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Abstract: Extensive research on generating an efficient HIV vaccine is ongoing. A major aim of HIV
vaccines is the induction of long-lasting, broadly neutralizing antibodies (bnAbs) that can confer
sterile immunity for a prolonged period of time. Several strategies have been explored to reach this
goal, i.e. protein immunization, DNA, or viral vectors, or a combination thereof. In this review,
we give an overview of approaches using viral vectors for the induction of HIV-specific bnAbs. Many
pre-clinical studies were performed using various replication-competent and -incompetent vectors.
Amongst them, poxviral and adenoviral vectors were the most prevalent ones. In many studies, viral
vectors were combined with a DNA prime or a protein boost. However, neutralizing antibodies
were mainly induced against the homologous HIV-1 vaccine strain or tier 1 viruses, and in rare
cases, against tier 2 viruses, indicating the need for improved antigens and vaccination strategies.
Furthermore, we also review next generation Env antigens that are currently being used in protein
vaccination approaches and point out how they could be utilized in viral vectors.
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1. Introduction

Many vaccines are based on live-attenuated pathogens [1–6]. These vaccines usually induce very
robust and long-lasting immune responses and are also easy to produce at relatively low costs [7].
However, for viruses such as HIV, live-attenuated vaccines do not have a safety profile that is acceptable
for human use and bear the risk of reverting to a non-attenuated, pathogenic phenotype due to
the high mutation rate of host cellular cytidine deaminase and the viral reverse transcriptase [8].
Here, heterologous viral vector vaccines are a promising alternative with a favorable safety profile.
Viral vaccine vectors can be either replication-defective or replication-competent. Especially for
replication-competent vectors, many of the advantages of live-attenuated vaccines should also apply,
such as robust and lasting immune responses, delivery of HIV Env in a favorable configuration, strong
expression of the vaccine antigen in vivo, co-stimulatory immune activation due to virus associated
danger signals, and an easy and cost-effective production process. One downside of viral vaccine
vectors is that pre-existing or vaccination-induced anti-vector immunity might limit the efficacy of the
vaccine upon boosting with the same vaccine vector. Additionally, the vector-specific immunity could
also interfere with the safety of the vaccine vector. Previous studies have shown that this can become
especially relevant for an HIV vaccine. In the STEP study, a large HIV vaccine efficacy trial using
an adenoviral (Ad) 5 vector, an increased rate of HIV infections was observed in patient subgroups
with a high pre-existing immunity against the Ad5 vaccine vector [9]. A possible explanation for this
phenomenon is that pre-existing Ad5-specific CD4+ (cluster of differentiation 4) T cells were activated
by the immunization, making them more susceptible to HIV infection [10]. In the following review,
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we will first discuss new Env immunogens that should have the potential to induce HIV-specific
broadly neutralizing antibodies (bnAbs). Subsequently, we will review viral vectors that are currently
being used and will discuss the advantages of viral vectors for the induction of bnAbs.

2. Design of Env Immunogens for BnAb Induction

In general, vaccine-induced immunity is provided by the induction of strong, long-lasting humoral
immune responses. HIV Env, the major target for the induction of protective antibodies, is encoded as
a gp160 (glycoprotein) precursor protein. Gp160 is cleaved by furin into the transmembrane subunit
gp41 and the surface subunit gp120, which together build a non-covalently linked heterodimer. Three
of these heterodimers form the functional Env trimer. Induction of bnAbs against HIV faces a number
of problems, such as the high diversity of HIV strains; glycosylation patterns of Env, which protect
vulnerable epitopes; unusual characteristics of bnAbs; lack of suitable animal models; and correlates of
protection. A major problem in the generation of bnAbs following HIV vaccination is the paucity of
naïve B cells that recognize the broadly neutralizing epitopes of HIV. The affinity of the B cell receptor
of naïve B cells is either exceptionally low or often not existing [11]. To allow for the ranking of induced
nAb responses in terms of breadth and potency, a classification into four subgroups (tier 1A, 1B, 2, and
3) is generally performed. The groups are defined as those with very high (tier 1A), above-average (tier
1B), moderate (tier 2), or low (tier 3) sensitivity to antibody-mediated neutralization [12]. Although
a large number of clinical trials tested different antigens and delivery systems, none of the HIV vaccine
trials conducted so far succeeded in the induction of bnAbs against primary isolates [9,13–18]. Also,
in animal models, the induction of bnAbs remains challenging. However, recently, a couple of studies
in animal models have resulted in the induction of autologous tier 2 neutralizing antibodies [19–22].
These include studies using native-like trimers, immunogens focusing the immune response to certain
vulnerable epitopes, sequential series of immunogenes to guide antibody development in the direction
of bnAbs, and immunogens that have been designed to engage germline versions of bnAbs. Currently,
these approaches are mainly utilized in protein vaccination strategies. However, some of these
strategies could also be applied to viral vector vaccines.

The prototype for a native-like trimer is the BG505 SOSIP.664 trimer [23]. SOSIPs are cleaved
gp140 molecules held together by an additional disulfide bridge between both subunits. BG505
SOSIP.664 trimers mimic the native Env configuration and bind many known bnAbs. In animal models,
SOSIP trimers induce better antibody responses than uncleaved gp140 [24]. Currently, a clinical
trial is recruiting patients to test BG505 SOSIP.664 trimers in humans (ClinicalTrials.gov Identifier:
NCT03699241). However, the disadvantage of expressing SOSIP variants from a viral vector is that the
SOSIP configuration needs sufficient furin expression in the target cell to allow for complete cleavage,
and consequently, efficient folding. As it is likely that in vivo target cells of the viral vector might not
express enough furin to ensure complete cleavage, the folding of SOSIPs delivered by a viral vector
might be compromised. An alternative for native-like trimers encoded by a viral vector is the native
flexible linker (NFL) configuration. Here, a 10 amino acid flexible glycine-serine (GS) linker replaces
the furin cleavage site [25]. It has been shown for soluble gp140 proteins that the NFL configuration,
similar to the SOSIP configuration, allows for a native-like folding [25]. In a nonhuman primate model,
both variants, SOSIP and NFL, induced similar titers of HIV neutralizing antibodies [26].

As the high diversity of HIV is one of the problems in inducing bnAbs, consensus antigens
have been generated. In consensus antigens, strain specific characteristics are removed to enable the
induction of antibodies with a higher neutralization breath. Example immunogens for this strategy are
ConM SOSIP.v7 and ConSOSL.UFO.664, which are both consensus M trimers, the former with a classical
SOSIP, the later with a cleavage-independent uncleaved pre-fusion optimized (UFO) design [19,27].
For the expression from a viral vector, the UFO design might again be favorable compared to SOSIP
variants, similar to the NFL configuration, as folding is independent of the furin expression of in vivo
target cells of the vector. Both consensus strategies, ConM and ConS, induced autologous tier 2
neutralizing antibodies in animal models when delivered as a protein or DNA vaccination, and clinical
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trials have been initiated to test them as protein immunization in patients (ClinicalTrials.gov Identifiers:
NCT03816137 + NCT03961438). In one of these studies, chemically cross-linked versions of ConM and
ConS are used in additional to the non-modified proteins, a strategy that obviously cannot easily be
transferred to vector-encoded antigens.

Multimerization of Env is believed to enhance immune responses. For example, immunogenicity
of ConM trimers was significantly enhanced when coupled to ferritin nanoparticles compared to
soluble protein [27]. Multimerization can be achieved by coupling Env to nanoparticles or liposomes or
by incorporating them into virus-like particles (VLPs). Also, Env that is encoded by a viral vector and
incorporated into viral particles can act in the same way. In a recent study, we have shown that a viral
vector expressing a particle-incorporated variant of Env induces higher antibody titers compared to
the same vector expressing a secreted Env variant [28].

To overcome the induction of mainly strain-specific nAbs, mixes of different immunogens,
either administered together or sequentially, have been used. However, this bears the risk of only
inducing autologous antibodies against the immunodominant variant [29]. An alternative to this
approach is sequential immunization with Env isolates from a patient at different time points after
infection. The idea is to mimic natural infection by vaccination, and thereby trigger the development
of bnAbs [30,31]. This strategy is currently being tested in a clinical trial with gp120 variants derived
from the CH505 isolate directly after transmission (transmitted founder virus) or variants isolated from
the same patient at weeks 53, 78, and 100 (ClinicalTrials.gov Identifier: NCT03220724).

A second example for guiding antibody responses toward bnAb development is to use antigens
that can engage germline versions of bnAbs. Responses are subsequently boosted using more mature
immunogens. B cells, encoding HIV neutralizing antibodies, usually need to undergo an exceptionally
high number of somatic hypermutations in order to produce bnAbs. Non-modified variants of
native-like trimers usually do not bind well to germline precursors of bnAbs, and consequently do
not trigger the expansion of corresponding B cells and the high somatic hypermutation rates that are
needed [11]. To overcome this problem, immunogens with an enhanced binding to these germline B
cells have been designed and these immunogens activated germline B cells in human antibody knockin
mice [32–35]. Here, especially immunogens targeting germline versions of bnAbs specific for the CD4
binding site have been explored. Prototypes in this category are eOT-GT8 and BG505 GT1.1. However,
studies in humans will need to show whether this concept is also valid in humans where the number
of germline bnAb encoding B cells is low and the cells will have to compete with B cells encoding
non-neutralizing antibodies. For eOT-GT8, a clinical trial has been initiated to analyze the safety and
immunogenicity of this approach (ClinicalTrials.gov Identifier: NCT03547245). In this trial, the protein
is coated on nanoparticles. However, viral vectors that encode and present germline targeting antigens
on their surface are also an interesting approach that should be explored.

Although the above-mentioned studies are promising, one approach alone might not be sufficient
for an effective HIV vaccine strategy. For an efficient protection, it will likely be necessary to induce
more than just one bnAb against HIV. Therefore, a combination of different strategies targeting multiple
epitopes simultaneously will be necessary. Xu and colleagues, for example, have combined a fusion
peptide-coupled carrier protein prime with a native-like trimer boost, and thereby have enhanced
antibody responses compared to the native-like trimer only [36]. When viral vectors are used for
multiple immunizations, it is important that they induce, if at all, only a minor vector-specific immunity,
which could otherwise limit the efficacy of sequential immunizations. As most viral vectors induce
vector-neutralizing antibodies after few immunizations [37,38] or vector-specific pre-existing immunity
exists [39,40], it will be necessary to combine different vectors or viral and non-viral delivery methods.
Thus, the generation of an effective HIV vaccine will require the combination of different antigen and
delivery strategies for the induction of bnAbs, e.g. prime with a viral vector encoding a germline
targeting immunogen and boost with either the mature protein or the mature protein encoded by
a different vector.
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3. Viral Vectors for HIV Vaccination

A huge number of different viral vectors have been explored as potential HIV vaccine candidates.
These HIV vaccine candidates generally either aim for the induction of bnAbs to provide sterile
immunity or for the induction of cytotoxic T cell responses to control or eliminate an infection
after it has been established. The former strategy mainly uses Env as an immunogen, while T cell
responses are generally induced by other HIV antigens such as Gag, Pol, and Nef. For the induction
of HIV-specific T cell responses, Ad or CMV (cytomegalovirus) vectors are promising candidates as
reviewed elsewhere [41]. Table 1 gives an overview of vectors used in pre-clinical studies with the aim to
induce neutralizing antibodies against HIV. Table 1 contains studies matching the keywords “HIV viral
vector” in PubMed. In this review, we included only studies using viral vectors for active immunization.
We did not include studies that deliver HIV-neutralizing antibodies via passive immunization or
vectored immunoprophylaxis (VIP). Both strategies are reviewed in detail elsewhere [42,43] and may
help circumvent current problems in inducing HIV bnAbs. Passive infusion of VRC01 antibody is
currently being evaluated in the Antibody Mediated Prevention (AMP) studies (HVTN 704/HPTN 085;
ClinicalTrials.gov Identifiers: NCT02716675 + HVTN 703/HPTN 081; ClinicalTrials.gov Identifier:
NCT02568215), which are two large phase II efficacy studies with bimonthly antibody injections over
a time period of 18 months. However, the antibody half-life and the need for repeated infusions
might limit practicability in rural areas. VIP means delivery of a neutralizing antibody via a viral
vector. Delivery of a modified VRC07 HIV bnAb via an AAV (Adeno-associated virus) vector rendered
humanized mice resistant to intravaginal challenge with a transmitted/founder virus (T/F) strain [44].
In a phase I clinical trial with an AAV, encoding the bnAb PG9, HIV neutralization was detected in
the serum of four volunteers [45]. AAV-mediated VIP is not only applied for HIV, but also for other
pathogens, like influenza [46]. However, VIP action in humans can be limited by an antibody response
against the encoded bnAb. Another drawback for both, passive immunization and VIP, is a narrow
and pre-defined repertoire of neutralizing antibodies. Therefore, it might be necessary to use a cocktail
of antibodies/vectors to prevent escape mutations. In contrast, active immunization with viral antigens
provides a more flexible approach and might generate a broader response.

When using viral vectors for vaccination, potential advantages and disadvantages of the vector
have to be weighed against each other. The ideal viral vaccine vector has a good safety profile; is not
connected to any disease in humans; shows no or low pre-existing immunity in the target population;
can easily be produced at low costs under GMP (good manufacturing practice) conditions; can easily
be modified to accommodate foreign vaccine antigens; is genetically stable; and can easily be stored,
transported, and administered.

Although many different vectors have been used in pre-clinical models, only canarypox and
Ad vectors have so far been tested in large clinical efficacy studies [9,47,48]. While the RV144 trial,
combining a canarypox vector with a gp120 protein boost, showed a moderate efficacy of 31.2% after
three years, all studies using Ad vectors (STEP, Phambili, HVTN505) failed to provide protection [9,49].
Alternative Ad vectors are currently being evaluated in a Phase IIb efficacy study (HVTN 705/HPX2008,
ClinicalTrials.gov Identifier: NCT03060629) in order to determine whether an Ad26-based HIV vaccine
approach is more suitable for the induction of T cell responses and will hopefully lack the side effects
observed with Ad5 vectors. The RV144 trial aimed to induce bnAbs using Env as immunogen. However,
bnAbs were not induced in the vaccinees but non-neutralizing binding antibodies were determined to
be the major correlate of protection [50]. Whether a follow-up study (HVTN 702, ClinicalTrials.gov
Identifier: NCT02968849) will lead to more effective and durable immune responses than the RV144
trial remains to be seen when the currently ongoing study is going to be unblinded and evaluated.
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Table 1. Viral vectors in pre-clinical studies.

Virus Family Strain i Type Env & Strain/Clade Specificity nAbs Induced ii Dose iii; Organism; Route iv Combination Ref.

Rhabdovirus

VSV

gp140: G v, clade B SF162.LS (clade B) 107 pfu; mice; i.n. & i.m. - [51]

gp120: G vi, HXB2 Homologous 106 pfu; mice; i.n. - [52]

gp140: G, 89.6 Homologous 105–106 pfu; mice & macaques; i.n. i.m. i.p. - [53,54]

VSV + rabies gp140: G vii Laboratory-adapted strain (HIV-1MN) (3–4) × 105 ffu (RV) or pfu (VSV); i.m. - [55]

VSV-GP gp140: G, 1086.C Tier 1A clade C 107 TCID50; mice, rabbits; i.m. - [28]

Rabies gp160, 89.6 & NL4-3 Homologous 106 ffu; mice; s.c. Protein [56]

Poxvirus

NYVAC-C-KC (∆B19R viii)
gp140, ZM96 Tier 1; tier 2 clade C 108 pfu; Macaques; i.m.

- [57]

NYVAC + ALVAC Protein [58]

NYVAC (-C-KC) gp140, ZM96 Tier 1 108 pfu; Macaques; i.m. Protein [59]

NYVAC gp160 & gp120, HIV-2SBL/ISY, HIV-1IIIB HIV-2SBL6669 107 pfu; Macaques; s.c. i.m. Protein [60–62]

Tiantan vaccinia
gp140 & gp145, cn54 HIV-1 primary isolates 107 pfu; mice & guinea-pigs; i.m. DNA [63,64]

gp140, cn54 Homologous (clade C); Heterologous (clade B) 5 × 105–1 × 107 pfu; Macaques; i.d. DNA [65]

MVA

gp150, T/F ix Tier 2
108 TCID50; Macaques; i.m. DNA & protein

[66]

gp150, SIV239 Tier 1 [67]

gp140, clade B ADA HIVMN 108 pfu; Guinea-pigs; i.d. i.m. - [68]

Fowlpox gp160, 89.6P Homologous 5 × 107 pfu; rabbits; i.d. DNA [69]

Vaccinia (+ SeV) gp160, JR-CSF Tier 1 Vaccinia: 107 pfu s.s./SeV: 4 × 107 ciu i.n.; mice DNA [70]

Vaccinia gp140, BH10 & chimeric (V1–V5) HIVMN 108 pfu; rabbits; i.d. DNA [71]

Adeno-virus

SAd4 x gp160, gp140, gp120; 1086.C Tier 1 clade C; tier 2 clade C 1011 vp; rabbits; i.m. & i.n. Protein [72]

Ad5hr xi rhFLSC (gp120: D1+D2); BaL xii Homologous; tier 2 clades B and D;
SHIVSF162P4

5 × 108 pfu; macaques; i.n. oral, i.t. Protein [73]

Ad5
gp120, HIV-1Bx08 HIV-1MN 4.4 × 1011 pfu; macaques; i.m. Protein [74]

gp140, HxB2/BaL & 89.6P Homologous 1012 vp; macaques; i.m. DNA [75,76]

Ad5/35 gp160, HIVIIIB HIV-1LAI 1010–1011 vp; mice & macaques; i.m DNA [77]

Ad4 + SAd7 gp150, 1086.C Tier 1 0.5 × 1011 vp; i.n. and 1011 vp; i.m.; macaques Protein [78]

Ad5 & 7 gp160, HIVMN South African subtype C (TV-1) 107–109; chimpanzee; i.n. Protein [79]

Ad4, 5, 7 HIV-1 gp160 HIVIIIB, HIVSF2, HIVMN
107 pfu; chimpanzees; i.n.

Protein
[80]

109 pfu; beagles; i.t. [81]

+ MVA

gp140, BG505 SOSIP.664 Tier 1A; tier 2 5 × 1010 vp ChAdOx1.BG505s, 108 PFU MVA; rabbits; i.m. Protein [82]

gp140, SIVSME543 Tier 1 2 × 1010 vp Ad26, 108 pfu MVA; macaques; i.m. DNA [83]

Mosaic Env/Gag/Pol Tier 1; tier 2 Ad35&26: 4 × 1010 vp, MVA: 108 pfu; macaques; i.m. - [84,85]
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Table 1. Cont.

Virus Family Strain i Type Env & Strain/Clade Specificity nAbs Induced ii Dose iii; Organism; Route iv Combination Ref.

Parvovirus
AAV gp160, HIVIIIB HIV-1BaL 109–1011 vp; mice; i.n. i.m. s.c. i.p. AAV-IL-2 [86]

AAVrh32.33 + SAdV24 gp140, HIV W61D Homologous 1012 gc AAVrh32.33: 2 × 1011 vp SAdV24 HIV; macaques; i.m. - [87]

Paramyxo-virus
Newcastle disease gp140 & gp160, HIV-1 BaL Tier 1A & 1B; tier 2 2 × 105–1 × 106 pfu; guinea pigs; i.n. Protein [88,89]

Measles gp160 & gp140, HIV-1 89.6 Homologous; primary isolates 5 × 106 TCID50; Mice; i.p. - [90]

Flavivirus YFV17D gp120, T/F Tier 1 104 pfu; Mice; s.c. Protein [91]

Lentivirus Integrase defective gp140, EnvC.1086 Tier 1 3 × 108 tu; Macaques; i.m. - [92]

Matonavirus Rubella RA27/3 TM1∆V1–V3 core gp120, 426c IIIB (clade B); CAP85 (clade C) 8 × 104–1 × 105 pfu; Macaques; i.m. Protein [93]

Picornavirus Polio (Sabin type 1) xiii gp41, HIV-1 African isolates; SF2, SF33, HTLV-IIIB,
HTLV-IIIRF

108 TCID50; rabbits; i.d. s.c. i.m. - [94]

Togavirus Semliki Forest virus gp140, YU2 MN, HXb2, SF162, 89.6, JR-CSF 5 × 107 ciu; rabbits; i.d. s.c. i.m. Protein [95]

i VSV—vesicular stomatitis virus; VSV-GP—VSV with the glycoprotein of the lymphocytic choriomeningitis virus; NYVAC—New York vaccinia virus; NYVAC-C-KC—replication-competent
NYVAC variant; ALVAC—Avian vaccinia; MVA—Modified-vaccinia-Ankara; Ad—Adeno; SeV—Sendai virus; AAV—Adeno-associated virus; YFV—Yellow fever vaccine;
ii SHIV—simian/human immunodeficiency virus; HTLV-III—human T-cell lymphotropic virus type III; iii pfu—plaque forming units; ffu—focus forming units; TCID50—tissue
culture infectious dose 50; vp—virus particles; gc—genome copies; tu—transducing units; ciu—cell infectious units; iv i.n.—intranasal; i.m.—intramuscular; i.p.—intraperitoneal;
s.c.—subcutaneous; i.d.—intradermal; i.t.—intratracheal; s.s.—skin scarification; v gp140 fused to transmembrane (TM) domain and cytoplasmatic tail of VSV-G; vi gp120 fused to TM
domain and cytoplasmatic tail of VSV-G; vii gp140 + TM HIV + cytoplasmatic tail of VSV-G or rabis-G; viii removal of the immunomodulatory viral molecule B19; ix T/F—transmitted/founder;
x SAd—replicating simian Ad vector; xi hr—host range mutant (allows growth in monkey cells); xii Full-length single-chain HIV-1BaL gp120 linked to the D1 and D2 domains of rhesus
macaque CD4; xiii Virus in complete Freund’s adjuvant.
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4. Viral Vectors for the Delivery of Next-Generation Env Antigens

Viral vectors are a promising platform for the delivery of next-generation Envs, such as native-like
trimers and germline-binding Env variants. Some special characteristics of viral vectors might help to
overcome the limitations of past HIV vaccine strategies.

Attenuation and replication competency are important aspects with regard to viral vectors. On the
one hand, replication competence is favorable, as it induces longer lasting transgene expression, as it
was shown for Ad vectors [96]. Additionally, the viral vector-mediated adjuvant effect is potentiated
due to the constant triggering of innate immune receptors. On the other hand, replication competence
might be associated with safety concerns, such as a release of genetically modified organisms into
the environment, integration into the genome, and uncontrolled replication. To avoid the risk of
uncontrollable replication in a human vaccine, viruses obtained from nonhuman natural hosts are
explored as vaccine vectors, such as fowlpox that replicates only in avian cells [69] or simian Ad [78].
Another approach is the use of a semi-replication system, which brings the advantages of replication,
increased transgene expression, and safety [97]. This approach, however, has not yet been applied for
the induction of HIV-specific nAbs.

Using replication-competent vectors is only possible for some viruses and many vectors for
vaccine development had to be modified to abrogate replication competency and consequently improve
the safety profile. Many poxviral vaccine strains, for example, were generated by repeated in vitro
passaging of the virus. In the case of the modified vaccinia virus Ankara (MVA), the virus was passaged
more than 570 times on chick embryo fibroblasts, leading to large deletions in the viral genome and
avirulence in a variety of mammalian cells [98]. The modified Copenhagen strain NYVAC (New York
vaccinia virus) was generated by deleting 18 additional open reading frames from the Copenhagen
vaccine strain, leading to a highly attenuated virus [99]. Both are widely used for HIV vaccine
approaches (see Table 1). However, it has recently been shown that an NYVAC variant, NYVAC-C-KC,
where replication competency had been restored by reincorporating the K1L and C7L host range genes,
induced enhanced HIV-specific immune responses in rhesus macaques [59]. Ad vectors, one of the
most intensively studied viral vectors for gene delivery and vaccination, commonly have a deletion
of the E1 gene and often additionally of other early genes that render them replication-incompetent.
However, some studies use replication-competent simian Ad vectors and there is evidence that these
replication-competent vectors induce improved immune responses [78]. Some vectors, such as the
vesicular stomatitis virus (VSV), need to be attenuated to remove their inherent neurotropism [100].
One strategy to abrogate the neurotropism but keep replication competency was to relocate the
glycoprotein G of VSV to the end of the viral genome [51]. Alternatively, VSV-G was replaced by the
transgene of choice (e.g. the Zaire Ebola virus glycoprotein in the case of the VSV-ZEBOV Ebola virus
vaccine [101]) or with a non-neurotropic glycoprotein from another virus [28,102].

Induction of HIV bnAbs is difficult and requires an exceptionally high number of somatic
hypermutations [103]. Somatic hypermutation is antigen-dependent, will only occur in activated B
cells, and requires T cell help. A prolonged delivery of the vaccine antigen either via an osmotic pump,
releasing the protein and adjuvant over a two-week interval, or via a two-week escalating dose injection
scheme enhanced the immune responses in mice and nonhuman primates [104–106]. These improved
immune responses might be explained by several mechanisms, such as an enhanced availability of
structurally intact antigen, a prolonged T cell help, and an improved immune complex formation on
follicular dendritic cells [107]. While osmotic pumps and frequent injections of vaccine antigens are not
practicable for large-scale use as an HIV vaccine, viral vectors could be a promising alternative in this
regard. Viral vectors, especially replication-competent vectors, will produce high amounts of vaccine
antigen in vivo over several days and might thereby simulate this situation. Additionally, the general
immune activation caused by many viral vectors might help to stimulate somatic hypermutation and
consequently improve antibody quality.

A strong advantage of viral vectors compared to protein vaccination and non-viral delivery
systems in general is that viral vectors are “self-adjuvanted” [108]. Viral replication activates innate
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immune sensors, such as pattern recognition receptors, and thereby creates a pro-inflammatory
environment via signaling through NFκB (nuclear factor kappa-light-chain-enhancer of activated
B cells) and MAP (mitogen-activated protein) kinase pathways. Another important innate defense
mechanism of cells is the type I interferon (IFN) system. Upon infection, type I IFNs are induced, which
transfer the infected and neighboring cells into an antiviral state, for example, by induction of MxA
(Myxovirus resistance protein A), ISG-15 (interferon-stimulated gene 15), PKR (protein kinase R), and
the 2-5A synthetase/RNase L systems. All of this can help to enhance the induction of adaptive immune
responses, and, thereby, might increase the durability of responses upon vaccination with viral vectors.
Depending on the level of attenuation/replication competency of the vector, it might still be necessary
to use adjuvants (not covered in this review). However, some attenuated or replication-incompetent
vectors have a very strong adjuvant effect due to the deletion of viral immunomodulators, and thereby
induce stronger vaccine antigen-specific immune responses than their non-attenuated counterparts.
For example, most recombinant Ad vectors have a deletion of the E3 gene, which is involved in
evading host immunity [109]. Also, poxviral vectors, such as NYVAC and MVA, have deletions in
immunomodulatory genes. The deletion of B19R, an inhibitor of the type I IFN response, in NYVAC
was found to augment immune responses [57].

Deletion of viral genes not only affects the induced immune responses and the safety profile of the
vector, but for some vectors, it is also necessary to allow for the expression of several foreign vaccine
antigens by the viral vector. Viruses with a small genome only tolerate limited additional transgenes,
for example, ≈4 kb for VSV. For some vectors, such as AAV, it is necessary to delete large parts of the
viral genes. Even then, AAV can only accommodate ≈4.5 kb of foreign sequences. Deletion of the
E1 and E3 genes allows for packing of 7–8 kb of transgenes in Ad vectors, and additional deletion
of the E4 gene further increases packing capacity. Poxviral vectors, like MVA or NYVAC, have with
25–30 kb by far the largest capacity for foreign transgenes [110]. For some viruses, such as VSV, these
packaging capacities can be overruled, leading to an elongated virus capsid. However, this also leads
to attenuation of the vector. Increasing the genome size might not only influence replication fitness,
but can also affect genetic stability, as shown for Ad [111,112]. In vitro passaged MVA and NYVAC
were found to be very stable [113], while transgene stability in VSV vectors was found to be dependent
on its position in the genome [114].

For protein vaccination, native-like trimers are usually used as soluble gp140 molecules. However,
this comes with the potential disadvantage that non-neutralizing, immunodominant antibodies against
the base of the trimer are potentially preferentially induced [104,115]. Non-neutralizing antibodies
have been shown to be capable of impairing HIV infection and replication. However, this is believed
to occur with a much lower efficacy than for bnAbs [116]. Additionally, many known bnAbs, such as
2F5 or 10E8, require binding to the membrane for optimal binding to HIV Env [117,118], indicating
that membrane-anchored Env should have advantages compared to soluble Env. Viral vectors are
good candidates for delivering membrane-anchored Env. This Env can be expressed on the surface
of infected cells and ideally additionally incorporated into the vaccine virus particles. Presentation
of membrane-anchored Env in a favorable conformation should improve antibody titers and the
quality of antibodies. There are several examples that have shown that a membrane-anchored Env
induces higher antibody titers than the soluble form [28,72]. Only a few viral vectors, such as VSV and
Newcastle disease virus, allow for the incorporation of Env into the viral membrane [28,51,119]. Such
particle-incorporated Env induced higher antibody titers compared to Env that was only presented
on the cell surface or to secreted Env [28]. This is not only true for enveloped viruses, where Env is
incorporated into the viral membrane, but also for non-enveloped viruses, such as Ad vectors, where
Env is fused to the capsid protein, and thereby becomes a part of viral particles. Presentation of Env on
the viral particles might have several advantages for the induction of Env-specific antibodies such as
the multimerization of Env and a longer half-life. Env incorporated in the membrane of vaccine vectors
might fold into a native-like conformation as on HIV particles. Additionally, T cell help for HIV-specific
antibodies might be enhanced for particle-incorporated Env due to intrastructural help [120,121].
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5. Conclusions

The HIV field has made great progress in determining potential correlates of protection in the
humoral, cellular, and innate immune system. However, once HIV infection is established in humans,
the immune system is apparently not capable in eradicating the infection, similar to observations
made in nonhuman primate natural hosts of simian immunodeficiency virus (SIV) infection. Thus,
prevention of HIV infection is a major focus in the worldwide efforts to combat this disease. In recent
years, the discovery of neutralizing epitopes on HIV and neutralizing/broadly neutralizing antibodies
against HIV has advanced the field significantly. While an effective HIV vaccine is still elusive, the
field is slowly moving forward to generate humoral immune responses via HIV vaccination strategies
that hopefully become broad enough to cover the enormous diversity of HIV strains.

Live viral vectors are promising candidates for the delivery of next-generation Env antigens and
future preclinical and clinical studies will show whether they can achieve the induction of bnAbs
and how durable the induced antibody responses are. However, limitations, such as anti-vector
immunity and the need for different bnAb specificities, will make it necessary to utilize viral and
non-viral delivery systems in heterologous prime/boost regiments. Furthermore, it might be necessary
to combine antibody strategies with the efficient induction of T cell responses to achieve long-lasting
protection against HIV.

Author Contributions: S.W., J.E.S., J.K. writing—original draft preparation, review and editing.

Funding: This project has received funding from the European Union’s Horizon 2020 research and innovation
program under grant agreement No. 681032 (EHVA, European HIV Vaccine Alliance).

Acknowledgments: We are thankful to Mariano Esteban for providing helpful comments on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Young, M.L.; Dickstein, B.; Weibel, R.E.; Stokes, J., Jr.; Buynak, E.B.; Hilleman, M.R. Experiences with Jeryl
Lynn strain live attenuated mumps virus vaccine in a pediatric outpatient clinic. Pediatrics 1967, 40, 798–803.

2. Hilleman, M.R.; Buynak, E.B.; Weibel, R.E.; Stokes, J., Jr.; Whitman, J.E., Jr.; Leagus, M.B. Development and
evaluation of the Moraten measles virus vaccine. JAMA 1968, 206, 587–590. [CrossRef] [PubMed]

3. Freestone, D.S.; Prydie, J.; Smith, S.G.; Laurence, G. Vaccination of adults with Wistar RA 27/3 rubella vaccine.
J. Hyg. 1971, 69, 471–477. [CrossRef] [PubMed]

4. Weibel, R.E.; Neff, B.J.; Kuter, B.J.; Guess, H.A.; Rothenberger, C.A.; Fitzgerald, A.J.; Connor, K.A.;
McLean, A.A.; Hilleman, M.R.; Buynak, E.B.; et al. Live attenuated varicella virus vaccine. Efficacy
trial in healthy children. N. Engl. J. Med. 1984, 310, 1409–1415. [CrossRef] [PubMed]

5. O’Ryan, M. Rotarix (RIX4414): An oral human rotavirus vaccine. Expert Rev. Vaccines 2007, 6, 11–19.
[CrossRef] [PubMed]

6. Belshe, R.B.; Edwards, K.M.; Vesikari, T.; Black, S.V.; Walker, R.E.; Hultquist, M.; Kemble, G.; Connor, E.M.;
Group, C.-T.C.E.S. Live attenuated versus inactivated influenza vaccine in infants and young children.
N. Engl. J. Med. 2007, 356, 685–696. [CrossRef] [PubMed]

7. Robert-Guroff, M. Replicating and non-replicating viral vectors for vaccine development. Curr. Opin.
Biotechnol. 2007, 18, 546–556. [CrossRef] [PubMed]

8. Cuevas, J.M.; Geller, R.; Garijo, R.; Lopez-Aldeguer, J.; Sanjuan, R. Extremely High Mutation Rate of HIV-1 In
Vivo. PLoS Biol. 2015, 13, e1002251. [CrossRef]

9. Buchbinder, S.P.; Mehrotra, D.V.; Duerr, A.; Fitzgerald, D.W.; Mogg, R.; Li, D.; Gilbert, P.B.; Lama, J.R.;
Marmor, M.; Del Rio, C.; et al. Efficacy assessment of a cell-mediated immunity HIV-1 vaccine (the Step
Study): A double-blind, randomised, placebo-controlled, test-of-concept trial. Lancet 2008, 372, 1881–1893.
[CrossRef]

10. Hu, H.; Eller, M.A.; Zafar, S.; Zhou, Y.; Gu, M.; Wei, Z.; Currier, J.R.; Marovich, M.A.; Kibuuka, H.N.;
Bailer, R.T.; et al. Preferential infection of human Ad5-specific CD4 T cells by HIV in Ad5 naturally exposed
and recombinant Ad5-HIV vaccinated individuals. Proc. Natl. Acad. Sci. USA 2014, 111, 13439–13444.
[CrossRef]

http://dx.doi.org/10.1001/jama.1968.03150030043009
http://www.ncbi.nlm.nih.gov/pubmed/5695578
http://dx.doi.org/10.1017/S0022172400021720
http://www.ncbi.nlm.nih.gov/pubmed/5285946
http://dx.doi.org/10.1056/NEJM198405313102201
http://www.ncbi.nlm.nih.gov/pubmed/6325909
http://dx.doi.org/10.1586/14760584.6.1.11
http://www.ncbi.nlm.nih.gov/pubmed/17280473
http://dx.doi.org/10.1056/NEJMoa065368
http://www.ncbi.nlm.nih.gov/pubmed/17301299
http://dx.doi.org/10.1016/j.copbio.2007.10.010
http://www.ncbi.nlm.nih.gov/pubmed/18063357
http://dx.doi.org/10.1371/journal.pbio.1002251
http://dx.doi.org/10.1016/S0140-6736(08)61591-3
http://dx.doi.org/10.1073/pnas.1400446111


Vaccines 2019, 7, 119 10 of 16

11. Hoot, S.; McGuire, A.T.; Cohen, K.W.; Strong, R.K.; Hangartner, L.; Klein, F.; Diskin, R.; Scheid, J.F.;
Sather, D.N.; Burton, D.R.; et al. Recombinant HIV envelope proteins fail to engage germline versions of
anti-CD4bs bNAbs. PLoS Pathog. 2013, 9, e1003106. [CrossRef]

12. Seaman, M.S.; Janes, H.; Hawkins, N.; Grandpre, L.E.; Devoy, C.; Giri, A.; Coffey, R.T.; Harris, L.; Wood, B.;
Daniels, M.G.; et al. Tiered categorization of a diverse panel of HIV-1 Env pseudoviruses for assessment of
neutralizing antibodies. J. Virol. 2010, 84, 1439–1452. [CrossRef] [PubMed]

13. Gupta, K.; Hudgens, M.; Corey, L.; McElrath, M.J.; Weinhold, K.; Montefiori, D.C.; Gorse, G.J.; Frey, S.E.;
Keefer, M.C.; Evans, T.G.; et al. Safety and immunogenicity of a high-titered canarypox vaccine in combination
with rgp120 in a diverse population of HIV-1-uninfected adults: AIDS Vaccine Evaluation Group Protocol
022A. J. Acquir. Immune. Defic. Syndr. 2002, 29, 254–261. [CrossRef] [PubMed]

14. Nitayaphan, S.; Pitisuttithum, P.; Karnasuta, C.; Eamsila, C.; de Souza, M.; Morgan, P.; Polonis, V.;
Benenson, M.; VanCott, T.; Ratto-Kim, S.; et al. Safety and immunogenicity of an HIV subtype B and E
prime-boost vaccine combination in HIV-negative Thai adults. J. Infect. Dis. 2004, 190, 702–706. [CrossRef]
[PubMed]

15. Cao, H.; Kaleebu, P.; Hom, D.; Flores, J.; Agrawal, D.; Jones, N.; Serwanga, J.; Okello, M.; Walker, C.;
Sheppard, H.; et al. Immunogenicity of a recombinant human immunodeficiency virus (HIV)-canarypox
vaccine in HIV-seronegative Ugandan volunteers: Results of the HIV Network for Prevention Trials 007
Vaccine Study. J. Infect. Dis. 2003, 187, 887–895. [CrossRef]

16. Belshe, R.B.; Gorse, G.J.; Mulligan, M.J.; Evans, T.G.; Keefer, M.C.; Excler, J.L.; Duliege, A.M.; Tartaglia, J.;
Cox, W.I.; McNamara, J.; et al. Induction of immune responses to HIV-1 by canarypox virus (ALVAC) HIV-1
and gp120 SF-2 recombinant vaccines in uninfected volunteers. NIAID AIDS Vaccine Evaluation Group.
AIDS 1998, 12, 2407–2415. [CrossRef] [PubMed]

17. Montefiori, D.C.; Karnasuta, C.; Huang, Y.; Ahmed, H.; Gilbert, P.; de Souza, M.S.; McLinden, R.;
Tovanabutra, S.; Laurence-Chenine, A.; Sanders-Buell, E.; et al. Magnitude and breadth of the neutralizing
antibody response in the RV144 and Vax003 HIV-1 vaccine efficacy trials. J. Infect. Dis. 2012, 206, 431–441.
[CrossRef]

18. Mascola, J.R.; Snyder, S.W.; Weislow, O.S.; Belay, S.M.; Belshe, R.B.; Schwartz, D.H.; Clements, M.L.; Dolin, R.;
Graham, B.S.; Gorse, G.J.; et al. Immunization with envelope subunit vaccine products elicits neutralizing
antibodies against laboratory-adapted but not primary isolates of human immunodeficiency virus type 1.
The National Institute of Allergy and Infectious Diseases AIDS Vaccine Evaluation Group. J. Infect. Dis. 1996,
173, 340–348.

19. Aldon, Y.; McKay, P.F.; Allen, J.; Ozorowski, G.; Felfodine Levai, R.; Tolazzi, M.; Rogers, P.; He, L.; de Val, N.;
Fabian, K.; et al. Rational Design of DNA-Expressed Stabilized Native-Like HIV-1 Envelope Trimers. Cell Rep.
2018, 24, 3324–3338. [CrossRef]

20. Zhang, P.; Gorman, J.; Geng, H.; Liu, Q.; Lin, Y.; Tsybovsky, Y.; Go, E.P.; Dey, B.; Andine, T.; Kwon, A.;
et al. Interdomain Stabilization Impairs CD4 Binding and Improves Immunogenicity of the HIV-1 Envelope
Trimer. Cell Host Microbe 2018, 23, 832–844. [CrossRef]

21. Pauthner, M.G.; Nkolola, J.P.; Havenar-Daughton, C.; Murrell, B.; Reiss, S.M.; Bastidas, R.; Prevost, J.;
Nedellec, R.; von Bredow, B.; Abbink, P.; et al. Vaccine-Induced Protection from Homologous Tier 2 SHIV
Challenge in Nonhuman Primates Depends on Serum-Neutralizing Antibody Titers. Immunity 2018, 50,
241–252. [CrossRef] [PubMed]

22. Saunders, K.O.; Verkoczy, L.K.; Jiang, C.; Zhang, J.; Parks, R.; Chen, H.; Housman, M.; Bouton-Verville, H.;
Shen, X.; Trama, A.M.; et al. Vaccine Induction of Heterologous Tier 2 HIV-1 Neutralizing Antibodies in
Animal Models. Cell Rep. 2017, 21, 3681–3690. [CrossRef] [PubMed]

23. Sanders, R.W.; Derking, R.; Cupo, A.; Julien, J.P.; Yasmeen, A.; de Val, N.; Kim, H.J.; Blattner, C.; de la Pena, A.T.;
Korzun, J.; et al. A next-generation cleaved, soluble HIV-1 Env trimer, BG505 SOSIP.664 gp140, expresses
multiple epitopes for broadly neutralizing but not non-neutralizing antibodies. PLoS Pathog. 2013, 9,
e1003618. [CrossRef] [PubMed]

24. Sanders, R.W.; van Gils, M.J.; Derking, R.; Sok, D.; Ketas, T.J.; Burger, J.A.; Ozorowski, G.; Cupo, A.;
Simonich, C.; Goo, L.; et al. HIV-1 VACCINES. HIV-1 neutralizing antibodies induced by native-like envelope
trimers. Science 2015, 349, aac4223. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/annotation/ed7c0148-97eb-4416-824d-6e6d1aaeceef
http://dx.doi.org/10.1128/JVI.02108-09
http://www.ncbi.nlm.nih.gov/pubmed/19939925
http://dx.doi.org/10.1097/00042560-200203010-00005
http://www.ncbi.nlm.nih.gov/pubmed/11873074
http://dx.doi.org/10.1086/422258
http://www.ncbi.nlm.nih.gov/pubmed/15272397
http://dx.doi.org/10.1086/368020
http://dx.doi.org/10.1097/00002030-199818000-00009
http://www.ncbi.nlm.nih.gov/pubmed/9875578
http://dx.doi.org/10.1093/infdis/jis367
http://dx.doi.org/10.1016/j.celrep.2018.08.051
http://dx.doi.org/10.1016/j.chom.2018.05.002
http://dx.doi.org/10.1016/j.immuni.2018.11.011
http://www.ncbi.nlm.nih.gov/pubmed/30552025
http://dx.doi.org/10.1016/j.celrep.2017.12.028
http://www.ncbi.nlm.nih.gov/pubmed/29281818
http://dx.doi.org/10.1371/journal.ppat.1003618
http://www.ncbi.nlm.nih.gov/pubmed/24068931
http://dx.doi.org/10.1126/science.aac4223
http://www.ncbi.nlm.nih.gov/pubmed/26089353


Vaccines 2019, 7, 119 11 of 16

25. Sharma, S.K.; de Val, N.; Bale, S.; Guenaga, J.; Tran, K.; Feng, Y.; Dubrovskaya, V.; Ward, A.B.; Wyatt, R.T.
Cleavage-independent HIV-1 Env trimers engineered as soluble native spike mimetics for vaccine design.
Cell Rep. 2015, 11, 539–550. [CrossRef] [PubMed]

26. Pauthner, M.; Havenar-Daughton, C.; Sok, D.; Nkolola, J.P.; Bastidas, R.; Boopathy, A.V.; Carnathan, D.G.;
Chandrashekar, A.; Cirelli, K.M.; Cottrell, C.A.; et al. Elicitation of Robust Tier 2 Neutralizing Antibody
Responses in Nonhuman Primates by HIV Envelope Trimer Immunization Using Optimized Approaches.
Immunity 2017, 46, 1088 e6. [CrossRef]

27. Sliepen, K.; Han, B.W.; Bontjer, I.; Mooij, P.; Garces, F.; Behrens, A.J.; Rantalainen, K.; Kumar, S.; Sarkar, A.;
Brouwer, P.J.M.; et al. Structure and immunogenicity of a stabilized HIV-1 envelope trimer based on
a group-M consensus sequence. Nat. Commun. 2019, 10, 2355. [CrossRef]

28. Bresk, C.A.; Hofer, T.; Wilmschen, S.; Krismer, M.; Beierfuss, A.; Effantin, G.; Weissenhorn, W.; Hogan, M.J.;
Jordan, A.P.O.; Gelman, R.S.; et al. Induction of Tier 1 HIV Neutralizing Antibodies by Envelope Trimers
Incorporated into a Replication Competent Vesicular Stomatitis Virus Vector. Viruses 2019, 11, 159. [CrossRef]

29. Torrents de la Pena, A.; de Taeye, S.W.; Sliepen, K.; LaBranche, C.C.; Burger, J.A.; Schermer, E.E.;
Montefiori, D.C.; Moore, J.P.; Klasse, P.J.; Sanders, R.W. Immunogenicity in Rabbits of HIV-1 SOSIP
Trimers from Clades A, B, and C, Given Individually, Sequentially, or in Combination. J. Virol. 2018, 92,
e01957-17. [CrossRef]

30. Liao, H.X.; Lynch, R.; Zhou, T.; Gao, F.; Alam, S.M.; Boyd, S.D.; Fire, A.Z.; Roskin, K.M.; Schramm, C.A.;
Zhang, Z.; et al. Co-evolution of a broadly neutralizing HIV-1 antibody and founder virus. Nature 2013, 496,
469–476. [CrossRef]

31. Williams, W.B.; Zhang, J.; Jiang, C.; Nicely, N.I.; Fera, D.; Luo, K.; Moody, M.A.; Liao, H.X.; Alam, S.M.;
Kepler, T.B.; et al. Initiation of HIV neutralizing B cell lineages with sequential envelope immunizations.
Nat. Commun. 2017, 8, 1732. [CrossRef] [PubMed]

32. Jardine, J.G.; Kulp, D.W.; Havenar-Daughton, C.; Sarkar, A.; Briney, B.; Sok, D.; Sesterhenn, F.; Ereno-Orbea, J.;
Kalyuzhniy, O.; Deresa, I.; et al. HIV-1 broadly neutralizing antibody precursor B cells revealed by
germline-targeting immunogen. Science 2016, 351, 1458–1463. [CrossRef] [PubMed]

33. Jardine, J.; Julien, J.P.; Menis, S.; Ota, T.; Kalyuzhniy, O.; McGuire, A.; Sok, D.; Huang, P.S.; MacPherson, S.;
Jones, M.; et al. Rational HIV immunogen design to target specific germline B cell receptors. Science 2013,
340, 711–716. [CrossRef] [PubMed]

34. Whitaker, N.; Hickey, J.M.; Kaur, K.; Xiong, J.; Sawant, N.; Cupo, A.; Lee, W.H.; Ozorowski, G.;
Medina-Ramirez, M.; Ward, A.B.; et al. Developability Assessment of Physicochemical Properties and
Stability Profiles of HIV-1 BG505 SOSIP.664 and BG505 SOSIP.v4.1-GT1.1 gp140 Envelope Glycoprotein
Trimers as Candidate Vaccine Antigens. J. Pharm. Sci. 2019, 108, 2264–2277. [CrossRef] [PubMed]

35. Medina-Ramirez, M.; Garces, F.; Escolano, A.; Skog, P.; de Taeye, S.W.; Del Moral-Sanchez, I.; McGuire, A.T.;
Yasmeen, A.; Behrens, A.J.; Ozorowski, G.; et al. Design and crystal structure of a native-like HIV-1 envelope
trimer that engages multiple broadly neutralizing antibody precursors in vivo. J. Exp. Med. 2017, 214,
2573–2590. [CrossRef] [PubMed]

36. Xu, K.; Acharya, P.; Kong, R.; Cheng, C.; Chuang, G.Y.; Liu, K.; Louder, M.K.; O’Dell, S.; Rawi, R.; Sastry, M.;
et al. Epitope-based vaccine design yields fusion peptide-directed antibodies that neutralize diverse strains
of HIV-1. Nat. Med. 2018, 24, 857–867. [CrossRef] [PubMed]

37. Chen, P.; Kovesdi, I.; Bruder, J.T. Effective repeat administration with adenovirus vectors to the muscle.
Gene Ther. 2000, 7, 587–595. [CrossRef] [PubMed]

38. Rose, N.F.; Publicover, J.; Chattopadhyay, A.; Rose, J.K. Hybrid alphavirus-rhabdovirus propagating replicon
particles are versatile and potent vaccine vectors. Proc. Natl. Acad. Sci. USA 2008, 105, 5839–5843. [CrossRef]
[PubMed]

39. Wang, L.; Calcedo, R.; Bell, P.; Lin, J.; Grant, R.L.; Siegel, D.L.; Wilson, J.M. Impact of pre-existing immunity
on gene transfer to nonhuman primate liver with adeno-associated virus 8 vectors. Hum. Gene Ther. 2011, 22,
1389–1401. [CrossRef]

40. Nwanegbo, E.; Vardas, E.; Gao, W.; Whittle, H.; Sun, H.; Rowe, D.; Robbins, P.D.; Gambotto, A. Prevalence of
neutralizing antibodies to adenoviral serotypes 5 and 35 in the adult populations of The Gambia, South
Africa, and the United States. Clin. Diagn. Lab. Immunol. 2004, 11, 351–357. [CrossRef]

41. Barouch, D.H.; Picker, L.J. Novel vaccine vectors for HIV-1. Nat. Rev. Microbiol. 2014, 12, 765–771. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.celrep.2015.03.047
http://www.ncbi.nlm.nih.gov/pubmed/25892233
http://dx.doi.org/10.1016/j.immuni.2017.05.007
http://dx.doi.org/10.1038/s41467-019-10262-5
http://dx.doi.org/10.3390/v11020159
http://dx.doi.org/10.1128/JVI.01957-17
http://dx.doi.org/10.1038/nature12053
http://dx.doi.org/10.1038/s41467-017-01336-3
http://www.ncbi.nlm.nih.gov/pubmed/29170366
http://dx.doi.org/10.1126/science.aad9195
http://www.ncbi.nlm.nih.gov/pubmed/27013733
http://dx.doi.org/10.1126/science.1234150
http://www.ncbi.nlm.nih.gov/pubmed/23539181
http://dx.doi.org/10.1016/j.xphs.2019.01.033
http://www.ncbi.nlm.nih.gov/pubmed/30776383
http://dx.doi.org/10.1084/jem.20161160
http://www.ncbi.nlm.nih.gov/pubmed/28847869
http://dx.doi.org/10.1038/s41591-018-0042-6
http://www.ncbi.nlm.nih.gov/pubmed/29867235
http://dx.doi.org/10.1038/sj.gt.3301137
http://www.ncbi.nlm.nih.gov/pubmed/10819574
http://dx.doi.org/10.1073/pnas.0800280105
http://www.ncbi.nlm.nih.gov/pubmed/18391206
http://dx.doi.org/10.1089/hum.2011.031
http://dx.doi.org/10.1128/CDLI.11.2.351-357.2004
http://dx.doi.org/10.1038/nrmicro3360
http://www.ncbi.nlm.nih.gov/pubmed/25296195


Vaccines 2019, 7, 119 12 of 16

42. Lin, A.; Balazs, A.B. Adeno-associated virus gene delivery of broadly neutralizing antibodies as prevention
and therapy against HIV-1. Retrovirology 2018, 15, 66. [CrossRef] [PubMed]

43. Caskey, M.; Klein, F.; Nussenzweig, M.C. Broadly neutralizing anti-HIV-1 monoclonal antibodies in the clinic.
Nat. Med. 2019, 25, 547–553. [CrossRef] [PubMed]

44. Balazs, A.B.; Ouyang, Y.; Hong, C.M.; Chen, J.; Nguyen, S.M.; Rao, D.S.; An, D.S.; Baltimore, D. Vectored
immunoprophylaxis protects humanized mice from mucosal HIV transmission. Nat. Med. 2014, 20, 296–300.
[CrossRef] [PubMed]

45. Priddy, F.H.; Lewis, D.J.M.; Gelderblom, H.C.; Hassanin, H.; Streatfield, C.; LaBranche, C.; Hare, J.; Cox, J.H.;
Dally, L.; Bendel, D.; et al. Adeno-associated virus vectored immunoprophylaxis to prevent HIV in healthy
adults: A phase 1 randomised controlled trial. Lancet HIV 2019, 6, 230–239. [CrossRef]

46. Balazs, A.B.; Bloom, J.D.; Hong, C.M.; Rao, D.S.; Baltimore, D. Broad protection against influenza infection
by vectored immunoprophylaxis in mice. Nat. Biotechnol. 2013, 31, 647–652. [CrossRef] [PubMed]

47. Russell, N.D.; Graham, B.S.; Keefer, M.C.; McElrath, M.J.; Self, S.G.; Weinhold, K.J.; Montefiori, D.C.;
Ferrari, G.; Horton, H.; Tomaras, G.D.; et al. Phase 2 study of an HIV-1 canarypox vaccine (vCP1452) alone
and in combination with rgp120: Negative results fail to trigger a phase 3 correlates trial. J. Acquir. Immune
Defic. Syndr 2007, 44, 203–212. [CrossRef] [PubMed]

48. Peiperl, L.; Morgan, C.; Moodie, Z.; Li, H.; Russell, N.; Graham, B.S.; Tomaras, G.D.; De Rosa, S.C.;
McElrath, M.J.; NIAID HIV Vaccine Trials Network. Safety and immunogenicity of a replication-defective
adenovirus type 5 HIV vaccine in Ad5-seronegative persons: A randomized clinical trial (HVTN 054).
PLoS ONE 2010, 5, e13579. [CrossRef]

49. Gray, G.E.; Allen, M.; Moodie, Z.; Churchyard, G.; Bekker, L.G.; Nchabeleng, M.; Mlisana, K.; Metch, B.;
de Bruyn, G.; Latka, M.H.; et al. Safety and efficacy of the HVTN 503/Phambili study of a clade-B-based
HIV-1 vaccine in South Africa: A double-blind, randomised, placebo-controlled test-of-concept phase 2b
study. Lancet Infect. Dis. 2011, 11, 507–515. [CrossRef]

50. Haynes, B.F.; Gilbert, P.B.; McElrath, M.J.; Zolla-Pazner, S.; Tomaras, G.D.; Alam, S.M.; Evans, D.T.;
Montefiori, D.C.; Karnasuta, C.; Sutthent, R.; et al. Immune-correlates analysis of an HIV-1 vaccine efficacy
trial. N. Engl. J. Med. 2012, 366, 1275–1286. [CrossRef]

51. Rabinovich, S.; Powell, R.L.; Lindsay, R.W.; Yuan, M.; Carpov, A.; Wilson, A.; Lopez, M.; Coleman, J.W.;
Wagner, D.; Sharma, P.; et al. A novel, live-attenuated vesicular stomatitis virus vector displaying
conformationally intact, functional HIV-1 envelope trimers that elicits potent cellular and humoral responses
in mice. PLoS ONE 2014, 9, e106597. [CrossRef] [PubMed]

52. Jiang, P.; Liu, Y.; Yin, X.; Yuan, F.; Nie, Y.; Luo, M.; Aihua, Z.; Liyin, D.; Ding, M.; Deng, H. Elicitation of
neutralizing antibodies by intranasal administration of recombinant vesicular stomatitis virus expressing
human immunodeficiency virus type 1 gp120. Biochem. Biophys. Res. Commun. 2006, 339, 526–532. [CrossRef]
[PubMed]

53. Egan, M.A.; Chong, S.Y.; Rose, N.F.; Megati, S.; Lopez, K.J.; Schadeck, E.B.; Johnson, J.E.; Masood, A.;
Piacente, P.; Druilhet, R.E.; et al. Immunogenicity of attenuated vesicular stomatitis virus vectors expressing
HIV type 1 Env and SIV Gag proteins: Comparison of intranasal and intramuscular vaccination routes.
AIDS Res. Hum. Retroviruses 2004, 20, 989–1004. [CrossRef] [PubMed]

54. Rose, N.F.; Roberts, A.; Buonocore, L.; Rose, J.K. Glycoprotein exchange vectors based on vesicular stomatitis
virus allow effective boosting and generation of neutralizing antibodies to a primary isolate of human
immunodeficiency virus type 1. J. Virol. 2000, 74, 10903–10910. [CrossRef] [PubMed]

55. Tan, G.S.; McKenna, P.M.; Koser, M.L.; McLinden, R.; Kim, J.H.; McGettigan, J.P.; Schnell, M.J. Strong cellular
and humoral anti-HIV Env immune responses induced by a heterologous rhabdoviral prime-boost approach.
Virology 2005, 331, 82–93. [CrossRef]

56. Schnell, M.J.; Foley, H.D.; Siler, C.A.; McGettigan, J.P.; Dietzschold, B.; Pomerantz, R.J. Recombinant rabies
virus as potential live-viral vaccines for HIV-1. Proc. Natl. Acad. Sci. USA 2000, 97, 3544–3549. [CrossRef]
[PubMed]

57. Garcia-Arriaza, J.; Perdiguero, B.; Heeney, J.L.; Seaman, M.S.; Montefiori, D.C.; Yates, N.L.; Tomaras, G.D.;
Ferrari, G.; Foulds, K.E.; Roederer, M.; et al. HIV/AIDS Vaccine Candidates Based on Replication-Competent
Recombinant Poxvirus NYVAC-C-KC Expressing Trimeric gp140 and Gag-Derived Virus-Like Particles or
Lacking the Viral Molecule B19 That Inhibits Type I Interferon Activate Relevant HIV-1-Specific B and T Cell
Immune Functions in Nonhuman Primates. J. Virol. 2017, 91, e02182-16.

http://dx.doi.org/10.1186/s12977-018-0449-7
http://www.ncbi.nlm.nih.gov/pubmed/30285769
http://dx.doi.org/10.1038/s41591-019-0412-8
http://www.ncbi.nlm.nih.gov/pubmed/30936546
http://dx.doi.org/10.1038/nm.3471
http://www.ncbi.nlm.nih.gov/pubmed/24509526
http://dx.doi.org/10.1016/S2352-3018(19)30003-7
http://dx.doi.org/10.1038/nbt.2618
http://www.ncbi.nlm.nih.gov/pubmed/23728362
http://dx.doi.org/10.1097/01.qai.0000248356.48501.ff
http://www.ncbi.nlm.nih.gov/pubmed/17106277
http://dx.doi.org/10.1371/journal.pone.0013579
http://dx.doi.org/10.1016/S1473-3099(11)70098-6
http://dx.doi.org/10.1056/NEJMoa1113425
http://dx.doi.org/10.1371/journal.pone.0106597
http://www.ncbi.nlm.nih.gov/pubmed/25215861
http://dx.doi.org/10.1016/j.bbrc.2005.11.067
http://www.ncbi.nlm.nih.gov/pubmed/16313884
http://dx.doi.org/10.1089/aid.2004.20.989
http://www.ncbi.nlm.nih.gov/pubmed/15585086
http://dx.doi.org/10.1128/JVI.74.23.10903-10910.2000
http://www.ncbi.nlm.nih.gov/pubmed/11069984
http://dx.doi.org/10.1016/j.virol.2004.10.018
http://dx.doi.org/10.1073/pnas.97.7.3544
http://www.ncbi.nlm.nih.gov/pubmed/10706640


Vaccines 2019, 7, 119 13 of 16

58. García-Arriaza, J.; Perdiguero, B.; Heeney, J.; Seaman, M.; Montefiori, D.C.; Labranche, C.; Yates, N.L.;
Shen, X.; Tomaras, G.D.; Ferrari, G.; et al. Head-to-Head Comparison of Poxvirus NYVAC and ALVAC
Vectors Expressing Identical HIV-1 Clade C Immunogens in Prime-Boost Combination with Env Protein in
Nonhuman Primates. J. Virol. 2015, 89, 8525–8539. [CrossRef]

59. Kibler, K.V.; Asbach, B.; Perdiguero, B.; Garcia-Arriaza, J.; Yates, N.L.; Parks, R.; Stanfield-Oakley, S.;
Ferrari, G.; Montefiori, D.C.; Tomaras, G.D.; et al. Replication-Competent NYVAC-KC Yields Improved
Immunogenicity to HIV-1 Antigens in Rhesus Macaques Compared to Nonreplicating NYVAC. J. Virol. 2019,
93, e01513-18. [CrossRef]

60. Patterson, L.J.; Peng, B.; Abimiku, A.G.; Aldrich, K.; Murty, L.; Markham, P.D.; Kalyanaraman, V.S.; Alvord, W.G.;
Tartaglia, J.; Franchini, G.; et al. Cross-protection in NYVAC-HIV-1-immunized/HIV-2-challenged but not in
NYVAC-HIV-2-immunized/SHIV-challenged rhesus macaques. AIDS 2000, 14, 2445–2455. [CrossRef]

61. Myagkikh, M.; Alipanah, S.; Markham, P.D.; Tartaglia, J.; Paoletti, E.; Gallo, R.C.; Franchini, G.;
Robert-Guroff, M. Multiple immunizations with attenuated poxvirus HIV type 2 recombinants and subunit
boosts required for protection of rhesus macaques. AIDS Res. Hum. Retroviruses 1996, 12, 985–992. [CrossRef]
[PubMed]

62. Franchini, G.; Robert-Guroff, M.; Tartaglia, J.; Aggarwal, A.; Abimiku, A.; Benson, J.; Markham, P.; Limbach, K.;
Hurteau, G.; Fullen, J.; et al. Highly attenuated HIV type 2 recombinant poxviruses, but not HIV-2 recombinant
Salmonella vaccines, induce long-lasting protection in rhesus macaques. AIDS Res. Hum. Retroviruses 1995,
11, 909–920. [CrossRef] [PubMed]

63. Liu, L.; Hao, Y.; Luo, Z.; Huang, Y.; Hu, X.; Liu, Y.; Shao, Y. Broad HIV-1 neutralizing antibody response
induced by heterologous gp140/gp145 DNA prime-vaccinia boost immunization. Vaccine 2012, 30, 4135–4143.
[CrossRef] [PubMed]

64. Liu, L.; Wan, Y.; Wu, L.; Sun, J.; Li, H.; Li, H.; Ma, L.; Shao, Y. Broader HIV-1 neutralizing antibody responses
induced by envelope glycoprotein mutants based on the EIAV attenuated vaccine. Retrovirology 2010, 7, 71.
[CrossRef]

65. Liu, Q.; Li, Y.; Luo, Z.; Yang, G.; Liu, Y.; Liu, Y.; Sun, M.; Dai, J.; Li, Q.; Qin, C.; et al. HIV-1 vaccines based
on replication-competent Tiantan vaccinia protected Chinese rhesus macaques from simian HIV infection.
AIDS 2015, 29, 649–658. [CrossRef] [PubMed]

66. McCurley, N.P.; Domi, A.; Basu, R.; Saunders, K.O.; LaBranche, C.C.; Montefiori, D.C.; Haynes, B.F.;
Robinson, H.L. HIV transmitted/founder vaccines elicit autologous tier 2 neutralizing antibodies for the CD4
binding site. PLoS ONE 2017, 12, e0177863. [CrossRef]

67. Iyer, S.S.; Gangadhara, S.; Victor, B.; Shen, X.; Chen, X.; Nabi, R.; Kasturi, S.P.; Sabula, M.J.; Labranche, C.C.;
Reddy, P.B.J.; et al. Virus-Like Particles Displaying Trimeric Simian Immunodeficiency Virus (SIV) Envelope
gp160 Enhance the Breadth of DNA/Modified Vaccinia Virus Ankara SIV Vaccine-Induced Antibody
Responses in Rhesus Macaques. J. Virol. 2016, 90, 8842–8854. [CrossRef] [PubMed]

68. Wyatt, L.S.; Earl, P.L.; Liu, J.Y.; Smith, J.M.; Montefiori, D.C.; Robinson, H.L.; Moss, B. Multiprotein HIV type
1 clade B DNA and MVA vaccines: Construction, expression, and immunogenicity in rodents of the MVA
component. AIDS Res. Hum. Retroviruses 2004, 20, 645–653. [CrossRef] [PubMed]

69. Radaelli, A.; Zanotto, C.; Perletti, G.; Elli, V.; Vicenzi, E.; Poli, G.; De Giuli Morghen, C. Comparative analysis
of immune responses and cytokine profiles elicited in rabbits by the combined use of recombinant fowlpox
viruses, plasmids and virus-like particles in prime-boost vaccination protocols against SHIV. Vaccine 2003, 21,
2052–2064. [CrossRef]

70. Zhang, X.; Sobue, T.; Isshiki, M.; Makino, S.-i.; Inoue, M.; Kato, K.; Shioda, T.; Ohashi, T.; Sato, H.; Komano, J.;
et al. Elicitation of Both Anti HIV-1 Env Humoral and Cellular Immunities by Replicating Vaccinia Prime
Sendai Virus Boost Regimen and Boosting by CD40Lm. PLoS ONE 2012, 7, e51633. [CrossRef]

71. Richmond, J.F.; Mustafa, F.; Lu, S.; Santoro, J.C.; Weng, J.; O’Connell, M.; Fenyo, E.M.; Hurwitz, J.L.;
Montefiori, D.C.; Robinson, H.L. Screening of HIV-1 Env glycoproteins for the ability to raise neutralizing
antibody using DNA immunization and recombinant vaccinia virus boosting. Virology 1997, 230, 265–274.
[CrossRef] [PubMed]

72. Alexander, J.; Mendy, J.; Vang, L.; Avanzini, J.B.; Garduno, F.; Manayani, D.J.; Ishioka, G.; Farness, P.; Ping, L.H.;
Swanstrom, R.; et al. Pre-clinical development of a recombinant, replication-competent adenovirus serotype
4 vector vaccine expressing HIV-1 envelope 1086 clade C. PLoS ONE 2013, 8, e82380. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.01265-15
http://dx.doi.org/10.1128/JVI.01513-18
http://dx.doi.org/10.1097/00002030-200011100-00005
http://dx.doi.org/10.1089/aid.1996.12.985
http://www.ncbi.nlm.nih.gov/pubmed/8827214
http://dx.doi.org/10.1089/aid.1995.11.909
http://www.ncbi.nlm.nih.gov/pubmed/7492438
http://dx.doi.org/10.1016/j.vaccine.2012.04.075
http://www.ncbi.nlm.nih.gov/pubmed/22561314
http://dx.doi.org/10.1186/1742-4690-7-71
http://dx.doi.org/10.1097/QAD.0000000000000595
http://www.ncbi.nlm.nih.gov/pubmed/25849828
http://dx.doi.org/10.1371/journal.pone.0177863
http://dx.doi.org/10.1128/JVI.01163-16
http://www.ncbi.nlm.nih.gov/pubmed/27466414
http://dx.doi.org/10.1089/0889222041217428
http://www.ncbi.nlm.nih.gov/pubmed/15242542
http://dx.doi.org/10.1016/S0264-410X(02)00773-9
http://dx.doi.org/10.1371/journal.pone.0051633
http://dx.doi.org/10.1006/viro.1997.8478
http://www.ncbi.nlm.nih.gov/pubmed/9143282
http://dx.doi.org/10.1371/journal.pone.0082380
http://www.ncbi.nlm.nih.gov/pubmed/24312658


Vaccines 2019, 7, 119 14 of 16

73. Thomas, M.A.; Tuero, I.; Demberg, T.; Vargas-Inchaustegui, D.A.; Musich, T.; Xiao, P.; Venzon, D.;
LaBranche, C.; Montefiori, D.C.; DiPasquale, J.; et al. HIV-1 CD4-induced (CD4i) gp120 epitope vaccines
promote B and T-cell responses that contribute to reduced viral loads in rhesus macaques. Virology 2014, 471,
81–92. [CrossRef] [PubMed]

74. Vinner, L.; Therrien, D.; Wee, E.; Laursen, I.; Hanke, T.; Corbet, S.L.; Fomsgaard, A. Immune response in
rhesus macaques after mixed modality immunisations with DNA, recombinant adenovirus and recombinant
gp120 from human immunodeficiency virus type 1. APMIS 2006, 114, 690–699. [CrossRef] [PubMed]

75. Santra, S.; Seaman, M.S.; Xu, L.; Barouch, D.H.; Lord, C.I.; Lifton, M.A.; Gorgone, D.A.; Beaudry, K.R.;
Svehla, K.; Welcher, B.; et al. Replication-defective adenovirus serotype 5 vectors elicit durable cellular and
humoral immune responses in nonhuman primates. J. Virol. 2005, 79, 6516–6522. [CrossRef] [PubMed]

76. Mascola, J.R.; Sambor, A.; Beaudry, K.; Santra, S.; Welcher, B.; Louder, M.K.; Vancott, T.C.; Huang, Y.;
Chakrabarti, B.K.; Kong, W.P.; et al. Neutralizing antibodies elicited by immunization of monkeys with DNA
plasmids and recombinant adenoviral vectors expressing human immunodeficiency virus type 1 proteins.
J. Virol. 2005, 79, 771–779. [CrossRef] [PubMed]

77. Xin, K.Q.; Jounai, N.; Someya, K.; Honma, K.; Mizuguchi, H.; Naganawa, S.; Kitamura, K.; Hayakawa, T.;
Saha, S.; Takeshita, F.; et al. Prime-boost vaccination with plasmid DNA and a chimeric adenovirus type 5
vector with type 35 fiber induces protective immunity against HIV. Gene Ther. 2005, 12, 1769–1777. [CrossRef]
[PubMed]

78. Malherbe, D.C.; Mendy, J.; Vang, L.; Barnette, P.T.; Reed, J.; Lakhashe, S.K.; Owuor, J.; Gach, J.S.; Legasse, A.W.;
Axthelm, M.K.; et al. Combination Adenovirus and Protein Vaccines Prevent Infection or Reduce Viral
Burden after Heterologous Clade C Simian-Human Immunodeficiency Virus Mucosal Challenge. J. Virol.
2018, 92, e01092-17. [CrossRef] [PubMed]

79. Gomez-Roman, V.R.; Florese, R.H.; Peng, B.; Montefiori, D.C.; Kalyanaraman, V.S.; Venzon, D.; Srivastava, I.;
Barnett, S.W.; Robert-Guroff, M. An adenovirus-based HIV subtype B prime/boost vaccine regimen elicits
antibodies mediating broad antibody-dependent cellular cytotoxicity against non-subtype B HIV strains.
J. Acquir. Immune Defic. Syndr. 2006, 43, 270–277. [CrossRef] [PubMed]

80. Lubeck, M.D.; Natuk, R.J.; Chengalvala, M.; Chanda, P.K.; Murthy, K.K.; Murthy, S.; Mizutani, S.; Lee, S.G.;
Wade, M.S.; Bhat, B.M.; et al. Immunogenicity of recombinant adenovirus-human immunodeficiency
virus vaccines in chimpanzees following intranasal administration. AIDS Res. Hum. Retroviruses 1994, 10,
1443–1449. [CrossRef]

81. Natuk, R.J.; Chanda, P.K.; Lubeck, M.D.; Davis, A.R.; Wilhelm, J.; Hjorth, R.; Wade, M.S.; Bhat, B.M.;
Mizutani, S.; Lee, S.; et al. Adenovirus-human immunodeficiency virus (HIV) envelope recombinant vaccines
elicit high-titered HIV-neutralizing antibodies in the dog model. Proc. Natl. Acad. Sci. USA 1992, 89,
7777–7781. [CrossRef] [PubMed]

82. Capucci, S.; Wee, E.G.; Schiffner, T.; LaBranche, C.C.; Borthwick, N.; Cupo, A.; Dodd, J.; Dean, H.; Sattentau, Q.;
Montefiori, D.; et al. HIV-1-neutralizing antibody induced by simian adenovirus and poxvirus MVA-vectored
BG505 native-like envelope trimers. PLoS ONE 2017, 12, e0181886. [CrossRef] [PubMed]

83. Barouch, D.H.; Liu, J.; Li, H.; Maxfield, L.F.; Abbink, P.; Lynch, D.M.; Iampietro, M.J.; SanMiguel, A.;
Seaman, M.S.; Ferrari, G.; et al. Vaccine protection against acquisition of neutralization-resistant SIV
challenges in rhesus monkeys. Nature 2012, 482, 89–93. [CrossRef] [PubMed]

84. Barouch, D.H.; O’Brien, K.L.; Simmons, N.L.; King, S.L.; Abbink, P.; Maxfield, L.F.; Sun, Y.H.; La Porte, A.;
Riggs, A.M.; Lynch, D.M.; et al. Mosaic HIV-1 vaccines expand the breadth and depth of cellular immune
responses in rhesus monkeys. Natl. Med. 2010, 16, 319–323. [CrossRef] [PubMed]

85. Barouch, D.H.; Stephenson, K.E.; Borducchi, E.N.; Smith, K.; Stanley, K.; McNally, A.G.; Liu, J.; Abbink, P.;
Maxfield, L.F.; Seaman, M.S.; et al. Protective efficacy of a global HIV-1 mosaic vaccine against heterologous
SHIV challenges in rhesus monkeys. Cell 2013, 155, 531–539. [CrossRef] [PubMed]

86. Xin, K.-Q.; Urabe, M.; Yang, J.; Nomiyama, K.; Mizukami, H.; Hamajima, K.; Nomiyama, H.; Saito, T.;
Imai, M.; Monahan, J.; et al. A Novel Recombinant Adeno-Associated Virus Vaccine Induces a Long-Term
Humoral Immune Response to Human Immunodeficiency Virus. Hum. Gene Ther. 2001, 12, 1047–1061.
[CrossRef] [PubMed]

87. Lin, J.; Calcedo, R.; Vandenberghe, L.H.; Bell, P.; Somanathan, S.; Wilson, J.M. A new genetic vaccine
platform based on an adeno-associated virus isolated from a rhesus macaque. J. Virol. 2009, 83, 12738–12750.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.virol.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25461534
http://dx.doi.org/10.1111/j.1600-0463.2006.apm_395.x
http://www.ncbi.nlm.nih.gov/pubmed/17004972
http://dx.doi.org/10.1128/JVI.79.10.6516-6522.2005
http://www.ncbi.nlm.nih.gov/pubmed/15858035
http://dx.doi.org/10.1128/JVI.79.2.771-779.2005
http://www.ncbi.nlm.nih.gov/pubmed/15613305
http://dx.doi.org/10.1038/sj.gt.3302590
http://www.ncbi.nlm.nih.gov/pubmed/16079886
http://dx.doi.org/10.1128/JVI.01092-17
http://www.ncbi.nlm.nih.gov/pubmed/29093095
http://dx.doi.org/10.1097/01.qai.0000230318.40170.60
http://www.ncbi.nlm.nih.gov/pubmed/16940858
http://dx.doi.org/10.1089/aid.1994.10.1443
http://dx.doi.org/10.1073/pnas.89.16.7777
http://www.ncbi.nlm.nih.gov/pubmed/1502197
http://dx.doi.org/10.1371/journal.pone.0181886
http://www.ncbi.nlm.nih.gov/pubmed/28792942
http://dx.doi.org/10.1038/nature10766
http://www.ncbi.nlm.nih.gov/pubmed/22217938
http://dx.doi.org/10.1038/nm.2089
http://www.ncbi.nlm.nih.gov/pubmed/20173752
http://dx.doi.org/10.1016/j.cell.2013.09.061
http://www.ncbi.nlm.nih.gov/pubmed/24243013
http://dx.doi.org/10.1089/104303401750214276
http://www.ncbi.nlm.nih.gov/pubmed/11399227
http://dx.doi.org/10.1128/JVI.01441-09
http://www.ncbi.nlm.nih.gov/pubmed/19812149


Vaccines 2019, 7, 119 15 of 16

88. Khattar, S.K.; DeVico, A.L.; LaBranche, C.C.; Panda, A.; Montefiori, D.C.; Samal, S.K. Enhanced Immune
Responses to HIV-1 Envelope Elicited by a Vaccine Regimen Consisting of Priming with Newcastle Disease
Virus Expressing HIV gp160 and Boosting with gp120 and SOSIP gp140 Proteins. J. Virol. 2016, 90, 1682–1686.
[CrossRef]

89. Khattar, S.K.; Samal, S.; LaBranche, C.C.; Montefiori, D.C.; Collins, P.L.; Samal, S.K. Comparative
immunogenicity of HIV-1 gp160, gp140 and gp120 expressed by live attenuated newcastle disease virus
vector. PLoS ONE 2013, 8, e78521. [CrossRef]

90. Lorin, C.; Mollet, L.; Delebecque, F.; Combredet, C.; Hurtrel, B.; Charneau, P.; Brahic, M.; Tangy, F. A single
injection of recombinant measles virus vaccines expressing human immunodeficiency virus (HIV) type
1 clade B envelope glycoproteins induces neutralizing antibodies and cellular immune responses to HIV.
J. Virol. 2004, 78, 146–157. [CrossRef]

91. Yu, J.S.; Liao, H.X.; Pritchett, J.; Bowman, C.; Vivian, C.; Parks, R.; Xia, S.M.; Cooper, M.; Williams, W.B.;
Bonsignori, M.; et al. Development of a recombinant yellow fever vector expressing a HIV clade C founder
envelope gp120. J. Virol. Methods 2017, 249, 85–93. [CrossRef] [PubMed]

92. Negri, D.; Blasi, M.; LaBranche, C.; Parks, R.; Balachandran, H.; Lifton, M.; Shen, X.; Denny, T.; Ferrari, G.;
Vescio, M.F.; et al. Immunization with an SIV-based IDLV Expressing HIV-1 Env 1086 Clade C Elicits Durable
Humoral and Cellular Responses in Rhesus Macaques. Mol. Ther. 2016, 24, 2021–2032. [CrossRef] [PubMed]

93. Virnik, K.; Nesti, E.; Dail, C.; Scanlan, A.; Medvedev, A.; Vassell, R.; McGuire, A.T.; Stamatatos, L.; Berkower, I.
Live rubella vectors can express native HIV envelope glycoproteins targeted by broadly neutralizing
antibodies and prime the immune response to an envelope protein boost. Vaccine 2018, 36, 5166–5172.
[CrossRef] [PubMed]

94. Evans, D.J.; McKeating, J.; Meredith, J.M.; Burke, K.L.; Katrak, K.; John, A.; Ferguson, M.; Minor, P.D.;
Weiss, R.A.; Almond, J.W. An engineered poliovirus chimaera elicits broadly reactive HIV-1 neutralizing
antibodies. Nature 1989, 339, 340, 385–388. [CrossRef] [PubMed]

95. Forsell, M.N.; Li, Y.; Sundback, M.; Svehla, K.; Liljestrom, P.; Mascola, J.R.; Wyatt, R.; Karlsson Hedestam, G.B.
Biochemical and immunogenic characterization of soluble human immunodeficiency virus type 1 envelope
glycoprotein trimers expressed by semliki forest virus. J. Virol. 2005, 79, 10902–10914. [CrossRef] [PubMed]

96. Crosby, C.M.; Barry, M.A. Transgene Expression and Host Cell Responses to Replication-Defective,
Single-Cycle, and Replication-Competent Adenovirus Vectors. Genes 2017, 8, 79. [CrossRef]

97. Muik, A.; Dold, C.; Geiss, Y.; Volk, A.; Werbizki, M.; Dietrich, U.; von Laer, D. Semireplication-competent
vesicular stomatitis virus as a novel platform for oncolytic virotherapy. J. Mol. Med. 2012, 90, 959–970.
[CrossRef]

98. Meyer, H.; Sutter, G.; Mayr, A. Mapping of deletions in the genome of the highly attenuated vaccinia virus
MVA and their influence on virulence. J. Gen. Virol. 1991, 72, 1031–1038. [CrossRef]

99. Tartaglia, J.; Perkus, M.E.; Taylor, J.; Norton, E.K.; Audonnet, J.C.; Cox, W.I.; Davis, S.W.; van der Hoeven, J.;
Meignier, B.; Riviere, M.; et al. NYVAC: A highly attenuated strain of vaccinia virus. Virology 1992, 188,
217–232. [CrossRef]

100. Van den Pol, A.N.; Dalton, K.P.; Rose, J.K. Relative neurotropism of a recombinant rhabdovirus expressing
a green fluorescent envelope glycoprotein. J. Virol. 2002, 76, 1309–1327. [CrossRef]

101. Lennemann, N.J.; Herbert, A.S.; Brouillette, R.; Rhein, B.; Bakken, R.A.; Perschbacher, K.J.; Cooney, A.L.;
Miller-Hunt, C.L.; Ten Eyck, P.; Biggins, J.; et al. Vesicular Stomatitis Virus Pseudotyped with Ebola Virus
Glycoprotein Serves as a Protective, Noninfectious Vaccine against Ebola Virus Challenge in Mice. J. Virol.
2017, 91, e00479-17. [CrossRef] [PubMed]

102. Muik, A.; Kneiske, I.; Werbizki, M.; Wilflingseder, D.; Giroglou, T.; Ebert, O.; Kraft, A.; Dietrich, U.;
Zimmer, G.; Momma, S.; et al. Pseudotyping vesicular stomatitis virus with lymphocytic choriomeningitis
virus glycoproteins enhances infectivity for glioma cells and minimizes neurotropism. J. Virol. 2011, 85,
5679–5684. [CrossRef] [PubMed]

103. Klein, F.; Diskin, R.; Scheid, J.F.; Gaebler, C.; Mouquet, H.; Georgiev, I.S.; Pancera, M.; Zhou, T.; Incesu, R.B.;
Fu, B.Z.; et al. Somatic mutations of the immunoglobulin framework are generally required for broad and
potent HIV-1 neutralization. Cell 2013, 153, 126–138. [CrossRef] [PubMed]

104. Hu, J.K.; Crampton, J.C.; Cupo, A.; Ketas, T.; van Gils, M.J.; Sliepen, K.; de Taeye, S.W.; Sok, D.; Ozorowski, G.;
Deresa, I.; et al. Murine Antibody Responses to Cleaved Soluble HIV-1 Envelope Trimers Are Highly
Restricted in Specificity. J. Virol. 2015, 89, 10383–10398. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.02847-15
http://dx.doi.org/10.1371/journal.pone.0078521
http://dx.doi.org/10.1128/JVI.78.1.146-157.2004
http://dx.doi.org/10.1016/j.jviromet.2017.08.012
http://www.ncbi.nlm.nih.gov/pubmed/28837840
http://dx.doi.org/10.1038/mt.2016.123
http://www.ncbi.nlm.nih.gov/pubmed/27455880
http://dx.doi.org/10.1016/j.vaccine.2018.07.010
http://www.ncbi.nlm.nih.gov/pubmed/30037665
http://dx.doi.org/10.1038/339385a0
http://www.ncbi.nlm.nih.gov/pubmed/2542797
http://dx.doi.org/10.1128/JVI.79.17.10902-10914.2005
http://www.ncbi.nlm.nih.gov/pubmed/16103142
http://dx.doi.org/10.3390/genes8020079
http://dx.doi.org/10.1007/s00109-012-0863-6
http://dx.doi.org/10.1099/0022-1317-72-5-1031
http://dx.doi.org/10.1016/0042-6822(92)90752-B
http://dx.doi.org/10.1128/JVI.76.3.1309-1327.2002
http://dx.doi.org/10.1128/JVI.00479-17
http://www.ncbi.nlm.nih.gov/pubmed/28615211
http://dx.doi.org/10.1128/JVI.02511-10
http://www.ncbi.nlm.nih.gov/pubmed/21450833
http://dx.doi.org/10.1016/j.cell.2013.03.018
http://www.ncbi.nlm.nih.gov/pubmed/23540694
http://dx.doi.org/10.1128/JVI.01653-15
http://www.ncbi.nlm.nih.gov/pubmed/26246566


Vaccines 2019, 7, 119 16 of 16

105. Tam, H.H.; Melo, M.B.; Kang, M.; Pelet, J.M.; Ruda, V.M.; Foley, M.H.; Hu, J.K.; Kumari, S.; Crampton, J.;
Baldeon, A.D.; et al. Sustained antigen availability during germinal center initiation enhances antibody
responses to vaccination. Proc. Natl. Acad. Sci. USA 2016, 113, 6639–6648. [CrossRef] [PubMed]

106. Cirelli, K.M.; Carnathan, D.G.; Nogal, B.; Martin, J.T.; Rodriguez, O.L.; Upadhyay, A.A.; Enemuo, C.A.;
Gebru, E.H.; Choe, Y.; Viviano, F.; et al. Slow Delivery Immunization Enhances HIV Neutralizing Antibody
and Germinal Center Responses via Modulation of Immunodominance. Cell 2019, 177, 1153–1171.e28.
[CrossRef] [PubMed]

107. Cirelli, K.M.; Crotty, S. Germinal center enhancement by extended antigen availability. Curr. Opin. Immunol.
2017, 47, 64–69. [CrossRef]

108. Pinschewer, D.D. Virally vectored vaccine delivery: Medical needs, mechanisms, advantages and challenges.
Swiss Med. Wkly. 2017, 147, w14465.

109. Burgert, H.G.; Ruzsics, Z.; Obermeier, S.; Hilgendorf, A.; Windheim, M.; Elsing, A. Subversion of host defense
mechanisms by adenoviruses. Curr. Top. Microbiol. Immunol. 2002, 269, 273–318.

110. Lundstrom, K. Viral Vectors in Gene Therapy. Diseases 2018, 6, 42. [CrossRef]
111. Bett, A.J.; Prevec, L.; Graham, F.L. Packaging capacity and stability of human adenovirus type 5 vectors.

J. Virol. 1993, 67, 5911–5921. [PubMed]
112. Smith, A.C.; Poulin, K.L.; Parks, R.J. DNA genome size affects the stability of the adenovirus virion. J. Virol.

2009, 83, 2025–2028. [CrossRef] [PubMed]
113. Gómez, C.E.; Nájera, J.L.; Jiménez, E.P.; Jiménez, V.; Wagner, R.; Graf, M.; Frachette, M.-J.; Liljeström, P.;

Pantaleo, G.; Esteban, M. Head-to-head comparison on the immunogenicity of two HIV/AIDS vaccine
candidates based on the attenuated poxvirus strains MVA and NYVAC co-expressing in a single locus the
HIV-1BX08 gp120 and HIV-1IIIB Gag-Pol-Nef proteins of clade B. Vaccine 2007, 25, 2863–2885. [CrossRef]
[PubMed]

114. Wertz, G.W.; Moudy, R.; Ball, L.A. Adding genes to the RNA genome of vesicular stomatitis virus: Positional
effects on stability of expression. J. Virol. 2002, 76, 7642–7650. [CrossRef] [PubMed]

115. Kulp, D.W.; Steichen, J.M.; Pauthner, M.; Hu, X.; Schiffner, T.; Liguori, A.; Cottrell, C.A.; Havenar-Daughton, C.;
Ozorowski, G.; Georgeson, E.; et al. Structure-based design of native-like HIV-1 envelope trimers to silence
non-neutralizing epitopes and eliminate CD4 binding. Nat. Commun. 2017, 8, 1655. [CrossRef] [PubMed]

116. Pollara, J.; Easterhoff, D.; Fouda, G.G. Lessons learned from human HIV vaccine trials. Curr. Opin. HIV AIDS
2017, 12, 216–221. [CrossRef] [PubMed]

117. Chen, J.; Frey, G.; Peng, H.; Rits-Volloch, S.; Garrity, J.; Seaman, M.S.; Chen, B. Mechanism of HIV-1
neutralization by antibodies targeting a membrane-proximal region of gp41. J. Virol. 2014, 88, 1249–1258.
[CrossRef]

118. Rujas, E.; Caaveiro, J.M.; Partida-Hanon, A.; Gulzar, N.; Morante, K.; Apellaniz, B.; Garcia-Porras, M.;
Bruix, M.; Tsumoto, K.; Scott, J.K.; et al. Structural basis for broad neutralization of HIV-1 through the
molecular recognition of 10E8 helical epitope at the membrane interface. Sci. Rep. 2016, 6, 38177. [CrossRef]

119. Khattar, S.K.; Manoharan, V.; Bhattarai, B.; LaBranche, C.C.; Montefiori, D.C.; Samal, S.K. Mucosal
Immunization with Newcastle Disease Virus Vector Coexpressing HIV-1 Env and Gag Proteins Elicits
Potent Serum, Mucosal, and Cellular Immune Responses That Protect against Vaccinia Virus Env and Gag
Challenges. MBio 2015, 6, e01005. [CrossRef]

120. Russell, S.M.; Liew, F.Y. T cells primed by influenza virion internal components can cooperate in the antibody
response to haemagglutinin. Nature 1979, 280, 147–148. [CrossRef]

121. Nabi, G.; Genannt Bonsmann, M.S.; Tenbusch, M.; Gardt, O.; Barouch, D.H.; Temchura, V.; Uberla, K.
GagPol-specific CD4(+) T-cells increase the antibody response to Env by intrastructural help. Retrovirology
2013, 10, 117. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.1606050113
http://www.ncbi.nlm.nih.gov/pubmed/27702895
http://dx.doi.org/10.1016/j.cell.2019.04.012
http://www.ncbi.nlm.nih.gov/pubmed/31080066
http://dx.doi.org/10.1016/j.coi.2017.06.008
http://dx.doi.org/10.3390/diseases6020042
http://www.ncbi.nlm.nih.gov/pubmed/8371349
http://dx.doi.org/10.1128/JVI.01644-08
http://www.ncbi.nlm.nih.gov/pubmed/19036812
http://dx.doi.org/10.1016/j.vaccine.2006.09.090
http://www.ncbi.nlm.nih.gov/pubmed/17113200
http://dx.doi.org/10.1128/JVI.76.15.7642-7650.2002
http://www.ncbi.nlm.nih.gov/pubmed/12097578
http://dx.doi.org/10.1038/s41467-017-01549-6
http://www.ncbi.nlm.nih.gov/pubmed/29162799
http://dx.doi.org/10.1097/COH.0000000000000362
http://www.ncbi.nlm.nih.gov/pubmed/28230655
http://dx.doi.org/10.1128/JVI.02664-13
http://dx.doi.org/10.1038/srep38177
http://dx.doi.org/10.1128/mBio.01005-15
http://dx.doi.org/10.1038/280147a0
http://dx.doi.org/10.1186/1742-4690-10-117
http://www.ncbi.nlm.nih.gov/pubmed/24156704
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Design of Env Immunogens for BnAb Induction 
	Viral Vectors for HIV Vaccination 
	Viral Vectors for the Delivery of Next-Generation Env Antigens 
	Conclusions 
	References

