developing countries (UNAIDS, 2004). To

date, the sole effective weapon against HIV and acquired

immunodeficiency syndrome (AIDS) is therapy. How-
ncedirect.com
ver, highly active antiretroviral therapy (HAART) is not

ccessible worldwide and the most in need (i.e. the

nfected population of poor countries) often have no

reatment. In addition, toxic effects and the appearance

f resistant viral variants, particularly in the absence of a

orrect education for full compliance, can render HAART

ifficult to manage (reviewed in [1]). The urge for an

ffective prophylactic and/or therapeutic HIV vaccine is

herefore soaring.

arly vaccine strategies based upon inactivated or atte-

uated virus have been abandoned as ineffective or

nsafe, respectively (reviewed in [2] and [3]). The focus

hen shifted towards the development of viral subunit

accines based on HIV structural proteins. In particular,

he HIV envelope (Env) proteins (gp41 and gp120) con-

ain most of the HIV neutralization-sensitive epitopes

nd would, in principle, represent the ideal components

f a neutralizing antibody (nAb)-based candidate vaccine

apable of inducing sterilizing immunity. Unfortunately,

o date, Env-based vaccines have failed because of the

omplex structure of Env, its high variability, and the

ifficulty of generating broadly reactive high-titer nAbs

reviewed in [4]).

fter several unsuccessful attempts to induce humoral

esponses conferring sterilizing immunity (reviewed in

4]) and the appreciation, after the introduction of

AART, that progression to disease can be halted,

ew approaches have been undertaken with the goal of

nducing cellular immunity capable of containing, even

hough not preventing, the infection and of blocking

isease development. Vaccines based on various combi-

ations of the structural proteins Env, Gag and Pol were

artially protective (reviewed in [4]) in preclinical studies,

et never provided sterilizing immunity. Moreover, the

mergence of cytotoxic T lymphocyte (CTL) viral escape

utants voided the benefits of vaccination (reviewed in

5]). By contrast, pre- or post-virus exposure immunother-

py with nAbs provided sterilizing immunity against

imian-human immunodeficiency virus (SHIV) challenge

n nonhuman primates (reviewed in [6]), suggesting that

otent nAb responses can be protective.

t is now believed that both cellular and humoral immu-

ity are necessary for controlling and, possibly, eradicat-

ng infection at an early stage or for preventing disease

rogression. With this aim, the efficacy of single or multi-

omponent vaccines including several virus subunits

as been investigated in preclinical and clinical trials.

everal of these novel AIDS vaccine strategies employ
Current Opinion in Biotechnology 2004, 15:543–556
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544 Pharmaceutical biotechnology
nonstructural (regulatory or accessory) HIV or simian

immunodeficiency virus (SIV) proteins and will be

reviewed here.

Nonstructural HIV proteins as AIDS vaccine
targets — the rationale
In addition to six structural proteins — group antigens

(Gag), polymerase (Pol), Env, protease (Pro), reverse

transcriptase (RT) and integrase (Int) — the HIV genome

encodes the small regulatory proteins Tat and Rev and

four accessory proteins, Nef, Vif, Vpr and Vpu. Tat and

Rev are early products and are essential for productive

infection and virus replication. Tat is a transcriptional

transactivator of HIV gene expression and is crucial for

viral replication, cell-to-cell virus transmission and patho-

genesis (reviewed in [7��]); Tat is required for the expres-

sion of structural proteins and for the production of

infectious virus particles (reviewed in [7��]).

Infected cells release Tat very early after infection by a

leaderless secretory pathway (reviewed in [7��]). This

extracellular Tat can enter both infected and uninfected

cells, where it promotes HIV replication or modulates the

expression of cellular genes (transcription factors, cyto-

kines and genes that regulate the cell cycle and that are

important for HIV replication), respectively (reviewed in

[8]). Extracellular Tat also binds to specific cell-surface

receptors and phosphorylates tyrosine kinases, thus acti-

vating specific signal transduction pathways, and upregu-

lates the expression of chemokine receptors and the HIV

co-receptors CCR5 and CXCR4 (reviewed in [7��] and

[8]). Extracellular Tat also has important effects on

immunoregulatory functions (reviewed in [7��]). In par-

ticular, bioactive soluble Tat can selectively bind and

enter both immature and mature dendritic cells (DCs),

drive immature DC maturation and activation towards a

T-helper 1 (Th-1)-inducing phenotype [9��], gain access

to the major histocompatibility complex (MHC) class I

pathway of presentation [10,11], and modulate the pro-

teasome catalytic subunit composition, modifying the

hierarchy of the CTL epitopes presented in favor of

subdominant and cryptic epitopes [12��].

Both cellular and humoral Tat-specific immunity can

contribute to the control of infection and/or disease

progression. Because HIV-infected cells express Tat very

early after infection, vaccine-induced anti-Tat CTLs may

eliminate infected cells and block HIV infection at an

early stage [13]. In fact, rapid induction of anti-Tat CTLs

has been reported in naı̈ve rhesus macaques acutely

infected with the pathogenic SIVmac239 molecular

clone, leading to the selection of apparently less aggres-

sive virus variants [14]. Of utmost importance, these data

have been recently confirmed in patients enrolled before

seroconversion (i.e. shortly after exposure to the virus and

before anti-HIV antibodies [Abs] became detectable in

the serum) and in which a strong temporal correlation
Current Opinion in Biotechnology 2004, 15:543–556
between anti-Tat CTL appearance (as early as 8 days

post-infection), viral load decline, and CD4 T cell recov-

ery was found [15��]. Furthermore, anti-Tat Abs can

sequester the extracellular protein, thus preventing the

extracellular Tat-driven enhancement of infection and

immune dysregulation associated with them.

Consistent with this hypothesis, the presence of Tat-

specific CTL responses correlates with non-progression

to AIDS both in SIV-infected monkeys and in HIV-

positive individuals [16��,17–19]. Furthermore, anti-Tat

Abs, which are found only in a minority (15–20%) of HIV-

1-infected individuals, are almost exclusively present

during the asymptomatic phase of infection and correlate

with non-progression to AIDS (reviewed in [7��]; G Rezza

et al., personal communication). Whether this indicates

that neutralization of extracellular Tat can impact on

disease progression or is merely a reflection of an under-

lying effective and broad immune response is currently

under investigation. Tat is also highly conserved in its

immunodominant domains and likely to induce broad

immune responses, as suggested by the recent observa-

tion that sera from Ugandan and South African indivi-

duals infected with non-clade B HIV-1 strains cross-react

with the Tat protein of an HIV-1 clade B strain [20��].

Rev is also absolutely required for HIV replication. In

fact, it induces the transition from the early to the late

phase of gene expression and proviruses that lack Rev do

not produce virions. However, spontaneously occurring

mutations in Rev, which reduce but do not abolish HIV

late (i.e. structural) gene expression to levels undetect-

able by CTLs, have been reported and might represent a

possible mechanism to escape immune recognition [21�].
Like Tat, Rev is often targeted by CTLs in HIV-positive

individuals [22] and is broadly conserved among different

HIV-1 clades in its functionally constrained and immun-

odominant domains at the N terminus [23�], thus repre-

senting a potentially valuable vaccine target.

The accessory protein Nef is also expressed early during

the virus replication cycle, is essential for high-titer virus

production and is involved in HIV pathogenesis [24,25].

Nef downregulates the CD4 and MHC class I molecules

[26], thus diminishing the host immune response and

control of HIV infection. In macrophages, Nef induces

the production of several soluble factors responsible for

the recruitment and activation of resting T lymphocytes

and increased virus replication [27,28]. In DCs, Nef

promotes the expression of DC-SIGN (DC-specific inter-

cellular adhesion molecule 3 grabbing nonintegrin), a

transmembrane molecule present on the cell-surface

and capable of binding HIV particles and delivering them

to T lymphocytes. Therefore, the Nef-enhanced expres-

sion of DC-SIGN on DC membrane favors retention of

the infectious virus and cell-to-cell transmission [29�].
Consequently, immune containment of Nef functions
www.sciencedirect.com
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could significantly contribute to controlling HIV infec-

tion. The other accessory proteins, Vpr, Vpu and Vif,

which are expressed late in the virus life cycle, are also

immunogenic [30–33] and have been included in multi-

component candidate vaccine formulations to broaden

virus-specific immunity [31–33].

Vaccines based on single nonstructural
HIV proteins
Early expression, a critical role in the virus life cycle, the

conservation of immunogenic epitopes in different HIV-1

subtypes, and immunomodulatory functions are the key

features shared by Tat, Nef and Rev that make them

attractive vaccine targets.

Tat-based vaccines

Tat has been recently proposed as a novel vaccine target

on the basis of its early expression and immune-modulat-

ing properties. Systemic or mucosal immunization stra-

tegies, based on biologically active native Tat or

inactivated Tat, respectively, have been evaluated in

animal models and humans, with the aim of blocking

viral infection at a very early stage (abortive infection) or

to contain viremia and prevent progression to AIDS.

Vaccines based on biologically active Tat

The native, biologically active form of Tat or its DNA has

been proven to be safe and immunogenic in preclinical

and clinical studies (Table 1 and references therein). Of

note, the administration of wild-type Tat protein or DNA

to SHIV-infected monkeys with AIDS (B Ensoli et al.,
unpublished) or HIV-infected individuals [34,35] did not

fuel viral replication or cause any further reduction in

CD4+ T-cell counts, ruling out the most important safety

concern.

In a two-arm study [36,37], most cynomolgus macaques

immunized with the Tat protein or tat DNA were pro-

tected against intravenous challenge with the pathogenic

SHIV89.6P that encodes Tat of HIV-1 (Table 2). All

controls became overtly infected, with high viral load and

steep CD4+ T-cell decline. In 9 out of 12 vaccinated

animals neither plasma viremia nor CD4+ T-cell count

decline were detected, even though low numbers of

proviral DNA copies were sporadically found in a few

animals [36,37]. Protection correlated with the presence

of Tat-specific CTLs and tumor necrosis factor a produc-

tion by CD8+ T cells. Both Tat protein and tat DNA

elicited long-term specific memory T cells in protected

monkeys, which did not show signs of systemic infection

throughout a 104-week follow-up or even upon two

boostings with tetanus toxoid, a stimulus known to acti-

vate T cells and to increase virus replication [38�]. Thus,

vaccination of nonhuman primates with biologically

active Tat alone was safe, induced humoral and cellular

immune responses, and protected against intravenous

challenge with a pathogenic SHIV. Phase I clinical trials
www.sciencedirect.com
with the biologically active Tat protein are ongoing in

Italy to evaluate the safety and immunogenicity of pre-

ventive or therapeutic vaccination in HIV-negative or

HIV-positive individuals, respectively. In view of future

phase II/III trials, virologic, immunologic and feasibility

studies are also ongoing in Africa.

The development of second-generation Tat-based vac-

cines is aimed at obtaining easily administrable formula-

tions with increased shelf-life and efficacy (Table 1).

Novel approaches based on new delivery systems [39,40�,
41–43] or employing codon-optimized or ubiquitin-

tagged tat DNA [44] triggered potent cellular responses

against Tat in mice (Table 1). As HIV is mainly trans-

mitted via the mucosal route, strategies to obtain mucosal

vaccines to elicit protective topical responses have also

been undertaken (Table 1). Intranasal vaccination with

biologically active Tat protein alone was also safe and

immunogenic in mice [45�,46�,47].

Vaccines based on inactivated Tat or Tat peptides

Although immunization with native Tat is safe (reviewed

in [7��]) (Tables 1, 2 and 3), mutants lacking the trans-

activating activity or a chemically inactivated Tat protein

(Tat toxoid) were also evaluated as candidate vaccines

(Tables 2 and 3). Transdominant negative mutants of tat
were as immunogenic as wild-type tat DNA in mice [48]

and are being evaluated in nonhuman primate trials. Tat

toxoid was also safe and immunogenic in rodents, maca-

ques and HIV-negative or HIV-positive individuals

[49–55] (Tables 1, 2 and 3). In efficacy studies in rhesus

macaques (Table 2), vaccination with Tat toxoid (or

native Tat) was partially protective against intrarectal

challenge with the pathogenic SHIV89.6PD [52]. Ani-

mals that controlled infection mounted both humoral and

cellular responses before challenge, suggesting the invol-

vement of both arms of immunity in containing infection.

In another study [55], immunization with Tat toxoid or

biologically active Tat did not protect against intravenous

challenge with SHIV89.6P, despite the presence of virus-

specific humoral and cellular immunity (Table 2). Differ-

ences in vaccine design and formulation, adjuvant, sche-

dule and route of immunization, and dose of challenge

virus may account for these discrepancies (Table 2).

Vaccination with Tat peptides has also been evaluated

and found safe and immunogenic in several preclinical

trials (Tables 1 and 2). Candidate vaccine formulations

based on a multipeptide conjugate, including three func-

tional domains of Tat from HIV-1 groups M and O [56], or

on several HIV-1 clade B Tat peptides [57] elicited

broadly reactive Abs capable of recognizing the whole

protein and blocking its biological functions. In another

immunization study, vaccination of monkeys with Tat

peptides encompassing Tat B-cell epitopes has provided

evidence for a role of anti-Tat Abs in containing plasma

viremia [58].
Current Opinion in Biotechnology 2004, 15:543–556
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Table 1

Safety and immunogenicity of vaccines based on nonstructural HIV/SIV antigens in small animal models.

Modelc Immunizationa Immune

responsesb
Refs

Immunogen Dose (No. of vaccine

administrations)d
Adjuvante Routef Abg Cellular

Thh CTLi

Mouse HIV nef DNA 2 mg (1) None im ND ND + [59]

Mouse HIV tat, rev or nef DNA 1–100 mg (1–3) None im, ie + + ND [84]

Mouse HIV nef DNA or HIV nef, rev,

env and gag � tat DNA

2–100 mg (1–3) None im, ie + + ND [84]

Hu-PBL-SCID

mouse

HIV rev and env DNA or

nef, rev or tat DNA

1–100 mg (1–3) None ip, id + +/� ND [84]

Mouse HIV Tat, Rev or Nef protein 5–50 mg (2) CFA, RIBI sc + ND ND [84]

Mouse HIV tat, rev, nef, env

and gag DNA

5–10 mg (3) None im, id, ie,

in, ito

+ + ND [85]

Mouse HIV tat, rev, nef, env

and gag DNA

20 mg (2–3) None in + + ND [86]

Mouse HIV Tat toxoid 5–20 mg (2) CFA, IFA im + ND ND [51]

Mouse HIV tat DNA (inactivated

mutants)

100 mg (6) None im +/� + ND [48]

Mouse HIV vif, vpu and nef DNA 100 mg (2–3) None im ND + + [33]

Mouse HIV Tat multiple peptide

conjugate

10–100 mg (3) CFA, IFA ip + +/� ND [56]

Mouse HIV Tat toxoid 25–100 mg (3–9) IMS, CHI, PLG im, in, o + ND ND [54]

Mouse HIV tat, rev or nef DNA

in pBN-vector

1–25 mg (6) None ie, im, id +/�j + + [87]

A2.01

transgenic

mouse

HIV tat, rev, nef DNA

alone or combined

10–50 mg (2) None im + + ND [66]

Mouse HIV Tat protein 10 mg (4) LT-R192G in ND ND + [47]

Mouse DNA, SFV and MVA encoding

SIV gag and env and HIV

(clade A) env, gag, pol and

nef CTL epitopes (HIVA)

50 mg DNA (1–2) �
5 � 108 pfu MVA (1) or

50 mg DNA (1–2) � 106

IU SFV (1) or 5 � 108 pfu

MVA (1–2) or 106 IU SFV

(1–2) or 106 IU SFV

(1) + 5 � 108 pfu MVA (1)

None im, id ND ND + [88]

Mouse HIV Tat protein 10 mg (4) LT-R72, Alum, IFA in, sc + + + [46�]

Mouse HIV Tat protein 10 mg (4) None, MALP-2 in, id + + + [45�]

Mouse HIV Tat protein 0.2–10 mg (4) CFA, RBCs ip + + + [89�]

Mouse HIV tat DNA 1–30 mg (6) Cationic block

copolymers

im – + + [40�]

HLA

transgenic

mouse

DNA encoding HIV gag,

pol, env, rev, nef

and vpr epitopes

100 mg (2) None im ND ND + [90]

Mouse HIV Tat protein 10 mg (3) Alum sc + + ND [42]

Mouse HIV Tat protein 5 mg (2) ANPs, Alum,

Lipid A

sc + + + [42]

Mouse DNA and MVA encoding

consensus HIV (clade A),

env, tat, rt and nef

sequences + SIV Tat SL8 and

Plasmodium berghei mouse

CTL epitopes (RENTA)

25 mg DNA (1) or 106 pfu

MVA (1) or 25 mg DNA

(1) + 106 pfu MVA (1)

None im ND ND + [76]

Mouse DNA and MVA encoding SIV gag

and env and HIV (clade A) env,

gag, pol and nef CTL epitopes

(HIVA) + DNA and MVA encoding

consensus HIV (clade A) env, tat,

rt and nef sequences + SIV Tat

SL8 and P. berghei mouse CTL

epitopes (RENTA)

25 mg DNA (HIVA or

RENTA) (1) or 5 � 104

pfu MVA (HIVA or

RENTA) (1) or 25 mg

of each DNA (1) + 5 � 104

pfu of each MVA (1)

None im ND ND + [76]

Mouse HIV tat DNA (codon-optimized;

ubiquitin-tagged and

codon-optimized)

100 mg (4) None im ND + + [44]

Current Opinion in Biotechnology 2004, 15:543–556 www.sciencedirect.com
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Table 1 Continued

Modelc Immunizationa Immune

responsesb
Refs

Immunogen Dose (No. of vaccine

administrations)d
Adjuvante Routef Abg Cellular

Thh CTLi

Mouse HIV Tat protein 0.5–2 mg (3) None, AMPs,

Alum

im + + + k

Rabbit HIV Tat toxoid 1–250 mg (2) CFA, IFA id, im + ND ND [51]

Rabbit HIV Tat protein 100 mg (4) CFA, IFA id + ND ND [91]

aNo toxic effects were observed in the studies cited in the table. MVA, modified vaccinia Ankara; SFV, Semiliki Forest virus. b+, � 50%

responders; +/�, <50% responders; �, no responders; ND, not done. cHu-PBL-SCID mice are mice reconstituted with human peripheral

blood lymphocytes. dIU, infectious units; pfu, plaque forming units. eCFA, complete Freund’s adjuvant; RIBI, an oily adjuvant emulsion

containing bacterial and mycobacterial cell walls; IFA, incomplete Freund’s adjuvant; IMS, trade name of an oily adjuvant emulsion;

CHI, nanoparticles of chitosan on which the Tat toxoid was loaded; PLG, polylactide-co-glycolide microparticles on which the Tat toxoid was

loaded; LT-R72 and LT-R1926, non-toxic mutants of Escherichia coli heat labile enterotoxin; Alum, aluminium hydroxide or phosphate;

AMPs, anionic microparticles; ANPs, anionic nanoparticles; MALP-2, 2 kDa macrophage-activating lipopeptide from Mycoplasma

fermentans; RBCs, red blood cells. fim, intramuscular; ie, intraepidermal, by gene gun delivery; ip, intraperitoneal; id, intradermal; sc,

subcutaneous; in, intranasal; ito, intratongue; o, oral. gAntibody (IgG, IgA) responses measured by enzyme-linked immunosorbent assay

(ELISA). hT-helper (Th) response evaluated by lymphoproliferative assay or intracellular cytokine staining. iCTLs were evaluated either by

cytotoxic assay or interferon-g secretion/expression (ELISA, enzyme-linked immunospot or intracellular cytokine staining). jAb response

detected only for Nef. kA Caputo, unpublished.
Nef-based vaccines

Vaccination with HIV nef DNA was first reported to

induce specific CTLs in mice by Asakura et al. [59]

(Table 1). More recently, vaccination with SIV nef
DNA was shown to be safe and to protect macaques

against SIV-induced disease [60] (Table 2). The safety

and immunogenicity of HIV-1 Nef delivered as plasmid

DNA or as recombinant viral vector (modified vaccinia

Ankara, MVA) as a therapeutic vaccine was also proven in

HIV-infected individuals [34,61] (Table 3). Strong Nef-

specific CD4 T-cell responses were elicited that were

comparable with those generally detected in long-term

non-progressors, suggesting that therapeutic vaccination

with Nef might provide valuable HIV-specific immune

responses [61].

Rev-based vaccines

So far, Rev alone as vaccine antigen has been used only

for therapeutic vaccination. Administration of rev plasmid

DNA to HIV-1-infected individuals was safe and immu-

nogenic [34], in both HAART-treated and HAART-naı̈ve

individuals [35] (Table 3).

Vaccines based on multiple nonstructural
HIV proteins
Multiantigen vaccination based on nonstructural HIV

proteins aims at inducing broad immunity to multiple

viral targets, to maximize the control of infection while

minimizing the emergence of escape viral mutants. Tat-

Rev combined vaccines protected macaques against sys-

temic infection upon intravenous or intrarectal challenge

with SIVmac32H or SHIV-BX08, respectively [62,63]

(Table 2). Comparative studies in an SIV monkey model

[64�] showed that vaccination with Tat and Rev elicits

more effective CTL responses than immunization

against structural Gag and Pol proteins (Table 2), under-
www.sciencedirect.com
scoring the importance of immune-targeting early virus

proteins.

In a monkey pilot study, Vpr suppressed the benefits of

nef DNA vaccination by compromising antigen-specific

T-cell immunity [60,65] (Table 2). In fact, co-immuniza-

tion with SIV nef and vpr/vpx (SIV protein with Vpr-like

functions) abolished the protective effects of vaccination

with nef alone against intrarectal challenge with patho-

genic SHIV [60] (Table 2). By contrast, immunization

with tat, rev and/or nef DNA elicited humoral and cellular

responses in mice [66] (Table 1). In macaques, vaccina-

tion with Retanef, a polyprotein comprising Rev, Tat and

Nef, induced cellular responses to all gene products

[67,68] (Table 2). In asymptomatic HIV-1-infected indi-

viduals intramuscular administration of plasmid DNA

encoding Rev, Tat and Nef was safe and improved

cellular (T-helper and CTL), but not humoral, immune

responses [69�] (Table 3).

Vaccines based on multiple structural and
nonstructural HIV proteins
Additional promising approaches to AIDS vaccines are

based on the exploitation of antiviral immunity to both

structural and nonstructural (late and early) HIV pro-

ducts. Antibody and cellular responses generated through

a DNA prime-protein boost regimen (which consists of

the consecutive administration of the same immunogen

both as DNA and protein and is aimed at enhancing both

specific humoral and cellular responses) including Tat,

Gag and Env protected macaques against infection and/or

SHIV89.6P-induced disease [70�]. Also, a vaccine com-

bining Env with a Tat–Nef fusion protein, but not

vaccines based on the single component, was effective

at containing virus replication in macaques challenged

with SHIV89.6P [71�]. Similar vaccine approaches based
Current Opinion in Biotechnology 2004, 15:543–556
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Table 2

Safety, immunogenicity and efficacy of vaccines based on nonstructural HIV/SIV antigens in non-human primate models.

Immunizationa Pre-

challenge

immune

responsesb

Challenge Protection

from

infectionh

Protection

from

diseasei

Refs

Immunogen Dose (No. of vaccine

administrations)

Adjuvantc Routed Abe Cellular Virus Dose MID50 Routed

Thf CTLg

Monkey HIV Tat, Rev, Nef, Env and

Gag, DNA and protein

10 mg DNA (4) + 50 mg of

protein (2) for each antigen

Gold particles,

RIBI

ie, im + + �j SHIV-4 10 (MID100) iv No N/A [92]

Monkey HIV Tat protein 6–10 mg (8) + 16 mg in

ISCOMs (1)

RIBI, Alum,

ISCOMs

sc, id + + + SHIV89.6P 10 iv Yes (5/7) Yes (5/7) [36]

Monkey SFV and MVA viral vectors

expressing SIV Tat and Rev

108–9 TCID50 SFV-tat and

rev (2) + 108–9 TCID50

MVA-tat and rev (2)

None im ND ND ND SIVmac32H 50 iv Yes (2/2) NA [62]

Monkey DNA and MVA encoding SIV

gag and env and HIV env, gag,

pol and nef CTL epitopes

8 mg DNA (2) + 5 � 108

pfu MVA (2)

None id ND ND +k SIVmac251 20 ir Yes (1/3) Yes (1/3) [74]

Monkey HIV Tat protein 10–40 mg (5) Poly-phosphazene,

IFA

id, im + + ND SHIV89.6P 2500

(TCID50)

ir Yes (2/4) Yes (1/4) [52]

Monkey HIV Tat toxoid � Env

(vaccinia virus and protein)

Tat toxoid 20–80 mg (5),

gp120 100 mg (2)

Poly- phosphazene,

IFA

id, im + + ND SHIV89.6P 2500

(TCID50)

ir Yes(6/12) Yes(2/12) [52]

Monkey HIV Tat peptides (2) 0.1–0.5 mg of each

peptide (3–4)

CFA, IFA im + ND ND SHIV33 or

SHIV33A

50/200 iv No N/A or No [58]

Monkey HIV Tat protein 20 mg (3) Alum, MPL sc + + + SHIV89.6P �100 iv No No l

Monkey HIV tat DNA and Tat protein 0.2–1 mg DNA (8) + 16 mg

protein in ISCOMs (1)

ISCOMs id, im + + + SHIV89.6P 10 iv Yes (4/5) Yes (4/5) [37]

Monkey MVA encoding SIV env, gag,

pol, tat, rev, nef

1 � 108 pfu MVA (3) None im +m � � SIVsm 10 ir No N/A [79]

Monkey MVA and SFV encoding SIV

env, gag, pol, tat, rev, nef

1 � 108 pfu SFV

(2) + 1 � 108 pfu MVA (2)

None im +m � + SIVsm 10 ir No N/A [79]

Monkey HIV env, rev and SIV gag,

pol DNA

0.2–0.5 mg of each DNA

(5 + 2 + 2)

None im ND +/� +/� SHIVIIIB +

SIVmac239 +

SHIV89.6P

10+10 + 10 iv Yes (3/8)

Yes (3/3)

Yes (3/3)

Yes (3/8)

Yes (3/3)

Yes (3/3)

[93]

Monkey DNA and NYVAC viral vector

expressing SIV Rev, Tat and

Nef chimeric gene (Retanef)

4 mg DNA (3) + 108 pfu

NYVAC (1)

None id, im ND ND + N/A N/A N/A N/A N/A [67,68]

SIVmac251-

infected

monkey

DNA or NYVAC viral vector

expressing SIV Rev, Tat and

Nef chimeric gene (Retanef)

4 mg DNA (1) or 108 pfu

NYVAC (1)

None id, im ND ND + N/A N/A N/A N/A N/A [67,68]

Monkey Ad5hr-SIVenv/rev 5 � 108 pfu (2) None in + o, it ND ND + N/A N/A N/A N/A N/A [94�]

Monkey Ad5hr-SIVenv/rev + SIV

Env booster

5 � 108 pfu Ad5hr (2) +

100 mg gp120 (2)

MPL-SE in, o + im ND ND + N/A N/A N/A N/A N/A [94�]

Monkey pAd5hr-SIVenv/rev and
pAd5hr-SIVnef + SIV

Env booster

5 � 108 pfu of each Ad5hr

(2) + 100 mg gp120 (2)

MPL-SE in, o + im ND ND + N/A N/A N/A N/A N/A [94�]

Monkey DNA and MVA encoding SIV

gag and env and HIV

(clade A) env gag, pol and

nef CTL epitopes (HIVA)

8 mg DNA (2) + 5 � 108

pfu MVA (2)

None id ND ND + N/A N/A N/A N/A N/A [95]
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Monkey SIV gag, pol, vif, vpx and vpr

and HIV env, tat and rev DNA

(+ MVA-gag, pol, nef booster)

0.25/2.5 mg (2) DNA

(+ 2 � 108 pfu MVA) (1)

None id, im ND ND +n SHIV89.6P NA ir No Yes (24/24) [31,32]

Monkey HIV Tat protein 100 mg (4) IFA im + + + SHIV89.6P 30 iv No Yes (1/8) [53,55]

Monkey HIV Tat toxoid 100 mg (4) IFA im + + + SHIV89.6P 30 iv No Yes (1/8) [53,55]

Monkey SIV tat DNA and MVA 32 mg DNA (3) + 5 � 108

pfu MVA (1)

Gold particles

(for DNA)

ie, id, ir ND + + SIVmac239 3160

(TCID50)

ir No No [96]

Monkey SFV and MVA vectors

expressing SIV Tat and Rev

108–9 TCID50 SFV-tat and rev

(2) + 108–9 TCID50 MVA-tat

and rev (2)

None im + + + SIVmac32H 50 iv Yes (2/4)o NA [64�]

Monkey SFV and MVA vectors

expressing HIV Tat

108 TCID50 SFV-tat (2) + 108

TCID50 MVA-tat (2)

None sc, im � ND � SHIV-BX08 10 ir Yes (1/4) N/A [63]

Monkey SFV and MVA vectors

expressing HIV Tat and Rev

108 TCID50 SFV-tat and

rev (2) + 108 TCID50

MVA-tat and rev (2)

None sc, im � ND + SHIV-BX08 10 ir Yes (1/4) N/A [63]

Monkey HIV tat and rev DNA and

MVA vectors expressing

HIV Tat and Rev

0.1 mg (5) + 0.25 mg (2)

DNA + 108 TCID50 MVA-tat

and rev (2)

IL-12 DNA

(500 mg)

id, im � ND � SHIV-BX08 10 ir Yes (2/4) N/A [63]

Monkey SIV nef DNA 0.1–0.5 mg of each

plasmid (9)

None im ND ND ND SIVmac239 NA ir No Yes (2/2) [60]

Monkey SIV nef, vpr and vpx DNA 0.1–0.5 mg of each

plasmid (9)

None im ND ND ND SIVmac239 NA ir No No (2/2) [60]

Monkey HIV Nef-Tat fusion protein

and SIV Nef protein

20 mg (3) AS02A im + ND ND SHIV89.6P 5–50 iv No No [71�]

Monkey HIV Nef-Tat fusion protein,

SIV Nef and Env proteins

20 mg (3), Env 100 mg (3) AS02A or

AS06

im + ND ND SHIV89.6P 5–50 iv Yes (5/8) Yes (5/8) [71�]

Monkey SIV tat, rev, nef and gag DNA

and MVA vectors expressing

SIV Tat, Rev, Nef and Gag

32–64 mg of each

DNA (6), 108 IU of

each vector

Gold particles

(for DNA)

ie, o, id,

in, iv

ND + + SIVmac239 10 ir No NA [72]

Monkey HIV Tat, DNA and protein 0.5 mg DNA (3) + 25 mg

protein in ISCOMs (3)

ISCOMs im + + + SHIV89.6P 50 iv No No [70�]

Monkey HIV Tat and Env and SIV Gag,

DNA and protein

0.5 mg DNA of each Ag

(3) + 25 mg protein in

ISCOMs (3)

ISCOMs im + + + SHIV89.6P 50 iv Yes (1/4) Yes (4/4) [70�]

Monkey DNA and MVA encoding SIV

gag and env and HIV (clade A)

env, gag, pol and nef

CTL epitopes (HIVA) + DNA and

MVA encoding HIV (clade A) env,

tat, rt and nef sequences +

SIV Tat mouse CTL

epitopes (RENTA)

1 mg of each DNA (HIVA or

RENTA) (2) + 5 � 107 pfu

of each MVA (2)

None im ND ND + N/A N/A N/A N/A N/A [76]

Monkey SIV env and rev DNA or pAd5hr-

SIV env/rev + pAd5hr-SIV

env/rev booster and SIV Env

3 mg DNA (1 or 2) and/or

109 pfu Ad5hr (1) + 109

pfu Ad5hr (1) + 100 mg

gp120 (2)

None in, it, id +q +q +q N/A N/A N/A N/A N/A [97]

Monkey DNA, SFV and MVA encoding

SIV gag, pol, tat, rev, nef

and env

100 mg DNA/each Ag

(1) + 108 IU SFV/each

Ag (2) + 108 TCID50

MVA of each Ag (1)

None id, sc, im + + + SIVmac251 50 ir Yes (3/4) NA [78��]

Monkey DNA and MVA or vaccinia

virus expressing HIV Tat,

Rev, Nef, Gag, Env and RT

0.25–0.5 mg DNA/each

Ag (2–3) + 108 pfu MVA

(2) or vaccinia (1)

GM-CSF im + ND + SHIV-4 25 iv Yes (2/4) N/A [77]
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Table 2 Continued

Immunizationa Pre-

challenge

immune

responsesb

Challenge Protection

from

infectionh

Protection

from

diseasei

Refs

Immunogen Dose (No. of vaccine

administrations)

Adjuvantc Routed Abe Cellular Virus Dose MID50 Routed

Thf CTLg

Monkey DNA and MVA or vaccinia virus

expressing HIV Tat, Rev, Nef,

Gag, Env and RT

0.25–0.5 mg DNA/each

Ag (2–3) + 108 pfu

MVA (2) or vaccinia (1)

GM-CSF im, ir, o + ND + SHIV-4 25 iv Yes (4/4) N/A [77]

Monkey HIV tat DNA and Tat protein 1 mg DNA (7) + 25 mg

protein in ISCOMs (2)

None im + + + N/A N/A N/A N/A N/A r

Monkey HIV Tat protein 6 mg (11) None id + + + N/A N/A N/A N/A N/A r

aNo toxic effects were observed in the studies cited in the table. MVA, modified vaccinia Ankara; NYVAC, New York vaccinia; SFV, Semiliki Forest virus. b+, � 50% responders; +/�,

<50% responders; �, no responders; ND, not done. cRIBI, an oily adjuvant emulsion containing bacterial and mycobacterial cell walls; Alum, aluminium hydroxide or phosphate;

ISCOMs, immunostimulating complex composed of Quillaja saponins, cholesterol, phospholipids and protein; IFA, incomplete Freund’s adjuvant; CFA, complete Freund’s adjuvant;

MPL, monophosphoryl lipid A; MPL-SE, squalene-based stable emulsion containing MPL; IL-12, interleukin-12; AS020A, an oil-in-water emulsion containing 3D-MPL and the saponin QS21;

AS06, aluminium hydroxide plus CPG sequence-containing oligonucleotide 1826; GM-CSF, granulocyte-monocyte colony-stimulating factor. die, intraepidermal by gene gun delivery;

im, intramuscular; sc, subcutaneous; id, intradermal; in, intranasal; o, oral; it, intratracheal; ir, intrarectal; iv, intravenous. eAb, antibody (IgG, IgA) responses measured by ELISA. fT-helper

(Th) response evaluated by lymphoproliferative assay. gCTLs were evaluated either by cytotoxic assay, interferon-g secretion/expression (ELISA, ELIspot or intracellular cytokine staining) or

tetramer staining. hProtection from infection is defined as undetectable or transiently detectable low acute viremia. iProtection from disease is defined as a significantly lower peak viremia and/or

viral setpoint and maintenance of normal CD4 T cell counts as compared to infected control animals. Fractions refer to the number of animals protected from infection or disease per total

number of treated animals in the group. NA, not available; N/A, not applicable. jCTLs anti-Tat, Rev or Gag were not evaluated. kOnly CTLs to the SIV Gag epitope p11C were measured. lJW

Shiver, report at the 18th annual symposium on non-human primate models for AIDS, 2000. mAb response evaluated only for Env, Gag and Nef. nOnly anti-Gag responses were evaluated.
o2/4 animals with undetectable plasma viral load but transiently positive cellular viremia. pAd5hr, adenovirus type 5 host range. qImmune responses were evaluated only against Env. rB

Ensoli, unpublished.
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Table 3

Phase I/II clinical trials evaluating vaccines based on nonstructural HIV/SIV antigens.

Recipients Immunizationa Immune

responseb
Refs

Immunogen Dose (No. of vaccine

administrations)c
Adjuvantd Routee Abf Cellular

Thg CTLh

HIV-positive or

HIV-negative individuals

HIV Tat toxoid 50–100 mg IFA im + +/� ND [49]

HIV-positive individuals HIV tat, rev or nef DNA 100 mg (3) None im +/� + + [34,35]

HIV-negative individuals env/rev DNA 0.1–1 mg (4) None im – +/� +/�i [98]

HIV-positive individuals MVA expressing HIV Nef 5 � 108 IU MVA (3) None sc +/� + +/� [61]

HIV-positive individuals HIV tat, rev and nef DNA 100 mg (1) + 300 mg (1) + 600 mg

(1) for each antigen

None im � + +/� [69�]

HIV-negative individuals DNA and MVA encoding

SIV gag and env and HIV

(clade A) env, gag, pol

and nef CTL epitopes (HIVA)

100 or 500 mg DNA (2) or

5 � 107 pfu MVA (2) or 100

or 500 mg DNA (2) + 5 � 107

pfu MVA (1)

None im, id � ND + [75]

aNo toxic effects were observed in the studies cited in the table. MVA, modified vaccinia Ankara. b+, � 50% responders; +/�, <50%

responders; –, no responders; ND, not done. cIU, infectious units; pfu, plaque-forming units; dIFA, incomplete Freund’s adjuvant; eim,

intramuscular; sc, subcutaneous; id, intradermal; fAb, antibody (IgG, IgA) responses measured by ELISA; gT-helper (Th) response

evaluated by lymphoproliferative assay or intracellular cytokine staining; hCTLs were evaluated either by cytotoxic assay or interferon-g

secretion/expression (ELISA, enzyme-linked immunospot or intracellular cytokine staining). iCTL responses were mostly CD4-T-cell

mediated.
on various combinations of nonstructural (Tat, Rev and

Nef) and structural (Gag and Env) HIV-1 gene products

are being evaluated in preclinical and clinical trials in

Europe within the AIDS Vaccine Integrated Project

(AVIP; http://www.iss.it). The aim of AVIP is to exploit

both the antigenicity and adjuvanticity (i.e. immunomo-

dulatory activities) of Tat and to elicit effective immunity

to both early and late HIV products.

In chronically infected macaques under antiretroviral

therapy (ART), immunization with SIV Retanef, Gag

and Pol expanded virus-specific CD4+ and CD8+ T-cell

responses to both regulatory and structural proteins and

correlated with the containment of viremia upon ART

discontinuation [67,68] (Table 1). A DNA/MVA prime-

boost regimen [72] based on structural (Gag) and non-

structural (Tat, Rev and Nef) proteins was only partially

effective against SIV mucosal challenge, containing acute

viremia until week three post-exposure. Although pre-

and post-challenge cellular responses were detected

against all vaccine viral antigens, nAbs against the chal-

lenge virus were barely detectable six months after virus

exposure, suggesting that multispecific CTLs can contain

acute viremia but cannot control chronic infection in the

absence of nAbs [72] (Table 2). A phase I clinical trial

based on HIV-1 clade B Tat, Rev, Nef and Gag is planned

(http://chi.ucsf.edu/vaccines). In another study, com-

bined vaccination with Tat, Nef and gp120 protected

macaques from heterologous SHIV-induced disease, in

contrast to immunization against Tat and Nef or gp120

alone (Table 2) [71�], and is under clinical evaluation

(http://chi.ucsf.edu/vaccines).
www.sciencedirect.com
Co-immunization against SIV Gag, Pol, Vif, Vpx and Vpr,

and against HIV-1 Env, Tat and Rev contained viremia

levels and protected all vaccinated rhesus macaques from

acute disease upon intrarectal challenge with the patho-

genic SHIV89.6P, whereas all controls developed AIDS

[31,32]. Phase I clinical trials based on vaccination with

DNA encoding HIV-1 clade B structural env, gag, pro and

rt, and nonstructural vpu, tat and rev are ongoing at Emory

University or planned by GeoVax in the United States

(http://chi.ucsf.edu/vaccines).

Vaccination with multiple conserved CTL epitopes from

structural and nonstructural HIV antigens has been

recently developed with the aim of inducing CTLs cap-

able of preventing or containing HIV infection at very

early stages. A DNA prime-MVA boosting vaccination

with a string of partially overlapping epitopes from Env,

Gag, Pol and Nef has been shown to be safe and immuno-

genic in mice [73] and to induce anti-Gag CTLs, prevent-

ing infection upon intrarectal challenge in one of three

macaques [74]. More recently, a clade A HIV poliepitope

vaccine (HIVA) consisting of 73% of the Gag protein fused

to a string of 25 partially overlapping CTL epitopes has

been generated for phase III efficacy trials in Kenya.

Results from phase I studies indicate that HIVA is safe

and immunogenic in humans [75]. Very recently a novel

fusion protein from consensus HIV clade A sequences of

Tat, RT, Nef and gp41 (RENTA) has been engineered

and found to be safe and immunogenic in mice and

monkeys, alone or combined with the HIVA multiepitope

[76]. A DNA prime-MVA boosting approach combining

RENTA and HIVA is planned to enter clinical trials.
Current Opinion in Biotechnology 2004, 15:543–556
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Conclusions
Overall, nonstructural vaccine targets have proven to be

safe and immunogenic in preclinical and clinical trials.

Promising efficacy data have also been obtained in non-

human primates, where immunity to nonstructural viral

proteins provided or contributed to long-lasting protec-

tion against challenge with pathogenic SIV or SHIV

strains [36,37,52,62,63,64�,70�,71�,74,77,78��]. In particu-

lar, novel vaccine strategies combining nonstructural and

structural antigens aim at inducing broad cellular and

humoral immunity to eliminate infected cells and to

neutralize infectious virions or the activity of infection-

enhancing viral proteins, respectively. How many and

which of the HIV-1 proteins have to be combined to

obtain a broadly effective HIV/AIDS vaccine remains to

be determined. The optimization of formulations and

immunization schedules will also be important, especially

in view of the risk that structural, immunodominant viral

products such as Gag and Env might diminish the gen-

eration or maintainance of responses against small reg-

ulatory proteins. This potential complication was

suggested by preclinical studies that included Gag,

Env, Tat, Rev and Nef [70�,77,78��,79] and by the pattern

of immune responses detected in the course of the natural

infection [22,80�–82�]. Such difficulties may be overcome

by a rational vaccine design, where priming with less

immunogenic antigens precedes immunization with

stronger immunogens or vaccination is performed simul-

taneously with all antigens but at different sites. These

strategies are currently under evaluation within AVIP, an

EU Commission awarded integrated project (6th Frame-

work Programme). In this project, several combinations of

nonstructural and structural gene products are being

tested in preclinical studies to select the best candidates

that will enter phase I preventive and therapeutic trials.

Preliminary data in monkeys indicate that sequential

immunization with Tat protein followed by Gag elicits

humoral and cellular responses to both antigens (B

Ensoli, unpublished). The polyvalent vaccine approach

is, to date, the most promising for both therapeutic and

prophylactic efficacy, as indicated by preclinical studies

(Table 2). Although several phase I/II clinical trials have

already proven the safety and immunogenicity of multi-

component vaccines based on early and late viral genes,

phase IIb and III trials are urgently needed for valida-

tion of the proof-of-concepts (e.g. the identification of

immune correlates of protection, the determination of

immune response durability, the validation of nonhu-

man primates as animal models for AIDS vaccines, and

evaluation of the impact of HIV variability on cross

recognition) and to demonstrate efficacy. The recent

call for the constitution of a ‘global HIV vaccine enter-

prise’ [83] represents a major advance and it could

provide the HIV vaccine field with the critical mass

necessary to speed up vaccine development and testing,

hopefully answering the many questions that still chal-

lenge us.
Current Opinion in Biotechnology 2004, 15:543–556
Acknowledgements
We thank Annamaria Carinci for editorial assistance.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

� of special interest
�� of outstanding interest

1. Yang QE: Eradication of HIV in infected patients: some
potential approaches. Med Sci Monit 2004, 10:RA155-RA165.

2. Hulskotte EG, Geretti AM, Osterhaus AD: Towards an HIV-1
vaccine: lessons from studies in macaque models.
Vaccine 1998, 16:904-915.

3. Whitney JB, Ruprecht RM: Live attenuated HIV vaccines: pitfalls
and prospects. Curr Opin Infect Dis 2004, 17:17-26.

4. Letvin NL, Barouch DH, Montefiori DC: Prospects for vaccine
protection against HIV-1 infection and AIDS. Annu Rev Immunol
2002, 20:73-99.

5. Goulder PJ, Watkins DI: HIV and SIV CTL escape: implications
for vaccine design. Nat Rev Immunol 2004, 4:630-640.

6. Ferrantelli F, Ruprecht RM: Neutralizing antibodies against
HIV–back in the major leagues? Curr Opin Immunol 2002,
14:495-502.

7.
��

Caputo A, Gavioli R, Ensoli B: Recent advances in the
development of HIV-1 Tat-based vaccines. Curr HIV Res:
in press.

Comprehensive and up-to-date review on Tat and Tat-based vaccines.

8. Barillari G, Ensoli B: Angiogenic effects of extracellular human
immunodeficiency virus type 1 Tat protein and its role in the
pathogenesis of AIDS-associated Kaposi’s sarcoma.
Clin Microbiol Rev 2002, 15:310-326.

9.
��

Fanales-Belasio E, Moretti S, Nappi F, Barillari G, Micheletti F,
Cafaro A, Ensoli B: Native HIV-1 Tat protein targets monocyte-
derived dendritic cells and enhances their maturation,
function, and antigen-specific T cell responses.
J Immunol 2002, 168:197-206.

The first demonstration that bioactive Tat protein, but not its oxidized
counterpart, may act as an adjuvant.

10. Kim DT, Mitchell DJ, Brockstedt DG, Fong L, Nolan GP,
Fathman CG, Engleman EG, Rothbard JB: Introduction of
soluble proteins into the MHC class I pathway by conjugation
to an HIV tat peptide. J Immunol 1997, 159:1666-1668.

11. Moy P, Daikh Y, Pepinsky B, Thomas D, Fawell S, Barsoum J:
Tat-mediated protein delivery can facilitate MHC class I
presentation of antigens. Mol Biotechnol 1996, 6:105-113.

12.
��

Gavioli R, Gallerani E, Fortini C, Fabris M, Bottoni A, Canella A,
Bonaccorsi A, Marastoni A, Micheletti F, Cafaro A et al.: HIV-1 Tat
protein modulates the generation of cytotoxic T cell epitopes
by modifying proteasome composition and enzymatic activity.
J Immunol 2004, 173:3838-3843.

The first demonstration that both endogenous and exogenous HIV-1 Tat
protein may modulate antigen processing leading to increased presenta-
tion of subdominant and cryptic epitopes.

13. Gruters RA, van Baalen CA, Osterhaus AD: The advantage of
early recognition of HIV-infected cells by cytotoxic
T-lymphocytes. Vaccine 2002, 20:2011-2015.

14. Allen TM, O’Connor DH, Jing P, Dzuris JL, Mothe BR, Vogel TU,
Dunphy E, Liebl ME, Emerson C, Wilson N et al.: Tat-specific
cytotoxic T lymphocytes select for SIV escape variants during
resolution of primary viraemia. Nature 2000, 407:386-390.

15.
��

Cao J, McNevin J, Malhotra U, McElrath MJ: Evolution of CD8+ T
cell immunity and viral escape following acute HIV-1 infection.
J Immunol 2003, 171:3837-3846.

Shows that early anti-Tat CTL responses correlate with initial control of
viremia, drive escape mutant selection and are rapidly lost in the absence
of HAART treament.

16.
��

O’Connor DH, Allen TM, Vogel TU, Jing P, DeSouza IP, Dodds E,
Dunphy EJ, Melsaether C, Mothe B, Yamamoto H et al.: Acute
www.sciencedirect.com



Nonstructural HIV proteins as vaccines antigens Ferrantelli, Cafaro and Ensoli 553
phase cytotoxic T lymphocyte escape is a hallmark of simian
immunodeficiency virus infection. Nat Med 2002, 8:493-499.

Demonstrates that early after infection strong CTL activity is mainly
directed against nonstructural SIV gene products and drives escape
mutant selection.

17. O’Connor DH, Mothe BR, Weinfurter JT, Fuenger S, Rehrauer WM,
Jing P, Rudersdorf RR, Liebl ME, Krebs K, Vasquez J et al.: Major
histocompatibility complex class I alleles associated with
slow simian immunodeficiency virus disease progression bind
epitopes recognized by dominant acute-phase cytotoxic-T-
lymphocyte responses. J Virol 2003, 77:9029-9040.

18. van Baalen CA, Pontesilli O, Huisman RC, Geretti AM, Klein MR,
de Wolf F, Miedema F, Gruters RA, Osterhaus AD: Human
immunodeficiency virus type 1 Rev- and Tat-specific cytotoxic
T lymphocyte frequencies inversely correlate with rapid
progression to AIDS. J Gen Virol 1997, 78:1913-1918.

19. Venet A, Bourgault I, Aubertin AM, Kieny MP, Levy JP: Cytotoxic T
lymphocyte response against multiple simian
immunodeficiency virusA (SIV) proteins in SIV-infected
macaques. J Immunol 1992, 148:2899-2908.

20.
��

Butto S, Fiorelli V, Tripiciano A, Ruiz-Alvarez MJ, Scoglio A,
Ensoli F, Ciccozzi M, Collacchi B, Sabbatucci M, Cafaro A et al.:
Sequence conservation and antibody cross-recognition of
clade B human immunodeficiency virus (HIV) type 1 Tat protein
in HIV-1-infected Italians, Ugandans, and South Africans.
J Infect Dis 2003, 188:1171-1180.

Demonstrates conservation and cross-recognition of immunodominant
B-cell epitopes across different HIV-1 clades (A to D).

21.
�

Bobbitt KR, Addo MM, Altfeld M, Filzen T, Onafuwa AA,
Walker BD, Collins KL: Rev activity determines sensitivity of
HIV-1-infected primary T cells to CTL killing. Immunity 2003,
18:289-299.

Reports a novel mechanism by which HIV can escape immune
recognition.

22. Addo MM, Altfeld M, Rosenberg ES, Eldridge RL, Philips MN,
Habeeb K, Khatri A, Brander C, Robbins GK, Mazzara GP et al.:
The HIV-1 regulatory proteins Tat and Rev are frequently
targeted by cytotoxic T lymphocytes derived from
HIV-1-infected individuals. Proc Natl Acad Sci USA 2001,
98:1781-1786.

23.
�

de Oliveira T, Salemi M, Gordon M, Vandamme AM,
van Rensburg EJ, Engelbrecht S, Coovadia HM, Cassol S:
Mapping sites of positive selection and amino acid
diversification in the HIV genome: an alternative approach
to vaccine design? Genetics 2004, 167:1047-1058.

An interesting approach to define evolutionary patterns that may help
identify relevant HIV-1 epitopes and vaccine design.

24. Fackler OT, Baur AS: Live and let die: Nef functions beyond HIV
replication. Immunity 2002, 16:493-497.

25. Kestler HW III, Ringler DJ, Mori K, Panicali DL, Sehgal PK,
Daniel MD, Desrosiers RC: Importance of the nef gene for
maintenance of high virus loads and for development of AIDS.
Cell 1991, 65:651-662.

26. Collins KL, Chen BK, Kalams SA, Walker BD, Baltimore D: HIV-1
Nef protein protects infected primary cells against killing by
cytotoxic T lymphocytes. Nature 1998, 391:397-401.

27. Swingler S, Mann A, Jacque J, Brichacek B, Sasseville VG,
Williams K, Lackner AA, Janoff EN, Wang R, Fisher D,
Stevenson M: HIV-1 Nef mediates lymphocyte chemotaxis
and activation by infected macrophages. Nat Med 1999,
5:997-1003.

28. Swingler S, Brichacek B, Jacque JM, Ulich C, Zhou J,
Stevenson M: HIV-1 Nef intersects the macrophage CD40L
signalling pathway to promote resting-cell infection.
Nature 2003, 424:213-219.

29.
�

Sol-Foulon N, Moris A, Nobile C, Boccaccio C, Engering A,
Abastado JP, Heard JM, van Kooyk Y, Schwartz O: HIV-1 Nef-
induced upregulation of DC-SIGN in dendritic cells promotes
lymphocyte clustering and viral spread. Immunity 2002,
16:145-155.

Describes a novel immunodysregulatory mechanism by which Nef can
contribute to HIV-1 virulence and pathogenesis.
www.sciencedirect.com
30. Addo MM, Yu XG, Rosenberg ES, Walker BD, Altfeld M: Cytotoxic
T-lymphocyte (CTL) responses directed against regulatory
and accessory proteins in HIV-1 infection. DNA Cell Biol 2002,
21:671-678.

31. Amara RR, Villinger F, Altman JD, Lydy SL, O’Neil SP, Staprans SI,
Montefiori DC, Xu Y, Herndon JG, Wyatt LS et al.: Control of a
mucosal challenge and prevention of AIDS by a multiprotein
DNA/MVA vaccine. Science 2001, 292:69-74.

32. Amara RR, Villinger F, Altman JD, Lydy SL, O’Neil SP, Staprans SI,
Montefiori DC, Xu Y, Herndon JG, Wyatt LS et al.: Control of a
mucosal challenge and prevention of AIDS by a multiprotein
DNA/MVA vaccine. Vaccine 2002, 20:1949-1955.

33. Ayyavoo V, Kudchodkar S, Ramanathan MP, Le P, Muthumani K,
Megalai NM, Dentchev T, Santiago-Barrios L, Mrinalini C,
Weiner DB: Immunogenicity of a novel DNA vaccine cassette
expressing multiple human immunodeficiency virus (HIV-1)
accessory genes. AIDS 2000, 14:1-9.

34. Calarota S, Bratt G, Nordlund S, Hinkula J, Leandersson AC,
Sandstrom E, Wahren B: Cellular cytotoxic response induced
by DNA vaccination in HIV-1-infected patients. Lancet 1998,
351:1320-1325.

35. Calarota SA, Leandersson AC, Bratt G, Hinkula J, Klinman DM,
Weinhold KJ, Sandstrom E, Wahren B: Immune responses in
asymptomatic HIV-1-infected patients after HIV-DNA
immunization followed by highly active antiretroviral
treatment. J Immunol 1999, 163:2330-2338.

36. Cafaro A, Caputo A, Fracasso C, Maggiorella MT, Goletti D,
Baroncelli S, Pace M, Sernicola L, Koanga-Mogtomo ML, Betti M
et al.: Control of SHIV-89.6P-infection of cynomolgus monkeys
by HIV-1 Tat protein vaccine. Nat Med 1999, 5:643-650.

37. Cafaro A, Titti F, Fracasso C, Maggiorella MT, Baroncelli S,
Caputo A, Goletti D, Borsetti A, Pace M, Fanales-Belasio E et al.:
Vaccination with DNA containing tat coding sequences and
unmethylated CpG motifs protects cynomolgus monkeys
upon infection with simian/human immunodeficiency virus
(SHIV89.6P). Vaccine 2001, 19:2862-2877.

38.
�

Maggiorella MT, Baroncelli S, Michelini Z, Fanales-Belasio E,
Moretti S, Sernicola L, Cara A, Negri DR, Butto S, Fiorelli V et al.:
Long-term protection against SHIV89.6P replication in HIV-1
Tat vaccinated cynomolgus monkeys. Vaccine 2004,
22:3258-3269.

Shows long-term containment of virus replication by a Tat-based
vaccine.

39. Caputo A, Betti M, Altavilla G, Bonaccorsi A, Boarini C,
Marchisio M, Butto S, Sparnacci K, Laus M, Tondelli L, Ensoli B:
Micellar-type complexes of tailor-made synthetic block
copolymers containing the HIV-1 tat DNA for vaccine
application. Vaccine 2002, 20:2303-2317.

40.
�

Caputo A, Gavioli R, Altavilla G, Brocca-Cofano E, Boarini C,
Betti M, Castaldello A, Lorenzini F, Micheletti F, Cafaro A et al.:
Immunization with low doses of HIV-1 tat DNA delivered by
novel cationic block copolymers induces CTL responses
against Tat. Vaccine 2003, 21:1103-1111.

Shows that a novel class of cationic block copolymers protect DNA from
enzymatic degradation and increase DNA delivery to antigen-presenting
cells. In mouse immunization studies, DNA delivered by a cationic block
copolymer elicited increased CTL responses, as compared to naked
DNA.

41. Caputo A, Brocca-Cofano E, Castaldello A, De MR, Altavilla G,
Marchisio M, Gavioli R, Rolen U, Chiarantini L, Cerasi A et al.:
Novel biocompatible anionic polymeric microspheres for the
delivery of the HIV-1 Tat protein for vaccine application.
Vaccine 2004, 22:2910-2924.

42. Cui Z, Patel J, Tuzova M, Ray P, Phillips R, Woodward JG, Nath A,
Mumper RJ: Strong T cell type-1 immune responses to HIV-1
Tat (1-72) protein-coated nanoparticles. Vaccine 2004,
22:2631-2640.

43. Laus M, Sparnacci K, Ensoli B, Butto SO, Caputo A, Mantovani I,
Zuccheri G, Samori B, Tondelli L: Complex associates of
plasmid DNA and a novel class of block copolymers with PEG
and cationic segments as new vectors for gene delivery.
J Biomater Sci Polym Ed 2001, 12:209-228.
Current Opinion in Biotechnology 2004, 15:543–556



554 Pharmaceutical biotechnology
44. Ramakrishna L, Anand KK, Mahalingam M, Mohankumar KM,
Ramani S, Siddappa NB, Ranga U: Codon optimization and
ubiquitin conjugation of human immunodeficiency virus-1
Tat lead to enhanced cell-mediated immune responses.
Vaccine 2004, 22:2586-2598.

45.
�

Borsutzky S, Fiorelli V, Ebensen T, Tripiciano A, Rharbaoui F,
Scoglio A, Link C, Nappi F, Morr M, Butto S et al.: Efficient
mucosal delivery of the HIV-1 Tat protein using the synthetic
lipopeptide MALP-2 as adjuvant. Eur J Immunol 2003,
33:1548-1556.

Shows efficient induction of systemic and mucosal responses and Th-1
polarization by intranasal vaccination with bioactive Tat protein and
MALP-2 adjuvant.

46.
�

Marinaro M, Riccomi A, Rappuoli R, Pizza M, Fiorelli V,
Tripiciano A, Cafaro A, Ensoli B, De Magistris MT: Mucosal
delivery of the human immunodeficiency virus-1 Tat protein in
mice elicits systemic neutralizing antibodies, cytotoxic T
lymphocytes and mucosal IgA. Vaccine 2003, 21:3972-3981.

Demonstrates that intranasal immunization with bioactive Tat protein and
LT-R72 mucosal adjuvant is effective at inducing Th-1 systemic and
mucosal responses capable of blocking the biological activities of Tat.

47. Morris CB, Thanawastien A, Sullivan DE, Clements JD:
Identification of a peptide capable of inducing an HIV-1
Tat-specific CTL response. Vaccine 2001, 20:12-15.

48. Caselli E, Betti M, Grossi MP, Balboni PG, Rossi C, Boarini C,
Cafaro A, Barbanti-Brodano G, Ensoli B, Caputo A: DNA
immunization with HIV-1 tat mutated in the trans activation
domain induces humoral and cellular immune responses
against wild-type Tat. J Immunol 1999, 162:5631-5638.

49. Gringeri A, Santagostino E, Muca-Perja M, Mannucci PM,
Zagury JF, Bizzini B, Lachgar A, Carcagno M, Rappaport J,
Criscuolo M et al.: Safety and immunogenicity of HIV-1 Tat
toxoid in immunocompromised HIV-1-infected patients.
J Hum Virol 1998, 1:293-298.

50. Gringeri A, Santagostino E, Muca-Perja M, Le Buanec H, Bizzini B,
Lachgar A, Zagury JF, Rappaport J, Burny A, Gallo RC, Zagury D:
Tat toxoid as a component of a preventive vaccine in
seronegative subjects. J Acquir Immune Defic Syndr Hum
Retrovirol 1999, 20:371-375.

51. Le Buanec H, Lachgar A, Bizzini B, Zagury JF, Rappaport J,
Santagostino E, Muca-Perja M, Gringeri A: A prophylactic
and therapeutic AIDS vaccine containing as a component
the innocuous Tat toxoid. Biomed Pharmacother 1998,
52:431-435.

52. Pauza CD, Trivedi P, Wallace M, Ruckwardt TJ, Le Buanec H,
Lu W, Bizzini B, Burny A, Zagury D, Gallo RC: Vaccination with
tat toxoid attenuates disease in simian/HIV-challenged
macaques. Proc Natl Acad Sci USA 2000, 97:3515-3519.

53. Richardson MW, Mirchandani J, Silvera P, Regulier EG, Capini C,
Bojczuk PM, Hu J, Gracely EJ, Boyer JD, Khalili K et al.:
Immunogenicity of HIV-1 IIIB and SHIV 89.6P Tat and Tat
toxoids in rhesus macaques: induction of humoral and cellular
immune responses. DNA Cell Biol 2002, 21:637-651.

54. Le Buanec H, Vetu C, Lachgar A, Benoit MA, Gillard J,
Paturance S, Aucouturier J, Gane V, Zagury D, Bizzini B: Induction
in mice of anti-Tat mucosal immunity by the intranasal and oral
routes. Biomed Pharmacother 2001, 55:316-320.

55. Silvera P, Richardson MW, Greenhouse J, Yalley-Ogunro J,
Shaw N, Mirchandani J, Khalili K, Zagury JF, Lewis MG,
Rappaport J: Outcome of simian-human immunodeficiency
virus strain 89.6p challenge following vaccination of rhesus
macaques with human immunodeficiency virus Tat protein.
J Virol 2002, 76:3800-3809.

56. Boykins RA, Ardans JA, Wahl LM, Lal RB, Yamada KM, Dhawan S:
Immunization with a novel HIV-1-Tat multiple-peptide
conjugate induces effective immune response in mice.
Peptides 2000, 21:1839-1847.

57. Belliard G, Romieu A, Zagury JF, Dali H, Chaloin O, Le GR, Loret E,
Briand JP, Roques B, Desgranges C, Muller S: Specificity and
effect on apoptosis of Tat antibodies from vaccinated and
SHIV-infected rhesus macaques and HIV-infected individuals.
Vaccine 2003, 21:3186-3199.
Current Opinion in Biotechnology 2004, 15:543–556
58. Goldstein G, Manson K, Tribbick G, Smith R: Minimization of
chronic plasma viremia in rhesus macaques immunized with
synthetic HIV-1 Tat peptides and infected with a chimeric
simian/human immunodeficiency virus (SHIV33). Vaccine 2000,
18:2789-2795.

59. Asakura Y, Hamajima K, Fukushima J, Mohri H, Okubo T, Okuda K:
Induction of HIV-1 Nef-specific cytotoxic T lymphocytes by
Nef-expressing DNA vaccine. Am J Hematol 1996, 53:116-117.

60. Muthumani K, Bagarazzi M, Conway D, Hwang DS, Ayyavoo V,
Zhang D, Manson K, Kim J, Boyer J, Weiner DB: Inclusion of Vpr
accessory gene in a plasmid vaccine cocktail markedly
reduces Nef vaccine effectiveness in vivo resulting in CD4 cell
loss and increased viral loads in rhesus macaques. J Med
Primatol 2002, 31:179-185.

61. Cosma A, Nagaraj R, Buhler S, Hinkula J, Busch DH, Sutter G,
Goebel FD, Erfle V: Therapeutic vaccination with MVA-HIV-1 nef
elicits Nef-specific T-helper cell responses in chronically
HIV-1 infected individuals. Vaccine 2003, 22:21-29.

62. Osterhaus AD, van Baalen CA, Gruters RA, Schutten M,
Siebelink CH, Hulskotte EG, Tijhaar EJ, Randall RE,
van Amerongen G, Fleuchaus A, Erfle V, Sutter G: Vaccination
with Rev and Tat against AIDS. Vaccine 1999, 17:2713-2714.

63. Verrier B, Le Grand R, Ataman-Onal Y, Terrat C, Guillon C,
Durand PY, Hurtrel B, Aubertin AM, Sutter G, Erfle V, Girard M:
Evaluation in rhesus macaques of Tat and rev-targeted
immunization as a preventive vaccine against mucosal
challenge with SHIV-BX08. DNA Cell Biol 2002, 21:653-658.

64.
�

Stittelaar KJ, Gruters RA, Schutten M, van Baalen CA, van
Amerongen G, Cranage M, Liljestrom P, Sutter G, Osterhaus AD:
Comparison of the efficacy of early versus late viral proteins in
vaccination against SIV. Vaccine 2002, 20:2921-2927.

Shows that vaccination with Tat and Rev, but not with Gag and Pol,
protects macaques from a high-dose pathogenic SIV challenge.

65. Muthumani K, Hwang DS, Dayes NS, Kim JJ, Weiner DB: The
HIV-1 accessory gene vpr can inhibit antigen-specific immune
function. DNA Cell Biol 2002, 21:689-695.

66. Kjerrstrom A, Hinkula J, Engstrom G, Ovod V, Krohn K, Benthin R,
Wahren B: Interactions of single and combined human
immunodeficiency virus type 1 (HIV-1) DNA vaccines.
Virology 2001, 284:46-61.

67. Hel Z, Tryniszewska E, Tsai WP, Johnson JM, Harrod R, Fullen J,
Kalyanaraman VS, Altman JD, McNally J, Karpova T et al.:
Design and in vivo immunogenicity of a polyvalent vaccine
based on SIVmac regulatory genes. DNA Cell Biol 2002,
21:619-626.

68. Hel Z, Johnson JM, Tryniszewska E, Tsai WP, Harrod R, Fullen J,
Tartaglia J, Franchini G: A novel chimeric Rev, Tat, and Nef
(Retanef) antigen as a component of an SIV/HIV vaccine.
Vaccine 2002, 20:3171-3186.

69.
�

Hejdeman B, Bostrom AC, Matsuda R, Calarota S, Lenkei R,
Fredriksson EL, Sandstrom E, Bratt G, Wahren B: DNA
immunization with HIV early genes in HIV type 1-infected
patients on highly active antiretroviral therapy. AIDS Res Hum
Retroviruses 2004, 20:860-870.

Demonstrates that co-immunization with Tat, Rev and Nef is safe and
immunogenic in HAART-treated HIV-1 patients.

70.
�

Mooij P, Nieuwenhuis IG, Knoop CJ, Doms RW, Bogers WM,
Ten Haaft PJ, Niphuis H, Koornstra W, Bieler K, Kostler J et al.:
Qualitative T-helper responses to multiple viral antigens
correlate with vaccine-induced immunity to simian/human
immunodeficiency virus infection. J Virol 2004, 78:3333-3342.

Shows that vaccination with Tat, Env and Gag combined is more effective
than Tat alone at protecting macaques from challenge with pathogenic
SHIV89.6P.

71.
�

Voss G, Manson K, Montefiori D, Watkins DI, Heeney J, Wyand M,
Cohen J, Bruck C: Prevention of disease induced by a partially
heterologous AIDS virus in rhesus monkeys by using an
adjuvanted multicomponent protein vaccine. J Virol 2003,
77:1049-1058.

A vaccine combining Env, Nef and Tat, but not vaccines based on the
single component, proved effective at controlling infection in macaques
challenged with a high dose of SHIV89.6P.
www.sciencedirect.com



Nonstructural HIV proteins as vaccines antigens Ferrantelli, Cafaro and Ensoli 555
72. Vogel TU, Reynolds MR, Fuller DH, Vielhuber K, Shipley T,
Fuller JT, Kunstman KJ, Sutter G, Marthas ML, Erfle V et al.:
Multispecific vaccine-induced mucosal cytotoxic T
lymphocytes reduce acute-phase viral replication but fail in
long-term control of simian immunodeficiency virus
SIVmac239. J Virol 2003, 77:13348-13360.

73. Hanke T, Schneider J, Gilbert SC, Hill AV, McMichael A: DNA
multi-CTL epitope vaccines for HIV and Plasmodium
falciparum: immunogenicity in mice. Vaccine 1998,
16:426-435.

74. Hanke T, Samuel RV, Blanchard TJ, Neumann VC, Allen TM,
Boyson JE, Sharpe SA, Cook N, Smith GL, Watkins DI et al.:
Effective induction of simian immunodeficiency virus-specific
cytotoxic T lymphocytes in macaques by using a multiepitope
gene and DNA prime-modified vaccinia virus Ankara boost
vaccination regimen. J Virol 1999, 73:7524-7532.

75. Mwau M, Cebere I, Sutton J, Chikoti P, Winstone N, Wee EG,
Beattie T, Chen YH, Dorrell L, McShane H et al.: A human
immunodeficiency virus 1 (HIV-1) clade A vaccine in clinical
trials: stimulation of HIV-specific T-cell responses by DNA and
recombinant modified vaccinia virus Ankara (MVA) vaccines in
humans. J Gen Virol 2004, 85:911-919.

76. Nkolola JP, Wee EG, Im EJ, Jewell CP, Chen N, Xu XN,
McMichael AJ, Hanke T: Engineering RENT, DNA prime-MVA
boost HIV vaccine tailored for Eastern and Central Africa.
Gene Ther 2004, 11:1068-1080.

77. Makitalo B, Lundholm P, Hinkula J, Nilsson C, Karlen K, Morner A,
Sutter G, Erfle V, Heeney JL, Wahren B et al.: Enhanced cellular
immunity and systemic control of SHIV infection by combined
parenteral and mucosal administration of a DNA prime
MVA boost vaccine regimen. J Gen Virol 2004,
85:2407-2419.

78.
��

Negri DR, Baroncelli S, Catone S, Comini A, Michelini Z,
Maggiorella MT, Sernicola L, Crostarosa F, Belli R, Mancini MG
et al.: Protective efficacy of a multicomponent vector vaccine
in cynomolgus monkeys after intrarectal simian
immunodeficiency virus challenge. J Gen Virol 2004,
85:1191-1201.

Shows that systemic triple vector (DNA/recombinant Semliki Forest virus/
recombinant MVA)-based vaccination against multiple viral antigens
(Gag, Pol, Tat, Rev, Env and Nef) can induce robust and persistent
immune responses that abrogate virus replication upon mucosal chal-
lenge with pathogenic SIV.

79. Nilsson C, Makitalo B, Berglund P, Bex F, Liljestrom P, Sutter G,
Erfle V, ten Haaft P, Heeney J, Biberfeld G, Thorstensson R:
Enhanced simian immunodeficiency virus-specific immune
responses in macaques induced by priming with recombinant
Semliki Forest virus and boosting with modified vaccinia virus
Ankara. Vaccine 2001, 19:3526-3536.

80.
�

Addo MM, Yu XG, Rathod A, Cohen D, Eldridge RL, Strick D,
Johnston MN, Corcoran C, Wurcel AG, Fitzpatrick CA et al.:
Comprehensive epitope analysis of human immunodeficiency
virus type 1 (HIV-1)-specific T-cell responses directed against
the entire expressed HIV-1 genome demonstrate broadly
directed responses, but no correlation to viral load.
J Virol 2003, 77:2081-2092.

Shows that broad interferon-g-producing CD8 T cells specific for all HIV-1
antigens are unable to control viral load.

81.
�

Novitsky V, Rybak N, McLane MF, Gilbert P, Chigwedere P,
Klein I, Gaolekwe S, Chang SY, Peter T, Thior I et al.: Identification
of human immunodeficiency virus type 1 subtype C Gag-,
Tat-, Rev-, and Nef-specific elispot-based cytotoxic
T-lymphocyte responses for AIDS vaccine design.
J Virol 2001, 75:9210-9228.

Shows immunodominance of anti-Gag CTLs and demonstrate that most
anti-Tat CTLs are directed against epitopes mismatched with the auto-
logous viral sequence, suggesting recognition of progenitor virus variant.

82.
�

Cao J, McNevin J, Holte S, Fink L, Corey L, McElrath MJ:
Comprehensive analysis of human immunodeficiency
virus type 1 (HIV-1)-specific gamma interferon-secreting
CD8+ T cells in primary HIV-1 infection. J Virol 2003,
77:6867-6878.

Reports the fine specificities of CTLs against all HIV-1 gene products in
the very early phase of infection, a time believed to be critical for setting
progression to disease.
www.sciencedirect.com
83. Klausner RD, Fauci AS, Corey L, Nabel GJ, Gayle H, Berkley S,
Haynes BF, Baltimore D, Collins C, Douglas RG et al.:
Medicine. The need for a global HIV vaccine enterprise.
Science 2003, 300:2036-2039.

84. Hinkula J, Svanholm C, Schwartz S, Lundholm P, Brytting M,
Engstrom G, Benthin R, Glaser H, Sutter G, Kohleisen B
et al.: Recognition of prominent viral epitopes induced
by immunization with human immunodeficiency
virus type 1 regulatory genes. J Virol 1997,
71:5528-5539.

85. Hinkula J, Lundholm P, Wahren B: Nucleic acid vaccination with
HIV regulatory genes: a combination of HIV-1 genes in
separate plasmids induces strong immune responses.
Vaccine 1997, 15:874-878.

86. Asakura Y, Hinkula J, Leandersson AC, Fukushima J, Okuda K,
Wahren B: Induction of HIV-1 specific mucosal immune
responses by DNA vaccination. Scand J Immunol 1997,
46:326-330.

87. Tahtinen M, Strengell M, Collings A, Pitkanen J, Kjerrstrom A,
Hakkarainen K, Peterson P, Kohleisen B, Wahren B, Ranki A et al.:
DNA vaccination in mice using HIV-1 nef, rev and tat
genes in self-replicating pBN-vector. Vaccine 2001,
19:2039-2047.

88. Hanke T, Barnfield C, Wee EG, Agren L, Samuel RV, Larke N,
Liljestrom P: Construction and immunogenicity in a prime-
boost regimen of a Semliki Forest virus-vectored experimental
HIV clade A vaccine. J Gen Virol 2003, 84:361-368.

89.
�

Dominici S, Laguardia ME, Serafini G, Chiarantini L, Fortini C,
Tripiciano A, Brocca-Cofano E, Scoglio A, Caputo A, Fiorelli V
et al.: Red blood cell-mediated delivery of recombinant HIV-1
Tat protein in mice induces anti-Tat neutralizing antibodies
and CTL. Vaccine 2003, 21:2073-2081.

Shows that nanomolar amounts of Tat protein coupled to red blood cells
by a biotin-avidin-biotin bridge are effective at inducing both Tat-neu-
tralizing Ab and anti-Tat CTLs.

90. Wilson CC, McKinney D, Anders M, MaWhinney S, Forster J,
Crimi C, Southwood S, Sette A, Chesnut R, Newman MJ,
Livingston BD: Development of a DNA vaccine designed to
induce cytotoxic T lymphocyte responses to multiple
conserved epitopes in HIV-1. J Immunol 2003,
171:5611-5623.

91. Opi S, Peloponese JM Jr, Esquieu D, Watkins J, Campbell G,
De Mareuil J, Jeang KT, Yirrell DL, Kaleebu P, Loret EP:
Full-length HIV-1 Tat protein necessary for a vaccine.
Vaccine 2004, 22:3105-3111.

92. Putkonen P, Quesada-Rolander M, Leandersson AC, Schwartz S,
Thorstensson R, Okuda K, Wahren B, Hinkula J: Immune
responses but no protection against SHIV by gene-gun
delivery of HIV-1 DNA followed by recombinant subunit protein
boosts. Virology 1998, 250:293-301.

93. Kim JJ, Yang JS, Nottingham LK, Lee DJ, Lee M, Manson KH,
Wyand MS, Boyer JD, Ugen KE, Weiner DB: Protection from
immunodeficiency virus challenges in rhesus macaques by
multicomponent DNA immunization. Virology 2001,
285:204-217.

94.
�

Patterson LJ, Malkevitch N, Zhao J, Peng B, Robert-Guroff M:
Potent, persistent cellular immune responses elicited by
sequential immunization of rhesus macaques with Ad5 host
range mutant recombinants encoding SIV Rev and SIV Nef.
DNA Cell Biol 2002, 21:627-635.

Shows that recombinant replication-competent adenoviral vectors are
effective at inducing potent and persistent immune responses in
macaques.

95. Wee EG, Patel S, McMichael AJ, Hanke T: A DNA/MVA-based
candidate human immunodeficiency virus vaccine for Kenya
induces multi-specific T cell responses in rhesus macaques.
J Gen Virol 2002, 83:75-80.

96. Allen TM, Mortara L, Mothe BR, Liebl M, Jing P, Calore B,
Piekarczyk M, Ruddersdorf R, O’Connor DH, Wang X et al.:
Tat-vaccinated macaques do not control simian
immunodeficiency virus SIVmac239 replication. J Virol 2002,
76:4108-4112.
Current Opinion in Biotechnology 2004, 15:543–556



556 Pharmaceutical biotechnology
97. Malkevitch N, Rohne D, Pinczewski J, Aldrich K, Kalyanaraman
VS, Letvin NL, Robert-Guroff M: Evaluation of combination DNA/
replication-competent Ad-SIV recombinant immunization
regimens in rhesus macaques. AIDS Res Hum Retroviruses
2004, 20:235-244.
Current Opinion in Biotechnology 2004, 15:543–556
98. MacGregor RR, Ginsberg R, Ugen KE, Baine Y, Kang CU,
Tu XM, Higgins T, Weiner DB, Boyer JD: T-cell responses
induced in normal volunteers immunized with a DNA-
based vaccine containing HIV-1 env and rev. AIDS 2002,
16:2137-2143.
www.sciencedirect.com


	Nonstructural HIV proteins as targets for prophylactic or therapeutic vaccines
	Introduction
	Nonstructural HIV proteins as AIDS vaccine targets - the rationale
	Vaccines based on single nonstructural �HIV proteins
	Tat-based vaccines
	Vaccines based on biologically active Tat
	Vaccines based on inactivated Tat or Tat peptides

	Nef-based vaccines
	Rev-based vaccines

	Vaccines based on multiple nonstructural �HIV proteins
	Vaccines based on multiple structural and nonstructural HIV proteins
	Conclusions
	Acknowledgements
	References and recommended reading


