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Abstract

Purpose of Review This review examines the major advances and obstacles in the field of HIV vaccine research as they
pertain to informing the development of vaccines against SARS-CoV-2.

Recent Findings Although the field of HIV research has yet to deliver a licensed vaccine, the technologies developed and
knowledge gained in basic scientific disciplines, translational research, and community engagement have positively impacted
the development of vaccines for other viruses, most notably and recently for SARS-CoV-2. These advances include the
advent of viral vectors and mRNA as vaccine delivery platforms; the use of structural biology for immunogen design; an
emergence of novel adjuvant formulations; a more sophisticated understanding of viral phylogenetics; improvements in the
development and harmonization of accurate assays for vaccine immunogenicity; and maturation of the fields of bioethics
and community engagement for clinical trials conducted in diverse populations.

Summary Decades of foundational research and investments into HI'V biology, though yet to yield an authorized or approved
vaccine for HIV/AIDS, have now paid dividends in the rapid development of safe and effective SARS-CoV-2 vaccines. This
latter success presents an opportunity for feedback on improved pathways for development of safe and efficacious vaccines
against HIV and other pathogens.

Keywords SARS-COV-2 - HIV - Vaccine - Research - Lessons

Introduction

The identification, in December 2019, of a novel human
coronavirus, later labeled severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), represented the beginning of
one the greatest public health challenges the world has faced
since the emergence of human immunodeficiency virus
(HIV) four decades earlier. As the pandemic of coronavirus
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disease 2019 (COVID-19) has unfolded, the tools and knowl-
edge gained in the 40-year fight against HIV and acquired
immunodeficiency syndrome (AIDS) have been critical for
the rapid development of reliable countermeasures against
COVID-19, including several safe and effective vaccines.
Although a licensed vaccine has eluded the HIV research
community, sustained investments into understanding the
virus’s biology and its interaction with the human host have
resulted in a combination of highly effective therapies and
prevention modalities that have made significant inroads into
the control of the AIDS pandemic. In contrast, the efforts to
create an effective vaccine or definitive cure for HIV have
been unsuccessful thus far. Nonetheless, global initiatives
toward these ends have ushered in a period of creativity and
coordination on a scale not seen before in the scientific and
public health communities. The unprecedented speed with
which SARS-CoV-2 prophylactic and treatment options have
been made available to the public was built on this preced-
ing era of innovation in response to HIV/AIDS. In this brief
review, we highlight some of the most critical scientific
advances and public health lessons gained in the endeavor
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for an HIV vaccine and trace their influence on the acceler-
ated development of multiple COVID-19 vaccines.

Vaccine Platforms

The history of HIV vaccine development is punctuated by an
alternating series of accomplishments and disappointments.
Despite the inconsistency of major advances in the field,
there has been continuous, steady progress in novel antigen
delivery platforms, particularly in the form of genetic vac-
cines [1, 2]. DNA, mRNA, and viral vectors—advanced to
various stages of clinical evaluation prior to the COVID-19
pandemic—have the advantage of being scalable and cus-
tomizable, allowing for facile modification to deliver anti-
gens from different pathogens.

Viruses, by definition, can be reduced to self-replicating
strings of nucleic acids encased in a protein coat that are
dependent on host cell machinery to generate copies of
themselves. The evolved properties that define the virus life
cycle have been leveraged as an efficient means of delivering
genetic sequences of antigens for endogenous production.
Multiple virus families have been explored for their ability
to serve as shuttles for antigenic sequences. In the context of
HIV vaccine research, however, adenoviruses were identi-
fied early on as a promising platform to recruit both humoral
and cellular arms of the immune response. Two types of
adenoviruses, in particular, have been the focus of HIV vac-
cine platforms: an adenovirus that infects chimpanzees [3,
4] and a specific but rare serotype that infects humans [5].
Both viruses have since been used as viral vectors for two
SARS-CoV-2 vaccines that are currently in use worldwide
(ChAdOx-1 nCoV-19 and Ad26.COV2.S) [6, 7]. Although
intended to be used as standalone monovalent vaccines
against the wild-type virus, these platforms can be modi-
fied to address variants of concern either in homologous or
heterologous prime-boost regimens to recall and potentiate
a broader humoral and cell-mediated response against mul-
tiple SARS-CoV-2 strains.

Despite their success in reaching the commercial market
for SARS-CoV-2, a rare risk of the adenovirus vector plat-
form has since been revealed due to its administration to
millions of people. The risk of coagulopathy from the plat-
form, though serious, is so rare that it would never have been
identified from the tens of thousands of individuals who had
received the vaccine platform in the context of the more
recent COVID-19 and prior HIV clinical trials. This newly
identified side effect will likely influence the design and
conduct of clinical trials with adenovirus vector vaccines
for HIV and other pathogens going forward. The utility of
adenovirus vaccines for HIV, however, remains unclear. Two
efficacy trials, called Imbokodo (HVTN 705) and Mosaico
(HVTN 706), are testing an approach that primes with the

Ad26 vector containing mosaic inserts representing multi-
ple HIV subtypes, followed by a protein boost, which also
features a mosaic design. The Imbokodo trial demonstrated
an efficacy of 25% with a confidence interval lower bound
less than zero. The chimpanzee adenovirus ChAdOx1 is also
being evaluated in a heterologous prime-boost strategy, but
as a therapeutic vaccine series designed to control HIV-1
viral replication [8].

Perhaps even a greater leap forward in genetic vaccines
has been for mRNA platforms, which, despite their more
recent widespread recognition, have a history extending back
decades [1]. Improvements in mRNA stability, delivery, and
expression have been gradual and were made in the context
of vaccine development for HIV and other emerging patho-
gens, such as the Zika virus. The progress, though incremen-
tal, was sufficient for the platform’s large-scale debut dur-
ing the COVID-19 pandemic. As such, two highly effective
mRNA vaccines have now received either FDA emergency
authorization or full approval [9, 10].

Structure-Based Approach to Antigen
Design

The platform, though a critical component to any vaccine, is
only one part of the product. The antigen that is presented on
or delivered through any platform will dictate the specific-
ity of the immune response and largely direct the durabil-
ity and breadth of immunity. In the early days of the HIV
epidemic, vaccine developers took a standard approach in
vaccinology, focusing on the wild-type form of the viral sur-
face proteins as the primary immunogens for development.
It became clear that the genetic and antigenic variability of
HIV, particularly its surface envelope glycoprotein, would
preclude this strategy from being a successful one [11]. A
more rational approach toward immunogen design even-
tually took hold, based on the structural resolution of key
epitopes that were the target of potent, broadly neutralizing
antibodies, which in many viral pathogen models have been
a strong correlate of protection.

In recent years, structural biology and reverse vacci-
nology have become powerful tools to influence antigen
potency. These approaches optimize the immunogenicity of
antigens by resolving the structural details of surface pro-
teins as a way to engineer key epitopes as targets of the most
potent neutralizing antibodies, particularly those identified
after natural infection [12—14]. Much of the focus in rational
vaccine design for enveloped viruses, like HIV, has been on
stabilizing their surface class I fusion proteins in a prefusion
conformation. By honing in on this region, vaccine designers
have been able to improve the breadth of neutralization [15].

One application of this HIV vaccine design strategy was
in scaffolding epitopes to elicit antibody responses against
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the membrane proximal external region of the envelope gp41
subunit [16]. In this approach, a broadly neutralizing epitope
was positioned, in its native conformation, onto a heterolo-
gous protein scaffold. This translated into the stabilization of
the envelope ectodomain in its trimeric prefusion conforma-
tion and the generation of the BG505 SOSIP.664 proteins
that contain the targets of broadly neutralizing antibodies
[17, 18]. The methods of reverse vaccinology have also been
used to understand and improve upon modestly success-
ful vaccine strategies—such as that observed in the semi-
nal RV 144 trial and its immune correlates analysis, which
revealed antibody responses to the gp120 V1/V2 region
correlated inversely with infection risk [19]. While the vac-
cine candidates used for the prime-boost regimen were not
developed by structure-based design, this method is being
used by some laboratories for the rational development of
subsequent candidates [20-22] as a way to engineer immu-
nogens capable of inducing even more broadly neutralizing
antibody repertoires.

Although the methods described above have advanced
the science of HIV vaccinology, the greatest leap forward in
the use of structural biology for the design of viral surface
protein immunogens occurred in the resolution and stabi-
lization of the fusion (F) protein of respiratory syncytial
virus (RSV), a major cause of pneumonia in children and
the elderly [23-27]. The work with RSV, though owing some
of its success to technologies developed through investiga-
tions into HIV immunology, has created gains that have
reciprocally informed efforts in HIV vaccine research as
well as coronavirus vaccine development. Most notably, the
evolution of the science culminated in early 2020, with the
structural resolution of the SARS-CoV-2 prefusion Spike
glycoprotein and its rapid translation into the key immuno-
gen used in the most effective COVID-19 vaccines [28]. The
advances made in structural biology and reverse vaccinol-
ogy for HIV, RSV, and SARS-CoV-2 are now expanding
to vaccine designs for other pathogens, like influenza and
meningococcus, and are precipitating a paradigm shift in
the entire field of vaccine development.

Adjuvants

In the case of genetic vaccines, the platform and the antigen
are the primary components. For many licensed vaccines,
particularly recombinant proteins, however, there is another
important variable that is key to influencing vaccine-elicited
immunity: the adjuvant. Both failures and successes in HIV
vaccine development have paved the way for the design and
discovery of more potent adjuvants. One of the key lessons
learned has been that aluminum hydroxide is a poor adjuvant
for HIV-1 antigens in humans [29-33]. Unfortunately, MF59
and saponin-based adjuvants have not provided additional
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benefit in conferring protective efficacy [34-38]. However,
new formulations have been developed in hopes of improv-
ing the magnitude and the quality of both the antibody- and
cell-mediated immune responses [39]. Furthermore, newer
saponin formulations have been shown to induce durable
and balanced response profiles [40]. Despite the substandard
performance with HIV vaccines, aluminum adjuvants were
still tested in combination with SARS-CoV-2 vaccines such
as the inactivated virus vaccines, BBIBP-CorV, and Coro-
naVac, which provided near 100% protection against severe
COVID-19 disease but significantly lower efficacy against
infection.

Some of the greatest advances in adjuvant science have
come out of investments into liposomal formulations that
have been used in concert with antigens across a range of
pathogens. Liposomal adjuvants are now being used for two
COVID-19 vaccines, including Matrix-M for the Novavax
vaccine candidate and ALFQ for the Army’s Spike ferri-
tin nanoparticle (SpFN) vaccine candidate, both of which
contain monophosphoryl lipid A (MPLA) and the saponin
QS-21 [41-44]. ALFQ now has been in three phase I clini-
cal trials and a third that is likely to begin at the end of 2021
with HIV-1 A244 antigen [45]. The science of adjuvant
design and development across the field of vaccinology will
likely be guided by the outcomes of these and other next-
generation SARS-CoV-2 recombinant protein vaccines as
more data on their efficacy and durability become available.

Prime-Boost Strategies

The immunization schedule and the potential use of differ-
ent vaccine platforms in that schedule have the potential
to strongly influence immunologic memory to a particular
antigen. These so-called prime-boost strategies have been
evaluated for several decades through modifications of the
type, delivery, and timing of immunogens administered as
a means toward enhancing both the strength and diversity
of the humoral and cell-mediated immune responses. Het-
erologous prime-boost regimens, though investigated in the
early years of the HIV epidemic, had lost momentum as a
viable strategy until 2009 when the positive results of the
RV144 trial were reported. To date, this is the only trial
that demonstrated statistically significant efficacy in pre-
venting HIV acquisition, with a point estimate of 31% at
3.5 years [46] and 60% at 12 months post-immunization in
a subsequent post hoc analysis. This trial was designed to
prime with ALVAC-HIV, a canarypox vector, followed by
a boost with AIDSVAX B/E, a bivalent subtype C gp120
protein, adjuvanted with aluminum hydroxide gel. Subse-
quent research has been done to identify the mechanism
of protection conferred by this vaccine regimen. Immune
correlates analyses revealed that those who were protected
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had enhanced complement deposition, high levels of IgG1
and IgG3 that targeted the variable loop regions 1 and 2 of
gp120, lower IgA levels, and overall more polyfunctional
immune response [19]. Unexpectedly, the concentration
of neutralizing antibodies did not correlate with protec-
tion [47]. Other heterologous prime-boost regimens have
revealed that a constellation of responses from the innate,
adaptive, and cellular arms can be elicited. For instance,
DNA platforms and viral vectors tend to elicit stronger T cell
responses, whereas protein subunit antigens often provide
a stronger humoral response. These prime-boost strategies
appeared to add an important dimension to the multifaceted
approach of potentiating a more effective response that was
being achieved with modifications to antigens, adjuvants, or
delivery platforms alone.

Despite early signs of modest efficacy in the RV144
trial, immunogenicity appeared to wane over time. As such,
follow-on studies assessed the impact of late boosts with
either ALVAC-HIV or AIDSVAX B/E®. ALVAC-HIV
alone, however, did not induce significant HIV antibody
responses, whereas participants who received ALVAC-HIV
and AIDSVAX B/E® or AIDSVAX B/E® alone had anti-
body levels significantly higher than the peak levels seen in
RV 144 [48-51]. The latter boosting regimens, even when
occurring 6-8 years later, promoted the expansion of lin-
eages of broadly neutralizing antibodies through HCDR3
regions and greater somatic hypermutation.

Among the vaccines that have achieved emergency
use authorization in the USA, to date, mRNA-1273 and
BNT162b2 use homologous prime-boost regimens while
Ad26.COV2.S is a single vaccine dose as the primary regi-
men. A subsequent set of “mix and match” studies that
boosted individuals with a vaccine different from the origi-
nal prime have shown a significant potentiation of both the
cellular and humoral immune responses as compared to a
homologous boost [52]. Longer-term evaluation will be
needed to understand the relative durability and breadth of
responses to differing vaccines. Lessons from the field of
HIV vaccine development have demonstrated that heterolo-
gous prime-boost regimens generate a functional cell-medi-
ated and humoral response. HIV research has demonstrated
that combining viral vector or DNA vaccines with protein
boosts show the most robust immune profiles.

Immunologic Endpoints

Assessment of vaccine potency, in the course of the devel-
opment pipeline, is reliant upon standardized assays to
assess immunologic responses. The earliest virus neutrali-
zation assays that used peripheral blood mononuclear cells
(PBMC) and uncloned viruses were often cumbersome,
expensive, and difficult to harmonize across laboratories

[53]. To address these limitations, assays with pseudotyped
viruses were developed to evaluate antibody-mediated neu-
tralization [54]. These same platforms were then repurposed
for multiple viral pathogens, most recently for SARS-CoV-2.
[55-57]. The use of pseudovirus assays has provided the
additional benefit for viruses that require higher level
biosafety level (BSL) containment, as these pseudoviruses
only require BSL-2 conditions, which are more easily main-
tained in resource-limited settings [57].

Identification and harmonization of the appropriate
immunologic endpoint assays are key to down-selecting
and vetting promising vaccine candidates throughout the
development pipeline. Advanced-phase clinical trials, how-
ever, are often necessary to determine protective efficacy
of these vaccines. Ideally, protection or recovery from each
infectious disease would correlate with a specific immuno-
logic parameter that would inform the viability of vaccine
candidates early in the evaluation process. These have been
identified for multiple licensed vaccines in the past, serving
as guidelines for the licensing of new vaccines. HIV research
has demonstrated, however, that the elucidation of correlates
of immunity can be difficult, particularly in the context of an
infectious disease that is rarely cleared or cured. As stated
earlier, some correlates of protection were identified in the
RV 144 for trial but, otherwise, markers of protective immu-
nity have eluded HIV researchers [58]. However, the HIV
field has paved a path by which correlates of immunity can
be interrogated for other pathogens. A recent study, led in
part by HIV researchers, demonstrated that threshold con-
centrations of neutralizing antibodies against SARS-CoV-2
correlated closely with protective efficacy for major COVID-
19 vaccines [59, 60]. Identifying correlates of immunity will
be important for next-generation COVID-19 vaccines, as
these endpoints can reduce the need for large-scale efficacy
trials and facilitate the rapid approval, licensure, and bridg-
ing of SARS-CoV-2 vaccines, particularly with continued
emergence of SARS-CoV-2 variants.

Variants

The greatest obstacle to the development of an effective
HIV vaccine has been the virus’s high mutation rate and
resultant immune evasion. SARS-CoV-2, in contrast, has a
much lower mutation rate, thus restricting its genotypic and
consequent phenotypic diversity [61]. In spite of its more
limited variability, SARS-CoV-2 variants have been emerg-
ing, with significant impact on vaccine efficacy and other
public health measures enacted to control the pandemic. The
emergence of the Alpha, Beta, Delta, and Omicron variants
has raised concerns about the effectiveness of vaccines based
on the wild-type strain. Authorized or approved vaccines
have had varying success against these variants. Despite the
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continued, though diminished effectiveness of these vaccines
in preventing severe disease or death, continued develop-
ment of second-generation vaccines is ongoing to prepare for
the real threat of more variants, as evidenced by the recent
emergence of the B.1.1.529/0Omicron [62] strain. The emer-
gence of this most recent and other viral variants of concern
(i.e., Beta) highlights another link between the two topical
viruses of this review, as SARS-CoV-2 infection may be
prolonged in individuals living with HIV, who inherently
have compromised immunity, thus providing favorable con-
ditions for the evolution of more transmissible and antibody-
resistant virus variants.

One approach that may offer an advantage in getting
ahead of the emergence of new strains and species of coro-
naviruses is to develop multivalent vaccines that present
an array of antigens in a single vaccine formulation so as
to elicit a broadly protective response. Several groups are
advancing nanoparticle platforms as the basis for this strat-
egy. One in particular, developed by our group, is the SpFN
vaccine adjuvanted with ALFQ, which is currently being
evaluated in a clinical trial. The continued emergence of
new strains and species of coronaviruses necessitates the
advancement of these next-generation vaccine strategies that
build on the innovation of HIV vaccine science. One of the
key lessons from the HIV field is to take a holistic approach

toward the generation and testing of new products, one that
integrates the disciplines within the scientific community but
also engages the participation of society at large.

Community Engagement

Success in containing the SARS-CoV-2 pandemic will rely,
at least in part, on the availability, access, and uptake of
vaccines. Buy-in on this and other public health measures
across communities worldwide will be critical toward this
end. Gains in grassroots advocacy and community empow-
erment made over the course of the HIV/AIDS pandemic
provides poignant lessons and guidance for the current
pandemic on how best to reach and recruit diverse groups,
but particularly marginalized populations. Mirroring the
HIV pandemic, COVID-19 has exacerbated health dispari-
ties in minority and underserved populations. In the USA,
African American and Latinx communities have suffered
a disproportionately higher rate of infections and adverse
outcomes from COVID-19 [63-65]. Unsurprisingly, vaccine
hesitancy, augmented by a long history of mistrust in public
health institutions that has been amplified by misinforma-
tion, continues to be a barrier to vaccine uptake [66]. On a
global scale, both the HIV/AIDS and COVID-19 pandemics

Table 1 Key advancements made in HIV vaccine research applied to COVID-19 vaccines

Key advancement Milestone in HIV vaccinology

Outcome for COVID19 vaccines

Vaccine platforms Nucleic acid platforms
e Adenovirus vectors
e mRNA

Structure-based antigen design

Adjuvants
new adjuvant formulations

Dosing strategies
of the RV 144 trail

Structure-based design of envelope ectodomain in tri-
meric prefusion conformation (BG505 SOSIP.664)

Failure of aluminum hydroxide prompts search for

Prime-boost regimens regain interest following results

First vaccine candidates to receive EUA authorization
worldwide in< 1 year

ChadOx-1 nCOV-19
Ad26.COV2.S

BNT162b2
mRNA-1273

Resolution of SARS-CoV-2 prefusion Spike glycopro-
tein within several weeks

New aluminum formulations used in BBIP-CorV and
CoronaVac vaccines

Liposomal adjuvants used in combination with protein
subunit vaccines

Homologous, 2 dose, prime-boost for BNT162b2 and
mRNA-1273 receives EUA

Heterologous boosters are approved in the USA
6 months after completion of any vaccine regimen
against COVIS-19

Immunologic endpoints

Virus variants

Community engagement

Standardized pseudovirus neutralization assays
Identification of IgG against V1V2 as correlate for
protection

Expertise for tracking and evaluating mutation and
novel virus subtypes

AVAC Good participatory Practice (GPP)

HVTN
PEPFAR

Repurposed to evaluate antibody neutralization of
SARS-CoV-2
Correlates of immunity being identified

Surveillance network and scientific repurposed to mon-
itor and identify novel variants of interest/concern

GPP was used for community engagement in under-
served and hesitant populations

CoVPN
PEPVAR
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have been complicated by international politics and the con-
cern for equitable distribution of medical countermeasures
[67]. Public health leaders recently have sought to apply
the path of international health diplomacy navigated during
the height of AIDS pandemic by referencing and adapt-
ing the AIDS Vaccine Advocacy Coalition (AVAC) Good
Participatory Practice (GPP) guidelines to COVID-19 [68].
Lessons from AVAC’s guidance documents highlight how
an emerging virus could expose and exacerbate inequities in
health outcomes [69]. Building on these lessons, research-
ers, public health practitioners, and community advocates
quickly established the Community Engagement Alliance
(CEAL) team and the COVID-19 Prevention Network
(CoVPN) Community Engagement Working Group [70,
71]. Additionally, the G7 nations committed support early
on for global vaccine procurement through the COVID-19
Vaccines Global Access (COVAX) initiative as means to
ensure adequate supply vaccines to low- and middle-income
countries (LMIC) [67, 72]. The initiative has fallen short of
its goal so far and has not facilitated the widespread access
to life-saving vaccines and treatments in the same way that
the most successful HIV campaigns have provided, includ-
ing the President’s Emergency Plan for AIDS Relief (PEP-
FAR) and the Global Fund to Fight AIDS, Tuberculosis, and
Malaria. A similar President’s Emergency Plan for Vaccine
Access and Relief or “PEPVAR,” as coined in the media,
would promote participation of well-resourced countries
in favor of international partnerships for development and
distribution of medical countermeasures [73].

The hard lessons from HIV were initially slow to realize
and took significant effort to garner political and public sup-
port. With time, however, community engagement and advo-
cacy proved to be essential in identifying and addressing sys-
temic inequities that were hindering progress in the control
of the HIV/AIDS pandemic: the same is being learned and
applied in the current pandemic.

Conclusion

The COVID-19 pandemic has galvanized a vast and deep
network of scientific expertise that owes much of its foun-
dation to the advancements made in the fight against HIV.
Prescient investments and prioritization of public health pro-
grams throughout the HIV pandemic have created a global
enterprise that has been leveraged for the current campaign
to control the COVID-19 pandemic. Despite the advantages
gained from decades of prior groundwork, the public health
response to SARS-CoV-2 has revealed gaps in prepared-
ness. The key lessons learned from the current pandemic
(Table 1), just as they did for HIV, will inform policies on
how to better prepare for future public health threats.
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