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Herpesviruses are highly species-specific, having co-evolved with their
respective hosts over millennia. This evolutionary relationship has led
to the development of highly specialized immune evasion strategies,
enabling these viruses to establish lifelong infections. Periods of imm-
unosuppression canlead to severe disease, such as graft rejection,
cancer, neurodegenerative disease and autoimmune diseases, which
have been linked to herpesvirus infections. Consequently, developing
strategies to prevent herpesvirus-associated diseases is a critical
public health priority. However, varicella zoster virus (VZV) remains
the only human herpesvirus for which licensed vaccines are available.
This Review explores the mechanisms of humoralimmune evasion

by herpesviruses and their implications for advancing immunization
and treatment strategies for chronic neurological, oncological

and transplant-associated diseases caused by these common viral
pathogens.
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Introduction

There are nine herpesviruses known toinfect humans, which are divided
into three subfamilies. Herpes simplex virus 1 (HSV-1), HSV-2 and vari-
cellazostervirus (VZV) arealphaherpesviruses; cytomegalovirus (CMV),
human herpesvirus 6A (HHV-6A), HHV-6B and HHV-7 are betaherpes-
viruses; and Epstein-Barr virus (EBV) and Kaposi sarcoma-associated
herpesvirus (KSHV) are gammaherpesviruses. They representaunique
challenge in preventive medicine due to their high seroprevalence in
the human population and their ability to evade nearly every attempt
at elimination by the host immune system, including innate, adap-
tive and even intracellular immunity to establish latency'”. Following
infection, herpesviruses remaininthebody for life, where they persist
subclinically but can reactivate symptomatically during periods of
immunosuppression®. Acute infections with these viruses are typi-
cally only mildly symptomatic in healthy adults but can cause severe
disease in newborns infected in utero or very early in life as well as in
adults during periods ofimmunosuppression. Alphaherpesviruses and
betaherpesviruses can cause severe acute disease in young children
and have been associated with neurodegenerative diseases, whereas
gammaherpesviruses are frequently associated with malignancies or
autoimmunity® ", Consequently, strategies to prevent these disease
outcomes are paramount to long-term human health. Despite this
need, VZVremains the only human herpesvirus for which vaccines are
licensed for clinical use to prevent severe acute disease (varicella; also
known as chickenpox) and its reactivation-associated disease, called
herpes zoster (shingles)*°,

There are two major approaches to herpesvirus vaccination, and
vaccines against VZV provide the only licensed examples of both.
The first is prophylactic vaccination, administered prior to infection
to prevent infection or ameliorate disease from acute infection. In
the case of VZV, two live-attenuated virus vaccines and a combined
measles—-mumps-rubella-varicella vaccine are administered to
children for prevention of varicella, and these vaccines have been
extremely efficacious in reducing the incidence of disease, hospi-
talizations and mortality???. Although it is important to note that
replication-competent herpesvirus vaccines, eventhough attenuated,
will establish latency in the immunized individual and can reactivate
and cause disease, studies of the VZV vaccines found that herpes zos-
ter occurred less frequently in vaccinees compared with individuals
infected with wild-type VZV**?**. The second approach is therapeutic
vaccination, often associated with chronic diseases such as cancer
and autoimmunity. Therapeutic vaccines are administered after initial
infection and are intended to prevent disease associated with viral
reactivation or secondary infections®. Shingrix (GlaxoSmithKline) is
the primary vaccine recommended for prevention of shingles; itis com-
posed of recombinant glycoprotein E (gE) adjuvanted with ASO1B**%
and demonstrates 97% efficacy in preventing shingles®*%. Although
VZV vaccines have been very effective, the immune responses associ-
ated with protection have not been well defined, even though efficacy
is often attributed to cellularimmunity rather thanantibody-mediated
immunity®.

Substantial efforts have been made to license vaccines for other
herpesviruses, includinghuman CMV (HCMV), EBV and HSV. Multiple
HCMV vaccines have beentested in phasell clinical trials, including an
adjuvanted protein subunit vaccine containing the primary fusogen
(glycoprotein B (gB)) of the virus, a replication-defective whole virus
vaccine, and anmRNA vaccine containing gB and the five components
ofthe pentameric complex®. Only Moderna’s mRNA-1647 has advanced
tophasellltrial®?, but failed to meet the required efficacy end point for

prevention of HCMV acquisition in women who were HCMV-negative;
however, this vaccine is also currently being evaluated in phase Il for
another key target population of recipients of allogenic haematopoi-
etic cell transplant®°, Moderna also has two ongoing phase /11 trials
for EBV vaccines: mRNA-1189 containing gp42, gp220, glycoprotein
H (gH) and glycoprotein L (gL) for prevention of EBV infection and
mononucleosis®®; and a proprietary formulation (MRNA-1195) for
therapeutic use inindividuals with multiple sclerosis®. EBV vaccines to
date have largely focused on eliciting neutralizing antibodies against
the major glycoprotein gp350, including a current nanoparticle vac-
cine in a phase I trial®®, but promising recent preclinical studies have
aimedtoelicit broadimmune responsesinvolvingboth B celland T cell
arms of adaptive immunity®’. HSV vaccine development has been of
interest to many pharmaceutical companies for both prophylactic and
therapeutic purposes, with several protein subunit vaccine candidates
completing phase Ill trials but none advancing to licensure*’. Other
vaccine platforms have been applied to HSVin the past decade, includ-
ing multiple trials of mMRNA-based vaccines, yet none has advanced to
phase Ill trial*.

Vaccine development for the prevention of herpesvirus-induced
diseases faces several key challenges, which have contributed to therel-
atively small number of clinically approved vaccine products. Perhaps
the biggest limitationis that herpesviruses are highly species-specific,
and therefore animal models for assessing vaccine efficacy are lim-
ited and much less translatable than models for less species-specific
pathogens*~*. Furthermore, studying the basic biology of these viruses
is primarily done in vitro due to animal model limitations. Researchers
have largely utilized observational clinical studies to learn about human
herpesviruses or studied an animal model specific virus in vivo, both of
whichare approaches that come with significant limitations. However,
we understand that the relationship between these viruses and the
hostimmune systemisincredibly complexasall herpesviruses utilize
numerous immune evasion mechanisms against innate and adaptive
immune responses*©™*, In this Review, we describe immune evasion
mechanisms that allow herpesviruses to subvert humoral immunity,
a key component of vaccine-elicited immunity (Fig. 1). We further
explore theimplications of these mechanisms on the development of
herpesvirus immunization strategies and outline the resulting areas
of research.

The role of antibodies in herpesvirus control

The prototypical role of antiviral antibodies is neutralization, in which
the antigen-binding fragment (Fab) region of the antibody binds to
its specific antigen on the virus and prevents the virus from infecting
host cells. For vaccine development, neutralizing antibodies are fre-
quently key to achieving the high level of sterilizing immunity, wherein
pre-existingimmunity preventsinfection of a naive host. Achieving this
generally requires sufficient amounts of neutralizing antibodies to be
present at potential sites of infection when exposure to the pathogen
occurs®. Herpesviruses are most often spread through contact with
infected bodily fluids at mucosal sites™ >, where the antibody landscape
differs substantially from that of plasma, with IgA often dominating
over IgG**. However, the importance of mucosal IgA in prevention
of herpesvirus infections has not been studied thoroughly, and vac-
cine studies rarely look beyond plasmalgG responses. Furthermore,
existingimmunity, including naturally induced neutralizing antibody
responses, is often not protective against reinfection with another
strain of the same virus®>*, potentially reflecting the limited potency
of naturally elicited neutralizing antibodies against herpesviruses.
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Fig.1| Overview of herpesvirus strategies to evade host humoral immunity.
Theimmune systemis adept at addressing foreign particles in the body
through innate immune sensing and adaptive immune memory. Viruses evade
theimmune system through mechanisms that can be summarized in three
categories: change via mutations or dominance of variants that provide a
fitness advantage; hide inside cells and disseminate through cell-to-cell spread;
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and evade immune detection and clearance through expression of a myriad of
viral proteins that directly interact with the immune system to prevent detection
and clearance of the virus. Herpesviruses have utilized multiple strategies to
establish abalance with their respective hostimmune responses that allows
latency; as large DNA viruses, however, herpesviruses are slow to adapt via
mutations but utilize numerous mechanisms to hide and evade host immunity.

Beyond neutralization, some antibodies, particularly IgG, can
also serve as immune sentinels to mediate other antiviral effector
functions through interactions involving the crystallizable fragment
(Fc) distal from the Fab-antigen binding interaction. The Fc portion
of virus-specific IgG can interact with complement component Clq
toinitiate the complement cascade”, or with Fcy receptors (FcyRs) to
initiate cellular effector functions such as antibody-mediated cellular
phagocytosis and antibody-mediated cellular cytotoxicity (ADCC)**%.
Similar to T cell responses, Fc-mediated effector functions typically
act on infected cells and thus likely serve to limit dissemination,
help to clear viral infection and prevent reactivation but act too
late to play a role in preventing infection®®*. Despite this delayed
impact, a growing body of evidence implicates herpesvirus-specific
Fc-mediated effector functions in protection from key disease out-
comes, including but not limited to neonatal HSV infection, congenital
HCMV infection and development of EBV-associated nasopharyngeal
carcinoma®®*, Asummary of how antibodies may play aroleinlimiting
herpesvirus-associated disease is shownin Table 1.

Studies of mouse CMV (MCMV) have demonstrated that although
antibodies are not essential for control of primary infection — as
B cell-deficient mice are able to clear MCMV as efficiently as their
immunocompetent counterparts — antibodies play a pivotal role in
limiting dissemination following reactivation of latent virus and rein-
fection withanew strain® %, Thus, although many elements of immu-
nity will likely be important considerations for development of disease
prevention strategies, antibody-based interventions carry immense
potential for clinicalimpactinreduction of disease burden. Antibodies
are akey component of vaccine-elicited responses, but they may also
be utilized for passiveimmunization. For example, prophylactic treat-
mentwithapotently neutralizing rhesus CMV (rhCMV) hyperimmune
globulin (HIG) demonstrated the ability to protect against placental

transmission after primary maternal infection during pregnancy even
inthe high-risk setting of CD4" T cell depletion, which otherwise results
in100% fetal infection®. This contradicts the human clinical trial assess-
ingan HCMV HIG therapy for prevention of vertical CMV transmission
following a primary maternal infection, which was stopped early for
futility’®. The discrepancy in these results may be explained by the tim-
ing of administration, which was before challenge in the non-human
primate experiment and after infection was diagnosed in the clinical
trial®>’°. Similarly, a trial assessing the incidence of EBV-associated
post-transplant lymphoproliferative disorder after antiviral medica-
tion with and without infusion of IgG from healthy people found no
effect of the IgG treatment’’; however, the IgG product used was not
enriched for EBV antibodies, and a follow-up experiment utilizing a
humanized mouse model found that EBV HIG treatment reduced the
plasma viralload significantly compared with saline-infused controls
and also showed amodest reduction compared with non-EBV-enriched
IgG”. Passive immunization has largely been studied in the context
of preventing infection with a focus on neutralizing antibodies, but
given the importance of Fc effector functions in preventing disease
outcomes, antibody therapies may be usefulin reinfection-associated
disease as well. Furthermore, passive immunization strategies may be
especially usefulin vulnerable,immune-suppressed individuals whose
immune systems may not respond fully to active vaccination. However,
it has been noted that memory B cell responses to HCMV can occur
independently of T cell help in mice”, suggesting that T cell-targeted
immunosuppression may not dampen humoral responses, thereby
keeping active vaccination strategies a viable option for these high-risk
populations.

The likely importance of antibody functions is further under-
scored by the efforts herpesviruses make to elude them, which we
exploreinthe following section.
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Humoral immune evasion mechanisms

of herpesviruses
Cell-to-cell spread

One mechanism through which herpesviruses can evade humoral
immunity is a preference for cell-to-cell spread over free virus-depend-
ent dissemination, making them less susceptible to neutralizing

antibodies™ (Fig.2). There are several mechanisms of cell-to-cell spread,
but syncytia formation and spread at cell junctions are the primary
mechanisms utilized by herpesviruses. Herpesviruses enter host cells
through membrane fusion of the viral envelope and cell membrane
through highly conserved mechanisms mediated by gB and the gH-gL
complex, and these proteins are additionally important for cell-to-cell

Table 1| Potential role of antibodies in herpesvirus disease prevention

Pathology Herpesvirus Associated disease Potential role of antibodies in prevention® Potential key antibody
functions
Acquisition All NA Sterilizing immunity likely unachievable®**'®®  Neutralization
Acute disease HSV Herpes (skin lesions) Control active infection quickly and prevent Role for neutralization but Fc
B X severe disease, in combination with T cell effector functions likely more
\74%) Varicella (also known as chickenpox) responses?5150 important’®2%°
EBV Mononucleosis
CMV
HHV-6B Roseola
HHV-7
Establishment of All NA Prevention of dissemination to sites or cell Cell-to-cell spread inhibition,
latency types that support latency®’ Fc effector functions
Reactivation /4% Shingles Control reactivated virus quickly and Cell-to-cell spread inhibition,
limit spread®® Fc effector functions, possibly
HSV-1 Oral cold sores some neutralization
HSV-1, HSV-2  Genital herpes
Reactivation in Multiple Pneumonia
immunocompromised .
inefviciels Encephalitis
Hepatitis
Reinfection with the All NA Memory response sufficiently protective® Neutralization
same virus strain
Reinfection with a All NA Incomplete memory response due to Neutralization?®?
different virus strain new or different antigens, only partially
protective®
Horizontal All NA Reduce amount of viral shedding in Conflicting evidence, potential
transmission bodily fluids role for many antibody functions
and T cell responses®?%*
Vertical transmission ~ HCMV Congenital and perinatal CMV'®’ Limit transmissible virus at maternal-fetal Fc effector functions®©24
interface and in birth canal®®
HSV Neonatal HSV
Transplant HCMV Organ damage, rejection, Limit viral reactivation by targeting Inhibition of cell-to-cell spread,
complications graft-versus-host disease*>?%° infected cells Fc effector functions'/61620%208
EBV Post-transplant lymphoproliferative
disorder®®
HHV-6B Central nervous system infections
after stem cell transplant?'®*"
Malignancies EBV Lymphomas, nasopharyngeal Control of latently infected cells***"® Fc effector functions
carcinoma, etc.
KSHV Kaposi sarcoma, primary effusion
lymphoma
Autoimmunity EBV Multiple sclerosis, systemic lupus Control of latently infected cells, Fc effector functions
erythematosus, rheumatoid arthritis limit reactivation and chronic antigen
- . - exposure”+?
HHV-6 Hashimoto's thyroiditis, systemic lupus

erythematosus, rheumatoid arthritis®™

CMYV, cytomegalovirus; EBV, Epstein-Barr virus;

Fc, crystallizable fragment; HCMV, human CMV; HHV, human herpesvirus; HSV, herpes simplex virus; KSHV, Kaposi sarcoma-associated

herpesvirus; NA, not applicable; VZV, varicella zoster virus. In some cases, certain types of antibodies may play a detrimental role.
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spread as membrane fusionbetweeninfected and uninfected cellsis a
critical step”’°. VZV and HSV-2 more commonly use syncytia formation,
resulting in dissemination and pathology in the form of skin lesions’”".
For other herpesviruses, membrane fusion during cell-to-cell spread
islesscommon with syncytia formation occurring when components
of their typical cell-to-cell spread machinery are dysregulated’®”®, and
cell fusion is more commonly observed in vitro with culture-adapted
virus strains®®. HCMV, for example, demonstrates limited points of
membrane fusion®. Although key components of membrane fusion
are conserved among herpesviruses, there are also virus-specific cell-
to-cell spread mechanisms that utilize unique glycoproteins that are
likely to play a role in cell tropism. For example, HSV glycoprotein D
(gD; encoded by US6) participatesin cell-cell fusionalong withgB and
gH-gL, butsyncytiaformationis regulated by glycoprotein K (gK)*>*.

Although cell-to-cell spread enables viruses to evade prototypical
neutralizing antibodies, some antibodies caninhibit cell-to-cell spread,
andthese antibodies have been associated with protection against viral
reactivationinastudy of individualsinfected with HSV-1and protection
fromgenital herpesinaguinea pig model**®. However, the accessibility
of target epitopes that mediate cell-to-cell spread is greatly reduced, and
eliciting cell-to-cell spread inhibitory antibodies may not be simple®**’.
Inthe case of HCMV, a study examining sera from elite neutralizers for
their ability to limit cell-to-cell spread found that inhibition of cell-to-
cell spread was very rare®. This inability of anti-HCMV antibody to
block cell-to-cell spread could be one aspect to the repeated ineffective-
ness of HIG treatment to block or ameliorate congenital HCMV infection
followingacute HCMV infectionin pregnancyin clinical trials,and why
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only partial success was achieved with very high HIG dosage and very
early onset of treatment post exposure’®**°, It is possible that enriching
forneutralizing antibodies reduces other antibody functions, including
a capacity for inhibiting cell-to-cell spread. Similarly, the only partial
success of HCMV and HSV vaccines that mainly targeted neutralizing
antibodies could also be explained by the highly cell-associated nature
of these viruses. The induction of potent virus-neutralizing antibody
responsesiswidely considered tobe agold standard of antiviral vaccine
strategies. Yetantibodies with more complex antiviral activities, such as
reducing cell-to-cell spread or clearing infected cells via Fcy-mediated
immunity, may be required for protection against disease in the case of
the highly cell-associated herpesviruses.

Involvement of multiple viral glycoproteins and host
receptorsin pathogenesis

As large, enveloped DNA viruses, the herpesvirus family encodes mul-
tiple surface glycoproteins that play important roles in the viral life
cycleand pathogenesis (Fig. 3). Unlike other virus families, which often
use a single surface glycoprotein that mediates both receptor bind-
ing and viral membrane fusion, herpesviruses divide these functions
among multiple glycoproteins”. gB, gH and gL are some of the most
conserved glycoproteins between the human herpesviruses and all play
indispensablerolesinviral entry”. However, each herpesvirus caninfect
multiple cell types and utilizes different glycoproteins to interact with
different host proteins as entry receptors mediating broad tropism”. As
entry mechanismsare splitacross different viral antigens, theimmune
system, in theory, must target multiple glycoproteins to effectively
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Fig. 2| Herpesviruses can evade humoral immunity through cell-to-cell spread.
Virus egress frominfected cells into extracellular space can be readily detected by
the immune system and targeted by neutralizing antibodies. Cell-to-cell spread

Uninfected cell

through syncytia formation or spread across tight junctions are mechanisms
of herpesvirus dissemination that are less susceptible to antibody-mediated
immunity with limited accessibility of antigens mediating cell-to-cell spread.
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Fig. 3| Glycoprotein diversity and potential mechanisms of humoral
immune evasion. a, Cross-section of a herpes simplex virus (HSV) virion as

an example, with labelled sections of the virus. A portion of the known named
envelope glycoproteins are displayed. b, Models of glycoproteins blocking
access to neutralizing antibody epitopes. Glycoprotein D (gD) and glycoprotein
B (gB) are sites of dominant antibody responses and antibodies targeting these
proteins are frequently neutralizing. The presence of glycoproteins such as
glycoprotein C (gC) or glycoprotein E (gE)-glycoprotein 1 (gl) on the surface of
the virus could occlude critical epitopes through steric hindrance of antibody
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binding, thus protecting the virus from neutralization. ¢, HSV splits entry
mechanisms between different glycoproteins. gD mediates host cell receptor
binding, subsequently triggering membrane fusion via gB. Both glycoproteins
areimmunogenic, but emerging evidence suggests that, in mice, gD may be
immunodominant to the advantage of the virus, where antibodies targeting gB
that mediate effector functions such as antibody-mediated cellular cytotoxicity
(ADCC) are more protective than neutralizing antibodies that target gD,

which may partially explain gD-specific vaccine failures in humans. dsDNA,
double-stranded DNA.

mount a protectiveimmune response. This diversity of entry pathways
may benefit the virus as a division of resources by the hostimmune
system and immunodominance of certain viral antigens may lead to a
skewed immune response and poor protection®. For instance, the major-
ity of IgG elicited against EBV targets gp350 (encoded by BLLFI), and
gp350-specificantibodies can prevent EBV infection of B cells but do not
contribute to neutralization on epithelial cells®>. Another example is gD
for HSV-1and HSV-2, which mediates receptor binding and initiates viral
entry’.In humans, this antigen isimmunodominant’ and has been used
inmultiple vaccinetrials, all of which have failed to reach their end-point
goals”. However, research groups have observed that a disabled infec-
tious single-cycle HSV vaccine candidate lacking gD (AgD) resulted ina
more protectiveimmune response thanthe response produced by agD-2
subunit or analternative replication-deficient vaccine’®”. Itis possible
that through the deletion of gD, the absence of the glycoprotein onthe
virion surface opens access to previously occluded epitopes on other
viral antigens that could resultinamore protectiveimmune response.
Another possibility includes the shifting of theimmunodominant anti-
body response thatis usually elicited towards gD to gB instead’*. gB, as
theviralfusion protein,isacrucial target for theimmune system as this
glycoprotein mediates fusion with host cellmembranes. Blocking this
step either through direct neutralization of gB activity or by blocking
interaction of gB with gH-gL is amechanism by which gB-specific anti-
bodies can neutralize HSV, limiting the establishment of infection. The
AgD vaccine candidate elicits a gB-specific antibody response in mice

and elicits antibodies that more robustly mediate effector functions
than gD-specific vaccine-derived antibodies’*®.

Beyondservingas a potential distraction for theimmuneresponse,
glycoproteins on the virion surface canshield other glycoproteins from
antibody recognition. It has been observed that for HSV-1, the presence of
glycoprotein C(gC; encoded by UL44) onthe envelope canshield epitopes
ongB fromneutralizing antibodies®. A panel of monoclonal antibodies
targeting gB on HSV-1were more potent againsta AgC virus than against
awild-typevirus, indicating that gC may prevent neutralization by block-
ing recognition of gB®. This finding extended beyond gB, as antibodies
targeting gD and gH were more potent against AgC viruses as well””. The
number of proteins on the surface of the virion may inhibit recognition by
antibodies as these large proteins may physically hinder the ability of anti-
bodiestobind, thusindirectly evading theimmune response. Although
the exact mechanismbywhich gC canpotentially interact withand block
recognition of other viral antigens remains to be determined, similar
findings have been observed in other herpesvirus subfamilies, as the
deletion of gp180 (encoded by Bo10) onbovine herpesvirus 4 (BoHV-4),
agammaherpesvirus, sensitized the virus to neutralization by immune
seraby providing greater access to gB, gHand gL'°°.

Additionally, some glycoproteins demonstrate variety among
virusstrains, which supports the potential for superinfection by strains
expressing glycoproteins that differ sufficiently fromthose seen during
initialinfection. For example, five distinct genotypes of HCMV gB have
been described'”’, as well as eight genotypes of HCMV glycoprotein O
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Fig.4 |N-Linked glycan shielding of viral envelope glycoproteins.

a, Prototypical example of aglycan shield represented on the surface of HIV-1
gpl60 trimer (Protein Data Bank (PDB) ID S5ACO). Space-filling sugar moieties
resolved in the structure are highlighted (light blue). The CD4 binding site
islabelled (purple). Glycan structures decorate the surface of the protein,
masking important neutralizing antibody binding regions. Resolved sugarsin
the structure may under-represent the glycan shield. b, Space-filling prefusion
structure of herpes simplex virus 1 (HSV-1) glycoprotein B (gB) (PDBID 6Z9M).
Domains I-V of gB are coloured according to the scheme developed by Vollmer?®.
Possible N-linked glycan sites are highlighted (dark blue). N141is labelled.
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¢, Postfusion structure of HSV-1gB (PDB ID 2GUM). Protein domains match

the colours in panel b. Resolved possible N-linked glycan sites are highlighted
(dark blue). N141is labelled. d, Prefusion structure of human cytomegalovirus
(HCMV) gB (PDB ID 7KDP). Domains I-V of HCMV gB are colour matched to HSV-1
gB domains. Resolved sugarsin the structure are labelled (light blue). Resolved
possible N-linked glycan asparagine residues are highlighted (dark blue).

e, Postfusion structure of HCMV gB (PDB ID 7KDD). Domains I-V of HCMV gB

are colour matched to HSV-1gB domains. Resolved sugars in the structure are
labelled (light blue). Resolved possible N-linked glycan asparagine residues are
highlighted (dark blue).

(gO0) that affect viral dissemination and susceptibility of the gH-gL-
g0 trimer to gH-specific neutralizing antibodies'®’. Taken together,
these observations on the presence and diversity of glycoproteins on
the surface of the virion indicate roles for these proteins in humoral
immune evasion.

Glycanshielding

Asenvelopeglycoproteins are also heavily glycosylated, the presence of
sugar moieties may actasaglycanshield, hindering the humoralimmune
response (Fig. 4). Heavily glycosylated viral antigens may prevent anti-
body recognition in two ways: sugar residues are inherently poorly
immunogenic, as their repetitive carbohydrate structures and similarity
to self-glycans frequently resultin a CD4" T cell-independent immune
response'®'*; and the large sugar moieties shield epitopes on the anti-
gen from neutralizing antibodies reaching vulnerable epitopes'®>'°®.

For HSV-1, the absence of an N-linked glycan at position 141 on gB
(encoded by UL27) resulted in greater antibody recognition, greater
neutralization potency and greater ADCC responses, indicating that
the glycan present as this residue acts as a shield preventing IgG from
binding'”’. Recent evidence has demonstrated that several of the domains
of HSV-1gB that refold during fusion are occluded and masked by the
presence of N-linked glycans'®®. These findings suggest that glycan shield-
ing of the HSV-1gB trimer is more extensive than previously appreciated
and may impact neutralizing antibody responses. Inthe same study that
reported that gp180 deletion increased the susceptibility of BOHV-4 to
antibody neutralization, the authors observed that O-linked glycosyla-
tionof gp180 also acted asaglycanshield. The heavily glycosylated gp180
acted toshield bothitselfand neighbouring proteins from recognition
by neutralizing antibodies'*°. Unlike viruses such as HIV or influenza
virus, for which our understanding of how evolution within and between
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hosts results innovel glycosylationsites that block access to epitopesis
quiteadvanced'®'”’, the evolution of aglycan shield for herpesviruses s
incompletely understood. Envelope glycoproteins suchas HSV gD and
gBare required for entry, are frequent targets of neutralizing antibody
responses and are heavily glycosylated. Given our knowledge of how
glycan shields impact humoral immune evasion for HIV and influenza
virus, aswell as recent evidence demonstrating differential recognition
of glycan mutants of the HCMV gB (encoded by UL55) AD-2 by mono-
clonal antibodies™’, we can hypothesize that these glycans may play a
role in antibody evasion by herpesviruses. Many of the glycoproteins
on HCMV are also extensively glycosylated™, with the glycan shield of
gBandglycoprotein N (gN) playing roles inimmune evasion and resist-
anceto neutralizing antibodies"*". N-Linked glycosylation of HCMV gN
directly contributes to humoralimmune evasion asrecombinant viruses
with truncated gN were more susceptible to antibodies targeting gN
as well as antibodies targeting gB and gH". Similar evidence exists for
HSV-1gC, whichis also highly glycosylated, as the presence of gC and its
glycans may shield neighbouring glycoproteins such asgB and gD from
neutralizing antibodies’*"'*. These glycosylation sites are important
for viral protein stability' and viral pathogenesis'””. More work using
recombinant viruses is needed to investigate the potential effects of
glycan shielding onimportant antibody epitopes by herpesviruses.

Viral cytokines and decoy receptors

Another way that betaherpesviruses and gammaherpesviruses modu-
late the host immune system s through expression of decoy cytokines

a Dendritic cells

val L-10
@ gy
e

and receptors"*"”. These decoys modulate the innateimmune response
andinhibitinflammatory T cell responses, but due to the broad immu-
nological effects of cytokines, some likely also impact the humoral
responseindirectly. HCMV encodes two IL-10 homologues expressed by
splice variants of ULII1A, one of whichis associated with latentinfection
(LAcmvlIL-10) and the other with lyticinfection (cmvIL-10)"8"°, Similar
to humanlL-10, theimpact of viral IL-10 is largely immunosuppressive
through downregulation of inflammatory cytokine production and
MHC expression, and notable impacts on dendritic cell maturation
that may affect the humoral response indirectly through modulation
of antigen presentation and germinal centre activity"$'?"'>*, Addition-
ally, cmvIL-10 has a direct effect on the humoral response through
Stat3 activation and B cell proliferation, which has been posited as a
mechanism of shifting the overallimmune response away from cellular
antiviral responses, which are thought to be more effective in control-
ling HCMV infection than the humoral response' (Fig. 5). EBV also
encodes an IL-10 homologue, BCRFI, that shares many of the same
functions as cmvIL-10 (ref. 124). Although without aknown IL-10 homo-
logue, KSHV encodes an IL-6 homologue, which has demonstrated a
role in B cell proliferation, and multiple macrophage inflammatory
protein (MIP)-like proteins'”'%,

Betaherpesviruses and gammaherpesviruses are also known to
encode various cytokine receptor homologues and cytokine-binding
proteins, which canbe membrane-associated signalling molecules or
solubilized to sequester their respective binding partners**16126127,
Similar to the cytokine homologues, these proteins are known to shift

b Bcells

cmvlL-10

1 IL-10 production

v MHC expression

¥ Dendritic cell maturation
V Interferon production

Antigen presentation and germinal centre formation

Fig. 5| Viral cytokines suppress and skew the hostimmune response to
infection. a, During infection, human cytomegalovirus (HCMV) expresses an IL-10
homologue (cmvIL-10) that can bind to host cell IL-10 receptor (IL-10R) on cells
such as dendritic cells and acts as an immunosuppressive cytokine, dampening

B cell activation and proliferation

the host cell response to infection. b, cmvIL-10 is also thought to activate B cells
and skew theimmune response away fromaT cell-mediated response towards a
humoral response, which may be to the advantage of the virus.
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Fig. 6| Viral Fc-binding proteins directly inhibit Fc effector functions. Human
cytomegalovirus (HCMV), varicellazoster virus (VZV) and herpes simplex virus
(HSV) encode membrane-associated proteins that bind to the crystallizable
fragment (Fc) region of IgG called viral Fcy receptors (VFcyRs). These proteins
support viralimmune evasion through multiple reported mechanisms. Antibody
bipolar bridging (ABB) occurs when the antigen-binding fragment (Fab) region
ofthe antibody binds toits target antigen, and vFcyRs in close proximity bind to
the Fcregion of the antibody. Bipolar bridging alone can be sufficient to prevent
interaction with Fc receptors on host effector cells, such as macrophages or natural
killer cells. However, these proteins have also been implicated in internalization
and degradation or recycling of IgG captured in these immune complexes.

the immune response away from a T helper 1 (T,1) cell response and
towards a less traditionally effective T2 cell response®. For exam-
ple, HCMV UL21.5 encodes a decoy receptor specific for RANTES, a
cytokine with broad functionality, including promotion of T1 cell
differentiation'”®. The mRNA transcript for this receptor is packaged
intovirions, suggesting arole for this decoy RANTES receptor very early
onin infection, even prior to viral transcription'””. Notably, there are
severalmembrane-associated G protein-coupled receptor homologues
expressed by HCMV (US27, US28, US33 and UL78), HHV-6 and HHV-7
(U12 and US1), EBV (BILF-1) and KSHV (ORF74), which perform broad
immunomodulatory functions'**”3°22 For example, HCMV US28
has multiple ligands (RANTES, MCP1, MCP3, MIP1x and fractalkine),
with significant functional consequences, including constitutive cellu-
lar activation supporting HCMV replication, increased motility of
infected cells likely supporting viral dissemination, and a potential role
inimmune evasion viachemokine sequestration'. Given the intercon-
nected nature of the immune system, impacts on cytokine signalling
may have downstream impacts on humoral immunity even if the viral
proteins have not demonstrated direct effects on B cells.

Viral Fcy receptors

IgGbinding by herpesvirus-infected cells was first reported in1975 for
HCMV, soon followed by a similar observation for HSV-1and VZV***™'%,
These early findings provided indirect evidence of herpesvirus-
expressed glycoproteins capable of binding IgG. Subsequent studies
expanded onthis observation, leading to the identification of specific

genes encoding what became known as viral Fcy receptors (VFcyRs).
These receptors directly bind the Fc region of y-immunoglobulins
and, similar to most immune receptors, are type | transmembrane
proteins. However, unlike classical immune receptors, vFcyRs lack
signalling motifs and instead contain cytosolic sorting motifs. A major
function of these molecules is their ability to interfere with host FcyR
activation, making them immunoevasins®. In alphaherpesviruses,
the vFcyR is composed of a heterodimeric glycoprotein complex
formed by gE and glycoprotein I (gl); however, VZV gE can also form
homodimers and bind IgG independently* %, Notably, and unlike the
HCMV vFcyRs, these glycoproteins also play major rolesin cell-to-cell
spread™ and neuropathogenesis'*’. The presence of the vFcyR onvirally
infected cells directly protected infected cells from ADCC: gE-deficient
virus was unable to evade ADCC that was mediated by either ahuman
monoclonal antibody or human sera®’. Moreover, unmodified HSV-1,
but not a gE variant deficient in IgG Fc binding, evaded both human
IgG-mediated complementactivity and ADCCin amurine flank model
of infection'!, demonstrating that the vFcyR is capable of blocking
both antibody-dependent complement activation and ADCC in
vivo. The vFcyR exists as a heterodimer of gE and gl on the surface of
infected cells”*'*? and on the virion surface itself'*>. Together, gE-gl
acts as a higher affinity Fc receptor capable of binding to monomeric
human IgG"*'*, HSV-1 gE alone can bind to IgG aggregates, such as
antibody-antigen complexes, and acts as alower-affinity Fc receptor'®.
ThislgGFcbindingaids in HSV humoralimmune evasion, but the exact
mechanism behind the vFcyR-mediated humoral immune evasion by
HSVisincompletely understood.

It has been postulated that the vFcyR can mediate immune eva-
sion through the shielding of viral epitopes'® and the direct blocking
of Fc-mediated effector functions"'**_ Given the relatively high
affinity of the vFcyR for human IgG and the high concentration of IgG
insera, itis possible that the virion could be coated with IgG, reducing
access of neutralizing antibodies to block viral infection, anidea that
is supported by evidence from the HCMV field'*’. Another potential
mechanism of humoralimmune evasion is antibody bipolar bridging
(ABB), which occurswhen the Fab domain of the antibody moleculeis
boundtoits target envelope glycoprotein while the vFcyR binds to the
Fcregion'”"%"! The presence of a YXX® motif on the cytoplasmic tail
of gE indicates that this ABB complex present on the surface of virally
infected cells could be endocytosed, pulling HSV-specific antibody
bound to antigen from the surface of infected cells' (Fig. 6). Due
to the reduced affinity of the vFcyR for the Fc of IgG at low pH'®, it is
likely that these complexes are trafficked to lysosomal-like structures
where IgGisreleased and subsequently degraded™*. The vFcyR may be
recycled back tothe surface of infected cells, enabling the continuous
degradation of IgG and, thus, evasion of antibody-based immunity.
Additionally, it hasbeen proposed that either ABB or vFcyR-Fcinterac-
tions block access to FcyRs and/or Clq, thus providing ameans to evade
Fc-dependent antibody effector functions'**°. However, it has also
beenreported that non-HSV-specificlgG Fc can serve asabridge linking
naturalkiller cells to HSV-1-infected cells and could protect mice, sug-
gesting that co-engagement of both FcyRs and the vFcyR is possible’™.
Limitations to our mechanistic understanding of vFcyR biology include
the fact that the vFcyR cannot bind to murine IgG, making dissection
of vFcyR-mediated immune evasion difficult in mouse models™®. The
HSV-1vFcyR also discriminates between allotypes of IgGl and IgG3 in
humans"”"*%, suggesting that differential susceptibility to the vFcyR
could impact disease outcomes. Individuals with IgG1 allotypes to
which the HSV-1 vFcyR has higher affinity may be more susceptible
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for disease as their IgGls could be more easily scavenged by the vFcyR
present on the surface of infected cells'*"**'®°, The opposite may also
betrue —individuals withigGland IgG3 allotypes that are insensitive to
vFcyRactivity may be more resistant to infection and more effectively
control viral reactivation. Taken together, these studies suggest that
improved understanding of the humoralimmune evasion mechanisms
of the HSV vFcyR has direct implications for developing HSV vaccine
and antibody-based therapeutics.

HCMV is unique in that it encodes not one but four IgG bind-
ing proteins: gp34 (encoded by RL11), gp68 (encoded by UL119/118),
gp95 (encoded by RL12) and gpRL13 (encoded by RL13)'*'. All of the
HCMV vFcyRs are type | membrane glycoproteins expressed on the
infected cell surface, but unlike the others, gp95 is not incorporated
into the virion'*, Also unique to HCMV is that the only known function
of each of these proteins is theirimmune evasion function, with the
exception of gpRL13, which has demonstrated additional functionality
in repressing HCMV replication in vitro'®. gp34 and gp68 bind to all
humanIgG subclassesinaglycan-independent manner, whereas gp95
cannotbind IgG3 and IgG4 (ref. 162). Similar to the HSV-1vFcyR, these
are thought to function through ABB for capturing HCMV-specific anti-
bodies and then mediating internalization via endocytosis, but there
issome uncertainty about what occurs next. Similar to host FcyRs, the
factor determining whether the IgG is recycled for virion decoration
or degraded in lysosomes, the two known fates of IgG bound by these
receptors, may be whether theIgG is bound in animmune complex'®.
Arecent study found that lysosomes degrade the IgG internalized by
gp68in atransfected cell system, but another study found that only
afraction of internalized Fc fragment associated with gp68 reaches
lysosomes in HCMV-infected cells, so these molecules are not degraded
in this manner"'%,

gp34 and gp68 each bind to different regions of the Fc region of
IgG and can bind simultaneously, with gp68 acting as the inhibitor of
host FcyR recognition through ABB in concert with gp34 enhancing
immune complex internalization'**'*, A broader role in dampening
B cell responses has recently been described for gp34 through interac-
tion with the B cell receptor of IgG* B cells, resulting in a hyporespon-
sive state in which B cells expressing IgM and IgA as well as IgG fail to
respond to T cell-dependent stimuli'*®. gpRL13 is a structural envelope
glycoprotein'’, which has been shown in some studies to internalize
1gG'*>'°8, However, in another study, after mutation of RL13 to hinder
functional production of gpRL13, internalization still occurred as
normal, which indicates that this protein may not be necessary for Fc
internalization events'®. Unlike the other three vFcyRs, gp95 has not
been conclusively demonstrated to be a virion envelope component or
structural protein beyond detection in mass spectrometry data from
only one strain’*>'*’, making it unlikely to be involved with decoration
oftheviralenvelope withIgG. Asgp95isnotonthe surface of the virus,
itisunderstudied anditsrole is not completely understood. However,
one study showed that rendering gp95 non-functional had no effect
on the internalization of IgG, indicating that gp95 is not required for
this to occur'®%,

TheRL11gene family contains most of theidentified vFcyRs along
with otherimmune evasins, but many of these genes, suchas RL13, are
expendable in vitro'®>'*’, Thus, there is a need to study these proteins
invivo in order to fully understand their functions and role in patho-
genesis. Dueto the high species specificities of herpesviruses, animal
models carry substantial limitations in translatability**. MCMV, for
example, isknown to expressavFcyR (encoded by fcr-I), but similar to
the HSV gE protein, performs other roles besidesimmune evasion'’° ",

However, recentadvancesinrhCMV have made studying vFcyRs much
more feasible with the identification of three vFcyR homologues, RhO5,
Rh152/151 and Rh173, which appear to correspond with gp34, gp68
and gp95, respectively. Rh13.1, the rhCMV orthologue to gpRL13,
did not demonstrate binding to IgG'”. The availability of an animal
model with strong similarities to humans and closely related CMVs
enhances our ability to study these proteins whose functions are best
observedin vivo.

Strategies to overcome herpesvirus immune
evasion for vaccine development

Effective vaccines often elicit robust antibody responses that can pre-
vent or aid in controlling infection to prevent disease. Furthermore,
passiveimmunization through infusion of potent antibodies has been
showntobeasafeand potentially effective strategy for treatment and
prophylaxis for infections. Thus, evasion of humoralimmunity repre-
sents a major challenge to overcome both active and passive vaccine
development for herpesviruses, particularly because these viruses
employ multiple different mechanisms to evade humoral immunity.

Cell-to-cell spread, entry glycoprotein diversity, glycan shielding
and viral diversity are all characteristics that largely impact the neutral-
izing antibody response and are difficult to address in vaccine design.
Yet improved understanding of the mechanism(s) and glycoprotein
epitopes involved in cell-to-cell spread and the specific interactions
between viral and cellular proteins willenable more targeted strategies
for prevention of this key mode of viral dissemination. For example,
anewly identified antigenic domain of the HCMV gB protein, anti-
genic domain 6 (AD-6), has been implicated in mediating cell-to-cell
spread, and antibodies targeting this domain are particularly effective
in preventing cell-to-cell spread. Responses against this domain may
have played arole in the partial efficacy observed in multiple phase Il
trials of the gB/MF59 vaccine asresponses to AD-6 were elicited in the
majority of vaccinees"*",

Furthermore, sterilizing immunity, which requires neutralizing
antibodies to completely prevent infection and/or block virus repli-
cation, may be neither an attainable nor a necessary goal of vaccine
development for herpesviruses due to these immune evasion strate-
gies. The US Food and Drug Administration (FDA)-approved whole
virus varicella vaccine is a key example of this as the vaccine is highly
efficacious in preventing acute disease in the form of varicella, but
vaccinees are not fully protected against acquisition of wild-type VZV,
which can establish latency and reactivate to cause shingles later in
life”””°, Another example from veterinary medicine is Marek’s disease
virus (MDV), an alphaherpesvirus which affects chickens through
infection of lymphoid tissues leading toimmunosuppression. Several
live-attenuated whole virus vaccines have been developed and utilized
in agriculture for control of MDV, and they are generally effective in
preventing serious disease, despite not eliciting sterilizing immunity™’.
The cell-associated nature of this virus, similar to other herpesviruses,
is thought to be a major contributor to this observation, leading to
an emphasis on cell-mediated immunity in further optimization of
vaccination strategies for this virus™°.

The primary approach to addressing glycoprotein diversity has
been to utilize whole virus formulations or introduce additional anti-
gens into vaccine candidates'®'®2, However, inactivated whole virus
preparations will not elicit immunity against proteins not included
in viral particles, so some replication, such asin a disabled infectious
single-cycle platform, would be required to elicit responses against
non-structural proteins. For other targeted vaccine platforms, the
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options for choosing vaccine antigens and sequence variantstoinclude
in a vaccine are numerous for viruses as large as herpesviruses, but
there are limitations to the number of antigens and quantity that can
realistically be included in vaccines using platforms such as recombi-
nant protein or mRNA. The development of neutralizing antibodies has
beenthe primary goal of many vaccinesin development, but evidence
inthe HCMV field implicates Fc-mediated antibody effector functions
inprotection from HCMV-associated disease, such as congenital infec-
tionand HCMV viraemia post transplant®*>'**, Thus, mapping humoral
responses to identify prominent targets of Fc-mediated antibody
effector functions couldinform vaccine development by narrowing the
options for target antigens with greater potential to elicit protective
responses.

Glycan shielding represents a challenge in vaccine development
because the same glycans that decorate viral proteins are also utilized
by host proteins'®*. Glycan targeting has been effective in vaccines
against bacteria'® but with limited success thus far for antiviral vac-
cines, although significant efforts towards this have been made in the
HIV field'*°. Re-designing vaccine antigens to allow the immune system
toaccess key epitopes may yield limited success inimproving efficacy
as these epitopes are largely hidden due to the glycan shield during
natural infection. B cell lineage approaches and selective deletion and
reintroduction of N-linked glycosylationsites, similar to those in devel-
opment for HIV, may be away around non-immunodominant protective
epitopes. Initialimmunization utilizing a glycan mutant to expose the
epitope of interest on the target antigen initiates the B cell response
and driving B cell lineages that can accommodate the glycan in the
epitope by adding the glycan back to subsequent immunizations™®,

Viralimmune evasion proteins represent promising vaccine anti-
gen candidates for boosting antiviralimmune function. Targeting viral
cytokines may lead to broad effects ontheimmune response dueto the
downstream signalling cascade and because many cytokines perform
different functions ondifferent cell types, but these proteins are largely
recognized as modulators of innate and T cellimmunity, with potential
indirect effects on the development of humoral immunity"”"8'%’_ For
example, one study investigating rhCMV vIL-10 as a vaccine immu-
nogen demonstrated that animals with strong anti-vIL-10 antibody
responses were slower to seroconvert to non-vaccine antigens when
exposed to actively shedding monkeys compared with animals with
weak responses or immunized only against gB. However, general
rhCMV-specific antibody responses were less durable in the strong
responders to vIL-10 with amuch more drastic drop offin rhCMV bind-
ingantibodies following peak immunity’*®, We have only just scratched
the surface of investigating these immune modulators in the con-
text of vaccine development, but because some viral cytokines and
decoy receptors carry notable sequence and structural homology with
their host counterparts'’, care must be taken to ensure autoimmune
responses are not induced by vaccination with these proteins before
considering them in vaccine candidates.

Alternatively, herpesvirus vFcyRs specifically aid in evasion of
Fc-mediated effector antibody responses and are distinct from host
FcyRs, and there are several potential options for reducing the impact
of vFcyR-mediated immune evasion. Early vaccines against VZV for
prevention of shingles were live-attenuated whole virus formulations,
butanewrecombinant vaccine was licensed in2017 by the FDA for pre-
vention of shingles. Shingrix contains VZV gE adjuvanted with the T cell
boosting adjuvant ASO1; and has consistently demonstrated strong
efficacy in prevention of shingles, but the exact mechanism of protec-
tionisstillunclear as the gk-gl protein complex plays severalimportant

rolesinVZVinfectioninaddition toits potential roleinimmune evasion
as a vFcyR*1*18%1°°_Beyond the impact on immune evasion, directly
targeting the vFcyRs of alphaherpesviruses, such as HSV-1and HSV-2,
may have additional benefits due to the multifunctionality of these
protein complexes. The pathobiology of these vFcyRs has begunto be
exploredinthe context of antibody prophylaxis and therapy. Because
the HCMV vFcyRs bind at different locations on Fc from each other and
host FcyRs, engineering the Fc domains of therapeutic monoclonal
antibodies to disrupt the vFcyR binding while maintaining the ability to
engage host FcyRsis afeasible strategy being explored for developing
passiveimmunization strategies for HCMV. However, HCMV gp68 and
HSV gE-gl are known to bind Fc at the CH2-CH3 interdomain hinge,
which is the same binding site at the neonatal Fc receptor (FcRn),
whichisimportantforIgG recycling, the transfer of IgG across barrier
tissues and antigen presentation'®'*"'2, Thus, altering interactions
with these vFcyRs may impact FcRn affinity and subsequent ability of
the antibody to persist in serum and to infiltrate tissues, in addition
to potential off-target effects on effector functions'”. However, an
early report suggests that, at least for HSV, these activities may be
separable: a gD-specific antibody engineered for better binding to
human FcRn exhibited loss of vFcyR binding, improved neutralization
activity in vitro and enhanced in vivo protection in a mouse model of
HSVinfection™*.In the meantime, other promising strategies currently
underinvestigation are to directly target the vFcyRs viaactive vaccina-
tion or passive immunization of monoclonal antibodies specific for
theactive site of a vFcyR.

An additional consideration in the development of vaccines and
immunotherapeutics for herpesvirusesis the potential differencesin
immunity needed for prevention of acute disease and disease asso-
ciated with reactivation or secondary infections. For instance, the
VZV vaccines licensed for prevention of varicella are live-attenuated
wholevirus vaccines, whereas the shingles vaccineis aprotein subunit
vaccine'”. Although VZV is the only human herpesvirus with licensed
vaccines, we speculate that broader responses are necessary for pre-
vention of disease associated with primary infection, whereas amore
directed response is needed for prevention of viral reactivation. This
may be especially ofinterest when considering targeting viralimmune
evasins as the roles and relative importance of these proteins may differ
across phases of infection.

Conclusions

Human herpesviruses cause lifelong infections and are extremely
prevalent globally; they represent amassive overall burden of disease,
including serious implications for infected newborns and individu-
als experiencing immunosuppression, as well as an increased risk of
associated malignancies and neurodegenerative disease. Immunity
elicited by naturalinfectionis not completely protective against these
outcomes'”*, so the challenging goal of vaccine development for
several herpesviruses has beento elicitimmunity that is superior to that
elicited by natural infection. However, these large DNA viruses utilize
many mechanisms to subvert every aspect of the immune response
frominnate to adaptive immunity. Herpesviruses evade humoralimmu-
nity through mechanisms of cell-to-cell spread, glycoprotein diversity
within and among virus strains, glycan shielding and expression of
proteins that directly modulate theimmune response, including viral
cytokines, cytokine receptors and Fc receptors. Targeting or circum-
venting these immune evasion mechanisms may be the key to achiev-
ingimmunity beyond what is elicited by natural infection. However,
researchis limited by translatability of animal models due to the high
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species specificity of herpesviruses, so there are currently gapsinour
understanding of the specifics of many of these mechanisms and in vivo
function that limit the application to immunization strategies.

Although addressing humoral immune evasion by any one of
the proposed strategies has potential for improving the efficacy of
immunotherapeutics and vaccines against herpesviruses, successful
herpesvirusimmunization may require acombination ofinnovations
toinduce effective humoralimmunity as well as activation of appropri-
ate T cell responses to finally achieve the efficacy needed to end the
silent epidemics of herpesvirus-associated diseases. Furthermore,
different strategies may be needed in different phases of infection
given that pathology can differ among acute infection, chronic infec-
tion, superinfection and reactivation. Antibodies are important for
prevention of acquisition of herpesviruses and transmission given
that they can act on free virions and cell-associated virus. Yet steri-
lizing immunity is likely an unattainable standard for prevention of
herpesvirus-associated disease and may explain the only minimal or
partial efficacy of clinical vaccine trials inwhich the primary end point
has been prevention of acquisition in naive individuals. On the other
hand, prevention of herpesvirus-associated disease more broadly will
almost certainly require induction of multiple arms of the immune
system, including B cells, T cells and bridging innate-to-adaptive
immune functions to work in concert for prevention or amelioration
of herpesvirus-associated disease. The immune evasion mechanisms
presented here focus on those that affect humoralimmune function,
but herpesviruses are adept at evasion across all arms of the immune
system. Targeting these immune evasion strategies may be a path-
way to improve on the partial efficacy of vaccine strategies to reduce
herpesvirusinfection and associated disease.

Published online: 13 March 2026
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