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Background: Viral mutation and immune evasion are major barriers in long-term vaccine efficacy and vaccine development.
RNA viruses generally mutate at a higher rate and infect acutely, while DNA viruses possess highly complex immune evasion
mechanisms to persist in the bodies of their hosts.

Objective: To examine how the mechanisms underlying mutation rates and immune evasion in RNA and DNA viruses influence
vaccine development and efficacy, and to evaluate effective vaccine strategies.

Methods: A systematic literature search was conducted, combined with data compiling and analyses on RNA and DNA viruses,
influenza, SARS-CoV-2, HSV, and the efficacy of different vaccine types from databases such as PubMed, ScienceDirect, and
Nexstrain.

Results: The mutative nature of SARS-CoV-2 caused host immunity to wane within 6 months after vaccination. Moreover, there
was a strong correlation between S1 mutation amount in SARS-CoV-2 and immune escape (r=0.91). mRNA vaccines achieved
vaccine efficacy rates of around 95%, but declined against the highly mutative Omicron lineage, while protection against severe
disease remained stable due to the usage of conserved epitopes for broad spectrum immunity. Although much slower at mutating,
DNA viruses display immune evasion mechanisms that complicate vaccine design as well.

Conclusion: Viral evolution reflects both immune selective pressures and mutation rate. In the future, effective vaccine strategies
must hybridize immunodominant but mutable antigens with conserved epitopes, use real-time phylogeny monitoring, and adopt
booster schedules to combat waning immunity and antigenic drift.
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Introduction

While viral mutation is cited as the primary obstacle to vac-
cine development, immune evasion mechanisms also play a
significant role.

The mutation rates of viruses are heavily affected by numer-
ous factors such as replication method, immune response, en-
vironment, viral polymerases, and host factors. These factors
and immune evasion mechanisms create challenges in vaccine
development and prevent effective treatment.

This review will focus on the mechanisms of RNA virus
mutation rates and the complex immune evasion of DNA
viruses, their effects on treatment development, and compare
real-world vaccine development challenges between RNA and
DNA viruses.

This will be achieved through using public databases on
RNA and DNA viruses, viral mutation rates, host immune
evasion mechanisms, and the vaccine development challenges
that follow.
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Methods

A systematic literature search was conducted in accordance
with the PRISMA 2020 guidelines. The following elec-
tronic databases were searched: PubMed, ScienceDirect, Na-
ture, ASM, Nextstrain, and GISAID (January 2003 to August
2025).

Inclusion Criteria: To be included, a manuscript had to
address either RNA or DNA viruses, the mechanisms behind
them, or vaccine development challenges faced because of the
mechanisms behind RNA and DNA viruses.

All papers had to be either randomized controlled trials,
clinical trials, and written after 2010 to ensure more recent
data collection, unless older papers were used to study the
timeline of vaccine development and technological advance-
ments in vaccine research. All papers were English only.

Exclusion Criteria: Articles were excluded if they were
not peer reviewed. Papers that contained unique variables in
their data when compared to other compiled papers were also
excluded due to lack of comparatability.

From downloaded datasets, listwise deletion was applied.
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Mechanisms of RNA Virus Mutations

Viral mutations arise through a series of aforementioned fac-
tors, as well as recombination and reassortment that cre-
ate markedly different mutation rates across RNA and DNA
viruses, and single-stranded and double-stranded viruses.
When comparing ssRNA viruses to dsRNA viruses, dsSRNA
viruses have slightly lower mutation rates than the minimum
mutation rate of both virus types. However, ssRNA viruses
have a much higher maximum mutation rate. Chemical dam-
age has shown a potential correlation with increased mutation
rates through experiments on the effects of ethanol on HCV'L.
+ssRINA viruses can almost immediately begin replicating af-
ter entering a host cell®. This increases the chemical dam-
age that +ssRNA viruses receive, which could in turn increase
mutation rates=. On the other hand, -ssRNA viruses must use
RdRp within the virion to start translation®®, This could ex-
plain why +ssRNA viruses have slightly higher mutation rates
compared to -ssSRNA viruses®. However, studies on the ef-
fects of chemical damage on ssSRNA virus mutation rates are
currently limited to HCV, thus it cannot be determined with
complete assurance whether chemical damage and mutation
rate are truly correlated or not'.

Meanwhile, experimentation on bacteriophages could help
explain the difference in mutation rates experienced by ds-
DNA and ssDNA viruses. In DNA bacteriophages, access
to post-replicative repair has shown mutation rate differences
in single and double-stranded viruses=. Some ssDNA viruses
such as bacteriophage ¢X174 cannot perform mismatch re-
pair, meaning they have mutation rates in the upper echelons
of mutation rates in DNA viruses=. The connection between
post-replicative repair and mutation rate in eukaryotic viruses,
however, is not established. Therefore, an explanation is still
needed on the difference in mutation rates between ssDNA
and dsDNA viruses.

RdRp is also a key factor in the difference in mutation rates
between DNA and RNA viruses. In RNA viruses, some RdRp
lack proofreading and often make mistakes during transcrip-
tion, introducing mutations and mismatched bases. On the
contrary, some DdDp have proofreading mechanisms, with
several DNA viruses having mechanisms for repairing mis-
matched bases. This leads to higher mutation rates in RNA
viruses than DNA viruses®. Influence from host cells can
also strongly affect mutation rates in viruses. For instance,
APOBEC-a family of deaminases that defend against retro-
viruses—are bound to by the viral protein Vif, encouraging
proteasomal degradation of APOBECs”. This can cause
mutations in viruses by encouraging DNA base editing by
APOBECs and has been shown to increase mutation rates in
HIV-1 by more than forty times-.

Table [1| shows that RNA viruses substitute anywhere from
1-100,000 times faster than DNA viruses, as RNA virus muta-

Table 1 Approximate range of mutation rates. Created by the author
using data from Journal of Virology (https:
//pmc.ncbi.nlm.nih.gov/articles/PMC2937809/)

Virus Type

Mutation rate (s/n/c)

sSRNA (+) virus 1073 —107°
sSRNA (-) virus 1073 —-10"°
dsRNA virus 10
ssDNA virus 10~
dsDNA virus 1077 —1078
Retrovirus 1074 -10"5

tion rates range from 1073 to 107° s/n/c, while DNA viruses
range from 107® to 10~® s/n/c. However, there is only one
data point for both ssDNA and dsDNA virus mutation rates.
The cellular environment in which viruses reside during the
cell infection cycle has been shown to impact viral mutation
rates. In retroviruses, imbalances in dNTP pools can affect
mutation rates. This, along with host factors, can also greatly
affect the mutation rate of viruses.

Consequences of High Mutational Drift

Viruses with high mutational drift constantly pose problems
for vaccine development and treatment efficacy. Fitness land-
scapes shape evolution into an adaptive process that has mul-
tiple peaks and valleys. Peaks represent mutations that benefit
organisms while valleys represent mutations that are detrimen-
tal to organisms. Therefore, viruses that are less fit will have
a limited population, or gradually die outZ. Moreover, quasis-
pecies theory explains that rapidly replicating entities, such as
viruses, contain a dynamic assortment of closely related ge-
netic variants that form “mutant swarms” that compete with
each other. This allows for the rapid adaptation of entities to
changing environments, such as the development of resistance
to vaccines and treatments®. Because selective pressures such
as drugs, vaccines, and competing viruses push back on the
populations of certain viral strains, viral strains further mutate
and adapt to compete and evade other viral strains and im-
mune responses, respectively. These evolutionary frameworks
help explain the core causes behind the constant mutation and
evolution of viruses.

One such case is antigenic drift and shift in influenza. Anti-
genic drift means that vaccines must be updated to maintain
efficacy, while antigenic shift means that vaccine development
needs to provide partial immunity to animal viruses. Vaccine
development for influenza manipulates viruses to reassort and
create new genetic variants. This allows vaccines to use genet-
ically manipulated viruses for antigens, where the main virus
contains the target strains while the second virus is used for
additional safety measures. As viruses become more under-
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stood, manipulating viral polymerase or using treatments that
increase mutation rates can decrease virus infectivity and a
virus’s ability to replicate®.

Discussion

Influenza A and B are the two most common types of influenza
that can infect humans. Variants of Influenza A and B descend
from two subtypes, A(HIN1) and A(H3N2), for Influenza A,
and two unique lineages, B/Victoria and B/Yamagata, for In-
fluenza B'Y. Influenza vaccines are most commonly inacti-
vated, with an efficacy of 50% 10 In influenza vaccines, the
main virus is used to create immunity while the secondary
virus is used for added safety, using the HA antigen to signal
to the immune system what antibodies to produce. However,
the HA antigen is constantly drifting, rendering previous vac-
cines ineffective as mutations alter the HA protein, which can
fundamentally change the antigenicity of the virus, preventing
antibody recognition. Therefore, to keep up with a virus that
can mutate within half a year, vaccine development must pre-
dict the HA or NA antigens that are globally present after anti-
genic drift has occurred. This is currently possible, although
difficult, as most viral mutations are deleterious, thus limiting
the diversity of influenza variants. In fact, during the 2012-
2013 season, a singular mutation K166Q in the HA head of
Influenza A(HIN1) had masked an epitope that had previously
been recognized by human monoclonal antibodies, preventing
recognition by the latter'l’

These changes to the topology of the HA protein prevent
the binding of antibodies to the protein, even if the protein
remains functional. Middle-aged adults that had previously
been exposed to the virus and had high neutralization antibody
titers against that epitope before the 2012 season suddenly had
low neutralization antibody titers during the 2012-2014 sea-
sons due to the K166Q substitution'. The lack of efficacy
has driven vaccine development for influenza but is held back
by poor measurable signs of immunization. At this moment,
the only acceptable correlate of protection is hemagglutina-
tion inhibition (HI) serum antibody titers of 1:32 to 1:40, with
WHO stating that an HI test with an HAI titer of 40 or higher is
considered an acceptable correlate of protection'!V., However,
attenuated influenza vaccines have shown efficacy while being
below the benchmark. Due to the lack of efficacy and strug-
gles in seasonal vaccines, universal vaccine development has
been tested. One method is developing broadly neutralizing
antibodies to the HA stalk, which can identify these structures,
allowing for the induction of broadly neutralizing antibodies.
Another method utilizes the sequences of circulating strains
and creates an artificial sequence that broadly represents the
group of strains, which should minimize the difference in the
vaccine antigens and the circulating strains.

As for universal influenza B vaccines, one influenza B vac-

cine targets the influenza B HA cleavage site in the HA stalk.
Influenza vaccine development has made significant progress
in creating universal vaccines, but antigenic drift and shift re-
main obstacles to work around!’. Experimentation has also
been done where mutations are introduced to the main virus
to yield faster seed viruses-V.

SARS-CoV-2, on the other hand, rapidly evolved at a
rate higher than influenza, with variants popping up globally.
Many of the first variants had mutations in the RBD in the S
protein, which increased the transmission rates of these vari-
ants by 40-70%'2. The increased transmission rate of these
variants allowed the virus to spread rapidly to other coun-
tries. Approved vaccines were mostly spike protein-based
such as the Moderna and Pfizer-BioNTech vaccines. However,
there were also adenovirus vector-based vaccines such as As-
traZeneca and Johnson & Johnson. Several studies on SARS-
CoV-2 showed a link between the virus’s genomic changes
and immune reactivity in patients, suggesting that the evo-
lution of SARS-CoV-2 could render vaccines obsolete after
enough mutations’?. SARS-CoV-2 also displays antigenic
drift, decaying efficacy quickly'-.

SARS-CoV-2 variants mostly mutate in the spike proteins,
with mutations such as E484K providing immune escape
through methods such as reducing antibody binding. The
first variant, the Alpha variant, was extremely infectious and
accounted for 92% of cases in Europe and 59% of cases in
the US states in 202112, Later variants continued to mutate
rapidly, resulting in greater immune escape, infectivity, and
lethality. The Delta variants carried on the trend of spike pro-
tein deletions, such as Y144, further increasing infectivity12,
Omicron was a variant that contained more than 30 muta-
tions, with these mutations being associated with increased
transmissibility, better antibody escape, and viral binding
strength''®. Furthermore, Omicron had higher antibody es-
cape than previous variants, perhaps due to its difference in
structure from other variants2. [cite: 108] Many viruses, like
SARS-CoV-2, also enable immune escape through inhibit-
ing pathogen recognition, preventing memory T-cell responses
from activating. [cite: 109] For example, the P272L variant of
SARS-CoV-2 developed immune escape from a T-cell epitope
that was dominant in killing the Wuhan variant, showing com-
plete escape against the T-cell responses'®. Thus, vaccines
should incorporate conserved epitopes for more durable im-
munity that can prevent the complete immune escape that was
demonstrated by the P272L variant.

Mutations in the spike glycoprotein of SARS-CoV-2 ei-
ther block the ACE2 binding site or compete with it, causing
slight changes in amino acid chains that may alter the surface
of viruses, preventing existing antibodies from being able to
properly bind to viruses. Such structural changes cause a de-
crease in antigenicity. Figure [I] highlights this negative corre-
lation between mutations and antigenicity, with almost every
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Fig. 1 Antigenicity of SARS-CoV-2. Created by the author using
data from Vaccines (Basel) (https:
//pmc.ncbi.nlm.nih.gov/articles/PMC8705738/)

epitope tested showing a lowered antigenicity after mutating.
A study on antibody evasion by SARS-CoV-2 Omicron sub-
variants found that mutations negatively impact ACE2 bind-
ing, causing complete or partial neutralizing antibody evasion.
Furthermore, cryo-EM from a different study on the Omicron
BA.2 spike revealed that the NTD loop, a hotspot for anti-
genic drift where many immunodominant antibodies in coron-
aviruses bind to, of the subvariant was structurally reorganized
through the folding of the flexible N1 amino acid segment into
the rigid B-strand ™3

The flexibility of loops such as the N1 loops often makes
them the target of antibodies. Therefore, when altered into
more rigid strands, antibodies could be prevented from bind-
ing to said surfaces, aiding in viral immune escape. On a larger
scale, such structural changes to the NTD loop alter the 3D
topology of the loop, potentially rendering viruses unrecog-
nizable to antibodies even if the latter were to bind to ACE2.
Such factors contributed to vaccine development challenges
for SARS-CoV-2.

Due to the rapid development of new technology used in
SARS-CoV-2 vaccines, extensive studies and trials were con-
ducted to test the efficacy and safety of the vaccines. A
study on an inactivated SARS-CoV-2 vaccine showed that the
shorter the time gap between doses—less than three weeks—the
more the immunogenicity decreased’. Other vaccines that
used SARS-CoV-2 as a whole and not the variants showed
similar results, but concerns regarding having to cover most
immunological epitopes rosel2. Improper inactivation pro-
cesses could change the properties of these epitopes, causing
non-neutralizing antibodies to be produced. This would allow
SARS-CoV-2 to replicate more rapidly rather than stopping
the virus from replicating.

Vaccine efficacy for SARS-CoV-2 is higher than influenza,
with the Pfizer-BioNTech vaccine having an efficacy of 95%
while the Moderna vaccine has an efficacy of 94.5%"2. How-

ever, real world efficacy could be substantially lower given
variable population response and diverse genes that give cer-
tain populations greater immunity, such as from HLA alle-
les. The mRNA vaccines are created by manipulating the
spike protein mRNA to express genetic information for an-
tibody production. The Pfizer-BioNTech vaccine decreased
infection rates by 58% after 12-20 days and 72% after 45-59
days when compared to unvaccinated subjectsll—z[ Sinopharm,
an inactivated vaccine, took over a month to develop antibody
responses to SARS-CoV-2, while another inactivated vaccine,
Covaxin, was able to retain substantial neutralizing antibodies
for up to three months after the second dose™. However, these
results are based on limited studies, as the durability of protec-
tion remains uncertain. Other vaccines had little information
on them, but many vaccines that were not studied thoroughly
or had little information on their efficacy were approved for
emergency medical use'2

The Pfizer-BioNTech vaccine had such high short-term vac-
cine efficacy because early variants of SARS-CoV-2 had rel-
atively few changes in the RBD and T-cell epitopes of the
spike protein, meaning that early genomes contained highly
conserved regions that allowed for high efficacy across vari-
ants. However, humoral and cellular immunity against SARS-
CoV-2 variants waned after six months. There were discus-
sions on further COVID vaccines that focused on more uni-
versal coverage through targeting conserved regions instead of
spike proteins. Despite this, multivalent vaccines that were
developed and deployed further into the SARS-CoV-2 pan-
demic still primarily targeted the spike protein of SARS-CoV-
2. Although developing a universal vaccine using conserved
regions was never fully implemented for widespread public
use for SARS-CoV-2, its potential is currently being studied
for several viruses.

Efficacy (Overall %) Apha (%) Beta (%) Delta (%) Gamma (%)

Fig. 2 Efficacy of different vaccine types against SARS-CoV-2
variants to reduce infection. Created by the author using data from
Vaccines (Basel) (https://pmc.ncbi.nlm.nih.gov/
articles/PMC8777947/#ref-1istl)
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Fig. 3 Efficacy of different vaccine types for reducing severe
disease/death. Created by the author using data from Vaccines
(Basel) (https://pmc.ncbi.nlm.nih.gov/articles/
PMC8777947/#ref-1ist1)

Figure [2] and Figure [3] both display vaccine efficacy but
use different definitions: Figure [2] measures vaccine efficacy
against infection, while Figure [3] measures vaccine efficacy
against severe disease/death. Still, vaccines in general reduced
transmission risk by 88.5%, and vaccination, no matter what
type, reduced transmission rates' 218, However, efficacy var-
ied across variants and populations.

= Average Peak GMT (85% Ci) = Average GMT, 1-6 months (95% C)

3 q

Fig. 4 Groups a, b, and d measured those with naive immunity;
group a was primary vaccination, while b and d were booster
vaccinations. Groups ¢ and e measured those with hybrid-immunity
and primary vaccinations. Figure created by the author using data
from NPJ Vaccines (https://pmc.ncbi.nlm.nih.gov/
articles/PMC10589259/#Sec?2).

Vaccine performance cannot be concluded with full assur-
ance due to many variables that affect both long-term immu-
nity and short-term immunity. Waning immunity is a major
factor that leads to substantial long-term declines in vaccine
performance. Figure 4 demonstrates how waning immunity

decreases GMTs, as all groups in the study showed substan-
tially decreased GMTs 1-6 months after the initial or booster
shot by anywhere from 2.4-9.0 folds against both Index and
Omicron BA.1 variants. The GMTs were found to also de-
crease by 1.7-21.8 folds after those who were hybrid-immune
were given a primary shot™. It is essential to know that the
study that compiled and analyzed the waning immunity of
SARS-CoV-2 vaccines admitted that many of the 26 studies
used were either low in reliability or had no reliability due to
lacking critical information.

Variable population responses can also create doubts about
vaccine efficacy, as they form irregularities within the data.
People who experienced prior infection from SARS-CoV-2,
when vaccinated, were found to experience a potent immune
response, with vaccination causing those with hybrid immu-
nity to recall diverse and high quality memory B-cells. In
fact, total B-cell count was found to increase by 5 to 10 fold
in individuals with hybrid immunity when compared to those
with natural immunity or vaccination??. Such differences in
immune response can cause real-world populations to diverge
from predicted outcomes.

Genetics also play a large part in immunity. HLA genes
enhance the antibody response to initial SARS-CoV-2 vacci-
nations, with several HLA alleles independently influencing
antibody response after SARS-CoV-2 vaccination More-
over, cumulative HLA variants have been found to have an
effect on both the susceptibility and severity of breakthrough
SARS-CoV-2, and are associated with anti-SARS-CoV-2 IgG
levels, with this result being statistically significant genome-
wide22,

Specifically, the HLA-DQB1*06 allele family enhances
antibody response, stimulates T-cells, and promotes spike-
specific B-cell memory responses and neutralization antibody
titers. Variations in host immunity not only affect vaccine effi-
cacy data, but also drive viral evolution. Under T-cell selective
pressure, immune escape mutations developed in SARS-CoV-
2, and antigenic drift and shift in influenza is partially caused
by variable population antibody responses. Under these fac-
tors, uneven immune landscapes are created that viruses adapt
to, fueling ongoing mutation and evolution.

Vaccine types address antigenic drift with varying levels of
efficacy. Adenoviral vector-based vaccines showed decreased
efficacy against emerging variants of SARS-CoV-2, with pre-
vious adenovirus immunity and antigenic drift contributing
to lower immune responses to novel SARS-CoV-2 variants2?.
There were varying levels of decrease in neutralization titers
for wild type SARS-CoV-2 and infectious variants that were
subjected to the adenoviral vector-based vaccines. Much of
the substantial decrease in neutralization antibody titers could
be attributed to mutations within the RBD of the S protein in
SARS-CoV-2 variants. Strains with RBD mutations exhibited
reductions in neutralization titers from anywhere between 1.4-
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fold to 42.4-fold. Inactivated vaccines showed similar results,
with antigenic drift potentially causing a decrease in efficacy.
Protein subunit vaccines for influenza faced similar challenges
with antigenic drift as well. Traditional protein subunit vac-
cines struggled to protect against antigenic drift due to the
usage of surface proteins in vaccine development. However,
recent advancements in vaccine technology such as the im-
provement in adjuvant technology shows promise in further
improving the efficacy of protein subunit vaccines against in-
fluenza¥,

Using conserved epitopes and regions in universal vaccines
is integral to addressing antigenic drift within RNA viruses.
Using multiple conserved epitopes in vaccine development
prevents the vaccine from developing inefficacy over time due
to mutations, allowing antibodies to recognize viruses that
have largely mutated from the strains that the vaccines were
developed with.

Such potential has already been noted in a multitude of vac-
cines. In protein subunit vaccine development for influenza,
HIN1 HA-based vaccine design has shifted to targeting the
stem of influenza viruses, masking or removing the HA head
to expose the conserved regions for the creation of HA mini-
stem vaccines. Such vaccines have been shown in preclini-
cal studies to be able to protect against multiple different in-
fluenza subtypes through the induction of broadly neutralizing
antibodies#*.

For adenoviral vector-based vaccines, the supplementation
of the S protein with conserved T-cell epitopes led to strong
humoral and cell-mediated immunity responses against the
BA.2 strain of SARS-CoV-2. Furthermore, research into
mRNA vaccine development using a conserved region of
SARS-CoV-2, the N protein, showed incomplete but signif-
icant protection against infection®. Thus, multivalent vac-
cine development shows great promise in protecting against
infection and antigenic drift. However, many conserved re-
gions are hidden underneath the subunit proteins that are al-
ready being used in vaccine development. This could create
weak immune responses when natural infection occurs. Over-
all, next-generation vaccines that incorporate conserved epi-
topes show great potential in resisting the effects of antigenic
drift, although they do induce weaker immune responses than
vaccines that use the main surface proteins of viruses.

Interestingly, clade 25C(XFQG) is prominent in Figure 5 and
Figure 6, displaying the highest amount of S1 mutations and
immune escape out of all of the clade memberships and lin-
eages. In fact, out of all of the SARS-CoV-2 variants in
the US, XFG variants are the most prominent variants that
have increased in frequency in the United States, and have
the highest lineage fitness, demonstrating how lineage fitness
could be positively correlated with mutation frequency, variant
frequency, and immune escape. Perhaps mutation frequency
leads to increased lineage fitness as stronger variants of the

S1 Mutation

0 0.2 0.4 0.6 0.8 1 12 14 16 18 2
Immune Escape
©22A(BA4) ©22C(BA2.12.1) 22D (BA.2.75)
©22E (BQ.1) ® 22F (XBB) 23A(XBB.1.5)  ®23B(XBB.1.16)  @23C(CH.1.1) 23D (XBB.1.9)
23E (XBB.2.3) 23F (EG.5.1) ©23G (XBB.1.5.70) @ 23H (HK.3) © 23 (BA.2.86) 24A (IN.1)
©24B(IN.1.11.1)  24C (KP3) ©24D (XDV.1) ®24E(KP3.1.1) @ 24F (XEC) ©24G (KP.2.3)
© 24H (LF7) 25A(LP8.1) 25C (XFG)

208 ®21L(BA.2) © 228 (BA.5)

Fig. 5 The correlation coefficient is 0.91, indicating a strong
positive correlation. Figure created by the author using data from
Nextstrain (https:
//nextstrain.org/ncov/open/global/all-time).

Variants with Increasing Frequency (USA)

Fig. 6 SARS-CoV-2 variants that increased in frequency of
infections in the United States across the span of 4.5 months. Figure
created by the author using data from Nextstrain (https:
//nextstrain.org/ncov/open/global/all-time).
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Fig. 7 This map from Nextstrain shows the frequency of
SARS-CoV-2 clades across the globe (https:
//nextstrain.org/ncov/open/global/all-time).

lineage spread more frequently, resulting in a higher immune
escape that along with the fitness of the variants, increases the
frequency of the variants. Moreover, there could be a strong
correlation between the fitness of SARS-CoV-2 variants, and
the wealth and healthcare development of the country in which
they are most prevalent. Figure 7 shows how globally, many
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Fig. 8 This phylogeny tree from Nextstrain shows the evolution
timeline of SARS-CoV-2 (https:
//nextstrain.org/ncov/open/global/all-time)

of the strongest lineages of SARS-CoV-2 are most frequent in
wealthy and healthcare-sufficient countries compared to their
surrounding regions, such as the United States, Singapore, and
Brazil. Interestingly, Figure 8 shows that two of the most com-
mon clades of SARS-CoV-2-XFG and LP.8.1-are descended
from the same branch on the phylogeny tree: JN.1.11.1. The
rise in frequency of XFG over the past six months indicates
that a large part of the evolution of SARS-CoV-2 will oc-
cur through the XFG lineage. These analyses demonstrate
how computational models and real-time tracking tools can
predict mutation hotspots and likely escape variants, such as
XFG. Therefore, it can potentially be concluded that mutation
hotspots are likely to be highly developed countries around the
globe, with most mutations of SARS-CoV-2 occurring within
the S1 protein subunit of the virus.

In contrast, DNA viruses exhibit substantially lower muta-
tion rates than RNA viruses, shifting the primary challenge to
vaccine efficacy from mutations to immune evasion strategies.
HSV-1 and HSV-2 are dsDNA viruses with no approved vac-
cines, although vaccines are being tested. Vaccine efforts at
the moment have been focused on HSV-2. However, many
HSV genes are involved in immune escape, meaning that vac-
cine development is incredibly difficult.

The genomes of HSVs are relatively stable compared to
RNA viruses such as HIV-1 and HCV, although HSV-2 pos-
sesses an inherently higher mutation rate than HSV-1%¢, Be-
cause HSVs are so stable, viral strains chosen for subunit vac-
cines or as parental viruses are unimportant.

HSV envelope glycoproteins gB, gD, and gH-gl. bind
viruses to host cells?®. Potent-neutralizing antibodies are es-
sential for gD to bind to receptors for adhesion and entry into
cells. Therefore, the development of receptor-blocking com-
pounds has been put into place. Moreover, HSV enters cells
using proteins that also function in cellular communication
and adhesion, making vaccination possible to elicit patholog-
ical effects. However, this did not occur in over 10,000 sub-
jects tested2®. Antibodies that delete gH have been proven to
be very potent, as deletion of gH seems to cause HSV strains

that have been tested as vaccines to be discontinuously repli-
cated?®. Without the gH, viruses cannot enter the next gener-
ation of cells. Because HSV infects through person-to-person
contact, sterilization at the site of contact has been tested as
a method of vaccination. However, only trials on mice have
succeeded in sterilizing infections.

Despite lower mutation rates than RNA viruses, DNA
viruses like HSV-1 possess sophisticated immune evasion
mechanisms that can prevent critical antiviral responses, such
as RNA and protein manipulation, latency, and viral mimicry.
Such responses can lead to significant vaccine development
and efficacy challenges.

One host shutoff approach used by viruses is the promo-
tion of global RNA decay. Several herpesviruses have been
thoroughly studied on their modulation of mRNA stability, as
these herpesviruses are able to degrade mRNA through viral
ribonuclease induction*”. HSV-1 has a specific protein, UL41,
that works as a virion host shutoff and an mRNA-specific de-
grader. UL41, upon cell entry, rapidly degrades both host
and viral mRNAs prior to de novo viral gene expression, then
seizes the synthesis of cellular protein and disaggregates pre-
existing polyribosomes, preventing the expression of cellular
immune factors and diverting host organelles for viral replica-
tion. A study on mice found that mice that were infected with
nonfunctional virion host shutoff had elevated levels of host-
activated innate immune responses. Furthermore, wild-type
HSV-1 was found to be capable of reducing levels of viperin
mRNA, which builds the antiviral protein viperin, while HS V-
1 viruses without UL41 did not.

Another method of RNA degradation is the usage of mi-
croRNAs to interfere with host translational processes. How-
ever, the roles of many miRNAs are still not yet known or
understood, but it is currently known that viral miRNA tar-
get genes in immune and nonimmune cells, suggesting that
miRNA is vital in subverting host antiviral immune responses.

DNA viruses exploit proteasome pathways to evade host
immune responses to inhibit host defense factors, such as the
encoding and recruitment of ligases that target the degrada-
tion of host proteins via the proteasome pathway. The viral
E3 ubiquitin ligase performs such a task. One of the E3 lig-
ase’s main targets is PML, which is a protein that acts as a
central organizer or scaffolding for PML-NB. PML has been
reported to silence a number of herpesviruses, due in part to
the epigenetic silencing of viral genomes that PML-NBs are
capable of 21 Thus, when PML knockdown occurs, HSV-1
titers have been found to increase following infection in hu-
man fibroblasts. Several viral E3 ligases have been found to
specifically target PML for proteasomal degradation, such as
the ICPO protein in HSV-1 that was found to directly target
PML.

DNA viruses also degrade host Pattern Recognition Recep-
tors (PRRs) to inhibit viral DNA recognition. The ICPO pro-
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tein in HSV-1 has also been found to target the viral DNA
sensor DNA-PK. Inhibition of DNA-PK by ICPO causes re-
ductions in the half-life of DNA-PKcs. Moreover, ICPO is es-
sential and sufficient for the proteasomal degradation of DNA-
PKcs, which encourages more efficient replication in DNA-
PKcs depleted cells”.

In addition, DNA viruses hijack host defense proteins
through functional inhibition and sequestration of the proteins.
Immune system pathways that are activated by DNA virus in-
fections intersect when transcription factors stimulate the pro-
cess of gene transcription. Thus, many viruses have developed
mechanisms to prevent the activation of proteins that cause the
activation of gene expression. IRF-3 inhibits the gene expres-
sion of programmed cell death. The targeting of IRF-3 by viral
proteins such as ICPO could potentially establish and main-
tain persistent and latent infections, allowing DNA viruses to
persist in the body of their host, and continuously replicate
and infect their host. ICPO binds to IRF-3, sequestering it be-
tween nuclear bodies, preventing the transcription factor asso-
ciation with host gene binding sites that is required for Type
1 IFN induction, which is important for host defense against
viruses. Other viruses use other factors to inhibit IRF-3 and
other proteins, displaying the diversity in complex immune
evasion mechanisms that DNA viruses possess=_.

DNA viruses also use viral mimicry to evade immune re-
sponses, such as cytokine mimicry. In herpesviruses, cytokine
mimicry has been observed in the IL-10 cytokine, which is an
anti-inflammatory cytokine that inhibits the production of pro-
inflammatory cytokines. Viruses use these properties of IL-10
to mitigate host defenses through pro-inflammatory cytokine
expression. cmvIL-10 is a gene that was most likely pirated
from host genomes that binds to IL-10 receptors with high
affinity. Despite only being 27% homogenous in sequence to
human IL-10, cmvIL-10 is highly effective at promoting in-
flammatory cytokine expression. Dendritic cells (DC) are re-
sponsible for priming cellular immune responses. Plasmacy-
toid dendritic cells, which are major producers of type 1 inter-
ferons—which are antiviral proteins—during infection, had the
expression of [IFNa in them severely reduced due to cmvIL-
10, causing reductions in antiviral response.

In further detail, HSV can infect myeloid-lineage DC due
to the HSV receptors that are expressed by the cells, which
reduces the ability of DC to present antigens for immune re-
sponses. As mentioned before, HSV often induces IFN«,
which increases T-cell survivability and supports Thl-like re-
sponses. IFNa is secreted by DC plasmacytoid in response
to HSV, meaning that HSV must develop means to evade
IFN«'%®. One way HSV evades IFN-« is by using the vhs pro-
tein. The vhs protein antagonizes IFN¢, which produces the
734.5 protein. This protein reduces the shutoff of host pro-
tein synthesis, which allows HSV to replicate more?®. HSV
can also infect T-cells, among several immunocompetent cells,

which can influence the homeostasis of the CTL response to
HSV=<e.

HSYV inhibits antigens from causing antibody development
in the HLA class I and class II pathways by preventing antigen
processing and presenting. Inhibition of antigen-presenting
is caused by interactions by ICP47 with the transporter re-
sponsible for antigen processing. The evasion of HLA class
I-restricted responses is performed by the vhs gene®. In CD4
T-cells, not much is known about how HSV evades immune
responses. However, it is known that ICP-22 is responsible for
inhibiting antigen presentation, while HSV-infected B-cells
are modified to present antigenic epitopes to CD4 T-cell clones
inefficiently20.

Many vaccine formats have been explored in developing
HSV vaccines. Peptide vaccines, which use a single epitope
to elicit immune responses, have been proven to be protec-
tive on mice. However, this is not indicative of the efficacy
on humans. Subunit vaccines present a more complex anti-
gen to the immune system with recombinant protein formats
being tested. They can only partially protect against HSV-
2 seroconversion, with no protection against HSV-1 serocon-
version. The GSK vaccine used a truncated form of the gD
of HSV-2 and was estimated to have an efficacy of 75% for
genital herpes®. In addition, truncated HSV glycoproteins
had been used for immunotherapy in adults with symptomatic
genital HSV-2. Immunotherapy using truncated HSV glyco-
proteins significantly reduced the number of genital herpes re-
currences in a one-year period2¢. However, the development
of the GSK genital herpes vaccine was discontinued due to
dwindling funding. Killed-virus vaccines had been proven to
protect animals 20 However, because of a lack of data on ef-
ficacy and studies with a lack of placebo controls, there was
no conclusive data on the efficacy of killed-virus vaccines2%,
Fractionated virus vaccines inactivate viruses in infected cells
and partially purify subsets of viral proteins. A fractionated
virus vaccine that was enhanced by HSV-2 enveloped gly-
coproteins appeared to be immunogenic and decreased the
severity of recurrent HSV-2 disease. Further development saw
an increasing trend in neutralizing and total antibodies, but
no evidence supported that the vaccine had clinical benefits.
Replication-deficient vaccines use the deletion of one or more
genes required for viral replication to prevent viral infection
or severity. They showed promising results in guinea pigs and
entered clinical trials several years ago, but no final vaccine
was developed. Attenuated vaccines stimulate a broad anti-
body response by presenting a mixture of epitopes from the
entire HSV genome except from deleted genes. However, they
could make vaccine strains either reactivate and recombine
with wild viruses or be transmitted to immunocompromised
patients2%. These vaccines were all developed in the 2000s,
and since then there have been innovations in vaccine technol-
ogy. Moreover, all of the previously mentioned vaccines never
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succeeded. Although attenuated and subunit vaccines are still
being researched and developed for HSV, nucleic acid vac-
cines are being developed for HSV. The main focus in the de-
velopment of HSV nucleic acid vaccines has been DNA vac-
cines. One example of a DNA vaccine is COR-1, which codes
for the HSV-2 envelope gD2 and a truncated gD2 fused with
ubiquitin. This vaccine demonstrated humoral and immunal
responses that protected against lethal viral challenge and re-
duced viral latency in murine models. Moreover, the vaccine
has demonstrated, in clinical trials, safety and reduced viral
shedding after administration into humans. It is important to
note that no HSV vaccines have been released, as many are in
clinical trials or were discontinued.

The nature of SARS-CoV-2 and influenza allows vaccines
to be developed quickly due to the smaller genomes of RNA
viruses. When comparing the 85 viral proteins that HSV
contains to the 4-;10 that influenza has and around 20 viral
proteins that SARS-CoV-2 possesses, the genome size itself
helps explain why HSV still does not have any approved vac-
cines!?2% The large genome and amount of immune-evading
genes of HSV create major challenges to vaccine develop-
ment. Moreover, dwindling funding for many HSV vaccines
forced many vaccines that were in clinical trials or develop-
ment to be cancelled. HSV vaccines could become approved
shortly, but with many vaccines having gone through late-
stage trials without being approved, it is unpredictable when
vaccines for HSV will be available.

However, HSV is not the only disease where vaccine de-
velopment has been plagued by shaky investment and tech-
nological limitations. These issues are universal to vaccine
development?®. The development process is long and costly,
with every stage in the process holding inherent risks that can
create financial burdens on vaccine manufacturers. Inherent
technological limitations can lead to ineffective vaccines, such
as the failure to select a pathogen’s correct genetic sequence
for antigen coding. Moreover, next-generation vaccines re-
quire special refrigeration containers, as improperly preserved
mRNA vaccines can lead to reduced effectiveness. This re-
striction negatively affects the scale at which next-gen vac-
cines are deployed globally, and hinder worldwide vaccina-
tion attempts. In manufacturing, the inherent high cost and
requirement for highly qualified individuals, as well as manu-
facturing limitations for certain vaccines also lead to discour-
agement in vaccine development. Moreover, vaccines benefit
groups outside of the stakeholders, decreasing the return on
investment and discouraging investors from investing in the
vaccine market. This underinvestment reduces the incentive
of vaccine manufacturers to develop new vaccines, which can
cause the technology and market behind vaccine development
to plateau. However, when it comes to extreme financial in-
centives, such as in the case of the SARS-CoV-2 pandemic,
where governments will invest heavily to rapidly develop vac-

cines, vaccine development rapidly progresses and new tech-
nologies are quickly improved. These are rare cases, how-
ever, meaning that most vaccines take several years to develop
instead of the one year it took for SARS-CoV-2 vaccines to
be developed. Although technological advances have greatly
progressed the efficiency and efficacy of vaccine development,
such as the invention of the mRNA vaccine, these new vaccine
types come with limitations that once again burden vaccine
development. Hindrances such as these are real-world chal-
lenges that governments must address.

Conclusion

Viral mutations prevent vaccines from retaining efficacy and
often cause vaccine development struggles through antibody
escape mutations. However, advancements in vaccine tech-
nologies show great promise, such as the hybridization of
immunodominant viral regions with conserved epitopes for
broad spectrum protection. Multivalent vaccines, despite be-
ing weaker than monovalent vaccines, are more durable and
do well when viral strains mutate, showing promise in deal-
ing with antigenic drift. Pursuing vaccines that utilize the
genomes of multiple strains through conserved epitopes are
the way forward in dealing with RNA viruses. Yet still, despite
advancements having been made in dissecting viral genomes
and abilities to manipulate these genomes, much about viruses
remains unknown. The complex immune evasion techniques
of DNA viruses still provide great challenges in vaccine devel-
opment for viruses such as HSV, and vaccine development is
still largely limited by technological and financial boundaries.

Furthermore, it is still relatively unknown why retroviruses
perform reverse transcription and the processes behind the dif-
ference in mutation rate between single-stranded and double-
stranded viruses. Viruses must be closely examined in the
future to prevent and mitigate further pandemics like SARS-
CoV-2.
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