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A preventive vaccine against the Human Immunodeficiency Virus (HIV-1) 

has eluded science and societies’ efforts for nearly 40 years, and to date 

HIV-1 remains a chronic, non-curable infection. The identification of new 

vaccine platforms could prove key for tackling such an evasive virus as 

HIV-1. In this doctoral thesis project, our group develop a novel HIV-1 

based virus-like particle (VLP) that mimics the structure of the virus and 

presents a high density of antigens that induce a robust and protective 

immune response. Furthermore, this vaccine platform can be easily 

adapted to express other relevant antigens on its surface, aiming at the 

generation of better fit vaccine strategies against HIV-1. Hopefully, this 

vaccine platform will show its potential, not only as a promising HIV-1 

vaccine prototype, but also as a vehicle against other infectious agents 

and diseases. 
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Summary

Vaccines are one of the most successful achievements in the history of medicine. 
However, for some infectious agents, there still is a lack of an effective protec-
tive vaccine. Such is the case of the Human Immunodeficiency Virus (HIV-1), 
which is the causative agent of the acquired immunodeficiency syndrome 
(AIDS). HIV-1 has eluded nearly 40 years of vaccine research owing to its en-
hanced immune evasion mechanisms and the poor incorporation of the enve-
lope glycoprotein (Env) at the viral surface, which is the main target for neutral-
ising antibodies. HIV-1 vaccine candidates are based on nucleic acid strategies, 
subunit proteins or multivalent platforms that try to elicit potent and balanced 
humoral and cellular adaptive immune responses. The presentation of antigens 
within a multivalent platform induces a superior immune response compared to 
subunit proteins, and the combination of different vaccine strategies has been 
demonstrated to elicit more robust responses. One of these promising multiva-
lent vaccine platforms are virus-like particles (VLPs), which mimic the structure 
of the virus. VLPs are non-infectious, non-replicative and highly immunogenic 
platforms that can be safely used as vaccines. HIV-1 based VLPs are produced 
by the cellular expression of the HIV-1 structural protein Gag, leading to the 
budding of lipid-enveloped VLPs that are structurally similar to HIV-1. The 
antigens can be easily expressed on the lipid membrane of the VLPs, but with 
poorly efficient incorporation. To bypass this limitation, our group designed a 
novel VLP-based platform yielding a high density of antigens at the VLP sur-
face. This novel strategy consisted in fusing a small Env-derived immunogen 
(Min), which had a transmembrane domain, to Gag. This process resulted in 
high-density antigen-expressing MinGag-VLPs. 

The hypothesis of this work was that the expression of a high density of 
antigens at the surface of VLPs would induce a robust immune response that 
could be beneficial for an HIV-1 vaccine candidate. To test that, we developed 
efficient production and purification protocols for our fusion-protein MinGag-
VLPs. Additionally, antigen exposition on MinGag-VLPs was improved by the 
introduction of mutations at the transmembrane domain, resulting in an opti-
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mised Min(RA)Gag-VLP candidate. Furthermore, the fusion-protein VLP vac-
cine platform could easily be formulated into nucleic acid-based vaccine strate-
gies that were successfully delivered by in vivo DNA electroporation, favouring 
the development of combination heterologous DNA/VLP strategies that could 
lead to more potent responses. In vivo immunogenicity studies in mice demon-
strated the superiority of heterologous DNA/VLP vaccination compared to 
homologous VLP regimens in most of the immune parameters assessed. Immune 
profiling of immunised mice showed how antibody titres in plasma were ap-
proximately 10-times higher with the heterologous regimen. Fusion-protein 
VLPs induced modest cellular responses and non-neutralising antibodies against 
HIV-1 pseudoviruses. However, these mouse anti-Min antibodies mainly dis-
played an IgG2c profile that could mediate antibody-dependent effector func-
tions. This finding was relevant since these types of responses have been associ-
ated with modest correlates of protection against HIV-1 in human clinical trials. 
The absence of a relevant mouse model to study vaccine-mediated protection 
by vaccination led us to develop a mouse model where a Min-expressing tu-
mour cell line acted as a surrogate of HIV-1 infected cells. Vaccination with 
Min(RA)Gag-VLPs efficiently impaired the progression of the Min-expressing 
tumour, hence demonstrating that fusion-protein-VLPs induced a full-fledged 
protective immune response. Finally, fusion-protein VLPs confirmed their ver-
satility as a platform since they could present a wide diversity of immunogens 
on their surface, including a full HIV-1 Env trimer with preserved antigenicity. 

Overall, our novel VLP platform demonstrated its potential and that merits 
further studies as potential HIV-1 vaccine candidates.
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Les vacunes són un dels avenços científics més rellevants de la història de la me-
dicina. Tot i així, encara no disposem de vacunes protectores per alguns agents 
infecciosos, com ara el Virus de la Immunodeficiència Humana (VIH-1), que és 
l’agent causant de la síndrome de la immunodeficiència adquirida (SIDA). El 
VIH-1 s’ha resistit al desenvolupament d’una vacuna protectora, degut a una 
alta capacitat d’evadir la resposta immunitària i també a la incorporació d’una 
baixa densitat de glicoproteïnes de l’envolta (Env) a la seva superfície, que és la 
principal diana de les respostes neutralitzants. Els candidats de vacuna pel VIH-1 
consisteixen en estratègies basades en vacunes d’àcids nucleic, proteïnes recom-
binats o plataformes multivalents que intenten induir respostes immunitàries 
potents equilibrant la resposta humoral i cel·lular. La incorporació d’antígens en 
plataformes multivalents permet induir respostes més potents que les proteïnes 
recombinants per si soles. A més, la combinació de diferents estratègies de vacu-
nes també indueixen respostes més robustes. Una d’aquestes plataformes multi-
valents prometedores són les partícules similivíriques (VLPs, per les sigles en 
anglès Virus-like particles), que mimetitzen l’estructura del virus. Les VLPs són 
partícules no infeccioses i altament immunogèniques que no poden replicar-se, 
per això són prototips de vacunes segurs. Les VLPs es produeixen a nivell cel·lu-
lar per l’expressió de Gag, la proteïna estructural del VIH-1, afavorint la seva 
formació amb un embolcall lipídic similar al virus. Diferents antígens es poden 
incorporar a la superfície de les VLPs, però la seva incorporació és poc eficient. 
Per evitar aquesta limitació, el nostre grup ha dissenyat una novedosa estratègia 
per augmentar la densitat d’antígens a la superfície de la VLP que consisteix en 
fusionar un petit immunogen derivat d’Env (Min) amb Gag a través d’un domi-
ni transmembrana. 

La hipòtesi d’aquest treball és que l’expressió d’una alta densitat d’antígens 
a la superfície de les VLPs pot induir una resposta immunitària robusta que 
podria ser prometedora com a prototip de vacuna pel VIH-1. A més, aquesta 
plataforma de VLPs es pot adaptar fàcilment a una formulació de vacuna d’ADN 
administrada mitjançant electroporació in vivo, afavorint la generació d’un pro-

Resum
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tocol de vacunació heteròleg que combini vacunes d’ADN i de VLPs. Els estu-
dis d’immunogenicitat en ratolins van demostrar que el règim de vacunació he-
teròleg induïa una millor resposta immunitària en general. Els títols d’anticossos 
contra les proteïnes Gag i Min eren 10 vegades més elevats comparats amb un 
règim homòleg de VLPs, i les respostes cel·lulars eren marginalment superiors. 
Tot i que cap dels dos règims va ser capaç d’induir anticossos neutralitzants, els 
anticossos anti-Min eren de la subclasse IgG2c i per tant podrien ser capaços de 
generar respostes efectores dependent d’anticossos, fet rellevant ja que aquest 
tipus de respostes s’han associat amb una modesta protecció en assaigs clínics de 
vacunes pel VIH-1 en humans. La manca d’un model per a l’estudi de l’efecte 
protector de diferents candidats vacunals contra el VIH-1 en ratolins ens va 
portar a desenvolupar un model murí amb un empelt de cèl·lules de melanoma 
modificades per expressar la proteïna Min a la seva superfície i que actuaven de 
succedani d’una cèl·lula infectada pel VIH-1. La vacunació prèvia amb les VLPs 
va aconseguir frenar la progressió d’aquestes cèl·lules tumorals modificades, de-
mostrant que aquestes VLPs van aconseguir induir una resposta immunitària 
completa i protectora. Finalment, vam demostrar la versatilitat de la nostra pla-
taforma de VLPs amb alta densitat d’antígens expressant diferents immunògens 
a la seva superfície, fins i tot l’expressió de la proteïna Env trimèrica amb tota la 
seva complexitat antigènica. 

En resum, la nostra plataforma de vacunes basada en VLPs que expressen una 
alta densitat d’antígens ha demostrat el seu potencial com a vacuna pel VIH-1.
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Vaccines are undoubtedly one of the most successful scientific achievements in 
the medical field. Since the description and implementation of vaccination by 
Edward Jenner more than 2 centuries back, vaccines have contributed to saving 
hundreds of millions of lives worldwide (Hinman, 1998; Vanderslott et al., 
2013). Massive vaccination programs, together with water sanitisation, better 
hygiene and the discovery of antibiotics, have had a huge impact on humanity, 
contributing decisively to increase, and nearly double, the life expectancy 
(Rappuoli et al., 2014). 

It is clear how infectious diseases have moulded history throughout the 
ages: from the black plague that profoundly impacted the European middle 
age history to the 1918 flu pandemics that resulted in a higher death toll than 
even the First World War (Goldstein and Lee, 2020). Also, tuberculosis 
caused by the bacteria Mycobacterium tuberculosis and malaria caused by  
different species of the protozoan Plasmodium led to millions of deaths 
throughout history (Holmes et al., 2017). More recent examples include the 
Coronavirus Disease 2019 (COVID-19) caused by the Severe Acute Res-
piratory Syndrome Coronavirus 2 (SARS-CoV-2) or the acquired immuno-
deficiency syndrome (AIDS) caused by the Human Immunodeficiency Virus 
(HIV).

Although pathogens can dramatically impact our society, vaccines have the 
potential to mould history as well, the greatest example being SARS-CoV-2. 
COVID-19 was set to alter the lifestyle of a generation in 2020, but the rapid 
emergence of novel vaccines and global vaccination programs against SARS-
CoV-2 in 2021 contributed to reverse the course of the disease (Hodgson et  
al., 2021). 

Unfortunately, the promise that vaccines embody is not yet attainable 
against all known pathogens. HIV is one of such examples, in which the develop-
ment of a protective vaccine has proven elusive for more than 40 years (Zolla-
Pazner et al., 2021). And when conventional vaccine development strategies 
failed for HIV, new rational vaccine design approaches arose. These new strate-
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gies could eventually lead to the successful development of a candidate that 
could help not only to prevent novel infections but also to ease the burden of 
people living with HIV (PLWH) (Gray et al., 2016). A deeper understanding  
of the natural course of HIV infection, the immune response against the virus 
and the virus/host immune system adaptation is at the core of these rational 
vaccine strategies, and the knowledge gathered will be key to fight AIDS and 
help us deal with future emerging infections. 

1. The Human Immunodeficiency Virus (HIV)

HIV infection is a major global health issue. HIV is a blood-borne virus that can 
infect CD4-expressing immune cells, especially CD4+ T helper lymphocytes 
and destroys them during its life cycle, weakening the host’s immune system 
(Sabin and Lundgren, 2013). If not treated properly with antiretroviral therapy 
(ART), HIV infection can lead to AIDS, during which many opportunistic dis-
eases can arise and may prove fatal for the patient. ART effectively inhibits viral 
replication but is not able to clear the virus from latently infected CD4+ T cells. 
Therefore, ART cannot be discontinued, making HIV a chronic and non-cura-
ble infection (yoshimura, 2017). 

HIV has a high mutational rate that translates into an extensive genetic 
diversity. Owing to this high diversity, HIV can be classified into multiple 
groups, types, and subtypes (Gartner et al., 2020), and the development of 
cross- protective vaccines against the multiple variants is challenging (Gray 
and Walker, 2008). 

Thus far, HIV stands as an infectious agent that has no preventive vaccine 
and no functional cure; however, the more we know about HIV and AIDS, the 
closer we are to bring this stigmatising disease to its end. 

1.1. History of HIV

HIV has a relatively short but intense known history, since it has had a pro-
found impact worldwide over the last 40 years. It was discovered as the causa-
tive agent of AIDS in 1983 by doctors Françoise Barré-Sinoussi and Luc 
Montagnier at Pasteur Institute (Barré-Sinoussi et al., 1983), and since the be-
ginning of the pandemics it is estimated that 79.3 million people have been in-
fected with HIV-1 and 36.3 million people have died due to AIDS-related events 
(UNAIDS, 2021). However, HIV has a longer, albeit silent, history during 
which it latently established the pillars to become the pandemic agent it is now-
adays. 
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1.1.1. From SIV to HIV

HIV birth can be traced back to Simian Immunodeficiency Virus (SIV) zoonot-
ic infection in humans. SIV infection in humans is not rare in areas where hu-
mans and non-human primates (NHP) co-inhabit. It is estimated that 2.3 % of 
the population in Cameroon has been exposed by SIV, and this prevalence rises 
to 7.8-17.1 % in rural villages where poachers hunt NHP for bushmeat (Kalish 
et al., 2005). Infection with SIV does not mean that the host will develop AIDS, 
nor that SIV will easily adapt to its host. The hypothesis suggests that poor 
equipment sterilisation during vaccination campaigns together with enhanced 
heterosexual transmissions may have played a role in helping SIV gain tropism 
for humans and establish itself as a human-to-human infection (Drucker et al., 
2001; de Sousa et al., 2012).

Nowadays, HIV is a highly diverse virus. It has been classified into different 
types (HIV-1 and HIV-2) and groups; these groups are M, N, O and P from 
HIV-1 and groups A-I from HIV-2 (Sauter and Kirchhoff, 2019). Phylogenetic 
studies demonstrate that each one of these groups represents a single and differ-
ent cross-species transmission from NHP to human (Van Heuverswyn et al., 
2007), meaning that there have been at least 13 known individual events in which 
SIV managed to cross the species barrier (Figure 1). For instance, HIV-1 group M 

Figure 1. Phylogenetic tree of HIV-1 groups M, N, O and P, HIV-2 and SIV from chimpanzee 
(SIVcpz), gorilla (SIVgor) and sooty mangabey (SIVsmm). HIV-1 group M is further divided into its 
clades or subtypes. Adapted from Tebit and Arts, 2011.
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(“M” stands for “major”) and group N most resemble chimpanzee’s SIV (SIVcpz) 
(Keele et al., 2006), while HIV-1 groups O and P derive from SIV found in go-
rillas (SIVgor) (D’arc et al., 2015). Additionally, the HIV-2 virus, which is en-
demic in West Africa and less pathogenic than HIV-1, is closely related to sooty 
mangabey’s SIV (SIVsmm) (Visseaux et al., 2016). 

HIV-1 group M accounts for more than 90% of HIV infections worldwide. 
Its increased pathogenicity and capability to expand beyond its endemic re-
gions can be explained mainly, but not exclusively, by a better adaptation in 
humans than the other variants. SIV infection faces many host restriction fac-
tors such as tetherin, a host cell protein that “tethers” or anchors virions at the 
cell surface, impeding its release (Sauter et al., 2010). SIV variants mostly block 
tetherin through Nef; however, human tetherin is resistant to Nef inhibition. 
SIVcpz (HIV-1 group M ancestor) originated from the recombination in a chim-
panzee co-infected with a red-capped monkey’s SIV (SIVrcm), which blocks 
tetherin through Nef, and a Cercopithecus SIV that blocked tetherin through 
Vpu (Sauter et al., 2009). This preadaptation of SIVcpz is thought to be one of 
the key factors for HIV-1 group M success in establishing itself as a pandemic 
agent in humans. 

1.1.2. The origin of the pandemics

While HIV types (1 and 2) and groups (M, N, O and P) emerge from different 
cross-species transmissions, HIV subtypes or clades within a group derive from 
the same HIV common ancestor. Pandemic HIV-1 group M originated in the 
early 20th century, likely when a hunter got infected with SIVcpz in southeast 
Cameroon. The virus then travelled to Kinshasa in the Democratic Republic of 
Congo (DRC) through the Congo River in its host, where it settled as an epi-
demic agent (Sharp and Hahn, 2008).

Kinshasa is believed to be the focus of HIV-1 group M, since it houses the 
highest variability of this HIV group (Worobey et al., 2008) (Figure 2). Evolu-
tionary studies estimate group M’s time and location of the most recent com-
mon ancestor (MRCA) to be around 1920 in Kinshasa (Faria et al., 2014). In 
fact, the two oldest HIV samples conserved, ZR59 and DRC60 (subtypes D and 
A, respectively) were retrospectively obtained in Kinshasa. For 40 years HIV-1 
group M stayed as an unidentified epidemic agent circumvented in Kinshasa 
and its neighbouring cities, where it diversified into multiple clades (namely 
subtypes A, B, C, D, F, G, H, J and K) and Circulating Recombinant Forms 
(CRFs) (HIV Database; Rhee and Shafer, 2018). Currently, these clades are 
globally distributed, but their prevalence differs across the distribution areas 
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(Figure 2): subtype B is the predominant strain in Western Europe, America and 
Australia, clade C is the predominant clade in Southern Africa, CRF01_AE is 
the main subtype in Southeast Asia, while central Africa heterogeneously hous-
es most variants, circumventing HIV-1 origin (Figure 2). Genetic diversity of 
HIV-1 group M within a clade represents up to 15% of variability, while it can 
reach up to 40% variability between different clades (Hemelaar, 2012).

Migration movements and changes in post-independence DRC helped HIV-1 
group M to grow exponentially and expand worldwide (Faria et al., 2014). 
Estimates indicate that HIV-1 arrived in Haiti around 1964 when professional 
workers returned from DRC, and from there the virus entered the United States 
of America (USA) through migratory movements (Korber et al., 2000). By 1981 
the Centre for Disease Control had reported in certain populations a series of 
unusual diseases such as Pneumocystis carinii pneumonia, Kaposi’s sarcoma and 
opportunistic infections that were associated with cell-mediated immune defi-
ciencies and, in 1982, the term AIDS was coined (Centre for Disease Control, 
1981, 1982a, 1982b). By that time, AIDS diagnosis was a death sentence, but the 
discovery of HIV as the causative agent of AIDS in 1983 paved the way towards 
the development of antiretroviral therapies to tackle the virus (Barré-Sinoussi et 
al., 1983). 

Figure 2. Global distribution of HIV-1 group M clades. Colouring represents the  
predominant HIV-1 clade(s) in each geographic area (A, B, C or CRFs). CRF: circulating 
recombinant form. (*) indicates a high heterogeneity with no prevalent HIV-1 clade. Adapted from 
Gartner et al., 2020.



HIV-1 VIRUS-LIKE PARTICLES ENGINEERED TO DISPLAY A HIGH ANTIGEN DENSITY

26

1.1.3. Current state of the pandemics

In the last decades, the increased availability of antiretroviral drugs led to the 
development of highly active antiretroviral therapy, in which the antiretrovi-
ral  drugs that better synergised were combined. This contributed to better viral 
control in PLWH, which resulted in less mortality, fewer escape variants and  
a reduction in secondary effects (Gulick et al., 1997; Lederman et al., 1998; 
Camacho and Teófilo, 2011), making HIV-1 infection a chronic infection but 
not a deadly one. The incidence of AIDS in patients that adhered to the treat-
ment was severely reduced (Antiretroviral Therapy Cohort Collaboration, 
2017). Moreover, the life expectancy of PLWH that strictly adhere to the treat-
ment has caught up with the life expectancy of the non-infected population 
(Wandeler et al., 2016).

The situation, though, is different in developing countries where access to 
ART is scarce. These countries experienced most of the 690,000 deaths from 
AIDS-related diseases and 1.5 million new HIV-1 infections in 2020. In spite of 
these alarming data, these numbers represent a 50% reduction in incidence and 
lethality compared to the peak of the pandemics in the late 1990s and early 
2000s, consolidating the decreasing tendency of these past years and getting 
closer to the UNAIDS 90-90-90 objectives (Sohail et al., 2020). 

The UNAIDS 90-90-90 objectives aimed at having 90% of HIV-infected 
people diagnosed, of which 90% had to be on ART and, among those, 90% 
should be virally suppressed by 2020. Even though these objectives were not 
accomplished, currently they are standing at an 84-87-90 (UNAIDS, 2021). 
The reasoning behind these objectives was that, if achieved, 72.9% of all HIV-
infected people would be virally suppressed, and since virally suppressed 
people cannot transmit the virus (Undetectable=Untransmittable), HIV-1 in-
fections would be residual, and the pandemics would be more easily control-
lable (Bor et al., 2021). However, it is not clear whether these objectives will 
sufficiently impact HIV-1 transmission, and prevention strategies such as 
vaccines will be essential to put an end to the HIV-1 epidemics (Corey and 
Gray, 2017). 

Altogether, the current state of the pandemics is progressively improving, 
but until ART is available worldwide, PLWH can be functionally cured, and 
a preventive vaccine is approved for humans, prevention stands as the Rosetta 
stone to fight HIV. And despite no vaccine is yet available, pre-exposure 
prophylaxis (PrEP) and post-exposure prophylaxis (PEP) have proven effec-
tive at preventing HIV acquisition in high-risk populations (Riddell  IV et al., 
2018). 
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1.2. The life cycle of HIV

HIV-1’s particular pathogenesis and the hardship in generating protective vac-
cines and cure strategies can only be tackled with a deeper knowledge of its 
unique life cycle. HIV-1 is a retrovirus that has a lipid envelope containing the 
viral structural proteins and two positive chains of single-stranded ribonucleic 
acid (ssRNA) coding for HIV-1’s genome (Figure 3).

The main HIV-1 target cells are the CD4+ T helper (Th) cells, a particular 
subset of lymphocytes that orchestrate the adaptive immune response. HIV-1 
engages the CD4 receptor on CD4+ Th lymphocytes with the envelope gly-
coprotein (Env) displayed on the surface of the virus (Moss, 2013). Env is a 
complex heterotrimeric protein generated by the trimerisation of three gp160 
molecules. Each gp160 monomer encompasses two different subunits (gp120 
or SU for surface and gp41 or TM for transmembrane) joined non-covalently 
(Figure 3). Gp120 acts as the receptor recognising subunit, while gp41 har-
bours the fusion machinery (Chen, 2019). The CD4 binding site (CD4bs) on 
gp120 recognises CD4 and initiates a sequence of conformational changes 
that allows Env to bind a coreceptor, either CCR5 or CXCR4 (Deng et al., 
1996; Huang et al., 2005). The coreceptor that each strain of HIV-1 binds to 
defines the tropism that each virus has (R5 or X4). Upon binding to the recep-
tor and coreceptor, Env undergoes further conformational changes that ex-
pose the fusion machinery located in the gp41 subunit and allow the fusion 
peptide (FP) to be inserted into the host cell membrane, triggering the fu-
sion process (Figure 4). The heptad repeats 1 and 2 (HR1 and HR2) and the 

Figure 3. Schematic representation of HIV-1 genome with its 9 coding genes. The genome 
is composed of 3 structural genes: gag (blue), pol (red) and env (yellow), 4 accessory genes  
in grey (vif, vpr, vpu and nef) and 2 regulatory genes in green (tat and rev) located throughout  
the 3 ORFs. Gag is further processed into 6 domains known as matrix (MA or p17), capsid (CA or 
p24), spacer peptide 1 (SP1or p2), nucleocapsid (NC or p7), spacer peptide 2 (SP2 or p1) and p6. 
ORF: open reading frame; PR: protease; RT: reverse transcriptase; IN: integrase. Adapted from 
Cervera et al., 2019.
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Membrane Proximal External Region (MPER) play a pivotal role in this fu-
sion process (Chen, 2019).

Once the virus has fused with the CD4+ Th lymphocyte, the HIV-1 genome 
is released into the cytoplasm of the infected cell together with the viral en-
zymes: the reverse transcriptase (RT) and the integrase (IN) (Moss, 2013). Those 
enzymes are coded by pol and are responsible for the retrotranscription of  
the ssRNA to double-stranded deoxyribonucleic acid (dsDNA) and the inte-
gration of the retrotranscribed DNA into the host cell’s DNA by the Long 
Terminal Repeats (LTR) that flank the HIV-1 genome (Figure 3). Since the RT 
is a low fidelity enzyme prone to mismatches and does not have proofreading 
activity, the mutational rate of HIV-1 is notably high (approximately 1.4 muta-
tions/bp/cycle), resulting in the introduction of one mutation throughout the 10 kb 
every 3 cycles and hundreds of newly mutated viruses each time a cell is infected 
(Abram et al., 2010). This high mutational rate combied with recombination results 
in a constellation of variants within one individual that comprise a quasispecies 
(Domingo and Perales, 2019), and leads to a quick evolution of the virus when it 
faces selective pressure by treatments or the immune system (Korber et al., 2001).

Upon retrotranscription, viral DNA integrates into the host cell’s genome. 
This proviral DNA has different potential outcomes that associate with the ac-
tivation status of the infected cell: in non-activated cells, HIV-1 provirus can 

Figure 4. Conformational changes on HIV-1 Env to mediate fusion between the viral and 
the host cell membrane. A) Closed conformation. B) Open conformation mediated by CD4 
binding to gp120. C) Gp41 fusion peptide insertion to the host cell membrane (light blue).  
D) Membrane fusion mediated by the six-helix bundle formation between Gp41 HR1 and HR2 
interaction. FP: fusion peptide of gp41; HR1: heptad repeat 1; HR2: heptad repeat 2; MPER: 
membrane proximal external region. Adapted from Kesavardhana and Varadarajan, 2014.
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remain silent for years allowing for the establishment of a pool of latently in-
fected cells known as viral reservoir (Castro-Gonzalez et al., 2018), while in 
activated cells, it can be efficiently transcribed resulting in the production and 
assembly of 10,000 to 100,000 viruses that will eventually lead to the cytopathic 
death of the infected cell (Chen et al., 2007). To achieve this latter outcome, 
HIV-1 hijacks the cellular machinery, and its 10 kb genome is transcribed into 
mRNA via the RNA polymerase II, both for the synthesis of new viral proteins 
and for its packing into new virions (Figure 5).

The first HIV-1 genes synthesised in the cytoplasm are the regulatory genes 
tat and rev. Tat modulates the expression of the accessory proteins, which play 
a prominent role by altering the host cell responses against HIV-1 (Emerman 
and Malim, 1998). Tat and rev also promote the transcription of the structural 
protein p55Gag (Gag), the Pr160GagPol or Gag-Pol polyprotein, and Env. Even 
though Gag and Pol are coded in different Open Reading Frames (ORFs), the 

Figure 5. Schematic representation of the HIV life cycle inside a host CD4+ T lymphocyte. 
Red arrows represent the first steps of host cell infection; yellow arrows represent the virus 
synthesis steps of the cycle. Dark blue: Gag and Matrix proteins; dark green: Env glycoprotein; 
light green: CD4; light purple: CCR5/CXCR4 coreceptor; light blue: viral ssRNA, dsRNA or 
dsDNA; dark brown: host cell or viral membrane; brown: endoplasmic reticulum and vesicles; 
yellow: host cell proteins. Adapted from Cervera et al., 2019.
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presence of a slippery sequence promotes a ribosomal frameshift that allows for 
the synthesis of the Gag-Pol polyprotein (Biswas et al., 2004). Gag and Gag-Pol 
are synthesised in the cytosol at a 20:1 ratio (Shehu-Xhilaga et al., 2001). In 
parallel, Env is synthesised at the endoplasmic reticulum and migrates to the 
plasma membrane through the Golgi Apparatus. There, Gag and Gag-Pol inter-
act with the phospholipids of the inner leaflet of the lipid bilayer and by pro-
tein-protein interactions they start oligomerising and budding into new virion 
particles (Sundquist and Kräusslich, 2012). At the same time, Gag interacts with 
the two chains of ssRNA that compose the HIV-1 genome, which are recruited 
and packed inside the newly forming virion (Jouvenet et al., 2009), while Env is 
incorporated at a low density at the surface of the virion (Klein and Bjorkman, 
2010). During that step, host cell proteins expressed at the surface of the cell 
acan be actively or passively incorporated in the virion (Izquierdo-Useros et al., 
2011). Finally, the virion buds from the plasma membrane of the host cell whilst 
the protease (PR) within Pol triggers a process of autocleavage that will lead to 
the proteolysis of the Gag and Gag-Pol polyproteins into the final functional 
structural elements (the matrix or MA, the capsid or CA and the nucleocapsid 
or NC) and the viral enzymes reverse transcriptase (RT) and integrase (IN), 
resulting in the maturation of the virion into a fully infectious HIV-1 particle 
(Freed, 2015). Viral replication can mediate a cytopathic effect on the host cell 
that may lead to a severe reduction of the CD4+ Th lymphocyte compartment, 
among other mechanisms, until it compromises the efficiency of the immune 
system (Vidya Vijayan et al., 2017). 

1.3. Pathophysiology of HIV/AIDS

In absence of ART, HIV-1 pathophysiology could be unnoticeable until it 
reaches an irreversible point in which the host is in a deep immunosuppressive 
state and opportunistic infections easily arise. HIV-1 infection can be broadly 
divided into three main stages (Figure 6): i) acute infection; ii) chronic infection, 
and iii) AIDS.

During primoinfection, HIV-1 infects CD4+ Th cells mainly present in  
the secondary lymphoid organs such as the Gut-Associated Lymphoid Tissue 
(Alcamí and Coiras, 2011). In these CD4+ rich tissues, HIV-1 can multiply 
while latently infecting and establishing a notorious viral reservoir (Centlivre et 
al., 2007). Viraemia during primoinfection can reach a peak of tens of millions 
of copies per millilitre (mL) of blood, which can result in a moderate drop in 
CD4+ Th cell count due to HIV-1’s cytopathic effect on CD4+ Th lymphocytes 
(Sabin and Lundgren, 2013). This high viral load triggers the immune response 



INTRODUCTION

31

which will try to control the viral replication. During this acute phase, which 
can be divided into 6 stages (Fiebig I-VI), the host can develop flu-like symp-
toms (Fiebig et al., 2003). Eventually, cytotoxic CD8+ T lymphocytes (Tc) re-
sponses and neutralising antibodies produced by plasma cells, which are trig-
gered by the virus, can partially control viral replication to reach a stable set 
point of viraemia defined by the individual balance between viral replication 
and immune responses (McMichael et al., 2010). 

Reaching a stable set point will mark the end of the acute phase and the be-
ginning of the chronic phase. It is accepted that lower CD4+ cell counts result in 
faster disease progression, while higher CD4+ T cell counts generally lead to a 
slower progression of the disease (Sabin and Lundgren, 2013). The levels of 
CD4+ T cells and the viral load allow clinicians to categorise, broadly speaking, 
untreated patients into different groups: rapid progressors, long-term non-pro-
gressors and elite controllers. These groups are generally associated with the 
time it will take for them to develop AIDS in absence of ART (Gurdasani et al., 
2014). Long term non-progressors and elite controllers are a population worth 
characterising, since the immune responses they elicit are able to control the 
virus on their own, and can help to inform about the features associated with 
protective immune responses, which could be useful for the development of 

Figure 6. Schematic representation of the pathophysiology of HIV/AIDS. Graphical 
representation of the cellular, virological and immunological parameters during HIV-1 infection  
in absence of ART. Red: HIV-1 viral load; blue: CD4+ T lymphocyte count; purple: anti-HIV-1 
antibody titres; green: anti-HIV-1 specific T cells. Adapted from Redd et al., 2013.

1,200

1,000

800

600

400

200

0

107

106

105

104

103

102

101

C
D

4+
 T

 L
ym

ph
oc

yt
e 

C
ou

nt
 (c

el
ls

/m
m

3 ) H
IV-1 R

N
A C

opies/m
L of plasm

a

0 3 6 9 12 1 2 3 4 5 6 7 8 9 10 11 12
Weeks Years

Viral loadFiebig I II III IV V VI

Acute infection Chronic infection AIDS

CD4+ Count
Humoral response
Cellular response



HIV-1 VIRUS-LIKE PARTICLES ENGINEERED TO DISPLAY A HIGH ANTIGEN DENSITY

32

better vaccines and immunotherapies (Lopez-Galindez et al., 2019). However, 
HIV-1 can eventually escape control (Rosás-Umbert et al., 2019) and, in the 
absence of ART, CD4+ T cell count will slowly but steadily decrease until a 
point in which opportunistic pathogens can infect the host, leading to the final 
AIDS phase, which can take from months to several years to develop. 

1.4. The era of antiretroviral drugs

In the past 30 years, major advances in HIV-1 care came by the hand of antiret-
roviral drugs, leading to the current situation in which people who have access 
to ART and adhere to the treatment do not develop severe complications asso-
ciated with HIV-1 chronic infection, unless escape mutations arise. 

The first antiretroviral drug against HIV arrived in 1987, when zidovudine 
(AZT) was approved by the FDA to treat AIDS. AZT was a big step forward in 
HIV treatment, since it targeted the HIV retrotranscriptase and reduced AIDS-
related mortality of HIV-infected people (Fischl et al., 1987). In the following 
years, similar treatments such as didanosine, zalcitabine and savudine were ap-
proved by the FDA, but escape mutants rapidly emerged (Fischl, 1994), and in 
1995-1996 drugs targeting other viral pathways were developed (Pau and George, 
2014), leading to better combination ARTs (Hammer et al., 1997). 

All the current therapies approved for HIV-1 treatment are mainly small 
molecules that target different elements of the virus (Kemnic and Gulick, 2021). 
These drugs are divided into several classes depending on their HIV-1 target: 
Protease Inhibitors (PI), Nucleoside Reverse Transcriptase Inhibitors (NRTI), 
non-nucleoside Reverse Transcriptase Inhibitors (NNRTI), Integrase strand 
transfer inhibitors (INSTI), fusion inhibitors and CCR5 antagonists. The stan-
dard of care for ART states that all HIV-1 infected individuals must be treated 
with a combination of three drugs using at least two different drug classes (Saag 
et al., 2020). The greatest success of ART is that it achieves undetectable viral 
loads on the blood of PLWH, minimising the risk for the emergence of resistant 
mutated viruses and keeping the disease progression at bay, unless the therapy 
is discontinued. Notably, early treatment with ART also results in virological 
and immunological benefits, since the reservoir is smaller and CD4+ Th cells are 
better preserved (Plana et al., 2000).

Not only antiretroviral drugs have achieved a strict control of the viraemia 
in PLWH, but also have proven effective at preventing infection in populations 
at risk or already exposed to the virus by PrEP and PEP interventions, respec-
tively (Riddell, Amico and Mayer, 2018). Truvada, a combination of emtricit-
abine and tenofovir (both reverse transcription inhibitors), has been approved 
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for its use as a PrEP agent. Currently, PrEP is approved in several countries, 
including Spain since 01/01/2020 (Schaefer et al., 2021). 

Despite all these major successes in the control and prevention of HIV-1 
infection by antiretroviral drugs, no pharmaceutical intervention has yet suc-
ceeded in achieving a functional cure for PLWH. That is why new drugs that try 
to modulate or emulate the immune system are being extensively evaluated and 
developed. 

2. The role of the immune system

The host immune system of PLWH plays a dual role both as a host for HIV 
replication and as a means of fighting HIV-1. CD4+ Th lymphocytes, the main 
target for HIV-1, execute a pivotal function in the coordination of adaptive im-
mune responses, which include the humoral and the cellular sides. Furthermore, 
the innate immune system has also a relevant role in prompting the adaptive 
immune response, which HIV-1 exploits to its benefit. 

2.1. Innate immune responses in primoinfection

The first barrier against any kind of infection is the innate immune system, 
which surveils all the tissues identifying potential threats and pathogens. The 
innate immune system is composed of multiple layers of protection, starting 
from general aspects like anatomical barriers that act as a wall against pathogens, 
to the sentinel cells or innate leukocytes (Murphy et al., 2017). These innate 
leukocytes are a diverse cell population composed of phagocytes such as mac-
rophages, dendritic cells (DCs), and neutrophils, but also other cells with differ-
ent roles like Natural Killer cells (NKs), mast cells, etc. 

Myeloid professional antigen-presenting cells (APCs) like DCs and mac-
rophages are the first to detect HIV-1 through pattern recognition receptors 
(PRR) such as Toll-like receptors (TLR) and Sialic acid-binding immunoglobu-
lin-type lectins (Siglec) (Perez-Zsolt et al., 2019b). These professional APCs 
become activated upon viral recognition and phagocytosis of the pathogen. 
Activated APCs secrete proinflammatory cytokines that recruit other immune 
cells at the site of infection, triggering a local pro-inflammatory response that 
further promote the production of antiviral proteins (Bertram et al., 2019). 
Whereas DCs migrate to the lymph nodes and present HIV-1 derived antigens 
to lymphocytes via major histocompatibility complex class II (MHC-II) mole-
cules in order to activate antigen-specific adaptive immune responses, mac-
rophages remain at the site of infection maintaining the pro-inflammatory state 
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and further recruiting other immune cells. A central hypothesis is that HIV-1 
could exploit both processes by using DCs as a vehicle to access areas enriched 
in CD4+ Th lymphocytes such as the lymph nodes through a mechanism  
defined as “transinfection” (Perez-Zsolt et al., 2019a), while also infecting the 
macrophages since they express CD4 (Cunyat et al., 2016). Furthermore, mye-
loid APCs have been used as carriers of antigens in vaccine strategies to elicit 
potent responses against HIV-1 (Climent et al., 2018). 

Afterwards, NK cells are also recruited to the site of infection to scan the 
cells and trigger the death of HIV-1 infected cells. NK cells merit some attention 
since they can mediate a wide diversity of cytotoxic effects bridging between 
the innate and the adaptive immune systems. For instance, NKs recognise in-
fected cells that have downregulated major histocompatibility complex class I 
(MHC-I) molecules by the effect of the virus, but they are also able to target 
cells that are expressing viral antigens through an antigen-specific mechanism 
known as antibody-dependent cell cytotoxicity (ADCC) (Murphy et al., 2017). 
To induce ADCC, antibodies produced by B cells recognise surface-expressed 
viral antigens on infected cells and activate NK cells through binding of the 
fragment crystallisable (Fc) domain of the antibody to the Fc γ receptor III 
(FcγRIII), also known as CD16. NK cells can exert their cytotoxicity by either 
degranulation and release of perforin and granzymes that will lyse the target 
cell, or by induction of apoptosis on the target cell through the CD95/Fas path-
way (Chua et al., 2004).

2.2. Lymphocytes as a target for HIV

Even though innate immune cells play a prominent role in HIV-1 infection, 
CD4+ Th lymphocytes stand as the main population targeted by HIV-1 and 
with which most of the HIV-1/AIDS pathophysiology can be associated. 

As aforementioned, upon infection and integration of HIV-1’s genome into 
CD4+ T cells, a relevant portion of HIV-1 proviral genomes can remain silent, 
leading to the creation of a latent reservoir. This latency mechanism is the main 
reason why ART cannot lead to the cure of HIV-1 infected people, since latent-
ly infected cells are not affected by it and the virus can spontaneously reactivate 
once ART is discontinued, even decades after HIV-1 acquisition (Martinez-
Picado and Deeks, 2016). 

HIV-1 latent reservoir may grow even if PLWH strictly adhere to ART, 
since some tissues have been described as pharmacologic sanctuaries (Licht 
and Alter, 2016). These sanctuaries, such as the brain or secondary lymphoid 
tissues like the lymph nodes, may have low concentrations of antiretroviral 
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drugs that may allow the virus to replicate below the limits of detection and 
without apparent clinical impact, by infecting new cells through virological 
and immunological synapses (Bracq et al., 2018). This viral replication is mar-
ginal, albeit significant, therefore it is important to develop efficient strategies 
capable of dealing with it, like treatment intensification (Buzón et al., 2010), or 
the induction of potent cellular immune responses (Coiras et al., 2009). Fur-
thermore, the HIV-1 reservoir can grow through the clonal expansion of a 
CD4+ T cell that harbours the HIV-1 proviral DNA within its genome. 
Activation and duplication of these cells may lead to an increase in the viral 
reservoir without the need for HIV-1’s activation and the generation of new 
viral particles (Liu et al., 2020). 

The development of strategies that can activate and target the HIV-1 reser-
voirs or prevent their formation will be vital for defeating the virus, and the 
immune system itself can be a source of tools and mechanisms against it (Prado 
and Frater, 2020). To restore the compromised immune system or boost it, 
learning from situations in which the immune system has proven capable of 
controlling HIV-1 can pave the way towards the development of better ap-
proaches. 

2.3. Lymphocytes as a means of fighting HIV 

The adaptive immune response can be divided into two major components: the 
cellular response mediated by CD4+ Th cells and CD8+ Tc, and the humoral 
response composed of B cells and antibodies. Although differentiated, there is 
an intricate cooperation between these two types of immune response and also 
with the innate immune system, which can be exploited to fight HIV-1.

2.3.1. Weaponizing cellular adaptive immune responses

CD4+ Th and CD8+ Tc lymphocytes mediate two different aspects of the cellu-
lar adaptive immune response. CD4+ T cells not only are the principal target of 
HIV-1, but also a major player in the control of the infection. These cells are 
responsible for the coordination of the adaptive immune response upon activa-
tion by professional APCs. Conversely, CD8+ T cells can mediate cytotoxic 
effects upon engaging with their cognate antigen presented by MHC-I mole-
cules. Both CD4+ and CD8+ T cells mediate their functions through the T cell 
receptor (TCR), which is assembled during the early stages of the T cell devel-
opment in the thymus (Murphy et al., 2017). There are 4 TCR genes that will be 
somatically assembled and rearranged in T cell precursors by variable (V), di-
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versity (D) and joining (J) gene segments (VDJ) recombination to produce a 
near-infinite repertoire of TCRs (Krangel, 2009). Once the TCR genes have 
undergone recombination, thymocytes will go through a process of central tol-
erance where they will be positively selected if they can bind to MHC mole-
cules with low affinity, and negatively selected if they bind to self-MHC/pep-
tide complexes with high affinity. This process will also determine the specific 
lineage (CD4 or CD8) according to the TCR’s affinity to either MHC-I or 
MHC-II molecules. Naïve T-cells will exit the thymus to seek activation signals.

The first step for the activation of immature CD4+ T cells is to recognise  
its specific epitope presented by the MHC-II molecule of professional APCs 
(DCs, macrophages or B cells). Although this TCR-MHC-II interaction is piv-
otal in T cell activation, costimulatory molecules, as a second activation signal, 
also play a major role (Murphy et al., 2017). Finally, the third signal is given by 
the cytokines that sentinel cells secrete, which will promote CD4+ Th cell acti-
vation and proliferation. An active CD4+ Th cell will then prompt and provide 
the necessary signals for the activation of CD8+ Tc cells and B cells, but part of 
them will also differentiate into memory CD4+ Th cells, in order to trigger fast-
er responses when exposed to the pathogen again later on. 

Activation of CD4+ T lymphocytes is a double-edged sword in fighting HIV-1, 
since they are essential to coordinate the adaptive responses, but at the same time, 
their activation can lead to an increase of the HIV-1 targets that fuel the progres-
sion of the disease. For instance, HIV-specific activated CD4+ T cells are the 
main target of HIV-1 (Douek et al., 2002). Also, as aforementioned, resting infect-
ed T cells can harbour latent HIV-1 reservoirs that will remain silent until their 
activation years after infection. To achieve a functional cure, it will be vital to 
identify strategies that activate (or “shock/kick”) latently infected CD4+ Th cells, 
which can be later targeted (or “killed”) by therapeutic interventions (i.e., vac-
cines, antibodies, etc.). Immune checkpoint receptors (such as PD-1) are associat-
ed with viral persistence and could be potentially targeted with immunomodula-
tory strategies for reactivation and viral clearance (Van der Sluis et al., 2020).

Other CD4+ Th cell features identified in the natural course of infection can 
be weaponised in a therapeutic setting to fight HIV-1. Some HLA-II molecules 
(such as DRB1*12:01) have been linked with lower viral loads and controller 
profiles (Oriol-Tordera et al., 2017). Another feature associated with natural 
protection is a 32 bp deletion in the CCR5 coreceptor (CCR5Δ32), since core-
ceptor usage is essential for HIV-1 to infect a CD4+ T cell (Moore et al., 2004). 
Homozygous CCR5Δ32 individuals are naturally resistant to HIV-1 infection 
and have been used as donors of haematopoietic stem cells for PLWH that re-
quired a bone marrow transplant due to leukaemia, resulting in the three HIV-1 
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sterilising cures described to date: the Berlin Patient, the London Patient, and 
the Dusseldorf Patient (Kalidasan and Theva Das, 2020). 

CD8+ Tc cells are the other component of the cellular responses. CD8+ Tc 
lymphocytes can recognise epitopes presented by somatic cells through MHC-I 
molecules. MHC-I in humans is composed of three Human Leukocyte Antigen 
(HLA) groups: A, B and C. Each group has many different alleles, and their 
combination results in the immense repertoire of HLA-I molecules in humans. 
Upon binding of the TCR to its complementary foreign cognate peptide pres-
ented by an MHC-I molecule, the activated CD8+ Tc can engage the target cell. 
As CD4+ Th cells, CD8+ T cells need a second signal to carry out their function, 
which will be provided by the cytokines released by CD4+ Th cells (Murphy et 
al., 2017). After these second signals, CD8+ Tc cells exert their cytotoxic func-
tions through the same two mechanisms that NK cells use to induce cytotoxicity: 
i) CD95/Fas pathway; ii) secretion of perforins and granzymes. In any case, these 
processes will lead to the apoptosis of the target cell. After performing their func-
tion, subsets of CD8+ Tc lymphocytes differentiate into memory CD8+ Tc cells. 

CD8+ Tc cells are an effective mechanism against HIV-1, since they can tar-
get infected cells that are producing viral proteins and presenting them through 
MHC-I. In fact, some group B HLA alleles are the most notorious predictors 
of long-term non-progressor and elite controller profiles, namely HLA B*27, 
B*57, and B*58 (Payne et al., 2010; Sundaramurthi et al., 2017). Furthermore, 
effective CD4+ Th and CD8+ Tc responses against Gag have been clearly asso-
ciated with a slower disease progression (Laher et al., 2017; Pernas et al., 2018). 
As a case in point, depletion of CD8+ Tc cells results in loss of control in SIV-
infected NHP (Jin et al., 1999). All these parametres are informative for HIV-1 
vaccine development. 

2.3.2. Humoral adaptive immune responses

B cells constitute the humoral fighting arm of the adaptive immune response. 
They can act as APCs and internalise their target by specifically engaging path-
ogens through the B cell receptor (BCR), which is a non-secretable mem-
brane-bound form of the specific immunoglobulin (Ig) they produce. Antibodies 
or Igs are homodimers formed by two identical heavy chains and two identical 
light chains. They are polarised molecules in which both light chains and the 
variable domain of both heavy chains form the two antigen-binding domains 
(Fragment antigen-binding or Fab) (Figure 7), while the two constant regions of 
the heavy chains form the fragment crystallisable that can engage immune cell 
receptors (Stanfield and Wilson, 2014). 
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B cell development occurs in the bone marrow, where B cell precursors un-
dergo a process of DNA recombination and rearrangement of the variable (V), 
diversity (D) and joining (J) gene segments (VDJ) in both variable regions of the 
heavy chain and the light chains to form the BCR, resulting in near-infinite spec-
ificities. After successful VDJ recombination of the heavy and light chains, two 
heavy chains and the two light chains (either λ or κ) pair with each other (Schatz 
et al., 1989) (Figure 7). The initial antibody repertoire resulting from this proc-
ess will be expressed at the surface of B cells in two different isotypes (IgM and 
IgD) as BCR. Before exiting the bone marrow, IgM+ immature B cells will un-
dergo a mechanism of central tolerance. Immature B cells will be positively se-
lected when their heavy and light chains are properly paired and the BCR can 
trigger its signalling pathway. Additionally, immature B cells will be negatively 
selected if their heavy and light chains do not pair correctly or if they react 
against self-molecules, leading to apoptosis or another round of receptor editing 
(Nemazee, 2017). Positively selected immature B cells will become naïve B cells 
that will migrate to secondary lymphoid organs.

Naïve B cells will eventually find and bind their specific epitope through the 
BCR —the first activation signal—, and the antigen will be captured and de-
graded to be presented on MHC-II molecules, in order to seek the second acti-
vation signal that will mostly come by the hand of a CD4+ Th lymphocyte 
(Murphy et al., 2017). Alternatively, some foreign polysaccharide-specific B 
cells can be activated through T cell-independent pathways (Vos et al., 2000). 
Upon activation, B cells will proliferate and follow different fates, both becom-
ing early plasma cells that will produce the first batch of IgM antibodies that 

Figure 7. Antibody genes and structure. The genome of antibody heavy and light chains are 
shown before and after somatic VDJ rearrangement in immature B cells. The final antibody structure 
is show in the left, and the antigen-binding site derived from the recombination is circled. V: variable; 
D: diversity; J: joining; VH: variable domain of the heavy chain; CH(1-3): constant domains (1-3) of the 
heavy chain; VL: variable domain of the light chain; CL: constant domain of the light chain; CDRH1-3: 
complementarity determining region 1-3 of the heavy chain; CDRL1-3: complementarity determining 
region 1-3 of the light chain. Adapted from Feederle and Schepers, 2017.
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target the foreign antigen, and also entering the germinal centre (GC) in lymph 
nodes to undergo somatic hypermutation (SHM) of the variable regions of  
Igs for affinity maturation and class switching (Wabl and Steinberg, 1996). Ac-
tivation of naïve B cells and formation of plasma cells and antibodies can take up 
to 7-14 days, while affinity maturation takes longer. Affinity maturation by 
SHM in the lymph nodes spurs superior antibodies with an increased affinity 
for their antigen through a complex process in which B cells cycle around the 
dark zone (DZ) and light zone (LZ) of the GC. When B cells enter the DZ, 
mutations arise due to the expression of the activation-induced cytidine deami-
nase (AID), which deaminates cytidines in the variable Ig regions during cell 
division (Muramatsu et al., 2000). Mutations during SHM tend to accumulate in 
the Complementarity Determining Regions (CDR) 1-3 of the heavy and light 
chains. Then, B cells migrate to the LZ to retest their affinity. Follicular dendrit-
ic cells (FDCs) in the LZ act as a long-term reservoir of antigens that the GC  
B cells will use to challenge their new BCRs, and T follicular helper cells (Tfh), 
a subset of CD4+ T lymphocytes, will deliver the necessary secondary activa-
tion signals. B cells that have reduced affinity for their cognate antigen or that 
have developed mutations elsewhere will be signalled for apoptotic cell death or 
will return to maturation, while those B cells that have acquired BCRs with 
higher affinity can differentiate to plasma or memory B cells (Victora and 
Nussenzweig, 2012), which can also eventually return to affinity maturation. 

Furthermore, during the affinity maturation process, antibodies also switch 
isotypes. In humans, there are 9 different heavy chain constant (C) loci in the 
following order from 5’ to 3’: μ, δ, γ3, γ1, α1, γ2, γ4, ε and α2. Ig C-chains μ and δ 
are the ones expressed in naïve B cells, producing IgM and IgD, respectively 
(LeBien and Tedder, 2008). Upon B cells entering the GC’s DZ for affinity mat-
uration, the constant chain can undergo class switching recombination, in which 
different Ig molecules can arise depending on the C-chain locus selected (IgG3 
for γ3, IgG1 for γ1, IgA1 for α1, IgG2 for γ2, IgG4 for γ4, IgE for ε and IgA2 for 
α2). Class-switching recombination happens in an ordered 5’ to 3’ manner, 
meaning that if recombination leads to the production of IgA1 molecules, this 
B cell will not be able to switch Ig class to those loci that are upstream of α1 
(those being IgM, IgG3 and IgG1). The decision on which C-chain is selected 
will be based on the different cytokine inputs that the B cell is receiving (Kracker 
and Radbruch, 2004). Broadly speaking, each Ig class or isotype is responsible 
for a different function and compensate each other’s function to mediate full-
fledged protection. For instance, IgM molecules are the first to be produced dur-
ing natural infection against pathogen-associated epitopes and have low affinity 
since they are generated before accessing the lymph nodes’ GCs. Five IgM mol-
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ecules oligomerise into a pentameric IgM that has a higher avidity, since it con-
tains 10 antigen-binding domains per pentameric molecule, and its main func-
tion is to activate the complement system by engaging C1q (Murphy et al., 
2017). In comparison, IgA2 molecules are secreted as dimers in mucosal tissues 
and their main function is to mediate protection on site. Also, the four IgG iso-
types (IgG1-4) are secreted as single molecules and are responsible for mediat-
ing a direct neutralising effect against the pathogens. IgG subclasses differ in 
their capability to engage FcγR on innate sentinel cells through their Fc frag-
ment and mediate effector functions. In this sense, human IgG3 and IgG1 can 
promote antibody-dependent cell cytotoxicity or phagocytosis (ADCC and 
ADCP, respectively) (Vidarsson et al., 2014); while IgG2 and IgG4 hardly  
bind to FcγR (Table 1). Finally, IgE binds to Fc ε receptors to sensitise mast cells 
and trigger the release of cytokines associated with allergies.

Different animal models, especially mice, have been used to study humoral 
immune responses against pathogens. Initially, the discovery that mice also had 
four IgG isotypes raised hopes that this model would be highly comparable to 
humans (Collins, 2016), but as any model, it has its limitations. That is why it is 
relevant to understand the differences between animal models to translate the 
experimental knowledge. Compared to humans, mice have 8 heavy chain con-
stant loci, and ordered from 5’ to 3’ are: μ, δ, γ3, γ1, γ2b, γ2a (or γ2c), ε and α. Although 
genetically equivalent to humans, Ig molecules behave slightly different in mice, 
especially IgG molecules. Additionally, some strain-specific dif ferences have 
been detected in mice; for instance, C57Bl/6, non-obese diabetic (NOD) and SJL 
mice do not have the IgG2a isotype observed in BALB/c mice and other breeds, 
but IgG2c has an equivalent function instead. Furthermore, it is not clear that 
class switching in mice follows a 5’ to 3’ order like in humans, since an accumula-
tion of SMH rates is not observed in Ig molecules containing the C-chains of the 
3’-end loci (Collins et al., 2015), and also SMH in mice is a less frequent event 

Table 1.  General comparative IgG isotype functions in mouse and human
Human Mouse

IgG1 IgG2 IgG3 IgG4 IgG1 IgG2a/c IgG2b IgG3

Neutralisation ++ ++ ++ ++ ++ ++ ++ ++

ADCC +++ +/– ++ +/– – +++ ++ –

ADCP ++ + + – – +++ ++ –

CDC ++ + +++ – +/– ++ ++ ++

  ADCC: antibody-dependent cellular cytotoxicity; ADCP: antibody-dependent cellular phagocytosis; CDC: comple-
ment-derived cytotoxicity; IgG: immunoglobulin G. Based on Collins, 2016; Bruhns, 2012; Almagro et al., 2018 and 
Stewart et al., 2014. 
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compared to humans, in which anti-HIV1 bNAbs can accumulate up to 90 mu-
tations or more, whereas antibodies from inbred mice rarely exceed 10 mutations 
(Scheid et al., 2009; Hara et al., 2015). Considering the functional effects, in hu-
mans, each IgG subclass tends to have a more distinguished or polarised function, 
while in mice, the four isotypes are believed to work more synchronised (Collins, 
2016). Each isotype, however, mediates a different function: mouse IgG1 does 
not bind complement nor Fc receptors so it may have a direct effect on the path-
ogens, mouse IgG2a and IgG2c engage mouse FcγR and mediate antibody- 
dependent effector functions —similar to human IgG1 and IgG3— and are linked 
to viral infections, murine IgG2b is considered to be a T-dependent antibody that 
mediates similar, albeit weaker, functions as IgG2a, and mouse IgG3 mainly binds 
complement in a T-independent manner. Like human IgG isotypes, each murine 
isotype is induced by the effect of a different mix of cytokines on B cells. 

Antibodies can mediate multiple effects, and direct neutralisation is one of 
such activities. Pathogen neutralisation is normally one of the most intensively 
sought immunological outcomes induced by vaccination. Neutralising anti bodies 
(NAbs) against HIV-1 arise around two months after primoinfection with HIV-1. 
These NAbs mainly show autologous neutralisation against the Env expressed  
by the transmitter/founder virus, and rarely exhibit heterologous neutralisation 
against other clades; however, the selective immune pressure they exert on the 
virus will end up prompting the expansion of mutated escape variants (Bonsignori 
et al., 2017). The immune system adapts in parallel to HIV-1’s evolution, generat-
ing new antibodies and T cell responses, or improving by SMH the pre-existing 
antibody responses, generating an arms race between the host and the virus that 
the latter is bound to win due to its enhanced mutational rate, compared to  
a slowly adapting immune system. Remarkably, years after infection, around  
1% of the PLWH develop exceptional elite neutralising responses against a wide 
range of HIV-1 variants (Simek et al., 2009). These exceptional broadly neutralis-
ing antibodies (bNAbs) are highly somatically hypermutated antibodies, probably 
elicited by the long-term exposure to sub stantial HIV-1 viral loads and generally 
elicited due to exposure to a diversity of HIV-1 Env strains (Rusert et al., 2016). 

Structurally speaking, bNAbs display some general features shared by most of 
them independently of the Env epitope they target (Sadanand et al., 2016). First, 
bNAbs target the most conserved regions of Env, that is why they can neutralise 
a wide diversity of viruses, namely the CD4bs, the V1V2 apex, the MPER, the FP 
or the gp120/gp41 interface (Figure 8). Additionally, these vulnerability regions 
have an important functional role in the infection process, and hence bNAbs can 
easily neutralise the virus by hindering viral infectivity (Lynch et al., 2015). On the 
molecular level, bNAbs have been extensively described to have a considerably 
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high SHM rate, proofing how bNAbs undergo several cycles of affinity matura-
tion at the GC throughout many years of being exposed to an evolving antigen. 
Compared to a standard antibody that has an average of 10-20 mutations in rela-
tion to its unmutated germline ancestor, bNAbs can present up to 40-100 mu-
tations (Wang and Zhang, 2020), which means that they have 15-30% of mutated 
amino acids (aa) compared to the germline sequence. Furthermore, these muta-
tions are more frequently located in the CDR3 antibody domain but also at the 
framework region of the variable domain, a region that generally is stringent to 
mutations (Klein et al., 2013). Another exceptional feature of bNAbs is the unu-
sually long CDRH3 fingers. CDRH3 loops in regular antibodies are 8-16 aa-long, 
while bNAbs on average have 21 aa-long CDRH3 fingers (Breden et al., 2011), 
and may also be a consequence of the chronic antigen exposure and successive 
viral escapes or the selection of rare underrepresented B cell clones. Finally, a rel-
evant feature of bNAbs is their polyreactivity, which is possibly induced by the 
process of broadening the antibody targets or by trying to increase the affinity 
against poorly expressed Env on the viral surface (Mouquet et al., 2010). 

Together with the high mutation rate or the low density of Env molecules at 
the viral surface to reduce antibody avidity, HIV-1 has a wide range of addition-
al mechanisms to avoid the elicitation of NAbs and bNAbs or to evade their 
effect, such as exposure of highly immunogenic non-neutralising epitopes to 
divert the immune response, concealment of neutralizable functional epitopes in 
its pre-CD4 engagement state, infection of target cells by cell-to-cell transmis-
sion, and the presence of a glycan shield around Env to reduce its immunogenic-
ity (Air and West, 2008; Zhou et al., 2017; Amitai et al., 2018; Landais and Moore, 
2018; Ivan et al., 2019). That is why elicitation of bNAbs is rare and only occurs 
in a small percentage of infected individuals later in the infection. Furthermore, 
even when broadly neutralising responses are induced, the virus can still evade 
them; and so, the presence of bNAbs does not correlate with an improvement on 
HIV-1 control in PLWH who elicit them (Subbaraman et al., 2018). 

Despite bNAbs are not able to control viral replication and infection pro-
gression in HIV-1 infected individuals (Euler et al., 2010), they have recently 
proven as a potentially successful strategy to mediate a protective effect or to be 
used as a treatment by passive immunisation strategies. 

2.4. The era of biopharmaceuticals

This last decade has seen a surge of biological-based strategies that try to emu-
late or stimulate immune responses to fight HIV-1, which derive from the accu-
mulation of knowledge around HIV-1 infection and its interaction with the im-
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mune system. Owing to this knowledge gathered across 40 years of extensively 
studying HIV-1’s pathophysiology, scientists are now harnessing the immune 
system’s potential by Antibody-Mediated Protection (AMP) strategies, the de-
velopment of better immunomodulators to reactivate latent HIV-1 reservoirs 
and the design of vaccine strategies to induce more potent humoral and cellular 
immune responses.

Since the identification and isolation of the first bNAb (b12), many groups 
have evaluated the feasibility of generating AMP by passive immunisation. 
Initial studies in animal models demonstrated the potential of this approach 
both in mice (Gauduin et al., 1997) and macaques (Shibata et al., 1999), especial-
ly when used in combination treatments of two or more bNAbs against differ-
ent specificities (Mascola, 2002). The field of HIV-1 bNAbs was especially 
boosted from 2010 on, with the arrival of B cell cloning techniques, which al-
lowed for the identification of more potent bNAbs targeting a wide range of 
Env epitopes (Figure 8), such as VRC01 or 10E8 (Wu et al., 2010; Huang et al., 
2012). In parallel, further in vivo protection studies against SIV and chimeric 
Simian-Human Immunodeficiency virus (SHIV) infection in NHP demonstrat-
ed which considerations were important for AMP. For instance, potent in vitro 
neutralisation in a pseudovirus assay correlates with in vivo protection against a 
virus expressing the same Env molecule, while administration of a single bNAb 

Figure 8. HIV-1 Env vulnerability map. Native trimeric protein highlighting some of the 
principal areas targeted by broadly neutralising antibodies (bNAbs): CD4 binding site (CD4bs, 
red), V1V2 apex (blue), V3 (brown), gp120/gp41 interface and fusion peptide (FP, purple), 
membrane proximal external region (MPER, yellow). Adapted from West et al., 2014.
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will not protect animals from challenge with a resistant strain (Moldt et al., 
2012). This issue can easily be overcome by the identification of broader and 
more potent bNAbs, or by the combination of 2-3 bNAbs with complementing 
sensitivities (Walker et al., 2011; Julg et al., 2017). Results derived from bNAbs’ 
research are also informative for the development of better vaccine strategies.

AMP by bNAbs has also been tested in human clinical trials. VRC01, an 
anti-CD4bs bNAb was tested at two different doses (high: 30 mg/kg; or low:  
10 mg/kg) for its capacity mediating PrEP protection in populations at risk in 
two different phase IIb clinical trials: HVTN703/HPTN081 and HVTN704/
HPTN085. HVTN703 was directed to transgender people and men who have 
sex with men (MSM), while HVTN704 was directed to sub-Saharan heterosex-
ual women. Preliminary results of both trials showed that VRC01 was safe and 
tolerable, but did not show significant protective effects on both VRC01 ad-
ministered groups compared to the placebo control (8.8% protection for the 
HVTN703 and 26.6% protection for HVTN704) (Corey et al., 2021). However, 
it is relevant to highlight that VRC01-treated people did get significantly more 
infected with VRC01 neutralisation-resistant viruses than placebo groups, sug-
gesting that protection could be mediated by passive immunisation using a 
combination of broader and more potent bNAbs (Corey et al., 2021). 

In fact, bNAbs can be engineered to enhance their protective activities. The 
Fc region can be mutated to increase binding to the neonatal Fc receptor, which 
improves the plasma half-life (Ko et al., 2014) and their biodistribution 
(Gaudinski et al., 2018). Other mutations can increase their production or mod-
ulate their interaction with the FcγR (Kwon et al., 2016). Interestingly, bNAbs 
can be formulated as a viral-vectored gene therapy for the treatment of PLWH 
(Mellins and Kay, 2015). Furthermore, bispecific and trispecific antibodies have 
been designed and have demonstrated their efficacy in preclinical models. The 
rationale behind these complex molecules is to incorporate multiple bNAb spec-
ificities at the same molecule, therefore administering a combination therapy 
with only one molecule (Montefiori, 2016; Xu et al., 2017).

It is worth mentioning that bNAbs can mediate protection beyond the direct 
neutralisation on HIV-1 by inducing antibody-dependent effector functions. In 
fact, monoclonal bNAbs can be further engineered to incorporate mutations 
that increase binding to FcγR (Bournazos et al., 2014). These receptor-associated 
functions not only are important for the immediate effect on the viral load by 
the role of innate immune leukocytes, but will also recruit the adaptive immune 
system and boost anti-HIV-1 immune responses, a property known as “vaccinal 
effect” (Naranjo-Gomez and Pelegrin, 2019). This vaccinal effect demonstrates 
the potential of bNAbs as a substitute of ART in PLWH. The benefits of these 



INTRODUCTION

45

sorts of biopharmaceutical therapies would be a longer effect upon administra-
tion, hence being more convenient since they do not need a daily administration, 
as classical ART drugs do. Further studies and clinical trials are still necessary to 
describe the exact posology and to avoid the rise of mutated escape variants 
(Caskey, 2020).

The antiviral effects of bNAbs are clear, and their potential is not only limited 
to AMP and treatment, but they could also play a key role in targeting HIV-1 
reservoirs in the pursue of a functional cure (Ananworanich et al., 2015). These 
types of approaches can also benefit from combination with other types of mon-
oclonal antibodies (mAbs) to target latently infected cells, such as those targeting 
immune checkpoint receptors. Immune checkpoint inhibitors are candidate la-
tency-reversing agents (LRAs), since their effect on latently infected CD4+ Th cells 
can promote their activation and the induction of viral replication (Van der Sluis 
et al., 2020), while also prompting CD8+ Tc cells to exert their functions on in-
fected cells (Boyer and Palmer, 2018). For instance, anti-PD1/PD-L1 leads to an 
activation of CD8+ Tc cells and a decrease in viral reservoirs (Chen et al., 2020), 
and clinical trials for their potential effect in humans are ongoing. 

Besides mAbs that target immune checkpoint inhibitors, TLR agonists are im-
munomodulators that can also act as LRAs and stimulate anti-HIV-1 immune re-
sponses in infected people. TLRs are PRR that are mostly present in innate leuko-
cytes both on the membrane and inside endosomes. TLRs can detect pathogen- or 
damage-associated molecular patterns (PAMPs and DAMPs), and their activation 
can lead to the production of pro-inflammatory cytokines (Kawasaki and Kawai, 
2014). Among the TLR agonists that have been tested as LRA are CpG motifs, 
flagellin, vesatolimod, etc. A few of these TLR agonists have demonstrated their 
potential in NHP, with CpG and vesatolimod reaching clinical trials (Martinsen  
et al., 2020). TLR agonists can also be used as preventive and therapeutic vaccine 
adjuvants, and direct administration of cytokines can also mediate the same adju-
vating effect (Kula-Pacurar et al., 2021). Altogether, the use of biopharmaceuticals 
is not limited to one aspect, since immunomodulators like TLR agonists can also 
be used as adjuvants and bNAbs can act as PrEP and therapeutic agents. 

Owing to their flexibility, all these biopharmaceuticals can also be tested in 
combination to pursue a strategy for a functional HIV-1 cure, and bNAbs can also 
be a source of knowledge to generate better rational vaccine designs, which are 
one of the most intensely researched biopharmaceutical areas in the HIV-1 field. 
Initially, vaccines were designed with the intent to protect against the acquisition 
of HIV-1, but lately many efforts have also focused on developing HIV-1 thera-
peutic vaccines (Leal et al., 2017). On the one hand, the main objective of preven-
tive HIV-1 vaccines is to develop durable and broad immune responses that can 
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avoid primoinfection and the generation of HIV-1 reservoirs, with balanced hu-
moral and cellular responses that can quickly clear initially infected cells (Graziani 
and Angel, 2016). On the other hand, therapeutic vaccines try to boost immune 
responses against HIV-1 capable of clearing the virus from latently infected cells 
in an already primed immune system, and as previously detailed, viral clearance is 
mainly mediated by the cellular arm of the adaptive immune response (Casazza et 
al., 2013). The effect of preventive vaccines should ideally mediate life-long pro-
tection against a highly diverse virus, while therapeutic vaccines should exert a 
more potent effect in a shorter, but sufficient, time that allows for the elimination 
of a targeted reservoir. Therapeutic vaccines can also benefit from combined treat-
ments with bNAbs and LRAs to kick the viral reservoirs, since the effect they 
must mediate is more circumscribed in time (Barouch et al., 2020). 

Despite these evident differences in the outcomes sought by preventive and 
therapeutic vaccines, advances in prevention approaches are also informative for 
the therapeutic strategies, and vice versa, since they are intimately intertwined. 
A deeper understanding of all the vaccine prototypes will help to pave the way 
towards a successful preventive vaccine strategy. 

3. Preventive vaccine strategies for HIV-1

The year 2020 saw a quick rise of multiple effective vaccines against SARS-
CoV-2 that reached clinical trials and commercialisation in less than a year, 
which is considerably faster than the 10-15 years average that vaccine develop-
ment usually takes. While it is true that SARS-CoV-2 vaccine development ben-
efited from technology that was generated owing to 40 years of basic and ap-
plied science in other fields, like HIV vaccine research (Pardi et al., 2018; Sanders 
and Moore, 2021), it is still remarkable that vaccines with such a good efficiency 
could move from concept to approval within such a short time. 

In comparison, many efforts have been invested in the development of  
HIV-1 vaccine candidates, but only modest correlates of protection have been 
achieved in humans so far. Even when facing these unfruitful results, hope is not 
lost, and many groups are still pursuing the development of ideal immunogens 
and vaccine strategies to elicit protective responses. 

3.1. HIV-1 candidate immunogens for vaccine development

HIV-1 immunogens developed for vaccination can be categorised into two main 
groups: those designed for the induction of potent cellular responses, and those 
that aim at eliciting protective humoral responses. Considering cellular respons-
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es, Env has been widely reported as a poor stimulator of protective CD4+ Th 
and CD8+ Tc lymphocytes, while Gag-Pol polyprotein and accessory proteins, 
like Nef, are better targeted by the cellular arm of the immune response 
(Masemola et al., 2004). Gag-derived immunogens that cover most of the circu-
lating HIV-1 variants were developed to be administered by DNA vaccination. 
Some examples of these immunogens are mosaic proteins —bioinformatical-
ly-designed Gag proteins made up of different fragments from multiple sub-
types that covered most HIV-1 group M clades (Fischer et al., 2007; Barouch et 
al., 2010)—, HIV.consv —encoding only for the most conserved elements of 
Gag (Ondondo et al., 2016)—, or HTI —encoding for immunogens that ex-
press conserved peptides that are targeted by effective cellular responses (Mothe 
et al., 2015). 

In comparison, Env is the main target of humoral responses, and has been 
modified in multiple ways to try to elicit potent neutralising antibodies. For 
instance, nucleic acid vaccines can encode the full gp160, resulting in Env tri-
mers or monomers anchored to the host cell membrane, or can also encode 
gp140, which will be secreted as a soluble protein (Cao et al., 2018). Other vac-
cines focus on the two Env subunits (gp120 and gp41). It is important to high-
light how many of the bNAbs that target gp120 often recognise conformational 
epitopes or bind glycosylated residues and block receptor binding, while those 
targeting gp41 often bind to more linear and conserved epitopes hampering the 
fusion process (Wibmer et al., 2015). 

Since immunisation with unmodified Env proteins has proven to be insuf-
ficient to generate a protective response, more sophisticated immunogens have 
been engineered to present key epitopes targeted by bNAbs, such as the  
eOD-GT8, which displays CD4bs epitopes (Jardine et al., 2016), or stable tri-
meric proteins displaying Env’s native conformation, which can be key for the 
elicitation of bNAbs that target functional sites at the surface of infective virus-
es (Sanders et al., 2015). Epitope-based vaccines try to elicit humoral responses 
against vulnerable regions while removing more immunogenic but irrelevant 
domains that can divert elicitation of protective responses against vulnerable 
domains like the FP or the MPER (Molinos-Albert et al., 2017b). 

All these immunogens have been tested in animal models to characterise 
their immunogenicity, but HIV-1 inherent properties hinder most attempts 
at generating protective vaccines, since it is a highly diverse virus that has 
multiple immune evasion mechanisms, such as a masking glycan shield or 
the concealment of vulnerable regions, both for B and T cell epitopes (Zhou 
et al., 2017; Olvera et al., 2020). Overcoming these difficulties is the main 
objective of current vaccine approaches that try to generate immunogen can-
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didates through informed vaccine design, and, in that sense, animal models 
play an invaluable role. 

3.2. Animal models for HIV-1 vaccine development

Various animal models have been employed throughout these 40 years of HIV-1 
research in order to understand the virus and its pathogenicity, to test antiretro-
viral treatments and to develop vaccine strategies. NHP infection with SIV was 
the predominant preclinical model used to evaluate the first HIV-1 vaccine 
strategies, and SIV infection was later replaced by SHIV, which is a chimeric 
SIV engineered to express HIV-1’s Env instead of SIV’s (Chen, 2018). Ad-
ditionally, other animal models are widely used as proof-of-concept for immu-
nogenicity, like mice and rabbits. 

Mice cannot get infected by HIV-1 nor have a virus closely related to it. Still, 
mice are the main model for the immunogenicity studies of any vaccine proto-
type at early preclinical phases. However, immunodeficient mice can be human-
ised by a CD34+ human haematopoietic stem cell transplant. Some humanised 
mouse models include the NSG mice (NOD-SCID IL2R-γc-deficient mice) or 
the bone-marrow-liver-thymus transplanted (BLT) mice (Marsden and Zack, 
2017). These models are extremely useful for testing antiretroviral therapies and 
for the study of the latent reservoir and biopharmaceutical therapies, but since 
they display an artificial immune system where mice elements, such as murine 
MHC, interact with human TCRs, they need to be further optimised to become 
a reliable vaccine model (Weichseldorfer et al., 2020). Additionally, more com-
plex mouse models have been employed to dig deeper into the immunological 
features that are essential for the induction of broad and potent neutralising 
responses, like the study of the GC, which directs the somatic hypermutation 
process that can lead to the development of bNAbs (Viant et al., 2020), or the 
study of germline targeting in adoptive transfer models where transgenic mouse 
B cells expressing a desired BCR are injected to wild-type mice to evaluate how 
they are stimulated by different vaccine prototypes (Steichen et al., 2019). All 
these models help to identify better immunogens and vaccine platforms before 
moving to NHP models. 

3.3. Initial preclinical strategies to induce protective immune responses 

Initial attempts at generating protection against HIV-1 by active immunisation 
focused on classical vaccine strategies, such as pathogen inactivation or attenu-
ation (Daniel et al., 1992), like a disrupted non-infectious SIV that mediated 
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protection in 2 out of 6 vaccinated macaques (Desrosiers et al., 1989), or an in-
activated and adjuvanted SIV that protected 8 out of 9 macaques (Murphey-
Corb et al., 1989). Despite this moderate demonstration of efficacy in macaques 
against SIV, these strategies were not translated into humans due to the threat 
derived from inefficient pathogen inactivation and presence of viral genetic ma-
terial and other contaminants that probably interfered favouring the observed 
protection (Dowdle, 1986; Schild and Stott, 1993). 

In parallel to the failure of classical vaccine strategies, advances in molecu-
lar biology and recombinant technologies allowed for the development of 
gp160 and gp120 subunit vaccines, which were safer since they did not contain 
the HIV-1 genome (Rusche et al., 1987). Preclinical studies in NHP demon-
strated how these vaccines were able to induce NAbs. Induction of neutralis-
ing responses was thought to be enough to control and prevent HIV-1 infec-
tion at that time, since challenging animals with SIV prevented infection and 
sera from vaccinated animals was able to neutralise some viral strains in in 
vitro neutralisation assays (Robey et al., 1986; Berman et al., 1990), but later it 
was demonstrated that the outcomes of these trials were highly dependent  
on the viral strains used and it did not properly recapitulate the real situation 
(Esparza, 2013). Gp160 subunits present the whole Env molecule, while gp120 
vaccines contain the CD4bs and V3, some of the main neutralizable epitopes in 
HIV-1 (Steimer et al., 1991). These were the initial attempts at rationalising the 
vaccine design to identify the best targets and epitopes, and it eventually led to 
the first wave of human vaccine efficacy trials; unfortunately, they did not take 
enough into consideration the high HIV-1 variability and eventually failed 
(Gallo, 2005). 

Another vaccination strategy evaluated was the use of viral vectors encoding 
for HIV-1 genes. Among different vectors, poxviruses and adenoviruses have 
been preferentially tested. They induce a notable cellular response and have dem-
onstrated to work synergistically in heterologous prime-boost strategies when 
combined with subunit proteins (Patterson and Robert-Guroff, 2008; Kim et 
al., 2014). The initial viral vectors posed a risk for immunodeficient individuals, 
such as PLWH, that is why live attenuated viral vectors were developed (Picard 
et al., 1991). The main attenuated viral vectors developed were derived from 
poxviruses, either from vaccinia viruses —like Modified Vaccinia Ankara (MVA) 
and NyVAC—, and canarypox viruses —like ALVAC (vCP1521)—, but can 
also derive from adenoviruses (García-Arriaza and Esteban, 2014). These vec-
tors can code for various viral proteins, and in the first attempts, Env derivatives 
(gp160 or gp120) were predominantly selected, while later trials also incorporat-
ed gag and pol, alone or in combination (Cox et al., 1993). These viral vectors 
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encoding for HIV-1 proteins demonstrated being highly immunogenic in labo-
ratory and simian models, also exhibiting protection against HIV-2 infection 
when expressing HIV-2 antigens, and hence merited further studies in phase I 
clinical trials (Perkus et al., 1995). 

However, most studies that showed protection against SIV infection in 
NHP models failed in efficacy clinical trials, despite inducing NAbs, highlight-
ing the need for improving the SIV model for HIV-1 vaccine development. 
One of the limitations of SIV infection in NHP was the use of laboratory- 
adapted strains, which are easily neutralizable compared to primary isolates 
from infected patients, and are not representative of circulating HIV-1 strains 
(Esparza, 2013). 

Moreover, although HIV and SIV are closely related viruses, they still have 
their differences and infect different hosts. Therefore, in order to overcome this 
limitation, a chimeric SIV that expressed HIV-1 Env instead of SIV Env (SHIV) 
was developed (Shibata et al., 1990). Additionally, low-dose intravaginal and 
intrarectal NHP challenge models were developed with the aim to better mimic 
the natural pathway of HIV-1 infection (McDermott et al., 2004). 

Failure of preclinical or clinical trials mostly meant that either the immuno-
gen or the vaccine platform was not optimal and should not lead to the discon-
tinuation of the strategy or vector, but to its further improvement. The main 
lessons learned from preclinical attempts were that better models and a more 
rationalised vaccine design had to be performed to reach clinical trials. 

3.4. Lessons learned from efficacy clinical trials

Preclinical trials allowed for the identification of multiple tools that demon-
strated to be safe in phase I clinical trials and progressed to phase II and finally 
to phase IIb/III double-blind, randomised, placebo-controlled clinical trials 
(Robinson, 2002). The first efficacy trial of an HIV-1 vaccine in humans started 
in 1998, 15 years after the identification of HIV-1 as the causative agent of AIDS. 
From that point, HIV-1 vaccine efficacy trials (Table 2) have been classically 
categorised in three different streams that were somewhat sequential: i) pro-
tein-based Env vaccines that induce NAbs; ii) viral vector-based vaccines cod-
ing for HIV-1 genes to induce cellular responses; iii) combined strategies that 
induce potent and balanced humoral and cellular responses (Esparza, 2013). 

Protein-based Env vaccine trials to induce NAbs took place between 1998 
and 2003 and ended with the publication of the results on the Vax003 and Vax004 
clinical trials, in which no overall protection was observed in neither (Flynn et 
al., 2005; Pitisuttithum et al., 2006). Even though they were similar, Vax003 and 
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Vax004 differed in the countries where they were carried out and the target 
population. Vax004 was performed in developed countries and mainly recruited 
MSM (clinicaltrials.gov: NCT00002441), while Vax003 took place in Thailand 
and enrolled intravenous drug users. In these studies, a bivalent recombinant 
gp120 soluble protein named AIDSVAX adjuvanted with alum was studied, 
and in each trial the protein was adapted to the circulating strains the vaccinees 
would mainly face (clinicaltrials.gov: NCT00006327). For instance, Vax004 
used AIDSVAX B/B, since subtype B is mainly found in developed countries, 
while Vax003 analysed the effect of AIDSVAX B/E (Billich, 2001). Despite no 
overall efficacy was achieved, some subgroups (women and non-whites) showed 
slight protection that could not reach statistical significance, and it was demon-
strated that AIDSVAX constructs were capable of eliciting robust antibody re-
sponses (Gilbert et al., 2005). 

While these two efficacy trials that aimed at eliciting neutralising responses 
were finalising, two phase IIb trials (STEP study/HVTN502 and Phambili study/
HVTN503) were initiated focusing on the induction of potent T cell responses. 
These studies delved into the fact that neutralising responses were not associated 
with slower HIV-1 progression in infected individuals, but cellular responses were 
(Harrer et al., 1996), and hence could confer better protection against HIV-1. 
Similar to Vax003 and Vax004, these studies were carried out in two different 
contexts: the STEP study was performed in countries where the main circulating 
HIV-1 strain was subtype B and targeted MSM and heterosexual high-risk pop-
ulations (clinicaltrials.gov: NCT00095576), while the Phambili trial took place in 
South Africa (clinicaltrials.gov: NCT00413725), where subtype C was the prev-
alent HIV-1 strain, and the targeted population were individuals with high-risk 
heterosexual behaviour (Dhesi and Stebbing, 2011). These trials used an adenovi-
ral vector (MRK Ad5) coding for subtype B gag, pol and nef genes that were not 
adapted to the main circulating HIV-1 clades, the rationale being that T cell re-
sponses induce broader responses and can more easily display cross-clade cyto-
toxic profiles (Coplan et al., 2005). The STEP study initiated vaccination in early 
2007, and was halted in late 2007 due to concerns about a higher incidence in the 
vaccinated group than the placebo group; and, in consequence, so was the 
Phambili trial (Sekaly, 2008). Further analysis indicated how increased HIV-1 
incidence could be associated with pre-existent high anti-Ad5 antibodies, show-
ing how anti-vector antibodies play a crucial role and are a relevant aspect to 
consider in future vaccine designs (Buchbinder et al., 2008; Gray et al., 2011). 
Some authors theorised about how anti-vector responses played no role in en-
hancing HIV-1 infection, but inducing a CD4+ T cell response, the very same 
cells that HIV-1 infects, was the root of the problem (Barry, 2018). 

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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Additionally, in 2009 the HVTN505 trial was performed in the US and test-
ed in MSM a combination strategy to potentiate cellular responses priming with 
a DNA mix of 6 vectors coding for subtype B gag, pol, nef, subtype A, B and C 
env and as a boost a mix of 4 rAd5 vector coding for subtype B gag-pol and 
subtype A, B and C env (clinicaltrials.gov: NCT00865566). HVTN505 was 
stopped due to futility in 2013 (Hammer et al., 2013), and despite it induced 
good humoral and cellular immune responses in most of the patients, only  
anti-Env CD8+ responses seemed to be enhanced in vaccinated and non-infect-
ed individuals (Janes et al., 2017). 

In parallel to phase IIb trials that evaluated the effect of inducing potent 
cellular responses, a trend to develop combination strategies using a priming 
viral vector that elicited cellular and humoral responses and boosting with  
soluble proteins to enhance humoral responses gained a lot of focus. That is  
why, in 2003, the RV144 Trial —also known as “Thai Trial”— was initiated  
(clinicaltrials.gov: NCT00223080). In this study, a canarypox vector (vCP1521),  
named ALVAC-HIV, coding for a subtype B gag-pol and a membrane-bound  
CRF01_AE gp120 linked to a subtype B gp41 was administered four times, and 
alum-adjuvanted AIDSVAX B/E was administered twice together with the 
third and fourth ALVAC-HIV doses (Rerks-Ngarm et al., 2006). Despite a 
wave of criticism for choosing vaccine components that did not demonstrate in 
vivo efficacy in previous human trials separately (Burton et al., 2004), RV144 
started immunisations in late 2003 and results were published in 2009, demon-
strating overall protection of 31% in vaccinated people over placebo controls 
(Rerks-Ngarm et al., 2009). Even if this protection was considered too low to 
merit further commercial development, it still is the highest protection ever 
achieved with a vaccination strategy to date (Russell and Marovich, 2016). 
Deeper analysis to determine correlates of protection identified that antibod-
ies targeting the V1V2 apex correlated with protection, while anti-Env IgAs 
were associated with increased risk of infection (Haynes et al., 2012). These 
anti-V1V2 antibodies were not able to neutralise the virus and it was hypothe-
sised that their protective effect was mediated by ADCC (Wren and Kent, 
2011). Further phase II trials on the RV144 vaccinated group tried to elucidate 
the capacity to recall vaccine-induced immune responses by a late boosting with 
AIDSVAX 6-8 years after the vaccination (clinicaltrials.gov: NCT01435135, 
NCT01931358) (Rerks-Ngarm et al., 2017; Pitisuttithum et al., 2020). 

RV144 results reignited the HIV-1 vaccine field demonstrating that protec-
tion was achievable and led to the design of more combined strategies aiming  
at eliciting protective responses. The Uhambo/HVTN702 phase IIb/III trial 
(clinicaltrials.gov: NCT02968849) tried to reproduce the RV144 results while 

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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adapting the vaccine components to clade C, the main circulating strain in 
South Africa, where it took place (Bekker et al., 2018). Unfortunately, HVTN702 
was halted due to futility detected in an interim analysis in early 2020 (Gray et 
al., 2021). 

Overall, the results obtained from clinical trials published to date have 
demonstrated that protective responses can be achieved, albeit only a modest 
effect has been elicited with current strategies (Table 2). Combination strategies 
eliciting both arms of the adaptive response must be pursued, since certain  
anti-Env antibodies correlated with protection, while cellular mechanisms are 
vital to prevent latent reservoir formation and cell-to-cell transmission. Fur-
thermore, pre-existing anti-vector immune responses must be carefully consid-
ered before choosing a viral vector, since they can hamper the effect of the vac-
cine leading to counterproductive responses. 

Among the three HIV-1 vaccine efficacy trials currently ongoing, there are 
two using the same strategy adapted to different populations (IMBOKODO/
HVTN705 and MOSAICO/HVTN706). HVTN705 is a phase IIb trial being 
performed in women from sub-Saharan Africa and recently published an inter-
im analysis that demonstrated no significant protectio among vaccinees (25.2%) 
(Cohen, 2021) (clinicaltrials.gov: NCT03060629), while HVTN706 (clinicaltri 
als.gov: NCT03964415) is a phase III trial that is still recruiting MSM from North 
and South America and Europe, including Spain, and is expected to publish the 
results in 2024. Despite the negative results in Imbokodo, Mosaico will continue 
as planned (Janssen Vaccines, 2021). Both trials will assess the effect of priming 
with four doses of 4 Ad26 viral vectors that code 4 mosaic constructs —Mos1.
Gag-pol, Mos2.Gag-pol, Mos1.Env and Mos2S.Env—, and boosting with a sol-
uble protein (mosaic gp120 for Imbokodo and clade C Env trimer for Mosaico) 
with the third and fourth Ad26 mosaic dose. In preclinical and phase I/II trials 
(clinicaltrials.gov: NCT02315703, NCT02788045) preceding the phase IIb/III 
assays, Ad26 mosaic vaccines were safe and showed an induction of ADCP-
mediating anti-Env antibodies and induction of T cell responses in vaccinees 
(Baden et al., 2020), a response that was able to mediate protection against SHIV 
infection in macaques (Barouch et al., 2018). 

The remaining phase IIb active clinical trial, which has not yet started re-
cruiting, is known as PrEPVacc (clinicaltrials.gov: NCT04066881). In this study, 
two vaccinations will be tested against a placebo group. The vaccine compo-
nents in this study are a DNA vaccine (DNA-HIV-PT123) encoding for clade 
C gag, env and pol-nef, a bivalent clade C gp140, an MVA coding for a subtype 
E env and subtype A gag-pol and also AIDSVAX B/E (Moodie et al., 2020; 
Hosseinipour et al., 2021). The groups will be distributed so as one group re-

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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ceives DNA-HIV-PT123 and AIDSVAX on weeks 0, 4, 24 and 48, while the 
other group receives DNA-HIV-PT123 in combination with the clade C gp140 
(weeks 0 and 4) and Clade C gp140 with the MVA vector on weeks 24 and 48. 
The novelty of this trial is that all groups will be administered PrEP treatment 
for the duration of the immunisations (Laher et al., 2020).

The main conclusion that these 10 HIV-1 vaccine efficacy trials (7 finished 
and 3 ongoing) have taught the scientific community is that the final goal of 
eradicating HIV-1 through the means of prevention will only be achieved with 
an extremely rational, biologically informed, and highly collaborative vaccine. 
To generate superior strategies, a deeper understanding of the vaccine candi-
dates and vector repertoires available is key. 

3.5. Current platforms in HIV-1 vaccinology

Nearly forty years of vaccine research have yielded a diverse armamentarium of 
vaccine platforms to fight HIV-1. Either by adapting pre-existent technologies 
or by creating new platforms, scientists have generated an extensive array of 
strategies that have proven safe and potentially effective in preclinical trials and 
are making their way up to early clinical trials. These strategies can come for-
mulated as soluble proteins or multivalent platforms that directly stimulate 
APCs, or as nucleic acid vaccines encoding for the pathogen-derived antigens 
that will be produced by the host cells of the vaccinee (Figure 9). Whether the 
vaccine is directly administered or produced by the cells of the immunised indi-
vidual, the immunogens will be recognised by APCs and will stimulate the dif-
ferent components of the adaptive response leading to the production of anti-
bodies and cytotoxic responses to train the immune system. Each strategy has 
its own benefits and drawbacks, which will be summarised below. 

3.5.1. Nucleic acid vaccines and delivery

Nucleic acid vaccines were an extensively researched and promising field in the 
last decades that, however, produced scarce commercially available products 
until recently, when the SARS-CoV-2 pandemic accelerated the need for readily 
accessible vaccines (Bezbaruah et al., 2021). Immunogen-encoded nucleic acid 
vaccines have mainly been developed as a strategy to fight infectious diseases, 
but they have also been tested as a platform for cancer vaccines and autoimmun-
ity (yang et al., 2014; Serra and Santamaria, 2019). The main advantage of these 
types of vaccines is the easiness of producing and adapting —or pseudotyping— 
the platform to express different immunogens, since the modifications are per-
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Figure 9. Schematic representation of the pathways to immune stimulation by nucleic 
acid vaccines, subunit antigens and multivalent platforms. Nucleic acid vaccines will be 
uptaken by somatic cells and produce the immunogen. Alternatively, APCs can also uptake the 
DNA and produce the antigen, that will be presented by MHC-I molecules, stimulating more potent 
cellular responses. In any case, antigens produced by somatic cells or directly administered as 
soluble proteins or multivalent platforms will stimulate the adaptive immune response. Cells: 
somatic cell (brown), innate antigen-presenting cells (purple), CD4+ T lymphocyte (dark green), 
CD8+ T lymphocyte (light green), B lymphocyte (blue), Natural Killer cell (yellow). Green: 
monomeric/trimeric Env; blue: antibody; grey area: vaccine formulation.
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formed on the DNA level. This situation facilitates vaccine production, purifi-
cation and quality control, since all the downstream processes will be similar 
independently of the antigenic content (Hobernik and Bros, 2018). 

Nucleic acid vaccines can be categorised into three major groups: viral vec-
tored vaccines, messenger (mRNA) vaccines and DNA vaccines. This field has 
evolved in parallel with gene therapy, in which the necessity to deliver genes for 
genetic engineering prompted research and improvements with viral vectors 
(Ertl, 2016). In the HIV-1 field, the main viral vectors used, as previously de-
tailed in the efficacy trials section, have been adenoviruses and poxviruses,  
despite a wider arsenal of attenuated viral vectors is available: lentiviral, ade-
noviral and adeno-associated vectors (AAV), Sendai vectors, poxvirus and vac-
cinia viruses, among others (Hokello et al., 2021). 

Viral vectored HIV-1 vaccines have proven their potential efficacy in hu-
mans in the Thai trial, in which ALVAC-HIV —canarypox vector vCP1521— 
demonstrated protection in combination with the bivalent gp120 soluble pro-
tein AIDSVAX. In comparison, the STEP study raised concerns about a high 
prevalence of anti-vector antibodies in vaccinees and their elicitation in naïve 
individuals (Gray et al., 2011). Anti-vector immune responses have been one of 
the main concerns in the gene therapy field, since they can hamper its applica-
bility and, after a single administration, anti-vector responses will be elicited, 
limiting further administrations (Sasso et al., 2020). Many efforts have been 
dedicated to developing non-replicating viral vectors for which humans are 
naïve, and hence no immune response has been previously elicited, like chim-
panzee adenoviruses (ChAdV), or rarer adenovirus subtypes (Ad26 or Ad35) 
(Barry, 2018). Also, attenuated versions of smallpox vaccine strains or vaccinia 
viruses, such as NyVAC, MVA or Tiantan, were developed as poorly immuno-
genic vectors that potently stimulate immune responses against the encoded  
extrinsic antigens, and have been extensively assayed in preclinical settings as 
preventive and therapeutic vaccines (Jacobs et al., 2009). The advantage of us-
ing poxvirus vectors is that younger generations have not been exposed to them, 
since smallpox vaccination was stopped in the late 1970s and the virus was de-
clared eradicated in 1980, hence the immune systems of those born from 1980 
on are naïve to smallpox (García-Arriaza and Esteban, 2014). 

RNA vaccines have currently drawn all the enthusiasm in the vaccine field 
owing to their pivotal role in dealing with the SARS-CoV-2 pandemic (Pilkington 
et al., 2021). Many years of basic research and resources were invested in gener-
ating a synthetic mRNA that was not immunogenic and rejected by the host 
cells (the Karikó paradigm) (Karikó et al., 2008). Additionally, the development 
of safe and effective delivery systems was key for the success of RNA vaccines, 
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since RNA is very susceptible to degradation and needs to be encapsulated for 
better protection (Reichmuth et al., 2016). In the HIV-1 vaccine field, attempts 
at generating RNA-based vaccines were slowly moving towards clinical trials 
(Leal et al., 2018; Esteban et al., 2021), but they were facing a certain degree  
of reluctancy caused by their novelty (Pardi et al., 2018; Jones et al., 2020). 
However, the rapid approval of BNT162b2 and mRNA-1273 SARS-CoV-2 
vaccines and their proven efficacy in a global setting will pave the way for many 
more RNA-based vaccines to reach advanced clinical trials shortly (Dolgin, 
2021), with some attempts at developing HIV-1 vaccines using mRNA strate-
gies currently reaching clinical trials (clinicaltrials.gov: NCT05001373) and sure-
ly more to come in the future. 

In comparison, DNA vaccines are also starting to display their potential 
globally by reaching phase I and II clinical trials for HIV-1 vaccines (Table 3), 
for SARS-CoV-2 (Momin et al., 2021) and other infectious and non-infectious 
diseases (Lee et al., 2018). Similar to other nucleic acid-based vaccines, the main 
advantage of DNA vaccines is the straightforwardness at the production, puri-
fication and modification levels, and for DNA and RNA vaccines the anti- 
vector response issue is bypassed (Hobernik and Bros, 2018). However, DNA 
vaccines are controversial for the risk of inducing anti-DNA antibodies that can 
lead to systemic autoimmune diseases, which has ignited some mistrust for their 
use. Additionally, the integration of DNA inside the host cell’s nucleus after 
vaccination is also debated (Langer et al., 2013). 

DNA vaccines are often administered in the context of a plasmid DNA vec-
tor that encases the gene of interest within a promoter and a poly-adenylation 
site. These plasmid vectors may also contain an antibiotic resistance gene for 
selection in prokaryotes during production. One of such vectors is pVAX1, 
which follows the FDA Recommendations for DNA vaccines (Klinman et al., 
2010). pVAX1 is a reduced version of the pcDNA3.1 vector that contains a 
CMV promoter and a BGH polyadenylation site, while having a kanamycin 
resistance gene for selection. 

The main hurdle that DNA administration faces is its poor incorporation 
inside host cells, since DNA cannot easily cross the plasma and nuclear mem-
branes. That is why multiple physical and chemical delivery systems to enhance 
in vivo “transfection” of host cells have been described (Jorritsma et al., 2016). 
Some of these techniques are also shared by RNA vaccination, especially chem-
ical delivery systems such as liposomes, cationic polymers, and other nanopar-
ticles that can encapsulate the nucleic acids and enhance the target cell uptake 
(Qin et al., 2021). For DNA internalisation, physical techniques are also attrac-
tive, especially in vivo electroporation, which consists in applying an electrical 

http://www.clinicaltrials.gov
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field at the site of injection. This procedure serves a double purpose, since it 
destabilises the plasma and nuclear membranes, generating pores through which 
the DNA can enter the cell, while it creates an electrical field that will ease DNA 
migration in situ through electrophoresis (Satkauskas et al., 2002). In vivo  
DNA electroporation does not only enhance transfection efficiency, it also 
destabilises the cells at the electroporation site, which prompts recruitment of 
innate immune system cells, and hence it indirectly acts as an immune potentia-
tor, having a similar effect as adjuvants (Sällberg et al., 2015). Other physical 
delivery mechanisms are high-pressure DNA injection and gene gun, but these 
are less stan dardised than in vivo electroporation. 

Overall, nucleic acid strategies are an extremely useful tool as vaccine plat-
forms, that not only have demonstrated a relevant effect in preclinical models, 
but their efficacy has also been globally challenged in a context of a pandemics 
situation and have displayed superior characteristics than more classical vaccine 
strategies. Undoubtedly, these strategies will become essential platforms for the 
development of vaccines in the HIV-1 field and beyond. 

3.5.2. Soluble subunit proteins

Subunit vaccines attracted a lot of interest in early HIV-1 vaccine development, 
owing to the introduction of recombinant technologies that successfully yield-
ed vaccine prototypes for other infectious diseases in the market (Valenzuela  
et al., 1982), in parallel to the first years of the HIV/AIDS pandemic. Their 
safety profile compared to whole vaccines and subunit vaccines isolated from 
infected patients was an asset, and lead to the first HIV-1 vaccine phase I-III 
clinical trials. 

Initial gp120 subunits prototypes aimed at eliciting neutralising responses, 
but these strategies faced two major drawbacks: i) the wide diversity and major 
differences between HIV-1 strains, which makes heterologous or cross-neutral-
isation a rare event, and ii) immune evasion by virus mutations in individuals 
with incomplete protection (Bonsignori et al., 2017), leading to an impasse 
when gp120 subunits AIDSVAX B/B and AIDSVAX B/E did not induce pro-
tection in phase III trials (Pitisuttithum et al., 2006). Even when administering 
a strain-tailored vaccine matched to the most prevalent circulating subtype, no 
effect was observed. 

Currently, one of the most promising prototypes of subunit vaccines are 
native Env trimers, which present trimeric Env in a stable native conformation, 
a strategy that has thrust the research on bNAb-like response induction (Klasse 
et al., 2020). Env trimers are mainly categorised into three groups: NFL trimers 
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—native flexible linked—, UFO trimers —uncleaved pre-fusion optimised— 
and SOSIP —soluble-stabilised gp140 with I559P— (Thalhauser et al., 2020). 
SOSIP trimers contain multiple stabilising mutations: disulphide bridges be-
tween gp120 and gp41, a stabilising I559P point mutation, and a truncation at 
amino acid 664, which confers them similar antigenicity as membrane-bound 
viral trimeric Env (Sanders et al., 2002). SOSIP trimers were generated using 
different sequences of HIV-1 Env, starting with primary isolates like JRFL 
(Sanders et al., 2002), then adapting the platform to BG505 a subtype A trans-
mitter/founder strain (Julien et al., 2015), and more recently, based on ConS and 
ConM that contain consensus HIV-1 sequences (Sliepen et al., 2019), or GT1.1 
that was designed to specifically elicit VRC01-like responses (Whitaker et al., 
2019). SOSIP trimers have demonstrated their potential in NHP preclinical ex-
periments, where protection against a Tier2 SHIV was achieved in macaques 
(Pauthner et al., 2019), and are now steadily reaching phase I clinical trials,  
with five active trials ongoing (clinicaltrials.gov: NCT03699241, NCT04224701, 
NCT04177355, NCT03961438, NCT03816137).

Despite their promise and flexibility, most subunit vaccines, including gp120 
subunits or SOSIP trimers, are normally adjuvanted since their immunogenicity 
is lower compared to whole vaccines or nucleic acid vectored strategies. 

3.5.3. Multivalent platforms

Another strategy to increase the immunogenicity of subunit proteins is their 
administration formulated or conjugated with a multivalent platform. These 
platforms rely on nanotechnology-based strategies like polymeric carriers and 
liposomal formulations, but also include biological approaches that aim at mim-
icking the virus morphology, such as Virus-Like Particles (VLPs). 

Multivalent platforms come in a wide range of sizes, structures and compo-
sitions, and all these properties are key for their increased immunogenicity and 
better kinetics of immune responses (Thalhauser et al., 2020). Size is a pivotal 
aspect of these platforms, playing a major role in the half-life of the immunogen 
and determining the way in which they will interact with their cognate B and T 
cells (Reddy et al., 2006). Nanoparticle stability is also an important aspect of 
their immunogenicity, since it will extend bioavailability in the lymph nodes 
and increase the chances of stimulating B cells while helping with affinity mat-
uration (Tokatlian et al., 2018). Finally, antigen orientation and density are es-
pecially important for Env presentation, since they will promote the exposure 
of relevant epitopes while cross-linking multiple BCRs and triggering potent 
responses (Hennig et al., 2014). 

http://www.clinicaltrials.gov
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Synthetic nanoparticles can either be inorganic particles or organic lipidic or 
protein-based molecules (Brinkkemper and Sliepen, 2019). Self-assembling pro-
tein nanoparticles are an attractive strategy since they are easily produced and 
tailored to incorporate a determined quantity of immunogens per particle. Such 
is the case of the lumazine-based eOD-GT8 prototype, a vaccine formed by  
60-mers of an Env engineered Outer Domain (eOD) immunogen that was de-
signed to trigger VRC01-like germline ancestors, an anti-CD4bs bNAb precur-
sor, and which has been tested in phase I clinical trials achieving the expected 
outcomes (clinicaltrials.gov: NCT03547245). Other protein-based nanocarriers 
are ferritin nanoparticles, which can accommodate SOSIP trimers and demon-
strated superior neutralising responses in rabbits when compared to the soluble 
protein (Sliepen et al., 2015). 

Liposomes have also been extensively assessed as vehicles for a wide range 
of applications, such as drug delivery (Bulbake et al., 2017), tolerance induction 
in autoimmune diseases (Rodríguez-Fernández et al., 2021), nucleic acid vac-
cine delivery (Jorritsma et al., 2016), or as a vehicle for immunogens (Gao et al., 
2018). In these last few years, liposomes have been engineered to accommodate 
Env SOSIP trimers, and to do so multiple strategies have been followed, like 
Ni-NTA chelation (Pejawar-Gaddy et al., 2014) or by Michael addition reaction 
(Pauthner et al., 2017). These liposome-conjugated trimers have proven potent 
at inducing neutralising responses, and some of them are currently being evalu-
ated in phase I clinical trials (clinicaltrials.gov: NCT03816137, NCT03961438). 

Additionally, liposomes have also been engineered to express smaller poorly 
immunogenic antigens, like gp120 molecules (clinicaltrials.gov: NCT03856996) 
or the MPER (clinicaltrials.gov: NCT03934541) and are being tested in phase I 
trials. This strategy to boost the antigen’s immunogenicity by pres enting it at the 
surface of a multivalent platform was also previously evaluated by our group, by 
expressing a MPER-containing gp41 miniprotein (Min) at the surface of differ-
ent proteoliposomal formulations (Molinos-Albert et al., 2017a). In this study, 
Molinos-Albert et al. identified that more complex membranes containing cho-
lesterol and complex lipids led to better elicitation of 2F5-like NAb responses. 

VLPs are a vaccine platform as heterogeneous as viruses themselves, since 
VLPs are produced with viral structural and/or capsid proteins (Fuenmayor et 
al., 2017). HIV-1 VLPs are produced by the expression of Gag, the main HIV-1 
structural protein. Upon synthesis, Gag migrates to the host cell membrane, 
where it buds producing enveloped VLPs. This process is similar to HIV-1 viri-
on production (Figure 5) and leads to the formation of non-infectious and 
non-replicative immature VLPs that will mimic the HIV-1 virion’s size and mor-
phology (Cervera et al., 2019). 

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov


INTRODUCTION

63

HIV-1 Gag-VLPs have been used as immunogens to elicit potent cellular 
responses against Gag or Gag-Pol proteins by vaccination (Paliard et al., 2000; 
Chege et al., 2013), but also as multivalent immunogen carriers since they can 
accommodate immunogens at the surface of their lipid membrane. The benefit 
of using Gag-VLPs as immunogen carriers is that balanced humoral and cellu-
lar responses against the immunogen and Gag, respectively, can be elicited. 
Furthermore, immunogen presentation at VLPs’ surface faithfully mimics viral 
proteins at the surface of a virus, and presents the immunogens in the right  
orientation, and hence it induces responses that will better engage the virus 
(Thalhauser et al., 2020). 

However, one of the main drawbacks faced by HIV-1 VLPs is that, since 
VLPs mimic the HIV-1 structure, immunogens are incorporated at a low density 
at the surface of VLPs. HIV-1 has evolved to evade the immune system by poor-
ly incorporating Env molecules on its surface to reduce antibody avidity, and 
that stands as a main hurdle in strategies in which high-density is vital to induce 
potent responses (Klein and Bjorkman, 2010). Therefore, multiple strategies 
have aimed at increasing immunogen density at the surface of a VLP by modify-
ing the transmembrane or intracellular domains of the immunogen (Deml et al., 
1997; Wang et al., 2007). Other groups have tried to enhance VLPs immuno-
genicity by promoting maturation of VLPs conserving their non-infectious and 
non-replicative characteristics (Ellenberger et al., 2005; Gonelli et al., 2021).

A relevant aspect of HIV-1 Gag-VLPs is that they can be produced in vitro 
in a wide diversity of platforms with different properties (Cervera et al., 2019), 
but they can also be produced in vivo upon nucleic acid vaccination (Buchbinder 
et al., 2017). For nucleic acid vaccination, upon co-administration of a Gag-
coding vector (either from SIV or HIV-1) and an immunogen (full Env, gp120, 
SOSIP-trimers, etc.), transfected cells will produce and secrete VLPs with im-
munogens on their surface that will stimulate B cells similarly to direct admin-
istration of VLPs (Figure 9). 

The immunogenicity of multivalent VLP platforms presenting various Env-
derived immunogens has been assessed in multiple animal models (Table 4). In 
these preclinical trials, VLPs have been administered as in vitro produced VLPs, 
as nucleic acid vectored vaccines or as combined DNA/VLP strategies. Overall, 
these studies have demonstrated that VLPs can induce potent cellular responses 
against Gag and elicit superior antibody levels compared to subunit proteins, 
owing to multivalent presentation, better immunogen orientation, synergic 
combinations, right adjuvant selection and/or intrastructural help (ISH). ISH is 
a phenomenon in which the immunogen will bind to its cognate BCR and trig-
ger internalisation of the whole multivalent platform, which will lead to the pres-
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Table 4.  Immunogenicity studies of VLPs as vaccine candidates for HIV-1 

Immunogen Adj. Aim Production Model Regimen RoA Major findings Authors

HIV-1 Gag VLPs

Subtype B Env — CFA, IFA Insect cells BALB/c 
mice Homologous N.D Strong anti-Gag weak 

anti-Env responses
Turong  
et al., 1996

Subtype B 
gp120 —

Test Gag VLPs in 
models w/ and w/o 
gp120

Insect cells

BALB/c, 
rabbits 
and 
macaques

Homologous
IP 
and 
IM

Induction of both 
arms of the IR

Wagner  
et al., 1996

Subtype B 
gp120 — Test surface Env or 

recombinant Gag-Env Insect cells Macaques Homologous IM No protection against 
SHIV

Wagner  
et al., 1998

Subtype B 
gp120 Alum Test surface Env or 

recombinant Gag-Env Insect cells Macaques

Homologous 
VLP or 
heterologous 
SFV/VLP

IV/SC 
and 
IM

Reduced SHIV viral 
oad in macaques

Notka et al., 
1999

Subtype B Env CpG Compare Env-VLP, 
nude VLP & Env COS cells BALB/c 

mice
Homologous  
(VLP vs Prot) IN Superior Ab & cellular 

response in Env-VLP
McBurney  
et al., 2005

Subtype B Env CpG
Immunogenicity of 
VLPs w/ & w/o inactive 
RT

COS cells BALB/c 
mice Homologous IN Similar immunogenicity McBurney  

et al., 2006

Clade B gp160 CCL28 Test effect of CCL28 HEK293T 
cells BALB/c Homologous IM Enhanced NAbs in 

CCL28-VLP group
Rainone  
et al., 2011

Truncated gp41 — Generate anti-MPER 
bNAbs Insect cells Guinea 

pig
Homologous  
DNA vs VLP IM Higher induction of 

anti-MPER antibodies
Ye et al., 
2011

Clade B gp120/
gp41

TLR 
ligands Induce bNAbs HEK293 

cells C57BL/6J Only VLP IN
TLR3 agonist 
promotes NAbs 
induced by VLPs 

Poteet et al., 
2016

SIVmac239 Env
Alum or 
TLR 
ligands

Test adjuvant NPs with 
VLPs

HEK293F 
cells Macaques

VLP or protein 
w/ or w/o 
adjuvant. 

Hock Long-lasting response 
by adjuvanted VLPs 

Kasturi  
et al., 2017

Clade B gp160 MPLA, 
Adjuplex Induce bNAbs HEK293T 

cells
Rabbit 
(NZW)

Only VLP or 
heterologous IM

Promote CD4bs  
NAbs w/ moderate 
breadth by VLPs 

Crooks  
et al., 2017

Consensus 
Group M gp145 CCL20 Induction of mucosal 

IR Insect cells BALB/c Only VLP IM/IN/
IV

CCL20 enhances 
mucosal immunity 
induced by VLPs

Sun et al., 
2017

Clade B Env Adjuplex Induce bNAbs HEK293F 
cells Rabbit Heterologous 

(DDVVV) —
Enhanced Ab 
response by 
4E10-selected VLPs

Beltran- 
Pavez, et al., 
2018

Clade A 
gp120/140 Eurocine Induction of mucosal 

Abs Insect cells Rhesus 
macaque

Heterologous 
(D/V) IN/IM Higher Ab with IN VLP 

prime + IM VLP boost 
Buonauguro 
et al., 2018

MPER-V3 — Evaluation high-copy 
MPER — BALB/c

Homologous or 
heterologous 
VLP

— Th2-like responses in 
heterologous

Tohidi et al., 
2019

Subtype B 
(AD8) SOSIP 
Env

CpG Evaluation of mature 
VLPs

HEK293T 
cells BALB/c Homologous 

IP 
and 
SC

Broader NAbs in 
mVLPs, but anti-Expi 
response

Gonelli  
et al., 2021

  Adj.: adjuvant; RoA: route of administration; CFA: complete Freund adjuvant; IFA: incomplete Freund adjuvant; N.D.: 
not determined; VLPs: virus-like particles; w/: with; w/o: wiithout; IP: intraperitoneal; IM: intravenous; SC: subcuta-
neous; IN: intranasal; IR: immune response; SHIV: chimaeric simian-human immunodeficiency virus; Semliki Forest 
virus; Ab: antibody; RT: reverse transcriptase; Prot: protein; bNAbs: broadly neutralising antibodies; TLR: Toll-like 

Table 4. Continued
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Table 4.  Immunogenicity studies of VLPs as vaccine candidates for HIV-1 (Continued) 

Immunogen Adj. Aim Production Model Regimen RoA Major findings Authors

Nucleic acid HIV-1 Gag VLPs

Subtype B Env — Test DNA/MVA 
vaccine forming VLPs In vivo Macaques Heterologous 

(DMM) IM Superior Ab response 
in VLP constructs

Smith et al., 
2004

CRF02_AG Env — Test DNA/MVA 
CRF02_AG in mVLPs In vivo Macaques Heterologous 

(DDDM) IM Better immune 
responses in mVLPs

Ellenberger 
et al., 2005

Clade B Env GM-CSF Safety and 
immunogenicity In vivo Humans MVA IM Safe, good regimen 

for priming
Buchbinder 
et al., 2017

Clade C gp145 — Compare combine 
Gag-Pol-Env vs MVAs In vivo BALB/c MVA IM Superior Ab & CTL in 

the combined MVA
Perdiguero 
et al., 2019

Subtype C 
gp160 — Increase Env density 

at VLP surface In vivo Rabbit Heterologous 
(DDMMPP) IM No high-density Env 

Tier 2 autologus NAb
Chapman  
et al. 2020

Combined Nucleic acid VLPs and Gag-VLPs

Subtype B Env QS21 Assess  
immunogenicity

Vero cells  
In vivo Macaques Heterologous 

(D/V/A) IM Autologous NAbs  
and CTL

Montefiori  
et al., 2001

Subtype B Env — Evaluate VLP as a 
boost for D/Fpox

Vero cells  
In vivo Rabbits Heterologous 

(D/Fpox/V) ID VLP boosting elicits 
potent Ab

Radaelli  
et al., 2003

Subtype B Env — Compare heterologous 
immunisation

Vero cells  
In vivo

BALB/c 
mice

Heterologous 
(3xD/Fpox+VV)

IM/
SC

NAbs & CTLs control 
env-tumour cells

Radaelli  
et al., 2007

Clade A Gp120 Eurocine Compare mucosal 
immunisation

Insect cells  
In vivo

BALB/c 
mice VV vs DV IN Superior Ab & CTL 

with DV
Buonauguro 
et al., 2007

Clade B gp160 
and Gp120 — Check VLPs produced 

in S2 cell platform 
S2 cells  
In vivo BALB/c Heterologous 

(DDVVV) SC Antibody induction and 
modest neutralisation. 

Yang et al., 
2012

Gp41 variants — Induce anti-MPER 
bNAbs

HEK293T  
In vivo BALB/c Heterologous 

(DDDVVV) SC Trimeric MPER 
increases Ab titres. 

Toukam  
et al., 2012

Clade B gp140 — ISH testing HEK293T  
In vivo C57BL/6J Heterologous 

(Ad/DNA+VLP)
Foot-
pad

Gag boosts Env via 
ISH

Nabi et al., 
2013

Clade B Env Alum or 
CpG

To test mixing PrEP 
and vaccine

COS cells  
In vivo

Rhesus 
macaque

Heterologous 
(DDVVV)+PrEP IM/IN PrEP+vaccine induce 

higher protection
Ross et al., 
2014

Truncated gp41 Carbo- 
pol974

Induce anti-MPER 
bNAbs

HEK293F  
In vivo

Rabbit 
(NZW)

Heterologous 
(DDVV) IM Anti-MPER Ab and low 

NAbs by gp41-DDVV 
Benen et al., 
2014

Clade B and C 
Env — Test CT on VLP 

immunogenicity
Insect cells 
In vivo

Guinea 
pig

Heterologous 
(DDVV) IM Modified Env CT 

enhances VLP IR
Vzorov  
et al., 2016

SIV239 Env
CD40L, 
MPLA, 
R848

Induce protective IR  
in rhesus — Rhesus 

macaque
Heterologous 
(DDMMV) Hock Partial protection  

in DDMMV group 
Iyer et al., 
2016

Subtype B 
gp140

IL-12, 
IL-28

Induce balanced 
response by ISH

293T cells  
In vivo

BALB/c 
mice  DD vs DDV IM

Higher Ab & CTL by 
heterologous 
ISH-based vaccine

Storcksdieck 
genannt 
Bonsmann 
et al., 2016

Subtype B 
gp120

c-di-
GMP

Test in vivo EP in an 
heterologous regimen

Insect cells 
In vivo

BALB/c 
mice

Heterologous 
(DDVV) SC Th1-like response in 

DDVV w/ NAb & CTL
Huang et al., 
2017

Subtype B Env R848 Test PIV vector as a 
prime

FreeStyle 
293  
In vivo

Macaques Heterologous 
(PIV/VLP) IN/IM

Potent IR, previous 
anti-PIV exposition no 
major effect

Xiao et al., 
2021

receptors; NP: nanoparticle; CD4bs: CD4 binding site; mVLPs: mature virus-like particles; MVA: modified vaccinia 
Ankara; GM-CSF: granulocyte-monocyte colony stimulating factor; CTL: cytotoxic T lymphocyte; FPox: fowlpox; 
MPER: membrane proximal external region; PrEP: pre-exposure prophylaxis; ISH: intrastructural help; MPLA: 
monophosphoryl lipid A; EP: electroporation; PIV: parainfluenza virus. 



HIV-1 VIRUS-LIKE PARTICLES ENGINEERED TO DISPLAY A HIGH ANTIGEN DENSITY

66

entation of immunogen-derived epitopes and other epitopes within —like Gag— 
through MHC-II molecules, seeking CD4+ Th validation, and thus increasing 
the chances of CD4+ Th costimulation (Elsayed et al., 2018; Klessing et al., 2020).

Despite these notable improvements in immunogenicity, none of the strate-
gies induced a bNAb-like response, indicating that both the VLP platform and 
the immunogen still need to be improved. 

3.6. Adjuvants

Vaccine adjuvants are an essential tool to enhance the immunogenicity of subu-
nit proteins and less potent vaccines, but also can help to skew humoral and 
cellular responses towards more beneficial CD4+ Th and CD8+ Tc profiles 
(Shah et al., 2017). The role of adjuvants is to trigger and stimulate innate cells 
that will help to assemble a superior adaptive response at the site of injection, 
mostly by PRR activation and recruitment of APCs. In HIV-1 vaccine strate-
gies, multiple adjuvants have been tested in combination with immunogens and 
vectors and demonstrated their safety and favourable immune response induc-
tion (Ratnapriya et al., 2021). 

Adjuvants can be broadly divided into different groups according to their 
composition: pathogen-derived adjuvants —Freund adjuvant, thermolabile 
toxins or lipopolysaccharide (LPS)—, alum salts, lipid emulsions —squalene, 
monophosphorylate A (MPLA), liposomal formulations—, co-receptors and 
cytokines —CD40L, GM-CSF, IL-2, IL-12, IL-15, IL-28, CCL20, CCL28—  
and TLR agonists —TLR4 [LPS, MPLA, AS01B (MPLA/QS-21)], TLR5 
(flagellin), TLR7/8 (ssRNA and 3M-052) and TLR9 (CpG)— (Rao and Alving, 
2016; Liu and Ostrowski, 2017). Some of the main adjuvants that have been 
tested in clinical trials for HIV-1 vaccines are alum phosphate in combination 
with AIDSVAX gp120 proteins in the Vax003/Vax004 and in the RV144 effica-
cy trials (clinicaltrials.gov: NCT00002441, NCT00006327, NCT00223080),  
as adjuvant to gp140 trimers in HVTN705 and HVTN706 (clinicaltrials.gov: 
NCT03060629, NCT03964415), and in some trimeric Env trials (clinicaltrials.
gov: NCT03878121, NCT03783130). Also, MF59 emulsion was tested as an 
adjuvant in HVTN702, and is being further tested as a subunit protein adju-
vant in phase I/II trials like HVTN107, HVTN120 and HVTN108 (clinicaltri-
als.gov: NCT03284710, NCT03122223, NCT02915016). AS01B, a complex 
adjuvant containing MPL and QS-21, is being evaluated in trials for its ability 
to skew immune responses towards Th2 profiles and elicit better neutralising 
responses (Nielsen et al., 2021). And for DNA vaccines, IL-12 coding plasmids 
are also being tested in phase I HIV-1 clinical trials (Eusébio et al., 2021; clini-

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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caltrials.gov: NCT01578889, NCT02431767, NCT03181789). Finally, many 
lipid-based adjuvants are included in liposome formulations to deliver immu-
nogens (Wang et al., 2019). 

3.7. Immunisation strategies

The vaccine armamentarium available to generate preventive vaccination strate-
gies for HIV-1, as previously detailed, is diverse and key to developing better 
immunisation strategies. However, many groups have reported that a successful 
HIV-1 vaccine will not only come from the identification of immunogens and 
platforms that elicit potent responses, but also from the characterisation of 
which platforms, immunogens and adjuvants synergise better to induce superi-
or neutralising and effector-mediating antibodies together with effective cellular 
responses (Excler and Kim, 2019). The RV144 trial is a clear example of that, 
since AIDSVAX, a component that did not elicit protecting responses on its 
own, managed to induce moderate protection in combination with ALVAC-
HIV (Kim et al., 2014). 

Another paradigm on the relevant role of sequential immunisation strategies 
is the elicitation of bNAbs, where three sequential steps may be essential for 
bNAb induction: i) germline targeting with a priming immunogen, ii) shep-
herding with another immunogen that helps antibodies undergo affinity matu-
ration, and iii) polishing with a native Env molecule (Burton, 2019). 

Overall, combining novel platforms and immunogens with pre-existing 
technologies into a rational and informed strategy aiming at eliciting balanced 
humoral and cellular responses will be the keystone to achieve HIV-1 preven-
tion by vaccination. In this regard, our work has focused on the development of 
new high-density antigen exposing VLPs using a previously described proto-
type of Env-based immunogen (gp41-Min) that is immunogenic in proteolipo-
somal formulations (Molinos-Albert et al., 2017a). 
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Hypothesis

HIV-1 has developed several strategies to avoid the induction of potent and 
protective immune responses and to evade their effect. Among them, the low 
incorporation of Env on the viral surface reduces antibody avidity and may 
hamper the elicitation of NAbs. To date, no preventive HIV-1 vaccine has shown 
a significant efficacy at inducing protective responses. 

HIV-1 Gag-based VLPs are a safe vaccine platform that mimic HIV-1 struc-
ture, which results in poor incorporation of immunogens on their surface. Gag 
is the only protein needed for the formation of HIV-1 derived VLPs, which 
buds to the host cell membrane and incorporates 2,500 Gag proteins/VLP. To 
overcome the limitation of poor incorporation of immunogens on the VLP sur-
face, we hypothesised that fusing an immunogen of interest to Gag through the 
gp41 transmembrane domain would enforce a high density of immunogens at 
display, thus potentially inducing a robust and protective humoral immune re-
sponse. The selected immunogen was a previously described gp41-based immu-
nogen (gp41-Min) (Molinos-Albert et al., 2017a).
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Objectives

The main aim of this project is to fully characterise the potential of our fu-
sion-protein HIV-1 Gag-based enveloped VLP platform and test in vivo its im-
munogenicity and capacity to mediate protection in animal models. The specif-
ic objectives to fulfil this aim are:

1.  To characterise and optimise the antigenicity, the production and the pu-
rification of MinGag-VLPs.

2.  To adapt Gag-VLPs and MinGag-VLPs into DNA-based vaccine stra-
tegies. 

3.  To test the immunogenicity of MinGag-VLPs in homologous and heter-
ologous vaccine regimens using DNA-based and/or purified VLPs. 

4.  To develop an in vivo mouse model for the assessment of immune-medi-
ated protection and test MinGag-VLPs in said model. 

5.  To assess the versatility of high-density antigen enveloped Gag-based 
VLPs to present other relevant HIV-1 immunogens at its surface. 
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1. Virus-Like Particle design

HIV-1 Gag fusion-protein Virus-Like Particles (VLPs) were designed as a 
means of displaying a dense array of antigens on a surface that simulates a viral 
envelope and with the objective of inducing potent immune responses capable 
of mediating protective immunity. These fusion-protein based retroviral VLPs 
were protected by intellectual property rights (Patent WO/2018/020324; PCT/
IB2017/001101) and further optimised in this project. 

1.1. Fusion-protein based VLP strategy

HIV-1 Gag-based VLPs are enveloped particles that have a cell-derived lipid 
membrane. The fusion-protein based VLP strategy was designed to have four 
different structural elements according to its enveloped structure (Figure 10). 
From N- to C-terminus, these main structural domains were: i) an immunogen 
of interest accommodated at the VLP lipid surface; ii) a transmembrane domain 
that crosses the lipid VLP envelope; iii) a linker between the transmembrane 
domain and HIV-1 p55Gag, and iv) p55Gag as the main VLP structural protein 
(Figure 10D).

The initial fusion-protein VLP design mingag was generated with  a codon 
optimised HIV-1 subtype B gp41 miniprotein (“gp41-min”), which con-
tained the extracellular domains Heptad Repeat 2 (HR2), the Membrane 
Proximal External Region (MPER) and the transmembrane domain [HXB2: 
8057-8345, (HIV Database)] (Figure 10). Gp41-min was fused with a codon 
optimised HIV-1 subtype B gagHXB2 (Molinos-Albert et al., 2017a). HIV-1 
group M subtype B is the most extensively studied variant, since it is the most 
prevalent variant in developed countries, and therefore HXB2 has been estab-
lished as an HIV-1 consensus or reference strain, even though it only represents 
12% of global HIV-1 infections. A flexible GGGS (3 glycines and 1 serine) 
linker was introduced between the C-terminus of the transmembrane domain 
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and the N-terminus of Gag to allow for independent movements in both do-
mains. The initial methionine of Gag was removed. 

1.2. Cloning of immunogens and vectors

The mingag VLP construct was generated with the GeneArt service (ThermoFisher 
Scientific, Waltham, MA, USA) into a pcDNA3.1 vector. The mingag construct 
included various restriction enzyme sites to facilitate the cloning of different 
immunogens and the use of different vectors (Figure 11). The sequence starts 
with a KpnI restriction site (GGTACC) at the 5’ end of the gene of interest, 
immediately followed by a Kozak sequence (GCCACC) and the start codon 
(ATG). Then, a BamHI restriction site (GGATCC) was included within the 
GGGS-linker sequence (GGCGGAGGATCC) between the transmembrane 
domain and gagHXB2. Finally, at the 3’ end of gagHXB2 a pair of stop codons was 
included followed by a XhoI restriction site (TGATGACTCGAG).

Figure 10. Schematic representation of proteoliposomes and nude, low- and high-
density Virus-Like Particles (VLPs). Gp41-Min is a gp41 miniprotein that contains the Heptad 
Repeat 2 (HR2), the Membrane Proximal External Region (MPER) and the transmembrane 
domain (TM) without the cytoplasmic tail (CT), the fusion protein (FP) and the Heptad Repeat 1 
(HR1). A) Proteoliposomes were chemically produced with a Gp41-Min recombinant protein  
with a tetanus toxoid tail (TT) and a mix of lipids. B) Nude Gag-VLPs were generated by 
transfection of only gag. C) Low-density VLPs are produced by co-transfection of gp41-min  
and gag. D) High-density VLPs were produced by transfection of a fusion protein mingag 
construct. 
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1.2.1. Transformation, cryopreservation and DNA purification of VLP plasmids

To generate large quantities of mingag plasmids or immunogen-gag constructs 
(Table 5 and Table 6) in a pcDNA3.1 vector, OneShot™ TOP10 Chemically 
Competent E. coli were transformed with pcDNA3.1-mingag according to the 
manufacturer’s protocol (ThermoFisher Scientific). Briefly, the plasmid was re-
suspended in 50 microlitres (µl) of nuclease-free H2O (ThermoFisher Scientific); 
meanwhile, the cells were thawed on ice. One µl of DNA was transferred into  
the vial of TOP10 cells which were then incubated for 20 minutes (min) on ice. The 
cells were heat-shocked at 42 °C for 30 seconds (s) and transferred immediately 
on ice. Super Optimal Broth medium was added to the cells at a 1:5 ratio and the 
mix was incubated for 1 hour (h) at 37 °C and horizontal shaking at 225 revo-
lutions per minute (rpm). After that, 100 µl of the bacteria were seeded on a 
Lysogeny Broth (LB) agar plate containing 100 micrograms/millilitre (µg/mL) 
ampicillin (ThermoFisher Scientific) and grown overnight (o/n) at 37 °C. The day 
after, a single colony was picked and seeded into a 13 mL culture tube (Sarstedt, 
Nümbrecht, Germany) with 3 mL of LB + 100 µg/mL of ampicillin, and was 
grown o/n at 37 °C and 225 rpm agitation. Once grown, 0.5 mL of the medium 
were collected for long-term freezing at –80 °C in a 30% glycerol solution, while 
the rest was used for plasmid extraction. 

For plasmid DNA extraction, a NucleoSpin Mini kit (Macherey-Nagel, 
Bethlehem, PA, USA) was used. For that, the remaining 2.5 mL of bacteria cul-
ture from the previous step were centrifuged at 3,000 relative centrifugal forces 
(× g) for 15 min and the supernatant was discarded. The pellet was resuspended 
in 150 µl of buffer A1, followed by the addition of 250 µl of lysis A2 buffer. The 

Figure 11. Linear diagram of pcDNA3.1 immunogen-gag plasmids. Each immunogen-gag 
construct had a KpnI restriction site upstream of the Kozak sequence (GCCACC), a BamHI target 
inserted in the GGGS linker, and a XhoI target after the stop codons (**). The construct was 
regulated by a Cytomegalovirus (CMV) promoter and enhancer and had a Bovine Growth 
Hormone (BGH) polyadenylation signal. The plasmid had an antibiotic resistance gene for 
eukaryotic selection (NeoR/KanR: neomycin resistance) and an antibiotic resistance gene for 
prokaryotic selection (AmpR: ampicillin resistance).
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lysate was mixed by inversion and incubated for 2 min at room temperature 
(RTemp). Then, 350 µl of neutralising A3 solution was added and homogenised 
by inversion. The mix was centrifuged for 5 min at 11,000 × g and 750 µl of the 
supernatant were transferred to a Nucleospin column, which was then centri-
fuged for 2 min at 2,000 × g. The flowthrough was discarded, and the column was 
washed with 450 µl of buffer AQ for 3 min at 11,000 × g. Finally, the plasmid  
was incubated for 1 min with 50 µl of elution AE buffer and the column was 
centrifuged at 11,000 × g for 1 min. The eluted plasmid was quantified by absorb-
ance determination at 260 nm using a Nanodrop One (ThermoFisher Scientific). 

1.2.2. Digestion, ligation and sequencing

To optimise the expression of Min on the surface of VLPs, Min variants with 
different transmembrane and linker domains were generated by gene synthesis 
(ThermoFisher’s GeneArt Synthesis platform) (Table 5) and cloned into the 
pcDNA3.1-mingag plasmid by cutting out min with KpnI and BamHI restric-
tion enzymes. 

To clone min variants in the pcDNA3.1-mingag vector, the plasmid was 
sequentially digested using FastDigest KpnI and BamHI restriction enzymes 
(ThermoFisher Scientific) according to the manufacturer’s protocol. Briefly, the 
reaction mix was prepared in a final volume of 35 µl with 1X FastDigest Green 
Buffer and 3 µg of DNA. The mix was incubated with 1.5 µl of the first restric-
tion enzyme for 15 min at 37 °C and heat-inactivated for 5 min at 80 °C. A 

Table 5.  List of transmembrane and linker mingag variants for immunogen  
  optimisation 

Vector Construct name Min prot. seq. Transmembrane prot. seq. Linker Gag

pcDNA3.1 
&

pVAX1

gag — — — ✔

mingag MWLQSLLLL-
GTVACSISIWN-
HTTWMEW-
DREINNYTSLI-
HSLIEESQN-
QQEKNEQEL-
LELDKWASL-
WNWFNITNWL-
WYIKL

FIMIVGGLVGLRIVFAVLSIVNR GGGS ✔

min(gp41RAtm)gag FIMIVGGLVGLAIVFAVLSIV GGGS ✔

min(CD22tm)gag VAVGLGSCLAILILAICGL GGGS ✔

min(CD36tm)gag LLGLIEMILLSVGVVMFVAFMI GGGS ✔

min(CD44tm)gag WLIILASLLALALILAVCIAV GGGS ✔

min(NL)gag FIMIVGGLVGLRIVFAVLSIVNR — ✔

min(AEA)gag FIMIVGGLVGLRIVFAVLSIVNR AEAAAKAGS ✔

min(APA)gag FIMIVGGLVGLRIVFAVLSIVNR APAPAPAGS ✔

pcDNA3.1 min(tm) FIMIVGGLVGLRIVFAVLSIVNR — —

 min(gp41RAtm)gag or min(RA)gag: R➞A substitution at the transmembrane domain (tm).
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second round of digestion was performed after the addition of the second re-
striction enzyme. Then, the digested plasmid sample was directly loaded into a 
1% agarose gel with 1X SyBR® Safe DNA gel stain (ThermoFisher Scientific) 
and run for 20 min at 135 volts (V). The agarose gel was exposed to UV light in 
a GelDoc-It® Gel documentation system (Analytik Jena, Jena, Germany) and 
the bands of interest were cut with a scalpel. 

For the recovery of the digested DNA, Zymoclean™ Gel DNA Recovery Kit 
(Zymo Research, Irvine, CA, USA) was used according to the manufacturer’s pro-
tocol. Shortly, excised bands were incubated at 50 °C for 10 min with 3 volumes 
(vol) of ADB buffer. The mix was transferred into a Zymo-Spin™ column and 
centrifuged for 30 s at 11,000 × g. The column was washed twice with 200 µl of 
DNA wash buffer 30 s at 11,000 × g. Finally, the column was incubated for 1 min 
with 15 µl of DNA elution buffer and centrifuged for 1 min at 11,000 × g. DNA 
yield and purity were assessed with Nanodrop One (ThermoFisher Scientific). 

The various KpnI and BamHI-digested min constructs (Table 5) were ligated 
into a KpnI- and BamHI-digested pcDNA3.1-mingag plasmid with the T4 DNA 
Ligase (ThermoFisher Scientific) following the manufacturer’s protocol. In short, 
50 nanograms (ng) of the purified digested vector were mixed at a 3:1 ratio (in-
sert:vector) with the digested insert plus 2.5 international units (IU) of T4 Ligase 
and 1X Ligation buffer in a total of 10 µl. The mix was incubated o/n at RTemp 
and dialysed for 20 min in distilled water (dH2O) with a “Series V” dialysis mem-
brane (Merck & Co., Kenilworth, NJ. USA). The full dialysed material was trans-
formed into OneShot™ Chemically Competent E. coli (ThermoFisher Scientific) 
following the aforementioned protocol.

The same cloning protocol was used to generate new VLP constructs coding 
for other env-related immunogens (Table 6). 

Table 6.  List of immunogen-gag constructs designed in this project 

Construct name Signal 
peptide

Immunogen 
Size Main epitopes targeted by bNAbs

RedMinGag CD5 91 aa 2F5, 4E10, 10E8

MinGag CD5 103 aa 2F5, 4E10, 10E8

RSC3-MPER-Gag CD5 392 aa b12, 2G12, 2F5, 4E10, 10E8

RSC3(V1V2)-MPER-Gag CD5 459 aa b12, 2G12, PG9, PGT145, 2F5, 4E10, 10E8

V1V2-RSC3-MPER-Gag CD5 478 aa b12, 2G12, PG9, PGT145, 2F5, 4E10, 10E8

Env-B41(ΔHR1)-MPER-Gag H5 604 aa All targets

Env-B41(SOSIP)-MPER-Gag H5 705 aa All targets

  bNAbs: broadly neutralising antibodies; RSC3: Resurfaced Stabilised Core 3; MPER: Membrane Proximal External 
Region; Env: envelope glycoprotein; SOSIP: soluble stabilised I559P Env trimer.
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All constructs were cloned into a pVAX1 vector (ThermoFisher Scientific) 
using two FastDigest KpnI and XhoI restriction enzymes (ThermoFisher Scien-
tific) and following the same previously detailed cloning protocol. pVAX1 is an 
FDA-approved vector used in the generation of DNA vaccines. It has the same 
backbone as pcDNA3.1 but it lacks the eukaryotic selection antibiotic resist-
ance gene (neomycin), and instead of having an ampicillin-resistance gene for 
prokaryotic selection, it has a kanamycin-resistance gene, to avoid allergic reac-
tions against ampicillin contaminants from plasmid production. 

All plasmids were sequenced by Sanger at IrsiCaixa’s Sequencing Platform. 
All inserts were amplified using a T7 sense primer (5’-TAATACGACTCAC 
TATAGGG-3’) and a BGH antisense primer (5’-TAGAAGGCACAGTCG 
AGG-3’). Sequencing PCR master mix contained 200 ng of the plasmid, 500 ng 
of either T7 sense or BGH antisense primer, 1% dimethyl sulfoxide (DMSO), 
0.5X Sequencing buffer and 2X BigDye™ Terminator v3.1 (ThermoFisher 
Scientific) in a total reaction of 10 µl. PCR amplification cycles were: i) 1 cycle 
of 3 min at 94 °C; ii) 25 cycles of 1 min at 94 °C, 25 s at 52 °C and 2 min at 60 °C, 
and iii) samples were held at 4 °C. After amplification, DNA precipitation was 
performed. First, DNA was pelleted at 2,000 × g for 20 min with 8.3 millimolar 
(mM) of ethylenediaminetetraacetic acid (EDTA) (ThermoFisher Scientific) 
and 80% ethanol. The supernatant was removed, and the DNA was washed in 
70% ethanol and centrifuged for 5 min at 2,000 × g. Finally, the pellet was dried 
and resuspended with 15 µl of formamide. Samples were run in an ABI PRISM 
3100 Genetic Analyzer (Abbott, Chicago, IL, USA) and analysed with Sequench-
er 5.1 (Gene Codes Corporation, Ann Arbor, MI, USA). 

1.2.3. Production of plasmids for transfection and vaccination

All plasmids coding for the different MinGag variants and immunogen-Gag 
constructs were purified for transfection with the HiSpeed Plasmid Maxi Kit 
(QIAGEN, Hilden, Germany). For any plasmid, the protocol consisted in 
growing 250 mL of bacteria culture in LB + 100 µg/mL of ampicillin (pcDNA3.1 
plasmids) or in LB + 30 µg/mL of Kanamyicin (pVAX1 plasmids) o/n at 37 °C 
and 225 rpm orbital shaking. Following the manufacturer’s protocol, cells were 
pelleted at 3,000 × g for 20 min and resuspended in 10 mL of buffer P1. Cells 
were lysed by the addition of 10 mL of buffer P2 and, after 5 min of lysis, the 
reaction was stopped by adding 10 mL of pre-chilled neutralising P3 buffer.  
The lysate was transferred into a QIAfilter Cartridge and incubated for 10 min 
at RTemp, after which a plunger was inserted in the Cartridge to transfer the 
cleared lysate into a QBT equilibrated HiSpeed Tip. Once the whole lysate  
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had flown through the HiSpeed Tip, the tip was washed with 60 mL of QC 
Wash buffer and eluted with 15 mL of QF elution buffer. The DNA was pre-
cipitated by adding 10.5 mL of isopropanol to the eluate and incubated for 
5 min. After that, the sample was drawn through a QIAprecipitator Module 
and it was washed twice with 70% ethanol. Finally, the sample was eluted with 
a TE buffer. Samples were sterilised with a 0.2 µm UltraFree-MC filter (Merck 
& Co.) at 10,000 × g for 5 min. The plasmid’s yield and purity were quantified 
by absorbance determination at 260 nm with a Nanodrop One (ThermoFisher 
Scientific). 

All pVAX1 plasmids coding for the different MinGag variants and immuno-
gen-Gag constructs were purified under endotoxin-free conditions for vaccina-
tion with the HiSpeed Plasmid Mega and Giga EF Kit (QIAGEN). For all plas-
mids, the protocol followed consisted in growing 1.5 L of the bacteria in LB + 
30 µg/mL of Kanamycin o/n at 37 °C and 225 rpm orbital shaking. The proce-
dure was a scaled-up version of the HiSpeed Plasmid Maxi Kit (QIAGEN), 
with an extra endotoxin-removal step (ER buffer) after the lysate had been 
drawn through the QIAfilter Cartridge. Additionally, the plasmid was eluted 
from the QIAprecipitator Cartridge with physiological saline solution instead 
of TE buffer, and sterilised. yield and purity were quantified with Nanodrop 
One (ThermoFisher Scientific) and the plasmid DNA was adjusted at 1 milli-
gram (mg)/mL under strict sterile conditions. 

2. Virus-Like Particle production and purification

VLP production and purification were performed in serum-free (SF) and ani-
mal-derived component free (ADCF) conditions and most of the work was 
performed under a sterile environment using class II biosafety cabinets (Type 
B2) at IrsiCaixa’s Biosafety Level 3 (BSL3) Laboratory, to ensure the best qual-
ity possible of the product to be injected in animals for testing. 

2.1. Transfection and harvesting in Expi293F cells

VLPs were produced using the Expi293F cell system (ThermoFisher Scientific). 
Expi293F is a cell line derived from the Human Embryonic Kidney (HEK293) 
line adapted to grow at high concentration in SF and ADCF conditions. These 
cells were grown in suspension and continuous orbital shaking (125 rpm) at 
37 °C and 8% CO2 conditions. Cells were subcultured twice a week at 0.3×106 
cells/mL in Expi293F medium. The day before transfection, cells were seeded at 
2×106 cells/mL and, on the day of transfection, reseeded at 2.5×106 cells/mL. 
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Expifectamine (ThermoFisher Scientific) was used as the transfection reagent 
according to the manufacturer’s indications. For a 150 mL transfection, 400 µl 
of Expifectamine were mixed with 7.5 mL of OptiMEM (ThermoFisher Scientif-
ic) and incubated for 5 min at RTemp before mixing it with 150 µg of DNA  
(1 µg of DNA per mL of transfection) that were diluted in 7.5 mL of OptiMEM. 
The 15 mL transfection mix was incubated for 20 min at RTemp before addition 
to the Expi293F cells. Enhancers 1 and 2 were added to the transfected cells 18 h 
post-transfection. Cells were harvested 48 hours post-transfection and centri-
fuged for 5 min at 400 × g. The supernatant was clarified by a 10 min centrifuga-
tion at 1,000 × g and filtered at 0.22 µm with a Nalgene™ Rapid-flow™ Vacuum 
Filter (ThermoFisher Scientific). 

2.2. VLP purification from the supernatant

Protein purification protocols often consist of multiple steps: clarification, cap-
ture, intermediate purification, polishing and sterilisation. In this project, a full 
purification protocol was optimised for the purification of fusion protein-based 
high-valency MinGag-VLPs and compared to the sucrose-cushion ultracentrifu-
gation (UC), which is the gold-standard protocol for VLP purification. 

2.2.1. Tangential Flow Filtration on harvested supernatants

The first purification protocol, which worked as an intermediate purification 
step, prior to either the sucrose-cushion UC or the optimised chromatography 
protocol was a tangential flow filtration (TFF) or crossflow filtration. In TFF 
the sample runs parallel or “tangential” to the filtering membrane, as opposed 
to dead-end filtration where the sample runs perpendicular to the membrane. 
That way the sample can recirculate multiple cycles across the membrane and 
increase its concentration while removing those contaminating molecules that 
have a smaller size than the Molecular Weight Cut-Off (MWCO) of the mem-
brane pores (Figure 12). 

To purify and concentrate harvested VLPs by TFF, a 300,000 MWCO 
Minimate™ TFF Omega Membrane Cassette (Pall Laboratories, Port Wash-
ington, Ny, USA) was connected to a Masterflex L/S Economy Peristaltic Pump 
System (Cole-Parmer, Vernon Hills, IL, USA). Clarified VLP supernatant was 
loaded in the TFF reservoir and run through the cassette at a speed that did not 
exceed a 2.5 bar pressure. Once the sample reached 1:10 of the initial volume,  
the buffer was exchanged to Phosphate Buffered Saline (PBS; ThermoFisher 
Scientific) with the same cassette (Figure 12B). Once the buffer exchange proce-
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dure was complete, 10 mL of PBS were run through the cassette to recover as 
much material as possible and improve the final yield. 

2.2.2. Sucrose-cushion ultracentrifugation

Concentrated and buffer exchanged VLP preparations were purified by a 35% 
sucrose-cushion UC. First, the T-1270 Titanium Fixed-Angle UC rotor (Ther-
moFisher Scientific) and the Sorvall™ WX Ultra 100 ultracentrifuge (Thermo-
Fisher Scientific) were cooled at 4 °C. Meanwhile, the sample was loaded on top 

Figure 12. Diagram of tangential flow filtration (TFF) or crossflow filtration where a 
peristaltic pump drives the sample through a filtering cassette and the sample recirculates 
back to the reservoir. A) Concentration and purification of a sample by TFF; B) Buffer exchange 
by TFF where the reservoir is sealed, and the buffer is slowly incorporated so the sample volume 
is constant; circulation of 5 volumes of the buffer is enough to change 96% of the sample solvent. 
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of a 35% sucrose cushion at a 3:1 volume in an OptiSeal Polypropylene Tube 
(Beckman Coulter, Brea, CA, USA). Samples were run for 70 min at 35,000 rpm. 
All the fractions were removed for quantification and the pellet was resuspend-
ed with PBS. 

2.2.3.  Ligand-activated Core Chromatography and Anion Exchange 
Chromatography

For a capture purification step, two complementary chromatography proto-
cols were run sequentially. The first step consisted of a Ligand-activated Core 
Chromatography (LCC) and the second one in an Anion Exchange Chroma-
to graphy (AEX). LCC is a hybrid technique between size exclusion chromatog-
raphy (SEC) and AEX (Figure 13A). LCC resins have a dual property: they 
have an inactive porous surface that excludes molecules bigger than the pores’ 
MWCO, while smaller molecules, that can enter the resin, can be trapped by 
the positively charged ligand-activated cores (Figure 13B). Anion exchange chro-
matography was selected over cationic exchange chromatography since VLPs, as 
all extracellular vesicles, have a negative net charge derived from the membrane 
potential from the producing cells (Steppert et al., 2016).

Figure 13. Graphical representation of the physical properties of resins used for 
chromatography protocols. A) Anion Exchange (AEX) chromatography, where the resin beads’ 
surface is positively charged to capture negatively-charged molecules; B) Ligand-activated Core 
Chromatography (LCC) where the beads have an inactive surface but a positively-charged 
functionalised core only accessible to those molecules smaller than the pores’ Molecular Weight 
Cut-Off (MWCO).

A B
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Theoretically, LCC would capture all negatively charged contaminants that 
were smaller than the MWCO, while VLPs that have a negative charge, but a 
bigger size, would not enter the pore (Weigel et al., 2014). That way, contami-
nants that would compete with VLPs in an AEX chromatography, where the 
positively charged resin interacts with negatively charged substances, would 
have been removed in the previous LCC purification step (Figure 13B). That is 
why concentrated and buffer exchanged VLP preparations were loaded into a 
PBS-equilibrated HiTrap® Capto™ Core 700 (Cytiva, Marlborough, MA, USA) 
LCC column coupled to an Äkta Start Chromatograph (Cytiva). Capto™ Core 
700 resins have a 700,000 MWCO pore and the core has positively charged  
octylamine groups. The flowthrough was recovered and loaded into a PBS-
equilibrated 5 mL HiTrap® Q XL (Cytiva) AEX Column also connected to an 
Äkta Start Chromatograph (Cytiva). The column was washed with 4 column 
volumes (CV) of 200 mM sodium chloride (NaCl) PBS buffer and eluted with  
2 CV of 400 mM NaCl PBS buffer. 

2.2.4. Polishing and sterilisation

AEX eluted samples were sterilised with a Millex-GP 0.22 µm filter unit (Merck 
& Co.) plugged into a 10 mL syringe. After filtration, VLP samples were concen-
trated and adjusted at 1 mg/mL of total protein with a 300,000 MWCO Vivaspin™ 
20 Centrifugal Concentrator (Cytiva) at 3,000 × g. Vivaspin™ 20 centrifugal 
concentrators were sterilised with a 70% ethanol solution, blocked with a 0.1 M 
Glycine solution, and thoroughly washed with PBS beforehand. 

3. Virus-Like Particle characterisation

Multiple techniques were performed to characterise the fusion-protein high-va-
lency VLPs. Among those, flow cytometry was used to analyse VLP-producing 
cells, while p24Gag specific Enzyme-Linked ImmunoSorbent Assay (ELISA), 
Bicinchoninic Acid (BCA) protein assay, Western Blotting (WB) and Coomassie 
gels were used to evaluate the yield and purity of VLPs throughout all the puri-
fication steps.

3.1. Flow cytometry analysis of VLP-producing cells

For the characterisation of the orientation of the fusion protein in the VLP-
producing cells, transfected Expi293F cells were co-stained with an anti-p24Gag 
antibody and an antibody that targeted the specific immunogen. VLP plasmids 
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were designed to produce the fusion protein so that the immunogen was  
exposed on the cell surface, while Gag remained inside the cell connected to  
the immunogen through the transmembrane domain (Figure 14). That way Gag 
would oligomerise at the plasma membrane and bud, producing VLPs.

The staining protocol consisted first in washing the cells with staining buff-
er [PBS + 10% foetal bovine serum (FBS; ThermoFisher Scientific)] and then 
extracellularly staining them with an anti-Env bNAb (Table 7) for 30 min at 
RTemp. Cells were washed with staining buffer and incubated with an APC 
Affinipure goat anti-human IgG (Jackson ImmunoResearch, West Grove, PA, 
USA) (Table 8) for 15 min at RTemp. Then, cells were washed with PBS and 
fixed with FIX&PERM Fixation and Cell Permeabilization Medium A (Ther-
moFisher Scientific) for 15 min at RTemp. Cells were washed again with PBS 
and intracellularly stained, for 15 min, with the anti-p24Gag antibody KC57-
PE (Beckman Coulter) diluted 1:200 in permeabilizer FIX&PERM Medium B. 
Cells were washed with PBS and run in a BD FACSCelesta™ Flow Cytometer 
(BD, Franklin Lakes, NJ, USA). Analysis was performed with FlowJo v10.6.1 
(Tree Star, Ashland, OR, USA).

3.2. Quantification of p24Gag and total protein

VLP production and purification efficiency was assessed by quantification of 
p24Gag and total protein. The ratio between these two elements was an indica-

Figure 14. Schematic representation of VLP-producing cells staining protocol.  
VLP-producing cells were extracellularly stained with a broadly neutralising antibody (bNAb)  
and an anti-human APC-conjugated antibody, and intracellularly stained with a PE-conjugated 
anti-Gag antibody.
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tor for the grade of purity, while total p24Gag was used to determine the yield 
and the purification efficiency.

For p24Gag quantification, INNOTEST® HIV Antigen mAb (Fujierbio, 
Tokyo, Japan) was employed according to the manufacturer’s protocol. Briefly, 
samples were diluted in the range of 1/102 to 1/106 and mixed with the Working 
Solution 1 at a 1:1 ratio in the provided ELISA plates and incubated for 1 h at 
37 °C. The plate was washed 5 times with 300 µl of 1X Wash Buffer and incu-
bated for 1 h at 37 °C with Working Solution 2. Then, the plate was washed 
again and incubated with 200 µl/well of substrate solution for 30 min at RTemp. 
Finally, the reaction was stopped with 50 µl of a 2 molar (M) sulfuric acid 
(H2SO4) solution. Absorbance was read at 450 nm with background subtraction 
at 620 nm using an Ensight Multimode Plate Reader (Perkin Elmer, Waltham, 
MA, USA). 

For total protein quantification, Pierce™ BCA Protein Assay (ThermoFisher 
Scientific) was employed following the manufacturer’s instructions. In short, 
samples were diluted in the range of 1 to 1/10 and 25 µl were incubated for  
30 min at 37 °C with 200 µl of BCA working reagent. Absorbance was read at 
550 nm with Ensight Multimode Plate Reader (Perkin Elmer). 

3.3. Identification of proteins by Western Blot and mass-spectrometry

To qualitatively assess the composition and purity of the different VLP prepa-
rations, Coomassie staining on protein gels and WB was performed. Briefly, 
15 µg of the sample were loaded into a NuPAGE™ 4 to 12%, Bis-Tris, 1.0mm, 
Mini Protein Gel, 12 wells (ThermoFisher Scientific) assembled with 1X MES 

Table 7.  Human bNAbs used for Flow Cytometry

Target Name Epitope Isotype Work. dil. Provider

MPER

2F5 ELDKWA IgG1 (κ) AB001 4 µg/mL Polymun

4E10 NWFDIT IgG1 (κ) AB004 2 µg/mL Polymun

10E8 NWFDITNWLWYIK IgG1 (λ) ARP-12294 1 µg/mL NIH

CD4bs
b12 Conformational IgG1 (κ) AB011 1 µg/mL Polymun

2G12 N-linked glycans (295, 332, 
386, 392 & 448) IgG1 (κ) AB002 1 µg/mL Polymun

V1V2 
loops

PG9 Quaternary trimer dependent 
(Glycans N156 and N160) IgG1 (λ) AB015 1 µg/mL Polymun

PGT145 Quaternary trimer dependent 
(Glycan N160) IgG1 (κ) ARP-12703 1 µg/mL NIH

  Work. dil.: working dilution; MPER: Membrane Proximal External Region; CD4bs: CD4 binding site; NIH: National 
Institute of Health AIDS Reagent Repository.
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Buffer (ThermoFisher Scientific) in a Novex Mini-Cell (ThermoFisher Scientif-
ic). Before loading, the samples were prepared in 1X NuPAGE™ LDS Sample 
Buffer (ThermoFisher Scientific), 1X NuPAGE™ Sample Reducing Reagent 
(ThermoFisher Scientific) and heat-denatured at 95 °C for 5 min. Bluestar pre-
stained protein marker (NIPPON Genetics, Tokyo, Japan) was used as a pro-
tein ladder size reference. Samples were run at 180 V, 110 mA and 50 W for  
45-90 min. Once the running was finished, proteins for WB were transferred to 
a Trans-Blot Turbo Mini 0.2 µm PVDF Membrane (Bio-Rad, Hercules, CA, 
USA) with the Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were 
then blocked with 5% skimmed milk (Regilait, Saint-Martin-Belle-Roche, 
France) and 0.05% Tween-20 PBS solution for 1h at RTemp on a rocker plat-
form. Then, membranes were incubated o/n with the primary antibody (Table 8) 
at 4 °C on a roller. After primary antibody incubation, membranes were washed 
twice with PBS + 0.05% Tween-20 for 20 min at RTemp and incubated with the 
secondary antibody (Table 8) for 1h at RTemp on a rocker. Samples were washed 
again twice with PBS for 20 min at RTemp and then incubated with Pierce™ 
ECL Western Blotting Substrate (ThermoFisher Scientific) at RTemp on a roll-
er. Chemiluminescence was detected with Chemidoc™ MP Imaging System 
(Bio-Rad). 

Protein gels, destined for Coomassie Blue staining were rinsed with dH2O 
and fixed with a 40% ethanol + 10% acetic acid solution for 15 min at RTemp 
and washed thrice with dH2O for 5 min. Fixed gels were incubated in Sim-
plyBlue™ Safe Stain (ThermoFisher Scientific) Coomassie Blue for 45 min at 
RTemp on a rocker. Then, excess Coomassie was washed twice with dH2O for 
30 min and o/n at RTemp. A picture of the Coomassie Blue stained gel was tak-
en with the Chemidoc™ MP Imaging System (Bio-Rad). 

MALDI-TOF protein determination was performed at the Proteomic Ser-
vice of Vall d’Hebron Institute of Oncology (VHIO, Barcelona, Spain) in a 
MALDI-TOF/TOF Mass Spectrometer (Bruker Daltonics, Billerica, MA, USA). 
Sample preparation for mass spectrometry consisted in staining an unfixed pro-
tein gel with SimplyBlue™ Safe Stain (ThermoFisher Scientific) and cutting the 
bands of interest with a scalpel. Further preparations before determination and 
subsequent analysis were performed at VHIO. 

3.4. Cryogenic Transmission Electron Microscopy of purified VLPs

Morphology assessment of purified VLPs was performed by cryogenic trans-
mission electron microscopy (Cryo-TEM). VLPs were prepared with a Leica 
EM GP Workstation (Leica) and were deposited on a carbon-coated copper 
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Table 8.  Antibodies employed in all the immunodetection assays performed in 
  this project 

Antibody Reference Work.dil. Technique Provider

Unconjugated

Anti HIV-1 gp41 mAb D50 ARP-11393 2 µg/mL ELISA, 
FACS NIH AIDS Reagent Program

Anti-HIV1 p24 antibody ab9071 1 µg/mL ELISA, 
WB Abcam

Anti-HIV1 p55+p24+p17 ab63917 1:5,000 WB Abcam

6-His Tag mAb (HIS.H8) MA1-21315 1 µg/mL ELISA, 
WB ThermoFisher Scientific

Anti-mouse IFN-γ (AN18) 517901 1:250 ELISpot Biolegend 

Biotinylated

Biotin-AffiniPure goat  
anti-mouse IgG1 115-065-205 1:5,000 ELISA Jackson ImmunoResearch

Biotin-AffiniPure goat  
anti-mouse IgG2b 115-065-207 1:5,000 ELISA Jackson ImmunoResearch

Biotin-AffiniPure goat  
anti-mouse IgG2c 115-065-208 1:5,000 ELISA Jackson ImmunoResearch

Biotin-AffiniPure goat  
anti-mouse IgG3 115-065-209 1:5,000 ELISA Jackson ImmunoResearch

Biotin-anti-mouse IFN-γ 
(R4-6A2) 505701 1:2,000 ELISpot Biolegend

Peroxidase-conjugated

HRP-Afifnipure Goat anti-human 
IgG 109-036-098 1:10,000 ELISA, 

WB Jackson ImmunoResearch

HRP-AffiniPure Goat anti-mouse 
IgG 115-036-071 1:10,000 ELISA, 

WB Jackson ImmunoResearch

HRP-AffiniPure Donkey 
anti-rabbit IgG 711-036-071 1:20,000 WB Jackson ImmunoResearch

HRP-conjugated streptavidin N100 1:6,000 ELISA ThermoFisher Scientific

Other

Streptavidin-AP 3310-8 1:2,000 ELISpot Mabtech

KC57-RD1 6604667 1:200 FACS Beckman Coulter

AlexaFluor647 goat anti-mouse 
IgG Fc 115.605-071 1:500 FACS Jackson ImmunoResearch

APC AffiniPure Goat anti-human 
IgG 109-136-098 1:500 FACS Jackson ImmunoResearch

  mAb: monoclonal antibody; ELISA: Enzyme-Linked Immunosorben Assay; WB: Western Blot, FACS: Fluorescent- 
Activated Cell-Sorting; ELISpot: Enzyme-Linked Immune-absorbent Spot; IFN-γ: interferon-γ; IgG: Immunoglobulin 
G; HRP: Horseradish Peroxidase; AP: Alkaline Phosphatase; APC: allophycocyanin; Fc: crystallisable fragment. 
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grid. VLP observation was carried out in a Jeol JEM-2011 Electron Microscope 
(JEOL Ltd, Tokyo, Japan) coupled to a CCD895 USC4000 Camera (Gatan, 
Pleasanton, CA, USA) at the Electron Microscopy Service of the Universitat 
Autònoma de Barcelona (UAB, Bellaterra, Spain). VLP diameter was analysed 
using the ImageJ software and the 200 nm scale bar. 

4. Animal procedures

In this project, a C57Bl/6 mouse substrain, C57Bl/6JOlaHsd (Envigo, In-
dianapolis, IN, USA) mice were used as the animal model for the characterisa-
tion of VLP-induced immune responses. C57Bl/6 substrains are inbred mice 
whose immune system has been extensively studied. C57Bl/6 mice are charac-
terised by a bias towards a Th1 profile of T helpers, which means that they have 
weaker Th2-driven humoral immune responses, compared to other mouse strains 
(Watanabe et al., 2004). Also, the same group described that NK cells in C57Bl/6 
mice have higher activity. 

4.1. Ethics statement and animal welfare

All animal experiments performed in this project were evaluated by the Ethical 
Committee on Animal Experimentation (CEEA) of the Germans Trias i Pujol 
Research Institute (IGTP, Badalona, Spain) and were approved by the Ministry 
of Territory and Sustainability of the Generalitat de Catalunya (DAAM 9525 
and 9943). All procedures strictly followed the Guide for the Care and Use of 
Laboratory Animals of the Generalitat de Catalunya, the Principles of Labo-
ratory Animal Care of the National Institute of Health (NIH, Bethesda, MA, 
USA) and the Declaration of Helsinki for animal experimental investigation. 
All the experiments consisted of animal groups that had a 50% distribution of 
males-females, to account for sex-based variability, since sex bias has been de-
scribed in the immunology field (Lee, 2018). 

C57Bl/6JOlaHsd animals were purchased at the age of 7 weeks (Envigo) 
and quarantined for at least 7 days before experiment initiation. Animals were 
housed at a Specific-Pathogen Free (SPF) facility for the whole duration of the 
experiment and were fed ad libitum. Temperature and humidity were kept at  
a constant range (21-22 °C and 30-40% humidity), and light/dark cycles that 
lasted 12 h, with a progressive light change. Animals were housed in groups of 
2-5 animals/cage with environmental enrichment; cages were cleaned twice a 
week. All procedures were performed cautiously, and animals underwent peri-
odic veterinary inspection.
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4.2. In vivo DNA electroporation

For DNA immunisation, animals were injected with 20 µg of DNA intramuscu-
larly at the posterior hind leg. Before the procedure, mice were anaesthetised  
with 5% isoflurane (Baxter, Deerfield, IL, USA) at 1 L/min using the Veterinary 
Anaesthesia Workstation (Minerve Equipement Veterinaire, Esternay, France) 
and maintained during the procedure with 3% isoflurane. Immediately after DNA 
inoculation, the muscle was electroporated at the site of injection with a NEPA21 
in vivo electroporator (NepaGene, Chiba, Japan) using variable gap tweezers with 
2 round-shaped SS Plate Electrodes (Sonidel, Dublin, Ireland). We used two dif-
ferent electroporation protocols. The first one was optimised in-house for maxi-
mal expression and consisted of 8 positive pulses of 60 Volts (V) and 20 millisec-
onds (ms) separated by a 1 s interval (Figure 15A). The second electroporation 
protocol consisted of a combination of 2 high-voltage poring pulses (200 V and  
0.1 milliseconds (ms) positive pulses with a 20% decay separated by a 10 ms inter-
val) followed by 6 low-voltage transfer pulses (3 pulses of 60 V, 20 ms and positive 
polarity with a 20% decay separated by a 50 ms interval, followed by 3 pulses with 
the same parameters but inverted polarity) (Figure 15B). The latter was a more 
humane electroporation protocol since it was notably shorter in time. 

4.3 In vivo bioluminescence 

Electroporation efficiency was assessed with an in vivo bioluminescence assay. 
Animals were electroporated using the in-house protocol optimised for maximal 
expression with 20 µg of both a 1:1 ratio mix of pVAX1-Fluc and pVAX1 (emp-
ty) plasmids on the right hind limb and a mix at a 1:1 ratio of pVAX1-FLuc and 
pVAX1-min(RA)gag plasmids on the left hind limb. Once electroporated, bio-
luminescence fading was assessed once a week with an IVIS Lumina III In Vivo 
Imaging System (Perkin Elmer). To do so, animals were injected with 150 mg/kg 
of D-luciferin (Biovision, Milpitas, CA, USA) and then anaesthetised with 5% 
isoflurane at 1 litre (L)/min and maintained inside the imaging system with 3% iso-
 flurane. Images were taken with 30 s of exposure time and medium binning. 

4.4. VLP immunisation and vaccination regimens

VLP immunisation in mice was performed using two different strategies. On 
the one hand, mice were immunised subcutaneously by directly injecting puri-
fied VLPs produced in vitro in the hock. On the other hand, DNA was injected 
and electroporated intramuscularly at the posterior hind limb using the proto-
col that combines high and low voltage pulses, to transfect muscle cells in a way 
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that they produce in vivo the VLPs that will stimulate the immune system. 
Overall, mice were vaccinated with the same VLPs displaying the same immu-
nogens but using two different formulations. 

Purified VLPs were injected in the hock at a dose of 0.004 mg/kg (approxi-
mately 0.1 µg of p24Gag per animal). Before injection, animals were anaesthe-
tised with 5% isoflurane at 1 L/min and maintained during the procedure with 
3% isoflurane.

C57Bl/6JOlaHsd mice were immunised with two different vaccination reg-
imens using the two immunisation strategies (DNA or VLP): i) a homologous 
vaccination regimen where 4 doses of VLPs (VVVV) were administered with a 
3-week interval, or ii) a heterologous vaccination regimen where 2 doses of DNA 
were followed by 2 doses of purified VLPs (DDVV), with a 3-week interval as 
well (Figure 16).

Figure 15. Schematic representation of the in vivo electroporation protocols. A) This 
protocol that lasted 8 seconds consisted of the application of 8 positive middle voltage constant 
pulses with a 1 s interval. B) This protocol lasted 400 ms and consisted of the application  
of 2 short and high voltage poring pulses with the same polarity (+/+) and a 20% decay, followed 
by 6 longer and lower voltage-transfer pulses with inverted polarity (+/-; 3 pulses of each polarity) 
with a 20% decay.

A

B
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4.5. In vivo protection assay

Demonstrating the efficaccy of HIV-1 vaccines in in vivo models is difficult. 
NHPs are the ideal model since they can be infected by HIV-related viruses, 
like SIV and SHIV. In compariosn, humanised mouse models are useful tools to 
test HIV treatments but they are not not ideal for vaccine testing, since their 
immune system induces suboptimal immune responses. Here, we developed an 
indirect method in which a poorly immunogenic syngeneic tumour cell line was 
engineered to express Min on the surface. This cell line would act as a proxy for 
an infected cell that expresses HIV-related proteins when implanted in mice. If 
tumour-inoculated mice were able to halt tumour progression, it would mean 
that the vaccine is able to induce an effective immune response. 

4.5.1 Generation of a Min-expressing B16F10 cell line

B16F10 (ATCC, Manassas, VA, USA) is a mouse melanoma cell line with a 
C57Bl/6 genetic background. B16F10 cells are a useful tool for the study of mel-
anoma cancer treatments in mice, since this cell line is poorly immunogenic, and 
in particular, it does not induce potent cellular immune responses. Once implant-
ed into the mice these cells grow exponentially, since the host’s im mune system 

Figure 16. Schematic representation of the immunisation regimens. In the heterologous 
regimen (top) mice were immunised with 2 doses of DNA electroporated intramuscularly, followed 
by 2 doses of purified VLPs injected subcutaneously (hock) and separated by a 3-week interval 
between each dose. In the homologous regimen (bottom), mice were immunised 4 times, every  
3 weeks, with purified VLPs administered subcutaneously at the hock.
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cannot control it. B16F10 cells were stably transfected with pcDNA3.1-min(tm) 
(Table 5), to make them express Min at their surface. 

B16F10 cells were transfected with pcDNA3.1-min(tm) (1 µg of DNA per 
mL of transfection) using X-tremeGENE™ 9 DNA Transfection Reagent (Sigma 
Aldrich, St. Louis, MO, USA). Briefly, B16F10 cells were seeded in glutamine- 
supplemented Dulbecco’s Modified Eagle Medium (DMEM; ThermoFisher 
Scientific) and complemented with heat-inactivated 10% FBS (ThermoFisher Sci-
entific) (D10) at 30% confluence the day before transfection. Half an hour before 
transfection, the medium was replaced with fresh D10, and the DNA and trans-
fection reagents were equilibrated at RTemp. Next, X-tremeGENE was mixed 
with the DNA preparation at a 3:1 ratio and incubated for 15 min at RTemp. The 
day after, media was supplemented with 2 mg/mL of Geneticin® (Thermo Fisher 
Scientific) for selection and replenished every 2 days.

After culturing the cells for 10 days in antibiotic-supplemented selection me-
dia, Min-positive B16F10 cells were single-cell sorted. In short, B16F10Min cells 
were stained with 2F5 (Table 7) for 30 min at RTemp. After that, cells were washed 
and incubated with an APC-conjugated Affinipure goat anti-human IgG (Jackson 
ImmunoResearch) for 15 min at RTemp. Cells were washed again and resuspend-
ed in PBS + 1% FBS + 2 mM EDTA. APC-positive events were single-cell sorted 
in a 96-well plate with a BD FACSAria™ II Cell Sorter (BD). Min expression and 
stability on sorted clones was assessed by periodically staining the cells with 2F5. 

4.5.2. B16F10Min melanoma cell line injection to C57Bl/6

To determine if Gag-VLP induced a functional immune response, C57Bl/6JO-
laHsd mice were immunised twice with purified Gag- or Min(RA)Gag-VLPs 
with a 3-week interval. Two weeks after the second immunisation, mice were 
implanted subcutaneously with B16F10Min cells (Figure 17). Prior to implan-
tation, B16F10Min cells were washed with PBS and detached with Versenne 
(Thermo Fisher Scientific). Cells were counted using Perfect-Count™ Micros-
pheres (Cytognos, Salamanca, Spain) beads in a BD FACSCelesta (BD). For 
inoculation, cell concentration was adjusted in PBS at 2×106 cells/mL with  
2 mM EDTA. Vaccinated animals were shaved on the right flank and were in-
jected subcutaneously with a total of 100,000 B16F10Min cells per animal.

After tumour inoculation, mice were supervised 4 times a week for monito-
risation of tumour growth and welfare. Tumour width and length were measured 
with a calliper and tumour volume was calculated according to the equation: 
0.52 × length × width2 (Mei et al., 2016). Animals were euthanised when tu-
mours reached a size bigger than 1 cm3 or at the end of the follow-up period. 
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4.6. Sample collection and processing

Blood sampling was periodically performed before starting a procedure and be-
fore each immunisation or tumour inoculation. To do so, animals were punc-
tured with a 25G needle (Novico Medica, Barcelona, Spain) at the facial vein to 
collect approximately 100 µl of blood in a 1.5 mL tube (Sarstedt). After collec-
tion, hemostasia at the draining site was performed to stop the bleeding. 

At the end of the follow-up periods or once a humane endpoint was reached, 
animals were euthanised with 5% isoflurane and blood draining was performed 
by intracardiac puncture. Immediately after, cervical dislocation was performed 
as a secondary method to confirm euthanasia. Tissues were harvested in accord-
ance with the objectives of the study. In the immunisation assays with the homol-
ogous and heterologous regimens, spleen and lymph nodes were harvested, while 
in the in vivo protection assay, the spleen and the tumour were collected.

Serum was recovered from whole blood by centrifugation at 4,000 × g cen-
trifugation for 10 min. A second centrifugation at 10,000 × g for 5 min was 
performed to maximise the serum recovery while removing all cell debris. 
Serum was heat-inactivated at 56 °C for 30 min. After heat-inactivation, serum 
was centrifuged again at 10,000 × g for 5 min, aliquoted and frozen at –80 °C 
until analysis.

After harvesting, spleens were kept on ice until sample processing. Spleens 
were mechanically disaggregated with a syringe plunger and a 70 µm Easystrainer 
(Greiner bio-one, Kremsmünster, Germany) on a 50 mL falcon (Corning Inc., 

Figure 17. Schematic representation of the in vivo protection assay procedure. Mice were 
vaccinated twice with either Gag-VLPs or Min(RA)Gag-VLPs subcutaneously at the hock with a 
3-week interval. Two weeks after the last immunisation, mice were injected with 100,000 B16F10Min 
tumour cells subcutaneously at the flank. Mice were followed up for a maximum of 80 days after 
tumour injection and they were euthanised after reaching a tumour size bigger than 1 cm3.
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Corning, Ny, USA) in PBS. Disaggregated spleens were washed at 400 × g for 
5 min and splenocytes were resuspended in freezing medium (10% DMSO 
FBS) for storage in a liquid nitrogen tank. Tumours were frozen by immersion 
in isopentane and stored solid-frozen at –80 °C. 

5. Analysis of vaccine-induced immune responses

The level and profile of humoral and cellular immune responses induced in vac-
cinated mice were characterised by various assays: ELISA, Flow Cytometry, 
neutralization assay, CD16-2 binding assay and ELISpot. For the determination 
of humoral responses, recombinant Gag and Min antigens, that would be used 
as target antigens were produced in prokaryotic cells in-house. 

5.1. Production and purification of soluble recombinant antigens

Soluble recombinant forms of Min (Gp41-MinTT) and Gag (rGag) were pro-
duced in BL21 E. coli. These proteins had the same protein sequence as Min and 
Gag proteins used in VLP production but lacked glycosylations and had a 
6-histidine tail tag for ion-metal affinity chromatography (IMAC) purification. 

Both Gag and Gp41-MinTT constructs were cloned into a pET21(d+) vec-
tor (Merck & Co.) and transformed in OneShot™ BL21(DE3) Chemically 
Competent Cells (ThermoFisher Scientific). All chemical reagents in this section 
were purchased from Sigma Aldrich (Merck & Co.) unless stated otherwise. For 
protein production, positive clones were grown o/n at 37 °C and 225 rpm orbit-
al shaking in 400 mL LB + 100 µg/mL ampicillin. The day after, 400 µl of 1 M 
Isopropyl β-D-1-thiogalactopyranoside (IPTG) were added to the culture and 
incubated for 4 h at 37 °C and 225 rpm orbital shaking. After that, cells were 
centrifuged at 3,000 × g for 20 min and the supernatant was discarded. The cells 
were lysed in 50 mL of a lysis buffer (pH=8) containing 50 mM Tris-HCl,  
100 mM NaCl and 10 mg/mL of lysozyme for 1 h at 4 °C with end-over-end 
mixing. In the final 15 min, 1% of Triton-X100 was added to the lysate. The 
lysate was frozen at –80 °C and thawed on ice. After thawing, 250 µl of Protease 
Inhibitor Cocktail (Cat num. P8849, Sigma Aldrich), 20 µg/mL of DNase I (cat. 
num. DN25, Sigma Aldrich) and 2 mM of magnesium chloride (MgCl2) were 
added and incubated for 1 h at 4 °C with end-over-end mixing. The lysate was 
centrifuged at 15,000 × g for 30 min and the pellet was resuspended with 50 mL 
of a pH=8 solubilising buffer containing 500 mM NaCl, 100 mM monosodium 
phosphate (NaH2PO4), 10 mM Tris-Cl and 8 M urea. Solubilised protein was 
centrifuged again at 15,000 × g for 30 min and the pellet was discarded. The su-
pernatant was incubated with 1 mL of Ni2+-Sepharose® High Performance beads 
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(Cytiva) and 20 mM imidazole for 1 h at RTemp with end-over-end-mixing  
and transferred into a 10 mL PolyPrep® Chromatography Column (Bio-Rad). 
Once the Sepharose beads settled and all the depleted sample had been drawn by 
gravity, the column was washed twice with solubilising buffer supplemented 
with 50 mM imidazole. Next, protein was eluted from the column with the sol-
ubilising buffer with 500 mM imidazole. Samples were concentrated and washed 
with the solubilising buffer first to remove excess of imidazole with a 3kDa or a 
10 kDa Amicon Ultra-15 Centrifugal Unit, for Gp41-MinTT or Gag, respec-
tively. The same centrifugal units were used to replace 8 M urea solubilising 
buffer for a PBS + 0.1% Sodium Dodecyl Sulphate (SDS) buffer. The yield  
and purity of each protein were analysed with NanoDrop One (ThermoFisher 
Scientific). 

5.2. Humoral immune response analysis on mouse sera

Humoral response against Min and Gag proteins, IgG subclass and mapping  
of the targeted epitopes were characterised by ELISA. The level of binding of 
anti-Min antibodies to B16F10Min and the concentration of anti-human anti-
bodies generated against Expi293F proteins on the surface of purified Gag-VLPs 
and MinGag-VLPs were determined by Flow Cytometry. 

5.2.1.  Characterisation of anti-Gag and anti-Min humoral responses by ELISA

For anti-Min and anti-Gag antibody quantification, Nunc MaxiSorp™ 96-well 
ELISA plates (ThermoFisher Scientific) were coated with 50 ng/well of the an-
tigen of interest (rGag or Gp41-MinTT) in PBS o/n at 4 °C in a wet chamber. 
The following day, the plate was washed 3 times with 300 µl of wash buffer 
(PBS + 0.05% Tween20) and the wells were blocked with 300 µl of blocking 
buffer (PBS + 1% bovine serum albumin (BSA) + 0.05% Tween-20) for 2 h at 
RTemp. After that, plates were washed 5 times with 300 µl of wash buffer and 
loaded with the serum samples from VLP-vaccinated animals at the appropriate 
dilution (1:100-1:10,000) in blocking buffer. As standard, we used the following 
mAbs: mouse anti-p24 (ab9071, abcam) and mouse anti-gp41 (clone D50M 
NIH) for anti-Gag and anti-Min response quantification, respectively (Table 8). 
The standard curve consisted in 7 dilutions of 1/3 starting at 333 ng/mL. The 
samples were incubated o/n at 4 °C in a wet chamber. Next, samples were washed 
5 times with 300 µl of wash buffer and incubated with 100 µl of horseradish per-
oxidase (HRP)-conjugated Affinipure Goat anti-mouse IgG (Jackson Immuno-
Research) (Table 8) at 1:10,000 dilution in 0.1% BSA and 0.05% Tween20 PBS 
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buffer for 1 h at RTemp. Then, each ELISA plate was washed 5 times with 300 µl 
of wash buffer, while one tablet of o-Phenylenediamine dihydrochloride (OPD) 
HRP-substrate (Sigma Aldrich) was diluted in 11 mL of Phosphate-Citrate 
Buffer with Sodium Perborate (pre-equilibrated at RTemp), and 100 µl/well of 
the substrate solution were added and incubated for 10 min. The reaction was 
stopped with 100 µl of 2 M H2SO4 and the absorbance was read at 492 nm and 
at 620 nm for background subtraction using the Ensight Multimode Plate 
Reader (Perkin Elmer). 

The same ELISA protocol was performed for the identification of the IgG 
subclass profile of anti-Gag and anti-Min antibodies in vaccine-induced mice se-
rum, but instead of an HRP-conjugated Affinipure Goat anti-mouse IgG second-
ary antibody (Jackson ImmunoResearch), biotin-conjugated IgG subclass-specif-
ic secondary antibodies were employed (Table 8). After the incubation with these 
secondary antibodies, the plate was washed 5 times with 300 µl of wash buffer and 
incubated for 30 min with HRP-conjugated streptavidin (ThermoFisher Sci-
entific) diluted at 1:6,000 in blocking buffer. The plate was washed again, the signal 
was revealed with OPD and absorbances were measured as previously detailed. 

To identify which epitopes targeted vaccine-induced anti-Min antibodies, a 
mapping with 12 overlapping Min peptides (OLP; synthesised by Covalab, 
Bron, France) (Table 9) was performed by ELISA. In that case, instead of coat-
ing the plates with recombinant antigens, plates were coated with 500 ng of each 
Min OLP diluted in a 0.2 M carbonate/bicarbonate buffer at pH=9. Then, the 
protocol was performed as described above.

5.2.2. Determination of humoral responses by Flow Cytometry

Mouse antibodies induced against human proteins expressed on the surface of 
purified VLPs were analysed by flow cytometry. To do so, 0.2×106 cells were 
washed with staining buffer and labelled with each mouse sera at a 1:1,000 dilu-
tion in staining buffer for 30 min at RTemp. After that, cells were washed twice 
by diluting in staining buffer and at 400 × g for 5 min. Then, stained cells were 
incubated for 15 min at RTemp with an AlexaFluor647-conjugated goat anti- 
mouse IgG Fc (Jackson ImmunoResearch) (Table 7) at a 1:500 dilution. Cells 
were washed with PBS and acquired with a BD FACSCelesta™ Flow Cytometer 
(BD). Analysis was performed with FlowJo v10.6.1 (Tree Star).

The ability of vaccine-induced anti-Min antibodies to engage Min presented 
at the surface of B16F10Min cells was also assessed by Flow Cytometry. The 
protocol was the same as described above, but the target cells were B16F10 and 
B16F10Min cells. 
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5.2.3. In vitro pseudovirus neutralisation assay

The neutralising activity of vaccine-induced antibodies was analysed by an in 
vitro pseudovirus neutralisation assay. In this assay, a HeLa cell line engineered 
to produce luciferase regulated by a tat-inducible promoter —TZM-bl cells 

Table 9.  List of overlapping Min peptide and Gag pools’ Peptide sequence 

Code Domain Seq Epitope

Min  
overlapping 
peptides

155 HR2 NMTWMEWEREIDNYT
156 HR2 MEWEREIDNYTSLIY
157 HR2 REDINYTSLIYTLIE
158 HR2 NYTSLIYTLIEESQN
159 HR2 LIYTLIEESQNQQEK
160 HR2 LIEESQNQQEKNEQE
161 HR2-MPER SQNQQEKNEQELLEL
162 HR2-MPER QEKNEQELLELDKWA 2F5
163 MPER EQELLELDKWASLWN 2F5
164 MPER LELDKWASLWNWFDI
165 MPER KWASLWNWFDITNWL 4E10
166 MPER LWNWFDITNWLWYIK 4E10, 10E8

Gag pools

6

36 p24 APGQMREPRGSDIAGTTS
37 p24 GSDIAGTTSTLQEQIGWM
38 p24 TLQEQIGWMTNNPPIPVG
39 p24 TNNPPIPVGEIYKRWIIL
40 p24 EIYKRWIILGLNKIVRMY
41 p24 GLNKIVRMYSPTSILDIR
42 p24 SPTSILDIRQGPKEPFRD
43 p24 QGPKEPFRDYVDRFYKTL
44 p24 YVDRFYKTLRAEQASQEV
45 p24 RAEQASQEVKNWMTETLL

7

46 p24 KNWMTETLLVQNANPDCK
47 p24 VQNANPDCKTILKALGPA
48 p24 TILKALGPAATLEEMMTA
49 p24 ATLEEMMTACQGVGGPGH
50 p24-p2 CQGVGGPGHKARVLAEAM
51 p24-p2 KARVLAEAMSQVTNSATI
52 p2 SQVTNSATIMMQRGNFRN
53 p2-p7 MMQRGNFRNQRKIVKCFN
54 p7 QRKIVKCFNCGKEGHTAR
55 p7 CGKEGHTARNCRAPRKKG

  HR2: Heptad Repeat 2; MPER: Membrane Proximal External Region; p24: Matrix; p2: Spacer Peptide 1 (SP1);  
p7: nucleocapsid. 
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(NIH)—, emit bioluminescence when infected with HIV-1 pseudoviruses and 
incubated with luciferin (Montefiori, 2009). 

As described elsewhere (Sánchez-Palomino et al., 2011), pseudoviruses were 
produced by cotransfection of Expi293F cells with a pSG3ΔEnv backbone and 
various Env-coding plasmids (Table 10). Pseudoviruses were harvested 48 h post- 
transfection and clarified by centrifugation at 400 × g for 5 min and filtration with 
a syringed-plugged Millex-GP 0.22 µm filter unit (Merck & Co.). Pseudoviruses 
were kept at –80 °C until use. For titration, pseudoviruses were incubated for  
48 h at a starting 1:10 dilution and serial 1:5 dilutions with 10,000 TZM-bl cells. 
After that, cells were incubated for 2 min with BriteLite plus Reporter Gene 
Assay System (Perkin Elmer) and bioluminescence was analysed by luminometry 
with the Ensight Multimode Plate Reader (Perkin Elmer). 

For the in vitro neutralisation assay, 100 µl of the sera samples from vac cinated 
mice were diluted 1:40 in D10 and incubated with 50 µl of each pseudovirus at  
a concentration of 4,000 50% Tissue Culture Infective Dose (TCID50)/mL for 
45-90 min with at 37 °C and 5% CO2. Meanwhile, TZM-bl cells were detached 
with Versenne and counted. TZM-bl cells were diluted at 0.1×106/mL with D10 
and a 1:400 dilution of dextran was added to the cells. Then, 10,000 cells/well 
were plated and incubated for 48 h at 37 °C and 5% CO2. Finally, BriteLite plus 
Reporter Gene Assay System (Perkin Elmer) was added to the cells, incubated for 
2 min and bioluminescence was analysed with the Ensight Multimode Plate 
Reader (Perkin Elmer).

5.2.4. Mouse CD16-2 binding to anti-Min antibodies

Binding to mouse Fc γ Receptor IV (mFcγRIV) is a prerequisite of vaccine-in-
duced antibodies to exert ADCC. Therefore, the binding of vaccine induced 
IgG antibodies to CD16-2 was determined by ELISA. The protocol was similar 

Table 10.   Panel of 6 subtype pSG3ΔEnv pseudotyped HIV-1 pseudoviruses with  
  control and subtype B HIV-1 envelope glycoproteins

Tier Subtype Backbone
pNL4-3 Tier1A Subtype B

pSG3 ΔEnv

BaL.01 Tier1B Subtype B

TRO.11 Tier2 Subtype B

AC10.0.29 Tier2 Subtype B

7312A HIV-2 wildtype HIV-2

7312A C1 HIV-2 with HIV-1’s MPER Subtype B (MPER)

VSV-G Negative control
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to a standard in-house ELISA (see above), but in the last step, a biotin-conju-
gated CD16-2 recombinant protein was used instead of a conjugated secondary 
antibody. First, 500 ng/well of Gp41-MinTT, diluted in a carbonate/bicarbo-
nate buffer, were coated o/n at 4 °C in a wet chamber. Wells without coating 
were also added to determine the background. Next, plates were washed 3 times 
with 300 µl of wash buffer and blocked with blocking buffer for 2 h at RTemp. 
After that, the plates were washed again 5 times and sera samples at 1:100 dilu-
tion in blocking buffer were added to the plates and incubated o/n at 4 °C  
in a wet chamber. The next day, the plate was washed 5 times and 100 ng of 
Biotinylated mFcγRIV / CD16-2 Protein (AcroBiosystems, Newark, DE, USA) 
per well were added and incubated o/n at 4 °C in a wet chamber. On the fourth 
day, the plate was washed again 5 times and incubated for 30 min at RTemp with 
HRP-conjugated streptavidin (Table 8; ThermoFisher Scientific) while 1-Step™ 
Ultra TMB-ELISA (ThermoFisher Scientific) 3,3′,5,5′-Tetramethylbenzidine 
(TMB) substrate was equilibrated at RTemp. After this last incubation, the plate 
was washed 5 times and incubated with 100 µl of TMB substrate for 15 min at 
RTemp, and the reaction was stopped with 100 µl of 1 M H2SO4. Absorbance 
was read at 450 nm with background subtraction at 620 nm with Ensight 
Multimode Plate Reader (Perkin Elmer).

5.3. Cellular immune responses (ELISpot) on splenocytes

To measure cellular responses induced by VLP vaccination, mouse splenocytes 
were tested by Enzyme-linked Immune absorbent spot (ELISpot). The 0.45 µm 
white and sterile MultiScreenHTS plates (Merck & Co.) were coated with  
0.2 µg/well of the anti-mouse IFN-γ (AN18) antibody (Biolegend, San Diego, 
CA, USA) and incubated o/n at 4 °C in a wet chamber. The following day, sple-
nocytes from vaccinated animals were thawed and washed with Roswell Park 
Memorial Institute 1640 medium (RPMI1640; ThermoFisher Scientific) supple-
mented with 10% FBS (R10). Cells were incubated at 37 °C and 5% CO2 for 
4 h. Meanwhile, plates were washed 6 times with PBS + 1%FBS and blocked  
for 1 h at RTemp with R10. Next, R10 was removed and 40 µl of a pool of Min 
OLPs (12 Min OLPs; Table 9) or a pool of Gag peptides (15 p24Gag peptides; 
Table 9), each peptide at a concentration of 14 µg/mL, were added together with 
400,000 splenocytes/well. Three negative controls (0.5% DMSO) and two pos-
itive controls using 7 µg/mL of Concanavalin A (ConA; Sigma Aldrich) per 
animal were included. Samples were incubated o/n at 37 °C and 5% CO2. On 
the final day, plates were washed 5 times with PBS and incubated with a bioti-
nylated anti-mouse IFN-γ antibody (Biolegend) for 1 h at RTemp. Then, plates 
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were washed again with PBS and incubated with Streptavidin-conjugated Al-
kaline Phosphatase (AP) (Mabtech, Augustendalstorget, Sweden) for 1 h at  
RTemp. Finally, the plate was washed again and incubated for 12 min with the 
AP Conjugate Substrate Kit (Bio-Rad) by mixing 100 µl of colour reagents A 
and B with the 25X buffer in 10 mL of dH2O and adding 100 µl per well. After 
that, the colouring AP solution was aspirated, the plate was washed with PBS + 
0.05% Tween20, and finally washed thrice with dH2O. The plate was left to dry 
for 2 days and then spots were counted with the automated ImmunoSpot S6 
Versa Reader System (Cellular Technology Ltd, Shaker Heights, OH, USA) 
and expressed as Spot-Forming Cells (SFC) per million cells. 

6. Statistical analysis

Statistical analyses were performed using Prism 7.0 (GraphPad Software Inc., 
CA, USA) and R-3.6.3 (R Foundation for Statistical Computing). Unpaired 
data was compared using a non-parametric Mann-Whitney test. Multiple com-
parisons were performed using Kruskal-Wallis tests with Dunn’s comparison or 
Tukey’s multiple comparison test. Survival in a Kaplan-Meier table was ana-
lysed using a Mantel-Cox test. Finally, for the bioluminescence assay, curves 
were compared using linear mixed models with a likelihood ratio test. A p-value 
below 0.05 was considered statistically significant.
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SECTION 1:  CHARACTERISATION AND OPTIMISATION OF VLP 
PRODUCTION AND ANTIGENICITY

In this first section, MinGag-VLPs, which are HIV-1 Gag-based VLPs display-
ing a high density of a gp41 miniprotein called “Min” (Molinos-Albert et al., 
2014, 2017a) on the VLP surface, were characterised, and a protocol for their 
production and purification was developed and optimised. The VLP-generating 
mingag construct is a fusion protein that contains a signal peptide followed by 
the Min protein and the HIV-1 transmembrane domain fused to Gag with a 
protein linker in-between (Figure 10). Theoretically, MinGag fusion protein 
should be produced in the endoplasmic reticulum and then migrate to the cell 
membrane, where budding occurs, generating new VLPs that harbour as many 
immunogens as Gag molecules are needed to produce a VLP. 

1.  Production of fusion-protein VLPs by transient transfection 
with pcDNA3.1 and pVAX1 VLP-encoding constructs

To produce MinGag-VLPs, the mingag construct was cloned into two different 
plasmids, a pcDNA3.1 vector and a pVAX1 vector. pcDNA3.1 are vectors de-
veloped for expression in mammalian cells in vitro, while pVAX1 is an FDA-
approved plasmid that can be used as a vector for DNA vaccine administration 
in humans. pVAX1 has the same backbone as pcDNA3.1 but has no antibiotic 
resistance gene for eukaryotic selection. Also, to avoid ampicillin contaminants 
in the final DNA product that could trigger allergic reactions in vaccinees, 
pVAX1 vector has a kanamycin resistance gene for prokaryotic selection in-
stead of ampicillin. Gag constructs were used as a control and were also cloned 
into both types of plasmids. 

Transfection of Expi293 with pVAX1-mingag and pcDNA3.1-mingag vec-
tors resulted in the production of the MinGag protein, as determined by WB 
(Figure 18A). Gag and MinGag from supernatants of transfected cells were both 
recognised by an anti-p24 mAb in a WB, but only MinGag was recognised by 



HIV-1 VIRUS-LIKE PARTICLES ENGINEERED TO DISPLAY A HIGH ANTIGEN DENSITY

106

an anti-MPER bNAb (2F5). They both had the expected molecular weight 
(MW), 55 and 70 kDa respectively. A second band was detected in the superna-
tant of MinGag-transfected cells when staining with the anti-p24 mAb, which 
was probably generated by processing or degradation of the MinGag fusion 
protein (Figure 18A, top panel). However, these truncations were not cleaved at 
the linker between Min and Gag, since the supernatant of Gag-transfected cells 
also had truncations with a similar size (10-15 kDa). Furthermore, MinGag 
truncations were positively stained by 2F5, demonstrating that the protein was 
cleaved at the C-terminus end of the protein (Figure 18A, bottom panel). 

Although Gag and MinGag proteins were successfully produced by transient 
transfection of Expi293F cells, the production yield of MinGag was consistently 
lower than that of Gag (Figure 18B). p24 concentration of MinGag-transfected 
cells on the supernatant was 10 to 20 times lower compared to Gag (p<0.0001), 
and Gag-VLP production reached a concentration of 1 µg/mL of p24Gag. 

2.  Optimisation of Min antigenicity at the surface of VLP-
expressing cells

Antigen conformation is important for epitope display and recognition by B cells. 
Min disposition at the surface of the VLPs was optimised to better expose the 
MPER and hence the whole Min protein, and to increase immunogenicity. To 

Figure 18. Characterisation of VLP production on Expi293F-transfected cells’ supernatant. 
A) WB of supernatant of Expi293F cells transfected with gag- or mingag-expressing plasmids 
cloned into a pcDNA3.1 or a pVAX1 vector and stained with both an anti-p24 monoclonal antibody 
(top panel) or an anti-MPER bNAb (2F5, bottom panel). B) Quantification of p24 concentration by 
ELISA on harvested supernatants from gag-transfected and mingag-transfected cells using both 
pVAX1 and pcDNA3.1 vectors. Data represented as mean±SD. Significant differences were found 
between Gag and MinGag productions (****p<0.0001, Mann-Whitney test). 
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do so, several Min variations on the mingag constructs at the transmembrane 
and linker domains were generated by cloning.

The original MinGag construct had a flexible GGGS linker between Min 
and Gag and the transmembrane was from the wild-type HXB2 sequence 
(Table 6). In the transmembrane variants, the original wild-type HXB2 trans-
membrane was substituted for those of human CD22, CD36 and CD44 pro-
teins. Additionally, Min(RA)Gag had the wild-type HXB2 sequence with an 
arginine-to-alanine substitution at position 696. In the linker variants, the 
GGGS linker was substituted for AEAAAKAGS in the Min(AEA)Gag con-
struct, for APAPAPAGS in the Min(APA)Gag construct and for no linker in 
the Min(NL)Gag constructs.

Min antigenicity was assessed at the surface of VLP-producing cells by flow 
cytometry using the anti-MPER 10E8 bNAb (Figure 19). Among these new 
variants, Min(CD22tm)Gag, Min(NL)Gag and Min(APA)Gag had similar anti-
genicity to the original MinGag construct; Min(CD44tm)Gag and Min(RA)Gag 
had better antigenicity and in Min(CD36tm)Gag and Min(AEA)Gag, an tigen-
icity worsened. 

A deeper characterisation was performed among the variants that displayed 
better antigenicity properties. The binding of 10E8 to MinGag, Min(RA)Gag, 
Min(NL)Gag and Min(CD44tm)Gag was further on VLP producing Expi293F 
cells (Figure 20A). A trend for superior binding to MPER by 10E8 was detected 
against Min(RA)Gag and Min(CD44)Gag, compared to MinGag and Min(NL)
Gag. Additionally, the production of Min(RA)Gag seemed to be slightly higher 
as detected by p24 ELISA on the supernatants of VLP-producing cells (Fig-
ure 20B). 

3.  Development and optimisation of the purification protocol 
for fusion-protein VLPs

The gold-standard technique for the purification of HIV-1 VLPs and other viral 
particles is the sucrose cushion UC (Cervera et al., 2019). However, this tech-
nique is difficult to scale up to large productions. Therefore, we developed an 
alternative purification strategy based on chromatography and we optimised it 
for the purification of MinGag-VLPs. Both approaches were compared head-
to-head considering the yield and purity of the final product.

Clarified supernatants from gag- and mingag-transfected Expi293F cells 
were first concentrated by crossflow filtration (TFF; see methods). A 300,000 
MWCO cassette was used for the retention of viral particles, while smaller sol-
uble proteins that will pass through the pores were removed. This step increased 
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Figure 19. Optimisation of antigen presentation at the surface of Expi293F VLP-producing 
cells by FACS. Cells were stained extracellularly with an anti-MPER bNAb (10E8) plus a 
secondary APC-conjugated anti-human IgG (Y-axis) and intracellularly with KC57-FITC (X-axis), a 
FITC-conjugated anti-p24 mAb. Different MinGag constructs with variations at the transmembrane 
and linker domains were transfected in Expi293F cells. Gag-transfected cells and untransfected 
cells were used as controls.
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the concentration of p24Gag 5-10 times (Table 11), and reduced 10-fold the ini-
tial volume, making the following UC or chromatography steps more manage-
able. Furthermore, removal of soluble proteins below the 300,000 Da threshold 
resulted in an increase of purity by a magnitude of 10 to 50-fold for both Gag-
VLPs and MinGag-VLPs, as seen by comparing the final and initial ratios of p24 
vs. total protein. The recovery by TFF for both VLP types was around 60%. 

3.1.  Sucrose-cushion ultracentrifugation of VLPs

After an initial TFF purification step, Gag-VLPs and MinGag-VLPs were puri-
fied by a sucrose-cushion UC procedure. The TFF retentate fraction was loaded 
on top of a 35% sucrose layer, ultracentrifuged, and resuspended in PBS. After 

Figure 20. Optimisation of antigen presentation and VLP production in VLP-transfected 
cells with Min variants. Variants have substitutions at the transmembrane and linker domains  
of the mingag fusion protein construct. Transmembrane variations were gp41(R696A) mutant 
(Min(RA)Gag), CD22, CD36 and CD44; linker variations were no-linker (NL), AEA and APA.  
A) Dose-response curve of 10E8-binding to Min variants on the surface of VLP-transfected  
cells analysed by Flow cytometry. B) p24 concentration in the supernatant of Expi293F cells 
transfected with each of the Min variants analysed by p24 ELISA. Data represented  
as mean±SD. 

A B

Table 11.  Concentration, yield, and purity ratios of Gag-VLPs and MinGag-VLPs  
 produced in Expi293F cells and purified by TFF

TFF Supernatant Retentate Ratio p24:protein Recovery 
(%)Concentration (µg/mL) p24 Protein p24 Protein Initial (%) Final (%) Increase

Gag-VLPs 1.75 2,927.97 9.55 1,388.09 0.06 0.69 11.53 60.72

MinGag-VLPs 0.08 2,970.59 0.44   361.53 0.00 0.12 47.43 64.14
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UC, the final p24 concentration was around 100 times higher compared to the 
p24 concentration on the clarified supernatant of Gag-VLP and MinGag-VLP 
transfected cells (Table 12), and the volume was reduced 250 times. Despite the 
increase in p24 concentration, MinGag-VLP purity did not increase compared 
to TFF alone, while Gag-VLP purity increased by a factor of 8 compared to 
purification by TFF only (Table 11). Approximately, 60-80% of the p24 that 
was UC was recovered in the pelleted fraction, showing that the full protocol 
(TFF + UC) had an overall recovery of around 50% of the loaded sample.

3.2.  Ligand-core capture and anion exchange chromatography 
purification of VLPs

Alternatively, a two-step chromatography protocol was developed and opti-
mised to improve MinGag-VLP purity at the end of the purification procedure. 
The first step of the chromatography-based purification was an LCC column 
(see methods). The sample was run through the column and the flowthrough 
recovered, while the column-bound fraction was discarded. There was no p24 
loss in this step and purity increased by 2-fold (data not shown). Immediately 
after that, the sample was loaded to an AEX chromatography column and elut-
ed with NaCl. To determine the ideal NaCl concentration suited for the elution 
of MinGag-VLPs, a gradient elution ranging from 150 mM to 850 mM of NaCl 
was performed. The elution of MinGag-VLPs peaked at a concentration of 250-
320 mM of NaCl (Figure 21), and hence 300 mM of NaCl was used for subse-
quent purifications.

The full chromatography-based purification protocol, including a final step 
of sterilisation and adjustment of total protein concentration, delivered highly 
pure MinGag-VLPs and Min(RA)Gag-VLPs ready for mouse immunisation. 
The purity ratios of MinGag-VLPs and Min(RA)Gag-VLPs obtained with these 
chromatography methods were comparable to the purity ratio of Gag-VLPs 
(Table 13). MinGag and Min(RA)Gag purity ratio increased by a factor of 300-
400 compared to the purity in the harvested supernatants, and the p24 concen-

Table 12.  Concentrations, yields and purity ratios of Gag-VLPs and MinGag-VLPs  
 produced in Expi293F cells and purified by TFF + UC 

TFF + UC Supernatant Final product Ratio p24:protein Recovery 
(%)Concentration (µg/mL) p24 Protein p24 Protein Initial (%) Final (%) Increase

Gag-VLPs 1.25 3,456.89 142.29 4,941.53 0.04 2.88 79.79 50.69

MinGag-VLPs 0.10 2,190.03  9.58 5,591.40 0.00 0.17 36.52 41.43
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tration increased 100 times. Although high purity levels for MinGag-VLPs and 
Min(RA)Gag-VLPs were achieved, the overall performance of the protocol was 
low since the recovery was around 10%.

Gag-VLP purity ratios were consistent across the different techniques 
(Table 11, 12 and 13) and did not benefit much from the chromatography based- 
purification protocol. The buffer conditions used for the elution of Gag-VLPs 
bound to AEX columns were the same as the ones decided for the optimal elu-
tion of MinGag-VLPs. This allowed for the homogenisation of physicochemi-
cal properties between constructs, when testing the VLP immunogenicity in 
vivo, and hence the reduction in confounding factors (Table 13). 

Gel analysis by Coomassie Blue staining and WB using an anti-p24 mAb 
and an anti-MPER bNAb (2F5) confirmed the results seen by p24 ELISA and 

Figure 21. Chromatographic profile of an Anion Exchange purification of MinGag-VLPs. 
The sample was eluted with a linear NaCl gradient starting at 150 mM NaCl and finishing at 850 
mM NaCl. VLPs were eluted at 300 mM NaCl. Left axis: absorbance (mAU) at 280 nm. Right axis: 
conductivity (mS/cm). Green line: p24 concentration (ng/mL) determined by p24 ELISA. Green 
values indicate maximal concentration at each peak.

Table 13.  Concentrations, yields and purity ratios of Gag-VLPs, MinGag-VLPs and  
 Min(RA)Gag-VLPs produced in Expi293F cells and purified by TFF + AEX

TFF + AEX Supernatant Final product Ratio p24:protein Recovery
(%)Concentration (µg/mL) p24 Protein p24 Protein Initial (%) Final (%) Increase

Gag-VLPs 1.48 2,748.30 19.77 1,399.31 0.05 1.41  26.28  5.95

MinGag-VLPs 0.04 2,089.74  4.98  804.91 0.00 0.62 317.86 13.60

Min(RA)Gag-VLPs 0.08 1,461.18 12.35  520.68 0.01 2.37 431.02  8.53
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total protein quantification by BCA: several protein contaminants were re-
moved in the filtrate fraction of the TFF step (Figure 22A, FT fraction), while 
having very few losses of VLPs (Figure 22B & 22C, FT fraction). VLPs mostly 
attached to the AEX column (Figure 22B & 22C, L&D fractions) and were 
eluted at an approximate concentration of 300 mM of NaCl (Figure 22B & 22C, 
10-12 fractions). Those contaminants detected in the eluted 10-12 fractions were 
likely proteins associated with or dragged along the production and release of 
VLPs, such as cytoskeletal proteins. Probably, the structural Gag or MinGag 
protein represented less than 5% of the total protein content of a VLP, that is 
why repeated purifications with different VLPs (Gag, MinGag and Min(RA)
Gag) and different techniques consistently yielded a purity ratio ranging 0.5-3% 
(Table 11, 12 and 13). 

A direct comparison of both purification protocols (TFF followed by UC 
or TFF followed by AEX) by a Coomassie Blue stained gel and WB with an 
anti-p24 and an anti-MPER (2F5) antibody corroborated what had been pre-
viously described by p24 ELISA and BCA. For Gag-VLPs, both purification 
strategies resulted in products with similar contaminants (Figure 23A, Gag-
VLPs TFF + UC and TFF + AEX lanes) but TFF + UC yielded higher p24 
contents (Figure 23B, Gag-VLPs). However, for MinGag-VLPs, AEX chro-
matography-based purification resulted in a better product, both for the num-
ber of contaminants (Figure 23A, MinGag-VLPs TFF + UC and TFF + AEX 
lanes) and for the amount of the MinGag fusion protein (Figure 23B & 23C). 
The results were also comparable to previous WB results (Figure 18A and Fig-
ure 22B & 22C) and Coomassie Blue stained gels (Figure 22A). 

Figure 22. Characterisation of Min(RA)Gag-VLPs produced in transfected Expi293F cells 
and purified by TFF and AEX. A) Coomassie Blue staining of each purification step and fraction; 
B) anti-p24 mAb WB; C) anti-2F5 bNAb Western blot. H: harvest. FT: filtrate from TFF. L: retentate 
from TFF and loaded to an AEX column. D: depleted fraction from AEX. 9-14: eluted fractions 
from AEX. 32: elution at 2 M NaCl.
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4. Characterisation of purified Gag-VLPs and MinGag-VLPs 

The morphology of both Gag-VLPs and MinGag-VLPs were characterised by 
Cryo-TEM. Cryo-TEM images of Gag-VLPs and MinGag-VLPs purified  
by TFF and AEX showed how both VLPs had the typical morphology of HIV-1 
Gag-based VLPs, consisting of a round-shaped particle with a lipid membrane 
at the outer-most part of the particle that contained an electrodense Gag core 
surrounding the inner side of the plasma membrane (Figure 24A). MinGag-VLPs 
had a similar morphology (Figure 24B), but their mean size was significantly 
smaller (124.7±13.6nm vs. 62.9±13.0nm; p<0.0001) (Figure 24C).

Figure 23. Characterisation of HIV-1 Gag-VLPs and MinGag-VLPs purified by different  
methods. Samples from harvest and purified VLP preparations by TFF plus sucrose-cushion 
ultracentrifugation (TFF + UC) or by TFF plus chromatography (TFF + AEX). A) Coomassie blue 
staining, B) anti-p24 Western blot, and C) anti-2F5 Western blot.
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Figure 24. Cryogenic transmission electron microscopy images of purified VLPs. A) Cryo-
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(n=17) and MinGag-VLP (n=27) diameters, data represented as mean±SD. Significant differences 
were found between Gag-VLP and MinGag-VLP sizes (****p<0.0001, Mann-Whitney test).
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Beyond HIV-1 Gag, some host-cell proteins are also incorporated in the 
VLPs. Such proteins are often associated with the cytoskeleton (actin and myo-
sin), vesicle transport (ALIX, Tsg101), protein folding (PDIA4), etc. (Cervera et 
al., 2019). Other authors described how extracellular vesicle (EV) associated 
proteins can be incorporated into virions and VLPs (Izquierdo-Useros et al., 
2011; Steppert et al., 2016). Here, the purified MinGag-VLPs were run on a 
Coomassie Blue stained gel, and the three main bands were excised and identi-
fied by mass spectrometry (Table 14). The main band on purified MinGag-VLPs 
had a size of 90 kDa and contained a mix of proteins related to the Heat shock 
protein 90 complex (Hsp90), such as HS90A, HS90B, H90B4, HS90, ENPL. 
The Hsp90 complex is involved in protein folding in the endoplasmic reticulum 
and has also been associated with EVs. The second most intense band, which 

Table 14.  Proteomic analysis of the three main bands detected in Coomassie Blue  
 staining of MinGag-VLP products

Band Code Name Species EV* Counts

Band 1 
90kDa

Hsp90a Heat shock protien 90 (Hsp90) family Human yes 1098
PDIA4 Protein disulfide Isomerase Human yes 39
LG3BP Galectin-3-binding protein Human yes 33
Hsp70b Heat shock protein 70 (Hsp70) family Human yes 26
SYTC Threonine-tRNA ligase Human no 25
Gag Gag polyprotein HIV — 23
Env Envelope glycoprotein (gp41) HIV — 8

Band 2 
75kDa

PDIA4 Protein disulfide Isomerase Human yes 179
Hsp90a Heat shock protien 90 (Hsp90) family Human yes 81
ACPH Acylamino-acid-releasing enzyme Human no 37
Hsp70b Heat shock protein 70 (Hsp70) family Human yes 36
Gag Gag polyprotein HIV — 32
Env Envelope glycoprotein (gp41) HIV — 2

Band 3 
65kDa

Hsp70b Heat shock protein 70 (Hsp70) family Human yes 2013
Plastinc Plastin family Human act* 200
LKHA4d Leukotriene A-4 hydrolase Human no 88
TKT Transketolase Human no 52
MOES Moesin Human act* 44
PGM2 Phosphoglucomutase Human no 44
Gag Gag polyprotein HIV — 52
Env Envelope glycoprotein (gp41) HIV — 6

 EV* Proteins closely related to extracellular vesicles (EV markers)
 act* Proteins related to the actin cytoskeleton
 Hsp90a Hsp90 superfamily includes: HS90A, HS90B, H90B4, HS90, ENPL
 Hsp70b Hsp70 superfamily includes: HS71A, HS71L, HSP76, HSP7C, GRP78, STIP1
 Plastinc Plastin FAMILY includes PLST-I(1), -L(2) and -T(3)
 LKHA4d LKHA4 includes Aminopeptidase B, with similar function and homology



RESULTS

115

had a size of 75 kDa, was mainly Protein disulfide Isomerase (PDIA4). PDIA4 
has a similar function to Hsp90, protein folding in the endoplasmic reticulum 
and is an EV-marker. Finally, the band with a 65 kDa size mainly contained 
proteins associated with the Hsp70 (HS71A, HS71L, HSP76, HSP7C, GRP78, 
STIP1), which also plays a role in protein transport and folding in the endoplas-
mic reticulum and acts as an EV-marker. In those three bands, less predominant 
proteins, such as ALIX, Na+/K+ ATPase pump, actin, PDCD6IP, EF2, etc. were 
also detected (data not shown). Additionally, Gag and Min sequences were also 
identified throughout the three bands.

Altogether, Cryo-TEM and mass spectrometry confirmed that gag and 
mingag constructs were able to produce complete and intact particles that were 
not altered by the purification process. 

To summarise, VLP fusion protein was characterised and adapted into a 
DNA-based vaccine strategy and the purification of VLPs in vitro were opti-
mised. The VLPs selected for in vivo immunogenicity testing were the original 
MinGag-VLPs and the Min(RA)Gag-VLPs that were optimised for better anti-
gen exposure. Also, nude Gag-VLPs were included as a control. 
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SECTION 2:  VLP IMMUNOGENICITY AND IMMUNE RESPONSE 
PROFILING

In this second section, VLP immunogenicity was assessed in vivo in C57Bl/ 
6JOlaHsd mice. Vaccines were tested in a homologous VLP formulation or in a 
heterologous DNA/VLP combination strategy. Before starting with the im-
mune response profiling using different vaccine regimens, vaccine administra-
tion and immunogenicity of DNA and VLP formulations were evaluated to 
improve delivery and establish a vaccination calendar. 

5. Evaluation of vaccine posology

The main challenge that DNA vaccines face is the poor uptake of plasmidic 
DNA into the target cells (Langer et al., 2013). Many delivery strategies have 
been devised, but electroporation is a promising delivery system since it does 
not require any further downstream process and avoids the issue of anti- 
vector immune response induction. In vivo electroporation is applied at the 
site of injection, generally intramuscularly, where it promotes the destabilisa-
tion of the target cells’ plasma membrane and the internalisation of the DNA 
vaccine.

5.1.  Electroporation of DNA to improve in vivo VLP production

Injection of a firefly luciferase encoding pVAX1 plasmid (pVAX1-FLuc) al-
lowed for the determination of in vivo transfection efficiency of DNA injection 
with and without electroporation by in vivo bioluminescence. Injection of  
20 µg of pVAX1-FLuc was performed at both posterior hind limbs of an animal 
and only the left limb was electroporated (Figure 25A). After injection of lucif-
erin 48 h post-electroporation, it was clear how in vivo electroporation im-
proved the transfection efficiency of muscle cells resulting in a 3 log higher 
production of luciferase as demonstrated by analysis of the RLUs. Furthermore, 
the animals tolerated well the electroporation and did not manifest any second-
ary effects after awakening, other than a temporary limping that spontaneously 
resolved in a few seconds.

5.2.  Determination of the optimal vaccination schedule

Additionally, in a second in vivo bioluminescence experiment, five C57Bl/ 
6JOlaHsd mice were injected and electroporated with 20 µg of two different 
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1:1 mixtures of plasmids. On the one hand, animals were intramuscularly ad-
ministered with a 1:1 mix of a pVAX1 empty vector and pVAX1-FLuc at the 
posterior of the right hind limb (Figure 25B-25D). On the other hand, mice 
were injected with a 1:1 mix of pVAX1-min(RA)gag and pVAX1-FLuc at the 
posterior of the left hind limb. In vivo bioluminescence analysis 48 h, 7 days 
and 14 days post-electroporation showed how luciferase expression at the 
right hind limb (co-electroporated with pVAX1:pVAX1-FLuc) remained 
constant, while bioluminescence at the left hind limb (electroporated with 
pVAX1-FLuc:pVAX1-min(RA)gag) steadily decreased over time (Figure 25B- 
25D). 

Longitudinal analysis of bioluminescence in animals co-electroporated at 
both limbs further confirmed that bioluminescence was completely eliminated 
5 weeks after the DNA administration at the left limb, where firefly luciferase 
was co-electroporated with Min(RA)Gag (Figure 26). However, biolumines-
cence at the right limb remained constant, demonstrating that luciferase ex-
pression was not toxic for the muscle cells and that no clear immune response 
against firefly luciferase was induced. The luciferase decay observed in the left 
limb, where luciferase was electroporated with Min(RA)Gag, could have two 
explanations: i) Min(RA)Gag-VLP expression was toxic for the muscle cells; 
ii) muscle cells silence the expression of Min(RA)Gag-VLPs, and iii) Min(RA)

Figure 25. In vivo bioluminescence analysis of DNA electroporation in C57Bl/6JOlaHsd 
mice. A) C57Bl/6JOlaHsd mouse injected with 20 µg of a pVAX1-FLuc plasmid at the posterior 
hind limbs with (left limb) and without (right limb) electroporation after injection. B) Mouse injected 
with 20 µg of DNA and electroporated with both a 1:1 mix of pVAX1:pVAX1-FLuc at the right  
limb and a 1:1 mix of pVAX1-FLuc:pVAX1-min(RA)gag at the left limb. Representative 
bioluminescence images of animals 48 h after co-electroporation. C) Bioluminescence of the 
same animal in (B) 7 days after co-electroporation. D) Bioluminescence of the same animal in (B) 
14 days after co-electroporation.

A CB D
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Gag-VLP expression in the muscle cells induced an immune response that led 
to the clearance of transfected cells. These three theories were not mutually 
exclusive.

To identify the cause of this decay, 45 days after the first co-electroporation, 
the left hind limb of the 5 animals was co-electroporated again with a 1:1 mix of 
pVAX1-FLuc:pVAX1-min(RA)gag. Bioluminescence was determined again for 
1 month after the second co-electroporation. Here, the results indeed showed 
how bioluminescence decayed faster (Figure 26), reaching statistical significance 
with a linear mixed model analysis (p=0.0012; likelihood ratio test). It is impor-
tant to highlight that this linear mixed model analysis considered a normal dis-
tribution of the values, but the sample size was not large enough to determine 
that. Despite that, these results clearly point towards a faster clearance of mus-
cle cells after the second luciferase and Min(RA)Gag co-electroporation. This 
faster clearance could be immune-mediated, since a primary immune response 
against Min(RA)Gag-VLPs would be elicited after the first co-electroporation 
and, upon the second electroporation, a faster secondary immune response 
would arise to clear Min(RA)Gag-transfected muscle cells (Figure 26). Anti-
Gag and anti-Min antibody detection in the sera of electroporated animals fur-
ther supported this observation (data not shown). 

Figure 26. In vivo bioluminescence follow-up of electroporated C57Bl/6JOlaHsd mice. 
Animals were electroporated with both pVAX1/pVAX1-FLuc plasmids (1:1 ratio) at the right limb 
and a 1:1 mix of pVAX1 FLuc:min(RA)gag plasmids at the left limb (n=5, mean±SD of BLI). 
pVAX1/pVAX1-FLuc was electroporated at day 0 (vertical line) and pVAX1-FLuc:pVAX1-min(RA)
gag mix was electroporated at day 0 and day 45. Significant differences were found using a linear 
mixed model analysis between the first and second slope of pVAX1-FLuc:pVAX1-min(RA)gag 
co-electroporated animals (**p=0.0012; likelihood ratio test).
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These results also validate that a 3-week interval was the ideal period be-
tween each immunisation since most of the electroporated cells had been cleared 
by the third week after the first DNA administration (Figure 26). 

5.3.  Identification of immune response magnitude and antibody fading

Next, purified Gag-VLP and MinGag-VLP immunogenicity and the duration 
of the immune response were tested in mice. VLPs were administered at the 
hock, which is a subcutaneous/intradermal route of administration (RoA). 
This RoA represents a more humane alternative to footpad administration, 
while draining to similar sites, such as the popliteal and the iliac lymph nodes 
(Kamala, 2007). Two doses of Min(RA)Gag-VLPs (0.1 µg of p24Gag/dose 
without adjuvating) with a 3-week interval induced potent anti-Gag and anti- 
Min responses that were detectable in serum by ELISA for more than 20 weeks 
(Figure 27).

Overall, these pilot studies demonstrated how both DNA-based and puri-
fied VLP formulations of the mingag constructs induced potent humoral re-
sponses both against the Gag and the Min proteins. Furthermore, we could  
establish a vaccination schedule of 3-week periods that could induce potent, 
long-lasting responses. 

Figure 27. Min(RA)Gag-VLP induced antibody concentration over 25 weeks in 
C57Bl/6JOlaHsd mice. Mice were vaccinated twice with purified MinGag-VLPs (n=2) at  
weeks 0 and 3 and antibody concentration in serum was determined by ELISA. A) Anti-Gag  
and B) anti-Min antibody concentration in mouse sera determined by ELISA.

A B
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6.  Immune response profiling with homologous  
or heterologous vaccination regimens

After the formal demonstration that Gag-VLPs and our fusion-protein MinGag-
VLPs were immunogenic both as a DNA vaccine and as a purified product, 
different vaccination regimens were tested in mice. The combination of differ-
ent vaccines coding for the same immunogen was demonstrated to induce supe-
rior humoral and cellular responses (Ding et al., 2011; Chea and Amara, 2017; 
Perdiguero et al., 2019a). In this project, a homologous regimen of 4 purified 
VLP doses (VVVV) was tested against a heterologous regimen where the ani-
mals were primed with 2 doses of electroporated DNA and boosted with 2 dos-
es of purified VLPs (DDVV) (Figure 16). Purified VLPs were administered at a 
dose of 0.1 µg of p24Gag/animal without adjuvating. Both MinGag-VLPs and 
Min(RA)Gag-VLPs were evaluated using both regimens. Gag-VLPs and PBS 
were used as controls. 

6.1.  Quantification of anti-Gag and anti-Min humoral  
responses

Vaccination with both regimens was well tolerated by animals. Mice displayed no 
serious adverse effects, save for the short-lived ones associated with anaesthesia 
and electroporation, which were mild and quickly resolved. Analysis of antibody 
concentration in the sera throughout the vaccination regimens demonstrated how 
anti-Gag and anti-Min humoral responses in both immunisation regimens were 
rapidly elicited (Figure 28). Anti-Gag responses reached a plateau after a single 
dose in both regimens and for all VLPs, except for Gag-VLPs in the VVVV regi-
men (Figure 28A), where the response slowly increased until the third vaccina-
tion. Furthermore, anti-Gag antibody concentration in the DDVV regimen was 
1-log higher than in the VVVV regimen for Gag-VLPs (p<0.01), MinGag-VLPs 
(p<0.01) and Min(RA)Gag-VLPs (p<0.001). Anti-Min antibody response in the 
VVVV regimen also reached a plateau after the first immunisation (Fig ure 28B), 
but in the DDVV regimen, anti-Min titres increased until the third immunisation, 
yielding a 5-10-fold higher response compared to VVVV at week 12 for MinGag 
(p<0.0052). Additionally, the optimised Min(RA)Gag-VLPs in the DDVV dis-
played a trend towards higher antibody titres compared to MinGag-VLPs within 
the DDVV regimen (non-significant). Overall, the DDVV regimen reached high-
er antibody responses and performed better than VVVV. 

Males and females within each group were compared to account for sex-based 
biases, but no significant differences were found at week 12 using a Kruskal-Wallis 
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Figure 28. Antibody concentrations of VLP-induced humoral responses against Gag  
and Min using heterologous and homologous regimens. Data represented as mean±SD  
of C57Bl/6JOlaHsd antibody concentration in mouse sera immunised with Gag-VLPs (n=10), 
Min(RA)Gag-VLPs (n=10), pVAX1/PBS control (n=4) or PBS control (n=4) using a homologous 
VLP regimen (VVVV; dashed lines) or a heterologous DNA/VLP regimen (DDVV; solid lines).  
A) Anti-Gag antibody concentration in mice serum determined by ELISA. Statistical differences at 
week 12 were found between Gag VVVV vs. Gag DDVV (**p=0.0054), MinGag VVVV vs. MinGag 
DDVV (**p=0.0073) and Min(RA)Gag VVVV vs. Min(RA)Gag DDVV (***p=0.0009) using a Kruskal- 
Wallis with Dunn’s comparison test. B) Anti-Min antibody concentration in mice serum determined 
by ELISA. Statistical differences at week 12 were found between MinGag VVVV vs. MinGag 
DDVV (**p=0.0052) using a Kruskal-Wallis with Dunn’s comparison test. 
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test regardless of the vaccination regimen or the protein targeted. However, fe-
males displayed a tendency to higher antibody responses than males (Figure 29).

6.2. Epitope mapping of anti-Min antibodies

The next step was to map the anti-Min humoral response and to identify epitope 
specificity. Sera from animals vaccinated with the homologous and heterolo-

Figure 29. Comparison of the anti-Gag and anti-Min humoral responses between males 
and females. Mice were immunised with Gag-VLPs (n=10), MinGag-VLPs (n=10) or Min(RA)
Gag-VLPs (n=10) using either a homologous (VVVV) or a heterologous (DDVV) regimen. All 
groups were sex-balanced (50% females). Data represented as mean±SD. A) Anti-Gag antibody 
concentration in plasma using a homologous regimen. B) Anti-Min antibody concentration in 
plasma using a homologous regimen. C) Anti-Gag antibody concentration in plasma using a 
heterologous regimen. D) Anti-Min antibody concentration in plasma using a heterologous 
regimen. No statistically significant differences were detected using a Kruskal-Wallis test.
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gous regimens at week 12 were tested against a group of Min overlapping pep-
tides that were 15 amino acids long and overlapped by 11 peptides (Figure 30A). 
Both DDVV and VVVV regimens induced humoral responses that recognis-
ed the N-terminus part of Min (Min OLP #155), meaning that they were main-

Figure 30. Mapping of the main Min linear epitopes targeted by VLP-induced antibody 
responses. The reactivity of IgG antibodies present in serum samples from mice vaccinated with 
Gag-VLPs (n=10), MinGag-VLPs (n=10), Min(RA)Gag-VLPs (n=10) and PBS control (n=4) 
against 12 Min overlapping peptides (OLPs) were analysed by ELISA. Data show the mean±SD 
of the optical density (OD). A) Scheme of Min overlapping peptides. B) Mapping of the anti-Min 
humoral responses in the DDVV regimen. Significant differences in the MinGag-VLP and Min(RA)
Gag-VLP vaccinated animals were found against Min OLP #155 (****p<0.0001) and #160 
(*p<0.05) compared to the rest of the peptides with a Kruskal-Wallis test with Tukey’s multiple 
comparison test. C) Mapping of the anti-Min humoral responses in the VVVV regimen. Significant 
differences in the MinGag-VLP and Min(RA)Gag-VLP vaccinated animals were found against Min 
OLP #155 (****p<0.0001) compared to the rest of the peptides with a Kruskal-Wallis test with 
Tukey’s multiple comparison test.
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156             MEWEREIDNYTSLIY
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ly targeting the HR2 domain (p<0.0001; Figure 30B & 30C). Additionally,  
the antibodies induced with MinGag-VLPs and Min(RA)Gag-VLPs in the 
DDVV regimen also targeted the Min OLP #160, which contains the C-terminus 
end of the HR2 domain, closer to the MPER (p<0.05; Figure 30C). Anti-
MPER antibodies were not successfully elicited by vaccination, probably due to 
the physiological characteristics of the C57Bl/6 mouse model, which mainly 
elicits Th1 responses and therefore it is harder to induce antibody responses in 
this model.

6.3.  IgG subclasses profiling of anti-Gag and anti-Min antibody 
responses

IgG subclasses of the vaccine-induced anti-Gag and anti-Min antibodies 
were also determined in the mouse sera from animals vaccinated with both 
regimens at week 12. Determination of the IgG subclasses can help to eluci-
date which type of functions the antibodies may promote. C57Bl/6 IgG iso-
types are IgG1, IgG2b, IgG2c and IgG3 (IgG2a and IgG2c are considered 
equivalents) and they arise from different stimuli and have varied functions 
(Collins, 2016). Both immunisation regimens (DDVV and VVVV) gave sim-
ilar IgG subclasses profiles for anti-Gag and anti-Min antibodies (Table 15 
and Table 16); the only difference being a lower magnitude in the VVVV 
regimen, which also correlated with previous results (Figure 28). In contrast, 
IgG subclasses signature did differ between anti-Gag and anti-Min anti-
bodies, since anti-Min antibodies were mostly skewed towards an IgG2c 
subclass, while anti-Gag antibodies were more heterogeneous in both DDVV 
(Table 15) and VVVV (Table 16). IgG2c is considered an equivalent of human 
IgG1 antibodies. IgG3 subclasses were barely detected in anti-Gag and anti- 
Min IgGs. No differences were detected between MinGag-VLPs and Min(RA)-
Gag-VLPs.

6.4.  Identification of humoral responses against VLP-producing host  
cell proteins

Previous characterisation of MinGag-VLP composition demonstrated how 
host cell-derived proteins were incorporated in the VLPs during their in vitro 
production. Since VLP-producing Expi293F cells are a cell line derived from a 
HEK293 cell line, all the proteins incorporated into VLPs, except for the HIV-
derived proteins, have a human origin. Therefore, they can be immunogenic 
when injected into mice. 
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Table 15.  IgG subclasses of anti-Gag and anti-Min humoral responses in the  
 heterologous regimen 

DDVV
Anti-Gag response Anti-Min response

IgG1 IgG2b IgG2c IgG3 IgG1 IgG2b IgG2c IgG3

Gag

0.01 0.10 0.01 0.03 0.00 0.00 0.28 0.00

1.67 1.70 2.00 0.00 0.00 0.00 0.00 0.17

0.88 1.00 1.82 0.06 0.00 0.00 0.00 0.00

0.07 1.62 2.01 0.03 0.00 0.00 0.23 0.00

1.36 2.15 2.16 0.34 0.00 0.00 0.00 0.00

0.97 0.68 1.68 0.21 0.00 0.01 0.00 0.28

0.00 0.62 1.34 0.05 0.00 0.00 0.42 0.00

0.14 1.71 1.81 0.00 0.00 0.00 0.07 0.00

1.40 1.33 1.50 0.01 0.00 0.03 0.06 0.00

0.44 1.22 1.76 0.02 0.00 0.00 0.01 0.00

MinGag

0.07 1.99 2.21 0.69 0.00 1.66 2.05 0.00

1.13 1.27 1.78 0.00 0.05 1.18 0.90 0.06

0.08 0.00 0.41 0.01 0.00 0.07 0.78 0.00

1.24 1.24 1.57 0.16 0.11 0.08 1.90 0.33

1.14 1.52 1.78 0.38 0.02 0.43 0.90 0.00

2.04 1.62 1.96 0.37 0.10 0.10 1.90 0.35

0.32 0.85 1.62 0.18 0.00 1.25 2.03 0.23

0.57 0.76 1.56 0.10 1.71 0.37 0.53 2.12

0.05 0.94 1.93 0.06 0.08 1.44 1.74 0.02

0.13 1.28 1.83 0.20 1.79 0.36 1.81 0.18

Min(RA)Gag

0.75 1.47 2.19 0.05 0.49 2.18 1.86 0.21

0.00 0.68 1.85 0.00 0.05 0.04 0.29 0.00

1.89 1.54 1.57 0.24 0.07 0.29 1.57 0.41

0.01 0.66 1.84 0.01 0.03 0.91 1.83 0.00

1.67 1.37 1.69 0.06 0.06 2.11 2.04 0.04

0.47 0.60 1.78 0.28 0.00 2.01 1.92 0.07

0.06 0.92 1.61 0.04 0.45 0.01 1.12 1.25

0.00 0.42 0.84 0.15 0.07 0.00 0.50 0.06

1.62 1.09 1.68 0.23 0.07 0.16 0.24 0.05

0.60 1.13 1.84 0.02 1.13 0.04 2.06 0.28

PBS

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.02 0.03 0.00 0.00 0.00 0.00

0.36 0.00 0.03 0.00 0.00 0.00 0.00 0.03

0.00 0.00 0.04 0.00 0.03 0.03 0.00 0.47

 OD values are indicated.
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Table 16.  IgG subclasses of anti-Gag and anti-Min humoral responses in the  
 homologous regimen

VVVV
Anti-Gag response Anti-Min response

IgG1 IgG2b IgG2c IgG3 IgG1 IgG2b IgG2c IgG3

Gag

0.27 0.00 0.12 0.01 0.00 0.00 0.00 0.00

0.99 0.96 0.62 0.07 0.00 0.00 0.00 0.00

0.03 0.00 0.02 0.00 0.00 0.00 0.00 0.00

0.88 0.14 0.29 0.02 0.00 0.01 0.00 0.00

0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.00

0.08 0.24 0.73 0.00 0.15 0.01 0.00 0.00

0.23 0.97 1.58 0.01 0.00 0.05 0.00 0.00

0.54 2.55 2.11 0.21 0.00 0.06 0.00 0.00

0.13 1.82 1.20 0.04 0.00 0.00 0.00 0.00

0.09 0.34 0.02 0.01 0.00 0.00 0.00 0.00

MinGag

0.08 0.00 0.02 0.01 0.72 0.28 0.00 0.03

0.29 0.00 0.47 0.07 2.19 0.15 1.19 1.91

0.14 0.00 0.74 0.04 0.74 1.15 3.10 0.14

1.21 0.08 0.06 0.03 0.00 0.25 1.68 0.01

0.36 0.07 0.44 0.01 0.31 0.02 0.92 0.11

0.06 0.01 0.02 0.00 0.00 0.17 1.97 0.01

0.09 0.21 0.10 0.06 2.06 0.14 1.94 1.05

0.31 0.80 0.78 0.00 1.17 0.77 2.86 0.03

0.69 0.00 0.02 0.00 0.37 1.38 0.98 0.73

0.68 0.23 0.06 0.06 0.00 0.11 2.38 0.04

Min(RA)Gag

0.55 0.30 0.63 0.05 0.00 0.01 2.34 0.06

0.03 0.37 0.43 1.09 1.07 0.08 2.67 1.15

1.25 0.00 0.34 0.00 0.67 0.14 1.02 0.45

0.17 0.09 0.00 0.00 0.40 0.00 1.70 0.00

0.28 0.04 0.00 0.00 2.05 0.01 2.03 0.29

3.44 0.74 2.43 0.05 0.31 1.23 2.72 0.12

1.00 0.77 1.00 0.02 2.35 1.69 2.12 0.73

0.01 0.09 0.46 0.01 2.36 0.16 2.36 0.01

0.00 0.00 0.31 0.02 0.00 0.08 2.06 0.03

0.73 0.82 0.58 0.08 0.01 1.89 2.50 0.03

PBS

0.00 0.04 0.09 0.00 0.12 0.01 0.00 0.00

0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00

0.00 0.02 0.02 0.03 0.00 0.00 0.00 0.00

0.00 0.01 0.02 0.17 0.00 0.05 0.00 0.00

 OD values are indicated.



RESULTS

127

To identify anti-human specific humoral immune responses, serum from 
vaccinated mice was incubated with untransfected Expi293F cells and mouse 
antibody binding to these cells was analysed by Flow Cytometry with an  
anti-mouse fluorochrome-conjugated secondary antibody. This analysis dem-
onstrated how the immune system was indeed reacting to human proteins 
present in the VLPs and how antibody titres elicited against these proteins in-
creased after each immunisation (Figure 31). It is worth mentioning that anti-
body titres against human proteins in the VVVV regimen increased after each 
VLP immunisation, except for the last dose, where antibody titres did not fur-
ther increase. As expected, in the DDVV regimen, a delay in the elicitation of 
anti-human humoral responses was detected, since the first two doses were 
DNA-based and VLPs were produced in vivo in the muscle cells of electropo-
rated mice. At week 12, we found significant differences between the homolo-
gous and heterologous regimens in MinGag-VLP vaccinated animals (p=0.0034) 
and Min(RA)Gag-VLPs vaccinated animals (p=0.05).

These results could help to explain why anti-Gag and anti-Min humoral 
responses in the VVVV regimen reached a plateau after the first dose, since lat-
er doses were mainly boosting humoral responses against human proteins in-
stead. 

Figure 31. Humoral immune response against Expi293F host cell proteins. The binding to 
Expi293F cells of IgGs present in mice immunised with Gag-VLPs (n=10), MinGag-VLPs (n=10), 
Min(RA)Gag-VLPs (n=10), pVAX1/PBS control (n=4) or PBS control (n=4) using a homologous 
VLP regimen (VVVV; dashed lines) or a heterologous DNA/VLP regimen (DDVV; solid lines), was 
analysed by FACS. Data presented as geometrical Mean Fluorescence Intensity (Geo-MFI)±SD. 
Statistical differences at week 12 were found between MinGag VVVV vs. MinGag DDVV 
(**p=0.0034) and Min(RA)Gag VVVV vs. Min(RA)Gag DDVV (*p=0.05) using a Kruskal-Wallis 
with Dunn’s comparison test.
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6.5. Evaluation of antiviral functions of anti-Min antibodies

Antibody functions are diverse and range from direct neutralisation of patho-
gens to effector functions activated through the Fc domain of antibodies. Such 
effector functions are ADCC, ADCP, ADNP, opsonisation and complement 
activation, and they can play a major role in the protection against infectious 
agents, favouring the clearance of the infection (Lu et al., 2018). 

Neutralising antibodies are those that after binding to the virus are able to 
block the infection of the target cells. Therefore, elicitation of neutralising anti-
bodies is the primary objective of most vaccine strategies, but in the case of 
HIV-1, is the hardest one to achieve. In our VLP strategy, MinGag-VLPs and 
Min(RA)Gag-VLPs were not capable of inducing a neutralisation response 
against a panel of 3 subtype B pseudoviruses, independently of the vaccination 
regimen used (Figure 32). No MPER-specific neutralising responses were de-
tected using 7312A/C1, an HIV-2 Env chimeric pseudovirus in which the 
MPER domain was substituted by the HIV-1 subtype B MPER. This chimeric 
pseudovirus allows for the identification of anti-MPER specific neutralising an-
tibodies.

Besides direct neutralisation, IgGs can bind to cell surface Fc Receptors via 
the Fc domain. Upon antigen recognition, cross-linking of multiple Fc recep-

Figure 32. In vitro neutralisation assay of VLP-induced immune responses against a panel 
of 5 subtype B HIV-1 pseudoviruses. Serum samples from C57Bl/6JOlaHsd mice vaccinated 
with Gag-VLP (n=10), MinGag-VLP (n=10), Min(RA)Gag-VLP (n=10) or PBS control (n=4) were 
tested against a panel of 3 subtype B pseudoviruses and an HIV-2/HIV-1 subtype B MPER 
(7312A/C1) and its HIV-2 control (7312A). Data represented as mean±SD. A) C57Bl/6JOlaHsd 
mice vaccinated with a heterologous DNA/VLP regimen (DDVV). B) C57Bl/6JOlaHsd mice 
vaccinated with a homologous VLP regimen (VVVV). No significant differences were found 
between groups using a Kruskal-Wallis test. 
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tors on the surface of innate immune cells, such as phagocytes, NK cells or mast 
cells, can trigger downstream signalling pathways that activate them to promote 
antibody-mediated responses. Human CD16 (FcγRIII) is one of these receptors 
that bind to IgG1 antibodies that have engaged their target antigen and signals 
NK cells to degranulate, therefore inducing ADCC against the targeted cells 
(Watzl and Long, 2010). The murine equivalent to human CD16 is the mouse 
CD16-2 (mFcγRIV), which can promote ADCC upon binding of IgG2a/IgG2c 
and IgG2b antibodies. Since IgG2c was the main isotype induced against Min 
by MinGag-VLP and Min(RA)Gag-VLP vaccination, binding to CD16-2 of 
VLP-induced anti-Min antibodies in mouse sera was analysed by ELISA. The 
results showed that anti-Min antibodies induced by MinGag-VLPs (DDVV 
regimen) significantly bound to CD16-2 (Figure 33A), compared to the Gag-
VLP and the PBS controls (p<0.001 and p<0.01, respectively). Similar results 
were observed for Min(RA)Gag-VLP induced anti-Min antibodies (p<0.05). 
In contrast, in the VVVV regimen, induced antibodies only showed a higher 
tendency to bind to CD16-2, without achieving statistically significant dif-
ferences between groups (Figure 33B), probably due to the fact that titres of 
anti-Min antibodies were lower in the homologous than in the heterologous 
regimens.

Figure 33. Binding of Min-specific VLP-induced IgG in serum to mFcγRIV (CD16-2). Data 
represented as mean±SD of relative binding, this being the absorbance values of each serum 
sample against Gp41-MinTT referred to its absorbance against BSA. A) Serum samples from 
Gag-VLP (n=10), MinGag-VLP (n=10), Min(RA)Gag-VLP (n=9) and pVAX1/PBS control (n=4) 
vaccinated animals with an heterologous DNA/VLP regimen. B) Serum samples from Gag-VLP 
(n=10), MinGag-VLP (n=8), Min(RA)Gag-VLP (n=7) and pVAX1/PBS control (n=3) vaccinated 
animals with an homologous VLP regimen. Significant differences were found in the DDVV 
regimen between MinGag-VLP and Min(RA)Gag-VLP vaccinated animals and the controls 
(*p≤0.05, **p≤0.01, ***p≤0.001, Kruskal-Wallis test). 
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Even though binding to a recombinant CD16-2 receptor is not direct proof 
that an antibody can promote ADCC functions, these results suggest that VLP-
induced anti-Min antibodies could potentially mediate protective effector func-
tions in vivo. 

6.6. Characterisation of cellular responses in splenocytes

Cellular immune responses are relevant not only for direct antiviral control of 
infected cells by CD8+ Tc lymphocytes, but also CD4+ Th cells play a crucial 
role in the activation of B cells and antibody affinity maturation in the germinal 
centres. 

To identify IFN-γ-producing CD8+ cellular responses, the splenocytes from 
VLP-vaccinated animals (with both homologous and heterologous regimens) 
were stimulated in vitro with a pool of 20 overlapping Gag 15-mer peptides, a 
pool of 12 18-mer Min peptides and the MPER peptide. Although no significant 
differences were found between groups, cellular immune responses were main-
ly generated against Gag (Figure 34). As expected, no cellular responses were 

Figure 34. Cellular immune responses against Gag, Min and MPER. Splenocytes from 
C57Bl/6JOlaHsd mice immunised with Gag-VLPs, MinGag-VLPs, Min(RA)Gag-VLPs or PBS were 
stimulated in vitro with two pools of peptides covering Gag and Min proteins, and with an MPER 
peptide. Unstimulated splenocytes were used as a negative control (C-) and Concanavalin A 
(ConA) was used as a positive control. IFN-γ-producing T cells were detected by ELISpot. Data 
represented as mean±SD. A) Splenocytes from mice immunised by a heterologous DNA/VLP 
regimen of Gag-VLPs (n=8), MinGag-VLPs (n=4), Min(RA)Gag-VLPs (n=3). B) Splenocytes  
from mice immunised by a homologous VLP regimen of Gag-VLPs (n=7), MinGag-VLPs (n=7), 
Min(RA)Gag-VLPs (n=2). No significant differences were found between groups using a  
Kruskal-Wallis test. 
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elicited against the MPER and a modest response was elicited against Min in 
Min(RA)Gag-VLP immunised animals with the heterologous regimen (Fig-
ure 34A). Broadly speaking, the heterologous DDVV regimen displayed a trend 
for inducing superior cellular responses than the homologous regimen. 

Altogether, considering the magnitude of the humoral immune response, 
the IgG subclass profile and the linear epitopes targeted by the vaccine-induced 
antibodies, the heterologous DDVV vaccination regimen induced a better im-
mune response profile than the homologous VVVV vaccination regimen. Fur-
thermore, the heterologous DDVV vaccination regimen also induced antibod-
ies that had a better binding to CD16-2, while cellular responses were also 
superior.
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SECTION 3:  DEVELOPMENT OF AN IN VIVO EXPERIMENTAL MODEL TO 
IDENTIFY ANTIBODY-MEDIATED PROTECTION

Fusion-protein MinGag-VLPs demonstrated being capable of inducing potent 
humoral immune responses against the antigen displayed at the surface of VLPs 
and Gag. Moreover, anti-Min antibodies bind CD16-2, suggesting that these an-
tibodies could mediate Fc-related functions beyond direct neutralisation. Since 
wild-type mice cannot get infected with HIV-1, an indirect method to assess those 
functions in vivo was developed. In this method, a melanoma tumour cell line was 
engineered to express Min at its surface and was inoculated into VLP-vaccinated 
animals to identify whether they were capable of halting tumour progression. 

7.  Generation of a Min-expressing melanoma (B16F10) cell line

B16F10 cells are a melanoma cell line isolated from C57Bl/6 mice. B16F10 is a 
well-established cell line for the evaluation of immunotherapies and different 
treatments against melanoma. They are characterised for being poorly immuno-
genic and resistant to the effect of T cell responses. In this case, stably transfected 
Min-expressing cells were used to functionally evaluate VLP-induced humoral 
responses. 

B16F10 cells were transfected with a linearised pcDNA3.1-min(tm) plas-
mid, to express the Min protein with the transmembrane domain, but not Gag. 
Cells were selected with geneticin for 8 days (Figure 35A). After that, Min  
expression in transfected cells was characterised by 2F5 staining and analysed  
by flow cytometry (Figure 35B). 2F5-positive cells were single-cell sorted and 
further cultured with geneticin. Once the sorted cells started dividing, geneticin 
was removed and loss of Min expression in single clones was analysed (Figure 
35B, right panel). Among the clones that did not display loss of Min expression, 
long-term culture without antibiotic was performed to analyse the stability of 
Min at the surface of B16F10 cells (Figure 35C). Despite a slight decrease in the 
initial weeks, Min expression in the sorted and antibiotic-selected B16F10Min 
clone was stable and well above the positivity threshold for at least two months 
in absence of the antibiotic.

8.  In vivo results of tumour progression and tumour-free 
survival

C57Bl/6JOlaHsd mice were vaccinated with two doses (0.1 µg/dose of unadju-
vanted VLPs) of Gag-VLPs or Min(RA)Gag-VLPs. Two weeks after the last 
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immunisation, vaccinated mice were inoculated with 100,000 B16F10Min cells 
and were monitored for 80 days after tumour inoculation. All animals injected 
with PBS instead of VLPs showed a rapid progression of the tumour, which was 
detectable as soon as 9 days after tumour-inoculation (Figure 36A). Tumour 
growth in VLP vaccinated animals was delayed compared to PBS animals, and 
it started being measurable for both Gag-VLP and Min(RA)Gag-VLP vaccinat-
ed animals 15-20 days after tumour inoculation. Tumour progression in Min(RA)
Gag-VLP vaccinated animals did not start differing from Gag-VLP animals un-
til one month after tumour inoculation. No further tumour growth was detect-
ed in any animal after day 50 post-tumour inoculation (data not shown).

Tumour-free survival results in B16F10Min-inoculated mice were similar to 
the tumour progression results, since the main criterion for a humane endpoint 
was reaching a tumour size bigger than 1,000 mm3 and hence all animals were 
euthanised according to this criterion. All PBS vaccinated animals had been eu-
thanised by day 30 post-tumour inoculation (Figure 36B) and 6 out of 9 Gag-
VLP vaccinated mice were euthanised between days 30 and 50 post-tumour 
inoculation. In the Min(RA)Gag-VLP vaccinated group, only 1 animal out of 8 
had to be euthanised. Protection against B16F10Min progression was statistical-
ly significant in Min(RA)Gag-VLP vaccinated animals compared to Gag-VLP 
vaccinated mice (p=0.0414), successfully demonstrating that the immune re-

Figure 35. Development of a melanoma B16F10 cell line that stably expresses Min at  
the cell surface. A) Pipeline for the development of B16F10Min cells. B) Histograms showing  
2F5-staining of B16F10 (grey) and B16F10Min cells (blue) before sorting (left histogram) and 
B16F10 (grey) and a single-sorted B16F10Min clone (blue) that expresses Min in absence of 
antibiotic (right). C) Stability of Min at the surface of a single cell sorted B16F10Min clone in 
absence of eukaryotic selection antibiotic (geneticin). Data represented as geometrical mean 
fluorescence intensity (GeoMFI). Dotted line shows the positivity threshold determined by  
staining wild-type B16F10 cells. 
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sponse elicited by Min(RA)Gag-VLP vaccination was capable of mediating 
protective immunity. 

9. Characterisation of the immune response

Humoral and cellular immune responses elicited by vaccination with two dos-
es of purified Gag-VLPs and Min(RA)Gag-VLPs were characterised in all the 
vaccinated and B16F10Min inoculated mice, in order to identify which ele-
ments could be contributing to the protection against B16F10Min progres-
sion. 

Quantification of VLP-induced anti-Gag and anti-Min antibody concen-
tration in mouse sera demonstrated how the second VLP dose had no major 
effect in the Min(RA)Gag-VLP vaccinated animals (Figure 37A & 37B), while 
in the Gag-VLP vaccinated group better anti-Gag antibody responses were 
observed after the second dose (Figure 37A). These results corresponded 
with the previous results in the VVVV regimen (Figure 28). Furthermore, 
B16F10Min inoculation at week 5 did not result in an anti-Min antibody 
boosting (Figure 37B), probably due to the poor immunogenicity that B16F10 
cells display. 

Figure 36. B16F10Min tumour progression in VLP-vaccinated and tumour-inoculated 
animals. A) Mean Tumour growth calculated as 0.52 × length × width2 in Gag-VLP (n=9), Min(RA)
Gag-VLP (n=8) and PBS controls (n=3) vaccinated and B16F10Min-innoculated C57Bl/6JOlaHsd 
mice. From day 50 until day 80 post-tumour injection no further growth was detected. Animals 
reached a humane endpoint once tumour size was bigger than 1,000 mm3. B) Kaplan-Meier  
curve and tumour-free survival of VLP-vaccinated mice. Significance was detected between  
Gag-VLP and Min(RA)Gag-VLP groups with a Kruskal-Wallis test (*p=0.0414).
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Binding to B16F10Min cells by VLP-induced anti-Min antibodies was ana-
lysed by flow cytometry. As expected, only mice vaccinated with Min(RA)Gag-
VLPs displayed binding to B16F10Min (Figure 37C) compared to Gag-VLP 
vaccinated animals (p<0.01) and PBS animals (p<0.01), demonstrating that pro-
tection of Min(RA)Gag-VLP vaccinated animals could be associated with the 
humoral anti-Min response against B16F10Min cells. 

Figure 37. Immune response profiling of VLP-vaccinated and tumour-inoculated 
C57Bl/6JOlaHsd mice. Mice were vaccinated with 2 doses of purified Gag-VLPs (n=9), Min(RA)
Gag-VLPs (n=8) and PBS (n=3) at weeks 0 and 3 and inoculated with 100,000 B16F10Min cells 
per animal at week 5. A) Anti-Gag humoral response follow-up determined by ELISA. B) Anti-Min 
humoral response follow-up determined by ELISA. C) Binding to B16F10Min cells of antibodies 
induced by VLP-vaccination in serum. D50 mAb was used as a positive control. Data represented 
as mean±SD of relative MFI of each serum sample against B16F10Min cells referred to their 
respective B16F10 control. Significant differences were found in the Min(RA)Gag-VLP vaccinated 
animals and the controls (*p≤0.05, **p≤0.01, Kruskal-Wallis test). D) Humoral response against 
Expi293F VLP-producing cells’ host proteins determined by Flow Cytometry. Data presented as 
Geometrical Mean Fluorescence Intensity (Geo-MFI)±SD.

C
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Elicitation of antibodies against human proteins derived from VLP-producing 
cells was analysed by staining and analysis by flow cytometry of Expi293F cells. 
Both Gag-VLP and Min(RA)Gag-VLP vaccinated groups had antibodies against 
human Expi293F proteins and the mean between both groups was similar (Fig-
ure 37D), further demonstrating that VLP normalisation before vaccination was 
well performed between Gag-VLPs and Min(RA)Gag-VLPs.

IgG subclasses of anti-Gag and anti-Min antibodies of vaccinated and tu-
mour-inoculated animals (Table 17) also matched with those previously described 
in section 6.3 (Tables 15 and 16). The results showed that Gag-VLPs induced a 
heterogeneous IgG response, encompassing mainly IgG1, IgG2b and IgG2c, 
while IgG2c dominate the response induce by Min(RA)Gag-VLPs (Table 17). 

Table 17.  IgG subclasses of anti-Gag and anti-Min humoral responses in the  
 vaccinated and tumour inoculated C57Bl/6JOlaHsd mice at the endpoint

 

Anti-Gag antibodies Anti-Min antibodies

IgG1 IgG2b IgG2c IgG3 IgG1 IgG2b IgG2c IgG3

Gag

0.15 0.07 0.18 0.12 0.01 0.05 0.00 0.00

0.00 0.00 0.00 0.04 0.00 0.06 0.00 0.00

0.00 0.00 0.14 0.00 0.00 0.01 0.01 0.06

0.22 0.00 0.11 0.00 0.00 0.09 0.09 0.00

0.00 0.00 0.28 0.35 0.10 0.10 0.00 0.00

0.04 0.00 0.10 0.04 0.05 0.45 0.12 0.00

0.07 0.00 0.16 0.26 0.42 0.05 0.06 0.00

0.39 0.08 0.25 0.47 0.00 0.02 0.01 0.00

0.04 0.05 0.08 0.04 0.11 0.31 0.17 0.13

Min(RA)Gag

0.63 0.77 0.21 0.47 1.63 2.09 2.00 0.08

0.21 0.00 0.00 0.00 0.05 0.24 0.75 0.00

0.25 0.11 0.00 0.00 0.53 0.27 2.26 2.03

1.27 0.00 0.59 0.00 0.09 0.45 1.08 0.12

0.02 1.22 1.49 0.01 0.12 1.36 2.28 0.51

1.04 1.25 0.58 0.05 0.24 1.34 2.33 0.22

0.09 0.17 0.18 0.00 0.43 2.12 2.12 0.24

0.14 1.01 0.51 0.00 0.00 1.36 2.05 0.22

1.16 0.17 0.58 0.10 1.87 1.10 2.43 1.58

PBS

0.00 0.03 0.07 0.00 0.00 0.00 0.00 0.00

0.00 0.05 0.02 0.00 0.00 0.13 0.00 0.00

0.02 0.09 0.04 0.03 0.2 0.57 0.56 0.6

 OD values are indicated.
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Functional characterisation of VLP-induced antibodies demonstrated no 
capacity to mediate neutralisation against a subtype B tier1B Env (Bal.01) in an 
in vitro pseudovirus neutralisation assay (Figure 38A). However, anti-Min anti-
bodies elicited by Min(RA)Gag-VLP vaccination could effectively bind mouse 
CD16-2 receptor (Figure 38B) compared to Gag-VLP induced humoral respons-
es (p≤0.05), suggesting their ability to potentially induce antibody-dependent 
effector functions, such as ADCC. 

Finally, T cell response was determined by ELISpot using splenocytes from 
C57Bl/6 animals immunised with VLPs and inoculated with B16F10Min cells. 
No significant IFN-γ-secreting T cells above the threshold (50 SFU/1,000,000 
cells) were detected in any group and against any of the stimulating peptides: 
Gag, Min and MPER (Figure 39). This absence of cellular responses compared 
to the previous results of cellular responses in the DDVV and VVVV regimens 
(Figure 34) could be attributed to the fact that here animals received only two 
immunisations. Additionally, animals were euthanised between 30 and 110 days 
after the last immunisation, whereas in the DDVV and VVVV immunisations, 
all animals were euthanised 20 days after the last immunisation.

Altogether, these results showed that Min(RA)Gag-VLP elicited an immune 
response capable of mediating a specific protective effect in an in vivo model 
based on the inoculation of a cell line that stably expressed the Min antigen on 
its surface. This B16F10Min engineered melanoma cell line acted as a surrogate 

Figure 38. Characterisation of functional antibody responses of VLP-induced anti-Min 
antibodies. Immune response profiling of C57Bl/6JOlaHsd Gag-VLP (n=9), Min(RA)Gag-VLP 
(n=8) and PBS (n=3) vaccinated and B16F10Min-inoculated mice. A) In vitro Bal.01 pseudovirus 
neutralisation with mouse sera collected at the endpoint. B) Relative binding to CD16-2 of anti-
Min humoral responses referred to a BSA control. Significant differences in CD16-2 binding  
were found in the Min(RA)Gag-VLP compared to Gag-VLP vaccinated animals (*p≤0.05,  
Kruskal-Wallis test).
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of an infected cell expressing viral proteins at its surface, and hence targeted by 
immune responses. The characterisation of the immune response unveiled the 
presence of a non-neutralising anti-Min IgG2c/IgG2b antibodies, which bound 
to B16F10Min cells and the CD16-2 receptor. Interestingly, T cell responses 
were not detected. Therefore, we can hypothesise that protection mediated by 
antibody-dependent effector functions, such as ADCC, could have played a 
key role in this model. 

Figure 39. Cellular immune response against pools of Gag, Min and MPER elicited in 
vaccinated and tumour-inoculated mice. The frequency of antigen-specific (Gag, Min or 
MPER) of IFN-γ-secreting T cells was evaluated in vitro using splenocytes from C57Bl/6JOlaHsd 
immunised with 2 doses of Gag-VLPs (n=9), Min(RA)Gag-VLPs (n=8) and PBS controls (n=3) 
and injected with B16F10Min cells. Data represented as mean±SD. No significant differences 
were found between groups using a Kruskal-Wallis test.
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SECTION 4.  VERSATILITY OF THE VLP PLATFORM TO ACCOMMODATE 
OTHER ANTIGENS

In this last section, after demonstrating that the VLP platform engineered to ex-
press a high-density of antigens at the lipid surface was capable of inducing potent 
humoral responses that could mediate protection in an in vivo model, we went 
back to the design of the VLPs. One of the main advantages of this fusion-protein 
VLP platform was that it could theoretically be easily modified to express new 
immunogens and used both as a DNA vaccine or as VLPs produced and purified 
in vitro. Here, a formal demonstration of this platform’s versatility was carried out. 

10.  Immunogen versatility at the surface of fusion-protein VLPs

Since fusion-protein VLP constructs were designed for rapid pseudotyping at 
the DNA level by genetic engineering with restriction enzymes, the Min do-
main in MinGag was substituted for other immunogens by digestion with KpnI 
and BamHI restrictions enzymes. First, we tried to replace Min with other 
epitopes targeted by bNAbs, such as the V1V2 loop or the Resurfaced Stabilised 
Core 3 (RSC3) protein. The RSC3 contains the constant regions of gp120 and 
result in a protein containing the CD4bs core that was designed to elicit neutral-
ising humoral responses against the CD4bs (Wu et al., 2010). 

The expression of these immunogens at the surface of transfected Expi293F 
cells was analysed by Flow Cytometry using various Env specific bNAbs (b12, 
2G12, PG9, PGT145, 2F5 and 10E8). All fusion-proteins were properly ex-
pressed at the surface of VLP-producing cells and displayed the expected anti-
genicity (Figure 40). In fact, the anti-CD4 binding site (CD4bs) bNAb b12 rec-
ognised the RSC3. PG9, a bNAb that targets the V1V2 N-glycosylation sites, 
weakly recognised the V1V2-expressing construct. A reduced MinGag con-
struct (RedMinGag) was designed by removing the immunodominant HR2 
fragment in MinGag-VLPs. This RedMinGag construct exposed the MPER to 
a lesser extent, as determined by staining with 10E8.

Additionally, more complex immunogens expressing multiple vulnerability 
sites within the same construct were cloned into a fusion-protein pcDNA3.1- 
mingag plasmid. These constructs had two or more vulnerability regions, such 
as the MPER, the CD4bs or the apex. The platform was also tested for its capac-
ity to accommodate a native Env trimer at the surface of VLP-producing cells, 
by cloning at 5’ of Gag a SOSIP trimer based on subtype B41 HIV-1 sequence 
and incorporating the characteristic mutations defined for the generation of sol-
uble-stabilised SOSIP heterotrimers (Sanders et al., 2015; de Taeye et al., 2016; 
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Figure 40. Contour plots of anti-HIV-1 bNAbs’ binding to immunogen-Gag constructs 
expressing one immunogen. VLP-producing cells expressing a single Env-derived HIV-1 
immunogen (Min(RA)Gag, RedMinGag, V1V2-Gag and RSC3-Gag) were extracellularly stained 
with multiple bNAbs (b12, PG9, PGT145 and 10E8) and an APC-conjugated anti-human IgG 
antibody, and intracellularly stained with KC57-PE. 
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Brouwer et al., 2019). The immunogens were properly expressed on the mem-
brane of VLP-producing cells independently of the size of the construct, and all 
of them properly exposed their vulnerability regions, since they were recog-
nised by the correct bNAbs (Figure 41). Compared to constructs that expressed 
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Figure 41. Contour plots of anti-HIV-1 bNAbs’ binding to immunogen-Gag constructs 
expressing multiple immunogens. VLP-producing cells expressing multiple Env-derived HIV-1 
immunogens in the same construct (RSC3-MPER-Gag, RSC3-MPER(V1V2)-MPER-Gag, V1V2-
RSC3-MPER-Gag, Env(ΔHR1)-Gag and Env(SOSIP)-Gag) were extracellularly stained with 
multiple bNAbs (b12, PG9, PGT145 and 10E8) and an APC-conjugated anti-human IgG antibody, 
and intracellularly stained with KC57-PE. 
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a single immunogen (Figure 40), the combination of different vulnerability re-
gions resulted in a better recognition by neutralising antibodies (Figure 41).  
For instance, the V1V2-RSC3-MPER-Gag construct, which had the three im-
munogens one after the other from N-terminus to C-terminus, was among  
the constructs better recognised by b12, PG9 and 10E8. In comparison, RSC3-
MPER-Gag, had a considerably lower recognition by b12 and 10E8 antibodies, 
indicating that their epitopes were less exposed in this immunogen (Table 18). 
RSC3(V1V2)-MPER-Gag, in which the V1V2 was restored at its original loca-
tion, was better recognised by the bNAbs than RSC3-MPER-Gag, but not as 
good as V1V2-RSC3-MPER-Gag. Interestingly, none of these immunogens was 
recognised by the PGT145 bNAb, which targets a quaternary epitope strongly 
dependent on the 3D structure of the protein. In order to incorporate more 
complex epitopes in the platform, the Env(ΔHR1)-Gag and the Env(SOSIP)-
Gag constructs were generated.

Although the binding to PG9 antibody was improved in the Env(ΔHR1)-
Gag construct, only the Env(SOSIP)-Gag construct was recognised by the 

Table 18.  Relative binding of anti-HIV-1 bNAbs to different immunogens presented  
 at the surface of high-density VLP-producing cells and p24 concentration  
 in the supernatant

 

Broadly Neutralising Antibodies (bNAbs)
p24 in 

s/n  
(ng/mL)

CD4bs V3 
(Glycans) V1V2 (apex) MPER

IgGb12 2G12 PG9 PGT145 2F5 10E8

Gag  1.0  1.0 1.0 1.0  1.0  1.0 1,082.7

MinGag  0.9  0.9 0.9 0.9 12.0  4.7   95.7

Min(RA)Gag  1.0  0.9 0.9 0.9 17.7 13.1  110.9

RedMinGag  1.0  1.0 1.0 1.0  4,4  2.3   89.4

V1V2-Gag  1.2  0.9 8.8 1.2  1.2  1.1   85.0

RSC3-Gag 12.4  2.5 0.9 0.9  0.8  0.9  40.2

RSC3-MPER-Gag 12.0  3.0 0.9 1.0 10.7 10.0  58.8

RSC3(V1V2)-MPER-Gag 16.3  8.2 2.1 0.9 17.3 12.6  92.0

V1V2-RSC3-MPER-Gag 21.5 16.6 3.6 0.9 25.1 18.5 141.7

Env(ΔHR1)-Gag 16.6 11.6 4.9 1.0  2.0  9.2  31.0

Env(SOSIP)-Gag 11.1 12.0 5.3 6.7  1.7  7.9  37.2

 CD4bs: CD4 binding site. 
 MPER: Membrane Proximal External Region
 s/n: supernatant
 RSC3: Resurface Stabilized Core 3
 Env: Envelope glycoprotein
 SOSIP: soluble stabilised gp140 with I559P
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PGT145 bNAb, further demonstrating that this B41 SOSIP was generating na-
tive-like trimers, while the other molecules were not able to do so (Figure 41 & 
Table 18). 

Finally, all conditions resulted in a similar p24 amount in the supernatant, 
suggesting that VLPs were released to the supernatant of transiently transfected 
Expi293F VLP-producing cells (Table 18). 
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For the last 40 years, HIV-1 vaccine research has been approached from differ-
ent perspectives: trying to elicit bNAbs, inducing potent effector T cells, or 
stimulating balanced humoral and cellular immune responses. To induce this 
long-sought protective immunity against HIV-1, many platforms and immuno-
gens have been tested (Lopez Angel and Tomaras, 2020). However, the virus’ 
diverse evasion mechanisms have hindered the success of most vaccine strate-
gies. The virus can evade immune responses induced during natural infection 
and/or vaccination by concealing neutralizable functional epitopes within a 
dense glycan shield, by diverting the humoral response towards highly immu-
nogenic non-neutralizable epitopes and/or by escaping effective humoral and 
cellular responses through new mutations (Mouquet, 2014; Olvera et al., 2020). 
These enhanced evasion mechanisms displayed by HIV-1 have led to the dis-
couraging fact that most of the efficacy clinical trials performed to date were 
stopped due to futility or counterproductive effects (Esparza, 2013). 

Despite these unfruitful results, a deeper understanding of the virus and a 
thorough analysis of the immune correlates of protection in animal models and 
clinical trials, like the RV144 (Rerks-Ngarm et al., 2006), has led to the develop-
ment of new vaccine prototypes and strategies generated by rational vaccine 
design that will hopefully retrieve positive results (Burton, 2019; Thalhauser et 
al., 2020). Currently, there is a consensus that the ideal HIV-1 vaccine should be 
capable of inducing balanced humoral and cellular responses with antibodies 
that could recognise most of the HIV-1 circulating strains and mediate a bNAb-
like effect and/or other effector functions, together with a potent cellular re-
sponse (Esparza, 2013). Cellular responses would help to boost antibody pro-
duction and promote affinity maturation (CD4+ Th), and also to rapidly clear 
infected cells before the virus could establish a latent reservoir (CD8+ Tc). 

Previous studies identified that anti-HIV-1 cellular responses are most ef-
fective when targeting Gag, Pol and Nef, while humoral responses block the 
virus and trigger effector responses when targeting Env (Koup and Douek, 
2011). That is why most strategies currently facing clinical trials include both 
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Gag and Env (Table 2). A good synergism between these responses will lead to 
superior protection. Furthermore, the combination of different vaccine formu-
lations can also better elicit different arms of the immune response, as recently 
demonstrated with the Combivac trial for SARS-CoV-2 (Borobia et al., 2021; 
Normark et al., 2021). On the one hand, nucleic acid vaccines are considered to 
be particularly fit to trigger cellular responses, since they will enter the target 
cell and produce the encoding protein while also present fragments of this pro-
tein through MHC-I molecules (Chea and Amara, 2017). On the other hand, 
subunit proteins and immunogens presented through multivalent platforms will 
directly stimulate APCs and B cells to promote an efficient generation of hu-
moral responses (Jardine et al., 2016). 

The presentation of antigens at the surface of multivalent platforms, such as 
VLPs, notably boosts their immunogenicity (Thalhauser et al., 2020). HIV-1 
Gag-based VLPs are enveloped particles that mimic the structure of immature 
HIV-1 virions but are non-infectious and non-replicative, hence they are a good 
vaccine platform to induce potent immune responses by vaccination (Cervera et 
al., 2019). HIV-1 enveloped VLPs are an especially attractive vaccine platform 
since they can accommodate Env proteins at their surface while containing Gag 
at their core, thus triggering a balanced adaptive immune response. However, a 
downside of this platform is that, since they mimic immature virions, they poor-
ly incorporate Env-derived immunogens at their surface (Klein and Bjorkman, 
2010). That is why many efforts have been invested in increasing antigen density 
at their surface (Deml et al., 1997; Wang et al., 2007; Vzorov et al., 2016; Chapman 
et al., 2020). Some groups have tried to incorporate mutations or to substitute 
the cytoplasmic tail of Env to achieve higher densities (Ingale et al., 2016; Stano 
et al., 2017). In this sense, our group devised a strategy to achieve even higher 
densities of antigen at the VLP surface by fusing Env-derived HIV-1 immuno-
gens to Gag through a transmembrane domain and a linker. This process would 
lead to the incorporation of as many immunogens as Gag molecules are needed 
to assemble a VLP, which approximately is 2,500 molecules per particle (Lavado-
García et al., 2021). 

To test our high-density fusion-protein VLP, we used a gp41-derived mini-
protein (“Min”), that contained —from N- to C-terminus— a fragment of the 
HR2 domain, the MPER and the gp41 transmembrane domain. The C-terminus 
of Min and the N-terminus of Gag were fused by a short and flexible GGGS 
linker. After the screening of several gp41-derived proteins, the Min protein was 
selected because it showed a better exposure of the MPER on the surface of 
Min-expressing cells. MPER is a highly conserved functional epitope targeted 
by several bNAbs (2F5, 4E10 and 10E8). These bNAbs have efficiently protect-
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ed NHP from SHIV infection (Pegu et al., 2014). The presentation of the MPER 
can be favoured by its incorporation on a lipid membrane (Molinos-Albert et 
al., 2017a). Molinos-Albert et al. previously reported that presenting Min at the 
surface of proteoliposomes elicited non-neutralising 2F5-like responses, which 
were stronger when they contained a complex membrane with lipids overrepre-
sented in the membrane of HIV-1 virions, such as cholesterol and MPLA.

The MinGag fusion protein was designed with a signal peptide to favour its 
expression on the surface of the cells. The protein is synthetised at the endoplas-
mic reticulum. The whole protein would then migrate through Golgi to the 
membrane where Gag budding and VLP release would occur. This process is 
slightly more complex than Gag-VLP formation, which is produced directly in 
the cytosol where it migrates to the membrane. That could have explained the 
lower yields of MinGag-VLPs in the supernatant compared to Gag-VLPs. Still, 
the presence of Min at the surface of mingag-transfected cells confirmed that 
Min reached the plasma membrane as expected, whereas Gag was detected when 
performing intracellular staining. Other cell-derived elements were actively or 
passively incorporated into the VLPs during their production. Some of these 
elements were cytoskeleton and EV-associated proteins, being Hsp90 and 
Hsp70 complexes the most abundant ones. These proteins are associated with 
protein folding in the endoplasmic reticulum and are EV-markers, further sug-
gesting that our protein was being produced as expected and was assembling 
into particulated VLPs. Furthermore, their production is associated with ER-
stress and have been described to recruit immune cells (Asea et al., 2000).

Our fusion protein MinGag construct assembled into VLPs and the MinGag 
protein was stable since we did not detect truncations in the supernatant. 
Although we did not provide direct proof that Min was expressed at a high 
density on the surface of MinGag-VLPs, the detection of Min on the surface of 
VLP-producing cells and the absence of truncations suggested that high-densi-
ty antigen-displaying VLPs were being properly released. Immunogold stain-
ing electron microscopy on MinGag-VLPs using an anti-MPER conjugated 
antibody would provide the ultimate proof that our VLPs harbour a high den-
sity of antigens on their surface. Interestingly, MinGag-VLPs were half the size 
of Gag-VLPs, probably caused by the different production pathways that each 
VLP followed, or also due to the high accumulation of Min on the membrane 
surface. 

Gag-VLPs and MinGag-VLPs were produced in SF and ADCF medium 
and purified from cell culture through methods commonly used in the industry. 
This is an important point that may speed up the escalation to industrial pro-
duction. The gold standard technique for the purification of viral particles on a 
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laboratory scale is sucrose-cushion UC, which separates particles according to 
physical properties, mainly density. However, this method is hardly scalable. 
Also, VLP-producing cells released EVs that had a similar size to our VLPs, and 
these EV contaminants were not efficiently removed by UC. To overcome this 
limitation, we developed a VLP purification protocol that consisted of a three-
step purification: i) clarification by centrifugation; ii) intermediate purification 
step by TFF, and iii) capture by LCC and AEX. This protocol allowed for the 
successful separation of VLPs from EVs, as previously reported by other groups 
(Steppert et al., 2016). Our optimised, chromatography-based purification pro-
tocol further benefited from the combination of AEX with a previous LCC step 
[a hybrid technique between SEC and AEX (Weigel et al., 2014)]. Noteworthily, 
MinGag-VLP purity levels were 10-fold higher with our optimised protocol 
compared to the gold-standard UC. Still, the advantage of our strategy was that 
a high purity was achieved with a technique that was based on the VLP inherent 
properties (electric charge), and hence, modifying the immunogen would not 
demand the modification of the whole protocol. Gag-VLPs and MinGag-VLPs 
achieved similar purity ratios with the combination of TFF + LCC + AEX, al-
though the recovery was considerably low, meaning that there is still room for 
improvement. As a case in point, AEX columns could be replaced by mono-
liths, which have demonstrated better recoveries (Pereira Aguilar et al., 2019). 
In addition, affinity strategies could be further pursued to achieve even higher 
purity yields (Reiter et al., 2019). Still, our protocol allowed for the isolation of 
highly pure and homogeneous VLPs, enabling us to proceed to in vivo immu-
nogenicity testing. 

Antigen presentation on the VLP surface was optimised by the generation 
of Min variants containing different transmembrane and linker domains. Many 
groups have extensively reported how modifications in the cytoplasmic domain 
can modulate the extracellular antigenicity of Env (Postler and Desrosiers, 2013; 
Vzorov et al., 2016). Therefore, we evaluated whether modifying the flexibility 
of the transmembrane and linker domains on the MinGag constructs also re-
sulted in an improved presentation of Min. This was evaluated by extracellular 
staining of the MPER, the main Min region targeted by bNAbs, with the bNAb 
10E8 on cells transfected with mingag constructs containing the different Min 
variants. The bNAb 10E8 was selected owing to its exceptional potency and 
breadth (Huang et al., 2012). Among the four linker variants tested, none of 
them showed enhanced nor worsened antigen presentation. Conversely, among 
the four mingag transmembrane variants tested, two displayed an increase  
in 10E8 binding, while one of them had a worse antigen presentation. The  
construct with decreased antigenicity was min(CD36tm)gag, while the two  
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constructs with improved antigen presentation were the ones that contained the 
human CD44 transmembrane domain —min(CD44tm)gag—, and the gp41 
transmembrane domain with mutation R696A —min(RA)gag. Since 10E8 bNAb 
recognises an MPER epitope embedded within the viral membrane (Molinos-
Albert et al., 2017b), modifications at the transmembrane level can impact the 
MPER exposure in the Min protein. That is the case of the R696A mutation at 
the gp41 transmembrane domain. Arginine 696 has been postulated to play a 
major role during the fusion process, helping Env to transition across different 
conformations that bring the cell and the viral membranes closer (Kim et al., 
2009). Arginine R696 could hinder the binding of the 10E8 bNAb to its epitope 
by embedding MPER deeper within the membrane. Therefore, the disruption 
of this polar amino acid could explain the better exposition of the Min/MPER 
region on the cell surface by min(RA)gag and min(CD44)gag. These results 
confirm that the transmembrane domain can drastically impact the exposure  
of the MPER in our MinGag protein, which was also confirmed using other 
anti-MPER bNAbs, such as 2F5 and 4E10. 

Considering these previous results, we selected two high-density fusion- 
protein VLPs for immunogenicity tests: MinGag-VLPs and Min(RA)Gag-VLPs, 
while Gag-VLPs were used as a nude-VLP control. We chose these two con-
structs to assess whether a better antigen exposition at the VLP surface could 
also result in an enhanced immunogenicity. The rationale for choosing MinGag-
VLPs and Min(RA)Gag-VLPs over the other transmembrane sequence variants 
was that their fusion-protein sequence was entirely derived from the HIV-1 se-
quence, and hence they would be more relevant for the induction of anti-HIV-1 
responses. 

A relevant aspect of our fusion-protein VLP platform is that MinGag-VLPs 
can be produced and purified in vitro, but they can also be delivered as a DNA-
based vaccine. Considering that heterologous DNA/VLP regimens induce a 
more complete immune response (Excler and Kim, 2019), this would allow us 
to vaccinate animal models with the same immunogen but using two different 
strategies, achieving more complete responses. In vivo DNA administration, 
however, faces some issues like the inefficient uptake of plasmid DNA by so-
matic cells. Some strategies can be used to bypass this hurdle, such as in vivo 
DNA electroporation, delivery of DNA encapsulated in a liposome or a cation-
ic polymer (Jorritsma et al., 2016). In vivo DNA electroporation is a convenient 
delivery technique since purified DNA can be directly administered without 
the need for other processing steps like liposomal formulation and encapsula-
tion. Furthermore, naked DNA does not contain any foreign antigen, as viral 
vectors do, hence anti-vector responses do not pose a problem; however, the 
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risk of anti-DNA antibody induction is debated (MacColl et al., 2001). We fur-
ther confirmed that electroporation resulted in a 3-log higher production by 
bioluminescence after administering a luciferase-coding plasmid delivered with 
and without electroporation. Moreover, the expression of luciferase was stably 
maintained for at least three months after electroporation, indicating that DNA 
vaccination has the potential to produce antigen for a long period of time, or at 
least until the immune system completely cleared the antigen. 

Co-electroporation of plasmids coding for luciferase and Min(RA)Gag-
VLPs or luciferase-only provided evidence that, first, luciferase is a highly sta-
ble poorly immunogenic protein, and second, luciferase expression was reduced 
in muscle cells co-electroporated with Min(RA)Gag. The luciferase expression 
fading in cells co-electroporated with Min(RA)Gag could be caused by either 
muscle cell death related to the toxicity of the Min(RA)Gag protein or by  
an immune-mediated cell clearance of Min(RA)Gag. The faster clearance of 
Min(RA)Gag:Luciferase transfected cells after a second electroporation was in-
dicative that the immune system played a major role in this clearance. To fur-
ther support that, we detected anti-Gag and anti-Min antibodies. However, the 
toxicity of Min(RA)Gag could still play a role since these two things were not 
mutually exclusive. This experiment also validated the 3-week interval as the 
optimal period between vaccinations since most of the antigens would have 
been cleared by that time. Even though we demonstrated that electroporation 
of the Min(RA)Gag construct resulted in the elicitation of anti-Gag and  
anti-Min antibodies, we did not provide direct proof that Min(RA)Gag-VLPs 
were being released in vivo, which would be worth exploring. 

MinGag-VLPs and Min(RA)Gag-VLPs demonstrated to be potently im-
munogenic both in a homologous and a heterologous regimen. As previously 
detailed, combination strategies have been described to elicit superior and 
more complete responses (Excler and Kim, 2019; Borobia et al., 2021), and our 
strategy also reproduced these results. The heterologous regimen induced 
1-log higher anti-Gag and anti-Min antibody concentrations in the plasma  
of MinGag-VLP and Min(RA)Gag-VLP vaccinated animals. Interestingly, al-
though no significant differences were found between the anti-Min antibody 
titres induced by MinGag-VLPs and Min(RA)Gag-VLPs independently of 
the vaccination regimen, the latter demonstrated a tendency to induce higher 
anti-Min antibody titres compared to MinGag-VLPs. Despite displaying a 
high heterogeneity, these results are in line with the concept that a better expo-
sure of the Min protein on the surface of transfected cells, and probably on 
VLPs as well, could elicit stronger responses, justifying the use of optimised 
Min(RA)Gag-VLPs. 
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Each VLP administration consisted of 0.1 µg of p24Gag/dose, which is a 
notably low dosage, especially considering that subunit proteins are normally 
administered at a 10-100 µg/dose range and usually adjuvanted (Agwale et al., 
2002). This concentration was also lower compared to other studies in which 
HIV-1 Gag VLPs were injected in mice, where a 2-100 µg/dose was used 
(Buonaguro et al., 2007). Still, this low concentration induced a strong humoral 
immune response even with a single immunisation, reaching antibody concen-
trations in plasma in the order of µg, which were detectable for up to half a year 
after the last immunisation. This finding is remarkable, especially when taking 
into consideration that our fusion-protein VLPs were not adjuvanted. Even if 
fusion-protein VLPs were not adjuvanted, we cannot discard that some compo-
nents contained in our VLPs, such as Hsp70, acted like one (Asea et al., 2000). 
Still, these results lead us to believe that our strategy can be further potentiated 
with adjuvating, or the immune response can be skewed using the right adjuvant 
(as detailed in section 3.6 of the introduction). 

Considering VLP immunisations, it is worth remarking that one VLP dose 
elicited considerable antibody concentrations in the plasma in the homologous 
regimen and notably boosted DNA primed immune responses in the heterolo-
gous regimens. However, subsequent VLP doses did not further increase anti-
body concentrations in neither of the regimens. The absence of anti-Gag and 
anti-Min humoral response increase after the second VLP dose could be a conse-
quence of the humoral immune response elicited against human proteins present 
within the VLP. Since VLPs are produced in Expi293F cells, which derive from 
HEK293 cells, human proteins from the host cell are incorporated in the VLPs, 
as described in results section 4. Contrary to the anti-Gag and anti-Min humoral 
responses, the titre of antibodies targeting Expi293F proteins increased after 
each purified VLP dose. This effect was not observed after DNA immunisation, 
confirming that it was specific to the host proteins present in the purified VLP 
batch. Therefore, the heterologous regimen led to a delay in the elicitation of 
antibodies against human proteins, thus allowing for a better boost of anti-Gag 
and anti-Min antibodies with the first VLP administration. In spite of second 
VLP boosts not leading to a higher antibody concentration, it is still possible that 
they played a role in the maturation of the antibody response and the mainte-
nance of memory B cell reservoirs.

Despite detecting notable humoral responses in mice injected with VLPs, 
cellular responses against Min were barely detected. As expected, no anti-MPER 
T cell responses were detected independently of the vaccination regimen, since 
MPER cannot be efficiently presented by MHC-I molecules in C57Bl/6 mice, 
as other groups reported (Verkoczy et al., 2011, 2013). Anti-Gag T cell respons-
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es were detected in mice immunised with Gag-VLPs, especially in the heterol-
ogous regimen. However, these results should be interpreted with caution due 
to an irregular and overall low stimulation by ConA. Overall, a poor T cell re-
sponse against Gag and Min proteins were detected in splenocytes. However, 
since mice were immunised in the hind limbs, it is possible that the specific 
T cells mostly accumulated in the popliteal and inguinal lymph nodes and only 
a minor fraction of them were localised in the spleen. Although we did not an-
alyse the cellular immune responses against human proteins present in the 
VLPs, it is not farfetched to think that VLP vaccination could have elicited 
cellular responses mostly against these proteins. Cellular responses against Gag 
and the human proteins, if present, could be important to boost the production 
of anti-Min antibodies through the ISH effect (Elsayed et al., 2018). According 
to this effect, Min-specific B cells would recognise their cognate epitope on 
VLPs, internalise the whole particle and present Gag (or human proteins when 
using mice or non-human animal models) through the MHC-II complex to get 
activated by T cells specific for these non-Min antigens. Although we did not 
optimise the Gag polyprotein in this project, it would be an important point to 
consider in the future, since properly balancing humoral and cellular responses 
will lead to a superior immunity.

Despite the antigenic optimisation in the Min(RA)Gag construct, a deeper 
characterisation of the humoral immune response demonstrated that anti-Min 
antibodies mainly targeted the N-terminus of Min, which contained a fragment 
of the HR2 peptide, but not the MPER. These results are in line with the  
absence of neutralising activity observed in the sera from MinGag-VLP and 
Min(RA)Gag-VLP vaccinated mice, since the MPER is the main target of NAbs 
in gp41 (Caillat et al., 2020). 

Complementing these findings, the main IgG subclass induced by MinGag-
VLPs and Min(RA)Gag-VLPs against Min was IgG2c in both vaccination regi-
mens, while there was no predominant IgG subclass induced by MinGag-VLPs 
and Min(RA)Gag-VLPs against Gag. The levels of anti-Min IgG2b antibodies 
were also higher than the IgG1 and IgG3 ones. The only notable difference be-
tween the homologous and heterologous regimens was that antibody titres were 
higher in the latter for all the IgG subclasses analysed. This finding was consist-
ent with the fact that antibody concentration in the heterologous regimen was 
1-log higher for both anti-Gag and anti-Min humoral responses. 

It is worth highlighting that IgG2c and IgG2b subclasses are predominantly 
induced against viral infections (Collins, 2016), and hence our VLP strategies 
not only mimic the virus, they also induce antiviral-like responses against sur-
face antigens, remarking the relevance of our VLP strategy in a vaccine context. 
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Furthermore, these two IgG subclasses in mice are mainly characterised for me-
diating antibody-dependent effector functions, such as ADCC and ADCP, and 
are considered equivalent to the human IgG1 (IgG2a/IgG2c) and IgG3 (IgG2b) 
isotypes (Bruhns, 2012). In this sense, the binding of anti-Min antibodies to the 
mFcγRIV (CD16-2) provided a proof of concept that anti-Min antibodies could 
prompt effector functions through their Fc portion. CD16-2 is present at the 
surface of NK cells and can crosslink with antibodies bound to an antigen ex-
pressed at the surface of a cell. Although other molecules can intervene in this 
process, this interaction is necessary and sufficient to activate the mitogen-acti-
vated protein kinase (MAPK) pathway, which will eventually promote the de-
granulation of NKs that will trigger the death of the target cell (Vivier et al., 
2004). Some groups have identified that NK degranulation and cytotoxicity was 
better induced by anti-gp41 antibodies, and speculated that gp41 closer proxim-
ity to the membrane of the target cell facilitated the formation of immunological 
synapses by NK cells (Phelps, 2021). We did not formally demonstrate that 
antibodies bound to the antigen could activate NK cells through binding to 
CD16-2 and promote degranulation and cytotoxicity to the target cell. However, 
the strong binding of anti-Min antibodies to CD16-2 is indicative that they 
could potentially mediate those types of responses, which have been associated 
with protection in HIV-1 vaccine efficacy clinical trials, like the RV144 (Rerks-
Ngarm et al., 2009). 

To further characterise whether these anti-Min antibodies played a func-
tional role in vivo we developed a novel animal model. In this model, since there 
is no murine equivalent to HIV-1 and HIV-1 has no tropism for mice, we devel-
oped a melanoma cell line engineered to express Min on its surface that acted as 
a surrogate of an infected cell presenting viral antigens on the surface. Other 
groups have pursued similar strategies, in which anti-Env responses induced by 
a prime-boost DNA/Fowlpox were tested against Env-bearing tumour cells 
(Radaelli et al., 2007). Our engineered Min-expressing cell line was based on 
B16F10 cells, which are a poorly immunogenic and C57Bl/6-derived cell line 
refractory to T cell responses (Wang et al., 1998). For this experiment, we per-
formed a shorter vaccination schedule (2 doses of 0.1 µg of p24Gag/dose com-
pared to the 4 doses administered in the previous experiment). We chose a ho-
mologous VLP regimen because our previous results showed that one VLP 
dose was sufficient to induce a potent immune response, and both regimens 
induced a similar antibody profile. 

The evaluation of the humoral immune response profile corresponded with 
the profile identified in the homologous VVVV regimen, demonstrating that our 
immunisation strategy was robust across two different experiments and that re-
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ducing the number of doses from 4 to 2 had no severe impact on the immuno-
genicity outcomes. Again, the anti-Min antibody response was not significantly 
boosted with the second VLP dose and anti-Min antibodies were non-neutralis-
ing, encompassed mainly IgG2c and IgG2b subclasses, which could engage the 
murine CD16-2 receptor. As expected, the anti-Gag humoral response was 
boosted in those animals that had no detectable levels of these antibodies after 
the first dose, and their IgG subclass profile was more heterogeneous. Gag-VLPs 
induced a lower anti-Gag response than Min(RA)Gag-VLPs and did not elicit 
anti-Min antibodies, also matching the results from the vaccination with the ho-
mologous (VVVV) regimen. Furthermore, antibody responses were stable across 
the duration of the experiment, up to 16 weeks after the first immunisation, as 
previously observed (results section 5.3). Also, similar to with the homologous 
and heterologous regimens, poor cellular responses against Gag nor Min were 
detected in VLP-immunised and tumour-injected animals. Notably, the injec-
tion of the B16F10Min tumour cell line two weeks after the second VLP dose 
did not boost anti-Min antibody concentration in plasma nor induce anti-Min 
cellular responses, corresponding with the observation that B16F10 cells are a 
poorly immunogenicity cell line (Wang et al., 1998). 

VLP-vaccinated animals displayed a delay in tumour growth of 5-10 days 
compared to non-immunised animals, even in the Gag-VLP control animals. 
This delay could be caused by two elements: i) VLP-immunisation led to a gen-
eral pro-inflammatory state in the animals that helped them control the tumour, 
and/or ii) the humoral response induced against human proteins derived from 
the VLP-producing cells shared some similarities with proteins expressed by 
B16F10Min cells. Still, this non-specific effect was partial since most of the 
Gag-VLP immunised animals could not control the tumour growth. In com-
parison, all the Min(RA)Gag-VLP vaccinated animals but one completely halt-
ed the Min-expressing melanoma cell proliferation and did not display tumour 
growth during the 80 days that the experiment lasted, effectively confirming a 
VLP-induced Min-specific effect. Upon euthanasia, a necropsy was performed 
on the surviving animals and no signs of the B16F10Min-derived tumour were 
detected in any animal. 

To shed a light on the factors that probably contributed to the protection of 
mice injected with B16F10Min cells, we analysed the capacity of anti-Min hu-
moral responses to bind Min at the surface of B16F10Min cells by flow cytom-
etry. The sera of Min(RA)Gag-VLP vaccinated animals engaged B16F10Min 
tumour cells, hinting at their potential effect of mediating immune clearance. 
Furthermore, the only animal in the Min(RA)Gag group that was not protected 
against B16F10Min tumour progression was the one with the lowest binding to 
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B16F10Min cells. This, together with the absence of anti-Min cellular responses 
in the spleens of vaccinated and tumour-inoculated mice, clearly indicated a 
prominent role of the humoral response in eliminating B16F10Min cells, prob-
ably in combination with NK cells or other innate immune cells. 

Overall, all pieces of evidence derived from the immune profiling of VLP-
vaccinated and tumour-inoculated mice pointed towards the fact that protec-
tion against B16F10Min tumour progression was mediated by antibodies di-
rected against Min. These results confirm that our VLPs induce a functional 
response that can mediate effector functions, even if they do not display neu-
tralising capacity. Inducing antibody-dependent effector functions such as 
ADCC will be crucial in the quest of eliciting protection against HIV-1, espe-
cially considering that the main correlate of protection in the RV144 phase III 
efficacy trial was the induction of this type of humoral response (Haynes et al., 
2012). Furthermore, other antibody-dependent functions like ADCP merit an 
especial focus since their gene signatures have been associated with protection 
in a few clinical trials (Andersen-Nissen et al., 2021). Even if the induction of 
bNAb-like response will still be a relevant outcome to induce by vaccination, 
they will need the support of other types of functions as the ones induced by 
our VLPs. Exploring the role of different adjuvants to modulate the immune 
responses induced by our fusion-protein VLP platform could elicit broader and 
more robust responses that induced complementary functions, and could help 
to increase the magnitude of the cellular responses (Shah et al., 2017).

One of the main advantages of our fusion-protein VLP platform was its ver-
satility since it could be easily modified to express other antigens very easily and 
quickly. The platform was optimised and demonstrated to be potently immuno-
genic using gp41-Min, but the immunogen could be replaced by others through 
a simple and quick cloning procedure at the DNA level. Both the DNA-based 
vaccine strategy and the production and purification of VLPs were set up in a 
way that our fusion-protein VLPs could accommodate other immunogens with-
out altering the production pipelines. VLP purification strategies were devel-
oped considering the inherent properties of the platform, such as the size of the 
particle or its net charge (Steppert et al., 2016). Moreover, substituting the im-
munogen on the VLP platform would not probably impact the production and 
purification pipelines severely. This simple immunogen replacement could prove 
essential in the future if there was ever again the need for a fast development of 
a vaccine against an emerging pathogen (Ding et al., 2018).

Our fusion-protein VLP platform demonstrated to be highly versatile and 
flexible. The platform could incorporate very heterogeneous immunogens, from 
small linear peptides containing few epitopes (RedMin or V1V2) to big and 
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highly glycosylated proteins (V1V2-RSC3-MPER) and even the full Env glyco-
protein designed to form SOSIP trimers at the surface of our VLP platforms. 
The successful incorporation of a trimeric Env glycoprotein in our fusion- 
protein construct was remarkable since it demonstrated that the oligomerisation 
of Gag did not impede the formation of a complex quaternary structure (Ward 
and Wilson, 2017) at the VLP surface. These results demonstrate that our VLP 
platform could display virtually any Env-derived immunogen at their surface, 
which could be extremely useful for the development of improved sequential 
immunisation protocols with combined immunogens, leading to superior pro-
totypes for an HIV-1 vaccine. There is a growing consensus, owing to the 
knowledge gathered in AMP trials, that any vaccine designed to induce protec-
tive bNAb-like responses should elicit antibodies targeting at least 2-3 different 
HIV-1 Env vulnerability sites (Dubrovskaya et al., 2019; Zhao et al., 2020). That 
is why developing a platform that could be easily modified to display various 
vulnerability sites could be crucial. A sequential immunisation strategy that 
would start with simpler, more restricted epitopes capable of priming the im-
mune system and building up to more complex immunogens that helped with 
antibody maturation could lead to a heterogeneous response that could eventu-
ally block HIV-1. 

In summary, with this work, our group has successfully designed from con-
cept to in vivo testing a versatile VLP platform that overcomes one of the main 
hurdles faced by other multivalent platforms: displaying a high density of immu-
nogens (Thalhauser et al., 2020). This high density was achieved through a simple 
but conceptually elegant process of protein fusion engineering. Our group not 
only provided the concept but also optimised the production and purification 
processes, improved the antigenicity of immunogens displayed at the VLP surface 
and adapted the VLP concept into a DNA-based vaccine strategy. Remarkably, 
we propose a vaccination schedule based on a heterologous DNA/VLP regimen 
that was successfully tested in vivo in a mouse model and elicited a potent humor-
al response. Furthermore, we demonstrated that the humoral responses induced 
with our fusion-protein VLPs mediated a protective effect in a challenging in vivo 
model in which vaccination arrested the progression of a Min-expressing tumour 
cell line. We developed this new model trying to fill the gap left by the absence of 
a relevant mouse model to assess the efficacy of HIV-1 vaccines in vivo. Still, con-
clusions drawn by this model, even if they are promising, should be taken with 
caution, since HIV-1 is a complex virus that can still escape the pressure exerted 
by the immune response. The capacity of our fusion-protein VLPs to induce 
functional immune responses together with their high versatility could prove piv-
otal in the field of HIV-1 vaccines and undoubtedly merits further development.
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Further research should move towards the identification of a relevant im-
munogen that could benefit the most from our VLP platform, and SOSIP trim-
ers could certainly be a solid candidate (Klasse et al., 2020). Additionally, owing 
to the platform versatility, the DNA formulation, which has proven as an inval-
uable asset in this project, could be adapted to the promising mRNA formula-
tion, bypassing the risks and limitations associated with DNA immunisation 
(Langer et al., 2013). Combining these findings with suitable immunogens into 
a sequential immunisation protocol would be a key point to take into consider-
ation. Furthermore, identifying suitable adjuvants for our high-density VLP 
platform could further help to elicit more potent and effective responses. The 
high mutational rate of HIV-1 makes this virus very efficient at evading our ef-
forts to generate a protective vaccine. Taking into consideration all the afore-
mentioned parameters could eventually lead to the induction of a more balanced 
response that covered the whole spectrum of HIV-1 variants. One final aspect 
worth considering in the HIV-1 prevention field is to also aid in easing the bur-
den of PLWH through therapeutic vaccination. If we want to effectively bring 
this stigmatising virus to its eradication, nobody can be left behind, and the 
global effort invested in generating a protective balanced humoral and cellular 
response against the virus should also balance HIV-1 prevention and cure. 
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1.  A novel fusion-protein Gag-based VLP platform that expressed a high 
density of immunogens at the VLP surface was successfully developed. 
These fusion-protein MinGag-VLPs were efficiently produced, charac-
terised, and purified in vitro through techniques that could be easily 
scaled up for industrial productions. The antigen presentation at the  
surface of MinGag-VLPs was also improved, resulting in the optimised 
Min(RA)Gag-VLPs with increased antigenicity. 

2.  The fusion-protein MinGag-VLPs were adapted into a DNA-based vac-
cine strategy. This DNA-based MinGag-VLP strategy elicited a robust 
immune response when administered by in vivo electroporation. 

3.  The immune response induced by MinGag-VLPs and Min(RA)Gag-
VLPs using either a homologous VLP or a heterologous DNA/VLP reg-
imen was robust and significantly higher in the latter. Both vaccination 
regimens induced modest cellular responses, but potent humoral re-
sponses characterised by an IgG2c/IgG2b subclass profile that, despite 
being non-neutralising, could possibly mediate antibody-dependent ef-
fector functions. 

4.  The humoral immune response induced by Min(RA)Gag-VLP vaccina-
tion completely halted the progression of a poorly immunogenic tumour 
cell line that was engineered to stably express Min at the cell surface, ef-
fectively demonstrating that Min(RA)Gag-VLP induced humoral re-
sponses protected mice through antibody-dependent effector functions.

5.  The fusion-protein VLP platform engineered to display a high density of 
antigens at the VLP surface could be easily modified to display other 
relevant immunogens, ranging from small peptides to complex and high-
ly glycosylated native Env trimers, successfully demonstrating the versa-
tility of the herein described vaccine platform.
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HIV-1 Virus-Like Particles engineered  
to display a high antigen density 

Preclinical development of a versatile vaccine platform
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A preventive vaccine against the Human Immunodeficiency Virus (HIV-1) 

has eluded science and societies’ efforts for nearly 40 years, and to date 

HIV-1 remains a chronic, non-curable infection. The identification of new 

vaccine platforms could prove key for tackling such an evasive virus as 

HIV-1. In this doctoral thesis project, our group develop a novel HIV-1 

based virus-like particle (VLP) that mimics the structure of the virus and 

presents a high density of antigens that induce a robust and protective 

immune response. Furthermore, this vaccine platform can be easily 

adapted to express other relevant antigens on its surface, aiming at the 

generation of better fit vaccine strategies against HIV-1. Hopefully, this 

vaccine platform will show its potential, not only as a promising HIV-1 

vaccine prototype, but also as a vehicle against other infectious agents 

and diseases. 
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