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Abstract: Over the past several years, messenger RNA
(mRNA) vaccine has evolved from a term familiar only
to vaccine scientists into one easily recognized by much
of the general population. This change occurred because
of the remarkable success of effective and safe mRNA
vaccines during the COVID-19 pandemic that saved
countless lives. Although mRNA vaccine technology has
a clear use for combating future emerging diseases, its
role in fighting currently known pathogens, such as
HIV-1, is not well defined. This review summarizes mRNA
vaccine technology, highlighting its success during the
COVID-19 pandemic. It then addresses past and current
efforts to develop a vaccine for HIV-1, including how
mRNA vaccine technology has created opportunities in
the ongoing search for an effective HIV-1 vaccine.
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Scientific Breakthroughs Key to mRNA
Vaccine Technology Before COVID-19

Messenger RNA (mRNA) was first identified in 1961 as
an unstable molecule that carries information between
genes and ribosomes.? Over time, it was discovered that
these molecules were found in all cells and were necessary
for protein synthesis. Eventually, scientists realized that
mRNA could be used to synthesize proteins from viruses
and other infectious agents and thus be harnessed as a
potential vaccine platform. In simple terms, mRNA vac-
cines work through the injection of a synthetic mRNA
molecule that encodes a specific target protein. Once
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engulfed by the host immune cells, the mRNA molecules
are translated into intracellular proteins, with subsequent
presentation of the desired antigen, ultimately generating
a targeted immune response.

Thirty years after its discovery, mRNA was first tested
as a potential vaccine in animal models. The first mRNA
vaccine showed the generation of a CD8+ T-cell response,
or cytolytic T-cell response, in mice through the use of
liposomes containing mRNA that encoded influenza
proteins.2 A few years later, another group found that
mRNA vaccine technology could be used to elicit antibod-
ies directed toward cancer antigens.? These studies lend
credence to the potential of the mRNA vaccine platform.

Since these first studies were conducted, several
important discoveries have allowed mRNA vaccines to
become more popular within the scientific community.
These advances are summarized in Figure 1. First, the use
of cell-free technology in an in vitro process has made
the production of mRNA vaccines more efficient. Another
important breakthrough was the incorporation of lipid
nanoparticles that surrounded the mRNA molecule
in the vaccine, allowing for decreased degradation
and enhanced delivery. These lipid nanoparticles are
composed of ionizable lipids, improving the safety and
extending the circulation time of the mRNA vaccine.*
Following the initial discovery of lipid nanoparticles,
new candidate ionizable lipids were examined through
large-scale library testing. The result was the discovery
of further optimized lipids, such as SM-102 (used in
the Moderna COVID-19 mRNA vaccine, or mRNA-1273)5
and ALC-0315 (used in the Pfizer-BioNTech COVID-19
mRNA vaccine, or BNT162b2).%” Another important
discovery was the identification of the benefits of
mRNA modifications such as using modified mRNA
nucleosides like pseudouridine. The immune system has
evolved pattern recognition receptors (PRRs) that can
recognize uridine-rich regions of mMRNA. By incorporating
pseudouridine into the vaccine, researchers were able to
prevent PRR recognition, leading to slower degradation
of the mRNA molecule.® The addition of pseudouridine
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was first described by Kariké and Weissman and led to
the pair receiving the 2023 Nobel Prize in Physiology
or Medicine.®™ Both the Pfizer-BioNTech and Moderna
COVID-19 mRNA vaccines included pseudouridine.
Another major advance in the vaccine field was the use
of fusion glycoproteins for respiratory syncytial virus
vaccine, which was found to generate improved antibody
responses in vaccine recipients.’? All the COVID-19
vaccines (with the exception of the AstraZeneca vaccine)
employed a similar fusion-stabilizing mutation in the
spike protein that has been demonstrated in preclinical
models to improve the induction of neutralizing
antibodies.?

Over time, it was found that mRNA vaccines have
advantages over other vaccine platforms. Importantly,
mRNA vaccines can be rapidly developed and tailored to
new diseases. mRNA vaccines are synthesized using an
in vitro transcription process, in which a DNA template
is transcribed into mMRNA. Once an entity establishes this
mRNA vaccine platform, it can easily exchange the open
reading frame, or the section of the DNA template that
encodes the desired antigen, for a sequence that encodes
anew target.’ This strategy can be used to target emerg-
ing infectious diseases much more efficiently than other
vaccine platforms, resulting in faster vaccine develop-
ment.*** mRNA vaccines are also very immunogenic and
have been found to generate robust antibody and CD4+
and CD8+ T-cell responses, as opposed to inactivated or
subunit protein vaccines, which will generate responses
biased to the humoral immune system.* Although re-
combinant virus vaccines can generate strong immune
responses, mMRNA vaccines may offerimproved safety and
fewer production challenges.’®¥ Also, nucleic acid vac-
cines, such as mRNA and DNA vaccines, offer improved
flexibility in the manufacturing processes, as mentioned
previously. However, DNA vaccines require entering the
nucleus of a cell to initiate antigen production. Histori-
cally, DNA vaccines have been less immunogenic than
mRNA vaccines.

Because of the advantages that mRNA vaccines offer,
as well as numerous studies showing their safety and
immunogenicity in preclinical animal models, researchers
began advancing mRNA vaccines to clinical trials in
humans. In 2015, one of the first human phase 1 clinical

Figure 1. Advances in Messenger RNA Vaccine Technology. Numerous advances have led to the optimized mRNA vaccine technology used today. (A)
Improvements in in vitro transcription/cell-free production of mRNA vaccine technology have made vaccine synthesis easier and cost effective. (B)
The use of optimized lipid nanoparticles and mRNA modifications, including pseudouridine, has enhanced RNA stability and reduced innate immune
breakdown. (C) These advances have resulted in improved uptake of mRNA molecules, leading to ribosomal synthesis of antigen. (D) The ultimate
result will be antigen presentation to B cells, leading to antibody responses and antigen fragment presentation to T cells.

Abbreviations: BCR, B-cell receptor; MHC, major histocompatibility complex; mRNA, messenger RNA; TCR, T-cell receptor.
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trials targeted the rabies virus.?® Overall, this vaccine
generated strong antibody responses with a tolerable
safety profile. An mRNA vaccine targeting HIONS8
and H7N9 influenza viruses demonstrated antibody
seroconversion and tolerability in humans.? After these
successes, groups began preparing to use mRNA vaccine
technology but were waiting for the right moment to
begin large-scale production.

In December 2019, health officials began to report an
increasing number of pneumonia infections in Wuhan,
China.?® As the weeks progressed, it became clear that
the new virus causing these infections, later named
SARS-CoV-2, posed a substantial health risk. Like its
predecessor, the severe acute respiratory syndrome
(SARS) virus, the new virus binds to the angiotensin-
converting enzyme-2 receptor, but it was ultimately
found to be much more transmissible, infecting hundreds
of millions and spreading globally. Some of the latest
estimates from the World Health Organization indicate
that there have been 770 million confirmed infections and
approximately 7 million deaths from COVID-19,* although
many experts believe these are likely underestimates
given the limitations of identifying cases and reporting
these statistics.

Although SARS-CoV-2 had a worldwide impact, the
quick development and deployment of vaccines targeting
the virus saved countless lives. One model estimates that
COVID-19 vaccines saved 14.4 million lives during the
second year of the pandemic alone.?? Early collaboration

One model estimates that
COVID-19 vaccines saved 14.4
million lives during the second
year of the pandemic alone

within the scientific community was key to combating this
new disease. Such teamwork included the release of the
genomic sequence on January 10, 2020, just weeks into
the pandemic.?24 Collaborative relationships were formed
as clinical trials testing new therapeutics were started by
groups around the world. By the end of 2020, there were
numerous medications®*?% and 2 different vaccines?®® that
had been granted emergency use authorization (EUA) by
the US Food and Drug Administration (FDA).

Published April 18, 2024 © IAS-USA

Although speed was a priority for the COVID-19 vaccine
during a worldwide pandemic, it was important that no
shortcuts were taken regarding safety. Numerous deci-
sions and factors led to the rapid development of these
vaccines. For example, many phase 1 and phase 2 trials
were combined and clinical trialists began designing
the phase 3 trial while these earlier trials were ongoing.
The researchers also recruited large numbers of study
participants and were fortunate that the trials were con-
ducted during periods of relatively high infection rates.
Additionally, SARS-CoV-2 proved to be not as formidable

Although speed was a priority
for the COVID-19 vaccine during
a worldwide pandemic, it was
important that no shortcuts
were taken regarding safety

a pathogen for vaccine-induced protection as some highly
variable viruses such as HIV-1 and hepatitis C.

There are now numerous vaccines targeting SARS-
CoV-2. This review focuses primarily on select vaccines
that were given monetary support from the US gov-
ern-ment during the early stages of the pandemic: the
Moderna, AstraZeneca, Janssen, Novavax, and Sanofi
vaccines. Although the Pfizer-BioNTech vaccine did not
receive direct support, the US government agreed to buy
it, assuming that it would be efficacious. A summary of
these vaccines is shown in the Table. The Pfizer-BioNTech
and Moderna vaccines used mRNA vaccine technol-
ogy.?®? The AstraZeneca and Janssen vaccines used
recombinant adenoviral vector vaccine technology,
which involved using a reengineered attenuated virus
to deliver SARS-CoV-2 viral DNA that was subsequently
translated into proteins and presented to the host im-
mune system.3%3 The Novavax and Sanofi products were
protein-based vaccines that included a manufactured
version of the SARS-CoV-2 spike protein.3233 Notably, the
Sanofivaccine did not show efficacy in SARS-CoV-2-naive
participants, potentially because of the new SARS-CoV-2
variants emerging. As stated previously, these vaccine
trials went through the necessary regulatory processes
to ensure patient safety. Importantly, all the vaccines
elicited close to 100% protection against severe infec-
tion compared with unvaccinated control groups. It
should be noted that the original Janssen vaccine trial
used only a single dose and the vaccine was initially less
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Table. Overview of SARS-CoV-2 Vaccines

mRNA Vaccines

Protection from

Protection from

Vaccine severe infection, infection,

manufacturer Vaccine type Dose, regimen % % (95% ClI) Date of approval/EUA

Pfizer/BioNTech mRNA 2 doses, 21 days 100 95(90.3-97.6) December 11, 2020
apart

Moderna mRNA 2 doses, 28 days 100 94.1(89.3-96.8) December 18, 2020
apart

AstraZeneca Viral vector 2 doses, 28 days 100 70.4 (54.8-80.6) December 30, 2020¢
apart

Janssen Viral vector 1dose 85b 66.1(55.0-74.8) February 26, 2021

Novavax Recombinant protein 2 doses, 21 days 100 89.3(75.2-95.4) July 13,2022
apart

Sanofic Recombinant protein 2 doses, 21 days 99 64.7 (46.6-77.2) November 10, 2022¢

apart

2The AstraZeneca vaccine was first approved in Europe and the company never sought EUA from the US Food and Drug Administration.

®The Janssen vaccine was first approved as a single dose on February 27, 2021; a double-dose regimen with improved efficacy was later approved. This
approval was withdrawn in May 2023, and Janssen is no longer manufacturing the vaccine.

< The Sanofi vaccine did not show efficacy in SARS-CoV-2-naive participants

4The Sanofi vaccine was approved in Europe and never received approval or EUA from the US Food and Drug Administration.

Abbreviations: EUA, emergency use authorization; mRNA, messenger RNA.

protective against severe disease at 85%; however, an
additional trial that tested this vaccine with a 2-dose
regimen found a level of protection similar to those of
the other vaccines tested.3 Long-term data have shown
that COVID-19 vaccines are very effective at prevent-
ing mortality and severe infection (Figures 2 and 3). On
September 22, 2021, the FDA granted additional EUA to
the Pfizer-BioNTech, Moderna, and Novavax COVID-19
booster vaccines. As shown in Figure 3, the latest data
indicate that vaccinations and these boosters continue
to help prevent mortality and severe complications.®
Although almost all of these COVID-19 vaccines gen-
erated a similar degree of protection, there were clear
advantages to the mRNA vaccines. The most discussed
advantage was the speed and efficiency of the manu-
facturing process, partly explaining how these vaccines
were able to receive EUA from the FDA less than a year
after being created. The Pfizer-BioNTech and Moderna
mRNA vaccines received this authorization a few months
before the Janssen vaccine and a year and a half before
the Novavax vaccine. The AstraZeneca vaccine did gain
approval only a few weeks after the Pfizer-BioNTech and
Moderna vaccines; however, this approval was granted
primarily in England and Europe, which have different
regulatory processes from those in the US. One example
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of the difficulties in using other vaccine platforms is evi-
dent with the Sanofi vaccine, which was stalled because
of a low protein concentration in the first formulation
of the vaccine.?” Additionally, the 2 mRNA vaccines ap-
peared to generate mildly improved initial protection
from infection compared with the AstraZeneca and Jans-

Long-term data have shown

that COVID-19 vaccines are very
effective at preventing mortality
and severe infection

sen vaccines (see Table).3® It is well documented that
protection from infection decreases over time because
of a variety of factors, including waning host immune
responses and viral div-ersity of SARS-CoV-2. In short,
these COVID-19 vaccines elicited a protective immune
response against SARS-CoV-2, and the development of
these vaccines in less than a year is a testament to the
commitment of the scientific community.
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HIV-1, known as the HIV-1 envelope
(Env).3*4° These early HIV-1 vaccines
did induce binding antibody responses,
but these antibodies only neutralized a
few HIV-1 strains and did not prevent
infection in humans exposed to more
diverse viral strains, in stark contrast to
the COVID-19 vaccines, which induced

Figure 2. Weekly Confirmed COVID-19 Deaths Per Million People in the US. Weekly con-
firmed deaths refer to the cumulative number of confirmed deaths over the previous week.
Due to varying protocols and challenges in the attribution of the cause of death, the number
of confirmed deaths may not accurately represent the true number of deaths caused by
COVID-19. Data from the World Health Organization COVID-19 Dashboard, figure adapted
with permission from Our World in Data.®
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demonstrated in preclinical nonhuman
primate models,** the human efficacy
study that tested this concept failed to
demonstrate protection against infec-
tion or an impact on plasma HIV RNA
levelin those infected. After these clini-
cal trials, the next study conducted was
the RV144 (Thai Phase 3 clinical trial),
which showed modest efficacy (31.2% at 42 months)
after statistical adjustments and may represent the most
successful HIV-1 vaccine trial to date.* This vaccine
generated both antibody and CD4+ T-cell responses
toward HIV-1, and it was later found that increased lev-
els of protection correlated with antibodies specific for
a region of Env known as the V1V2 loop.** Despite this
promising result, a more recent trial performed in South
Africa known as HVTN (HIV Vaccine Trials Network) 702
was intended to build on these results using a vaccine
strategy similar to that of RV144, but ultimately no ef-
ficacy was demonstrated.*

There are numerous reasons why researchers have
had such difficulties with creating an effective HIV-1

younger people.

424
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Figure 3. Weekly COVID-19 Death Rate By Vaccination Status in the US, All Ages. Death
rates are calculated as the number of deaths in each group, divided by the total number of
people in this group. This is given per 100,000 people. Data from the Centers for Disease
Control and Prevention, Vaccine Breakthrough/Surveillance and Analytics Team, figure
adapted with permission from Our World in Data.* Note: The mortality rate for the “all
ages” group is age standardized to account for the different vaccination rates of older and

vaccine. HIV-1 vaccines generate antibody responses,
but, in contrast to other viral vaccines such as those tar-
geting COVID-19, the antibodies are poorly neutralizing
and do not prevent HIV-1 infection. This phenomenon
is due at least in part to the remarkable viral diversity
of HIV-1.4647 As these mutations arise over the course
of chronic infection within a host, specific strains will
have the ability to undergo immune escape and evade
the host immune response. Supporting this theory is
that numerous HIV-1 mutations have been proven to
represent escape from antibody and CD8+ T-cell re-
sponses.*®4% Our group has also shown that HIV-1 can
mutate, or undergo adaptation, in response to CD4+
T-cell responses,® and that these HIV-1 adaptations to
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CD4+ and CD8+ T-cell responses can affect HIV-1vaccine
responses.®2 The ability of HIV-1 to mutate quickly is
also the reason the virus develops resistance to certain
drugs, resulting in the clinical treatment of HIV-1with a
cocktail of 3 antiretroviral medications.®* An additional
hurdle is that after infection, HIV-1 integrates into the
host genome and causes latent infection. As a result, to
ultimately be effective, an HIV-1vaccine will likely need
to completely prevent infection, as opposed to preventing
only symptomatic infection or severe infection, as with
vaccines for other viruses. As aresult, the task of creating
an effective vaccine for HIV-1 poses one of the greatest
challenges vaccine researchers have faced.

However, there is reason for hope. Two recent studies,
collectively referred to as the AMP (antibody-mediated
protection) study, investigated whether protection from
HIV-1 infection could be achieved via passive immuni-
zation of an HIV-specific antibody.** Unlike traditional
vaccination strategies that rely on the host immune
system to produce antibodies, recipients in this study
were passively immunized with an antibody targeting
Env. This antibody was the broadly neutralizing antibody
(bNAb) called VRCO1, which has been shown to target
numerous strains of HIV-1.5* Unfortunately, no overall
protection against infection following bNAb injection
was demonstrated. However, analyses of the results
showed that participants receiving this antibody were
less likely to be infected with VRCO1-sensitive HIV-1
strains, suggesting that the bNAb was providing some
level of protection against certain strains of HIV-1. This is
an important finding and suggests that for future HIV-1
vaccines to be effective, the immune response would
likely need to generate multiple bNAbs with complemen-
tary mechanisms of action, similar to what is achieved
with combination antiretroviral therapy for HIV-1 treat-
ment. Follow-up studies are being discussed that would
confirm this hypothesis by investigating whether passive
immunization with multiple bNAbs could prevent HIV-1
infection.

Although we now have a better idea of what may be
needed, the task of creating an HIV-1 vaccine remains
daunting. bNAbs are typically produced in only a minority
of individuals after years of chronic HIV-1 infection. To
generate HIV-specific bNAbs, a vaccine would need to
mimic the process of what happens over years of HIV-1

Published April 18, 2024 © IAS-USA

mRNA Vaccines

Vaccine prime

A “germline targeting” . B Dendritic
cells
> .
% .0.
[
Naive B cells
CD4+ CD8+
Vaccine boost 1 Tcell Tcell
“shepherding”
—> 02 C
@ .O.

Memory/GC B cells

—@® O

Vaccine boost N

“polishing” Follicular Optimized
helper T cell cytolytic
CD8+T cell

*>— O.:.

Memory/GC B cells

Y.
Plasma cells

secrete bNAbs

Figure 4. Strategies for Future HIV-1 Vaccine Trials. A successful
HIV-1 vaccine will likely need to use a multicomponent approach. (A)
The most promising strategy to date involves sequential immuniza-
tion, which uses a 3-step approach of priming/germline targeting,
then shepherding, and finally polishing to generate bNAb-secreting
plasma cells. (B) In addition, the HIV vaccine would involve dendritic
cell presentation of antigen to both CD4+ and CD8+ T cells. Optimal
CD4+ T cells would form robust T-follicular helper-cell responses
that assist in shepherding and polishing the B-cell response. (C)
Optimal CD8+ T-cell responses, potentially using human leukocyte
antigen (HLA)-E-specific responses, would then be able to assist in
killing any virally infected cell. Abbreviations: GC, germinal center;
bNAb, broadly neutralizing antibody.

infection. This approach has led to one of the most prom-
ising strategies, which is to create bNAbs by sequential
immunization, involving a vaccine with 3 distinct steps
to mirror the development of bNAb-producing B cells
(Figure 4). The first step is called “priming,” which in-
volves germline targeting and expanding the first B-cell
precursors. Although these B cells do not have neutral-
izing antibody capacity, they do have the potential to
produce HIV-1 bNAbs if subsequently boosted with the
correct antigen. This boosting, or second step, will involve
“shepherding” these precursors through B-cell develop-
ment, and the final step, termed “polishing,” will mature
these cells into bNAb-producing plasma cells. Recent
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studies have been successful in priming naive B cells in
order to expand B-cell precursors with the potential to
specifically produce VRCO1 bNAbs.* Ongoing research
is focused on using this strategy or a similar framework
to expand other B-cell precursors capable of targeting
other regions of Env. Although many bNAbs target the
CD4 binding site of HIV-1 Env, several other bNAb tar-
gets have been identified, including V2 apex, V3 glycan,
fusion peptide, and the membrane-proximal external
region. Recent reviews have discussed these findings in
detail.*¢ Ultimately, based on the findings from the AMP
study, an HIV-1vaccine may be able to elicit protection if
it can generate bNAbs that target several complementary
HIV-1 Env sites.

Although B-cell and antibody generation has been
a recent focus in the HIV-1 vaccine field, optimization
of T-cell responses may also play an important role in

Future research should investgate
adjuvants and other vaccine
strategies capable of stimulating
Tfh-dominant responses

HIV-1 vaccine design. A specific subset of CD4+ T cells
known as T follicular helper (Tfh) cells are found in the
germinal centers of lymph nodes and may be crucial to
maturation of B-cell precursors into bNAb-producing
plasma cells. Supporting this idea is that the RV144 trial
indicated a correlation between polyfunctional Env-
specific CD4+ T cells and decreased risk of infection.”’
More recent studies have shown that induction of strong
CD4+ Tfh cell response was required to induce bNAbs.585°
Future research should investigate adjuvants and other
vaccine strategies capable of stimulating Tfh-dominant
responses.

Additionally, it may be possible to improve HIV-1vac-
cine responses by harnessing CD8+ T cells. Although
previous HIV-1vaccines aimed at generating CD8+ T-cell
responses were shown to be ineffective at providing
protection from infection, there is evidence to suggest
that CD8+ T cells can play a role in HIV-1 vaccines. In
HVTN 505, a previous HIV-1 vaccine efficacy trial, CD8+
T-cell responses targeting Env correlated with decreased
risk of infection.®® Also, there has been promise in inves-
tigating HLA-E-specific CD8+ T-cell responses. These

426
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responses were first described with a cytomegalovirus
viral vector vaccine thatinduced CD8+ T cells restricted
by the HLA-E analogue in simian immunodeficiency virus
animal models.®*Such responses were shown to be es-
sential to protect against simian immunodeficiency virus
infection.®? These preclinical animal vaccine trials are
encouraging, and human clinical studies are currently
ongoing. However, the cytomegalovirus viral vector will
be a live attenuated vaccine, with greater challenges in
manufacturing and potentially increased adverse effects.

Although many HIV-1vaccine studies have used other
vaccine types, mRNA vaccine technology can play a cru-
cial role in the ongoing search for an effective HIV-1
vaccine. Many experts believe that mRNA vaccines are
optimal for testing new vaccine strategies because they
can deliver complex multipartimmunogens. An effective
HIV-1 vaccine will likely need to generate complemen-
tary bNAbs while also stimulating Tfh and CD8+ T-cell
responses. This broad approach will require investigation
of complementary strategies. mRNA vaccines provide a
good platform because they generate strong T-cell and
antibody responses. Because various mRNA vaccines
can be created quickly, these new strategies could be
investigated more efficiently using the mRNA platform,
providing the field with answers regarding how to opti-
mize the next generation of vaccines. mRNA vaccines may
also produce an improved immune response compared
with other vaccine platforms. Forinstance, previous stud-

Although previous HIV-1 vaccines
aimed at generating CD8+ T-cell
responses were shown to be
ineffective at providing protection
from infection, there is evidence to
suggest that CD8+ T cells can play a
role in HIV-1 vaccines

ies have shown that lipid nanoparticle-enclosed mRNA
can induce potent Tfh responses.®*¢* Ongoing studies are
investigating whether Env trimer nanoparticle multimers
can be formed using the mRNA platform.>¢¢ Inclusion
of the transmembrane domain of HIV-1 Env in mRNA
vaccines could lead to the generation of a membrane-
bound Env that may prove to be beneficial, as it will
lead to presentation to the immune system in its more
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natural form. Future studies should also investigate
whether mRNA vaccines can generate HLA-E CD8+ T-cell
responses by targeting dendritic cells, as these antigen-
presenting cells have increased expression of HLA-E. In
summary, mRNA vaccines can quickly test new strategies
and have the potential to generate a multifaceted, com-
plex immune response that will ultimately be required
to protect against HIV-1 infection.

In addition to HIV-1, mRNA vaccine technology is being
investigated for the prevention of other infections, with

mRNA vaccines can quickly test new
strategies and have the potential to
generate a multifaceted, complex
immune response that will ultimately
be re-quired to protect against HIV-1
infection

ongoing clinical trials examining mRNA vaccines targeting
respiratory syncytial virus, influenza viruses, Zika virus,
rabies virus, Ebola virus, and malaria.* Recent advances
in MRNA vaccine technology may prove to be beneficial
for preventing these infections as well.

One of these advances is self-amplifying mRNA. This
strategy involves including a viral replicase gene in the
vaccine open reading frame in addition to a designed
antigen target.?’ In a study performed in mice, this strat-
egy led to a 10-fold increase in protein expression and
increased the duration of antigen detection from 2 days
to 10 days.®® Using this strategy not only increases im-
munogenicity by prolonging antigen presentation but
also decreases the amount of mMRNA needed. This would
decrease PRR recognition and the innate immune re-
sponse, leading to stronger adaptive immune responses
and ultimately improved antibody responses, such as
generation of bNAbs by an HIV-1 vaccine. This strategy
may also induce longer-lasting antibodies, which has been
a particular problem with the existing mRNA platforms.¢?

Other ongoing research is focused on optimizing mRNA
vaccines to target specific tissues and cells. Achieving
this would allow researchers to targetimmune response

Published April 18, 2024 © IAS-USA
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toward the area where infection is most likely to occur.
For SARS-CoV-2 and influenza viruses, vaccine immune
responses in the upper respiratory system are crucial,
whereas genital and rectal mucosal immune responses
are much more important in combating HIV-1. Another
strategy involves using mRNA to target specificimmune
cells. As mentioned previously, specific lipid nanoparticle
formulations have been found to stimulate stronger Tfh-
type responses.®® Other groups are investigating how to
generate a strong dendritic cell response, which can lead
to improved antigen presentation and stronger overall
immune responses.

Several limitations to mRNA vaccine technology merit
discussion. One is temperature storage requirements,
which currently are temperatures of -20 °C or colder. This
will be a major obstacle for HIV-1 vaccines, as much of
the developing world where HIV-1is most prevalent does
not have the infrastructure required to store vaccines at
this temperature. From an immunologic standpoint, there
is also the limitation that antibody responses generated
from mRNA vaccines alone appear to be less durable
compared with vaccination in the context of priorinfec-
tion.” Although continuing to boost vaccine responses is
possible, this may not be a cost-effective method when
trying to vaccinate a large number of individuals. It is

From an immunologic standpoint,
antibody responses generated
from mRNA vaccines alone appear
to be less durable compared with
vaccination in the context of prior
infection

also important to note that the mRNA technology is
still relatively new and only COVID-19 vaccines are FDA
approved using this platform. Time will tell whether the
mRNA platform can be consistently used to develop vac-
cines targeting other pathogens.

The use of MRNA vaccine technology to create safe and
effective vaccines quickly during the COVID-19 pandemic
has been one of the most remarkable achievements of
medical research of our generation. Meanwhile, HIV-1
vaccine efforts fail to elicit effective protection. However,
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the HIV-1 vaccine field now has a clear goal to create a
vaccine that induces bNAbs, and there are several new
strategies that show promise in this regard. It is likely
that a multifaceted immune response will be needed,
generating potent HIV-specific bNAbs, an optimal CD4+
T-cellresponse, and a strong CD8+ T-cell response. mRNA
vaccine technology is a powerful vaccine platform to
test these new strategies, with the potential to benefit
ongoing HIV-1 vaccine research efforts.

This article was based on a presentation by Paul A. Goepfert,
MD, at the IAS-USA Annual Update on HIV Management in
Atlanta, Georgia on March 31, 2023.
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